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Editorial

The Special Issue on Computing, Engineering and Multidisciplinary Sciences (2022-23) in the
Advances in Science, Technology and Engineering Systems Journal (ASTES Journal) reflects the
deepening integration of computational technologies with engineering practices and
multidisciplinary research frameworks. As the complexity of modern scientific and societal
challenges continues to grow, the convergence of diverse fields has become essential for
generating innovative, scalable, and impactful solutions. This issue presents a collection of
contributions that exemplify how computing and engineering, when combined with insights from
multiple disciplines, can address emerging demands across technological and industrial
landscapes.

A prominent theme throughout this issue is the pervasive role of advanced computing techniques
in transforming engineering systems. Contributions explore the application of artificial intelligence,
machine learning, data analytics, and intelligent control systems in optimizing performance,
enhancing reliability, and enabling predictive decision-making. These approaches are applied
across a wide spectrum of domains, including smart manufacturing, communication networks,
energy systems, and automation. The research highlights how computational intelligence is not
only augmenting engineering capabilities but also fostering new paradigms of system design and
operation.

The multidisciplinary nature of this issue is further reflected in its engagement with sustainability,
resilience, and innovation. Several papers focus on environmentally conscious engineering
solutions, renewable energy integration, and efficient resource management, emphasizing the
importance of sustainable development in contemporary research. Others address challenges in
infrastructure, healthcare technologies, and digital ecosystems, demonstrating how cross-
disciplinary collaboration can generate holistic solutions that are both technically robust and
socially relevant.

Methodological diversity is a defining strength of this collection. The studies employ a combination
of theoretical frameworks, simulation-based analyses, experimental investigations, and real-world
case studies. This integrative approach ensures that the research maintains academic rigor while
also offering practical applicability. Many contributions emphasize scalability and adaptability,
providing models and systems that can be extended across different sectors and operational
contexts.

The 2022-23 timeframe offers an important backdrop characterized by rapid digital acceleration
and increasing emphasis on resilient and intelligent systems. As industries and societies continue
to adapt to evolving global conditions, the role of computing and multidisciplinary engineering has
become more critical than ever. The works presented in this issue reflect this transition,
highlighting innovations that support connectivity, automation, sustainability, and informed
decision-making.

The editorial team expresses its sincere gratitude to the authors for their high-quality contributions
and to the reviewers for their careful and constructive evaluations. Their dedication has ensured
the integrity and scholarly value of this special issue, reinforcing the journal’s commitment to
excellence in multidisciplinary research.

This special issue demonstrates the transformative potential of integrating computing,
engineering, and multidisciplinary sciences. By fostering collaboration across diverse domains



and presenting forward-looking research, it contributes meaningfully to the advancement of
knowledge and the development of innovative solutions for complex global challenges..

Guest Editor

Prof. Maria Jesus Espinosa Trujillo
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Continuously Variable Series Reactor (CVSR) is a device that can vary the reactance in an
ac circuit by controlling the magnetization of a ferromagnetic core, shared by ac and dc
windings. The bias dc current can change the equivalent ac reactance(inductance) in order
to, for example, control load flow, damp oscillations, or fault current limitation. Gyrator-
Capacitor (G-C) approach in modeling electromagnetic devices provides a strong and
practical way in simulating an integrated system composed of magnetic and
electric/electronic circuits. The G-C model provides key advantages in analysis of
electromagnetic devices, including CVSR. Understanding the performance and the
operational characteristics of the CVSR is essential for its proper utilization in the power
grid. This paper presents a detailed G-C approach that includes the ferromagnetic core
nonlinearities, namely, hysteresis and saturation. The approach has been applied in
modeling the electromagnetic coupling between the ac and dc circuits of a three-phase
CVSR. Analysis of the effect of different control dc circuit types on the equivalent ac
inductance is presented, during operating conditions at different ferromagnetic states. In
addition, induced voltages across the windings and the power exchange with the control

circuit are presented.

1. Introduction

This article augments the underlying work introduced in the
2022 IEEE Kansas Power and Energy Conference (KPEC) [1].
The major contributions and improvements to that work included
here are the following:

1) Comprehensive analysis of the performance of the CVSR in
terms of the induced voltages across the dc winding, to assess the
counter impact of the power system on the control circuit.

2) Modeling of hysteresis in order to capture the effect of the
phenomenon on the induced voltages in the windings and make the
model as realistic as possible.

3) Power exchange between the controlled and control circuits.

Contemporary power grids operate under increased stress and
strain due to the growing demand for electric energy, along with
the growing penetration of variable renewable sources. The
primary concern system operators have in running the power
system and satisfying the demand is to deals with the contingencies
in generation and transmission, system oscillations and other
events that may result in instabilities and result with blackouts [ 2].

“Corresponding Author: Mohammadali Hayerikhiyavi ; Email:
Mohammad.ali.hayeri@knights.ucf.edu
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This is mainly due to the absence of a comprehensive load flow
control. Traditionally, load flow control has been implemented
using phase-shifting transformers, shunt capacitors and reactors,
generator controls, switching system elements on and off and, in
the past few decades, various types of power electronics-based
controllers [3]. However, these devices either provide only limited
control or they come at very high cost. In addition, the meshed
topologies of the power systems, make it quite complicated for
some of these control means to be effectively employed. More
recently, continuously variable series reactor (CVSR) technology
was proposed as an alternative option [3-5].

CVSR is a series-connected reactor in the ac power circuit that
can continuously vary its reactance within the design boundaries.
It is characterized with high reliability and low maintenance,
installation, and operating costs [4,6]. Continuous control is
achieved by varying a bias control current. Whereas in FACTS
controllers, power flows through the high-rated power electronic
components, the CVSR control circuit is isolated from the power
system and can use low-rated power electronic converters.

Line decongestion and overload relief are easily accomplished
by the CVSR through inserting additional impedance in the power
circuit in series with its ac winding. Furthermore, CVSR can also
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be used in dynamic applications such as oscillations damping and
fault currents limiting by varying the impedance accordingly. Due
to the versatility of applications, it is essential to study the mutual
impact of the CVSR and the power grid under different operating
conditions [4,5].

Gyrator-Capacitor (G-C) modeling approach is a suitable and
effective method for modeling magnetic circuits in detailed
analyses of power magnetic devices. It directly links electrical and
magnetic circuits for comprehensive studies of complex hybrid
devices which are part of the power system. In this approach, the
analogy between the magnetomotive force (MMF) and the
electromotive force is preserved, however the electrical current is
analogous to the rate of change of the flux. As a result, the
permeance (inverse reluctance) becomes analogous to capacitance.

In a basic representation of the CVSR, as is usual, the magnetic
circuit is generally modeled with no core losses, hysteresis in
particular. However, some research has been done to include this
effect in the analysis [7]. the Jiles-Atherton method can have
convergence problems which can be detrimental in transient
studies. Furthermore, in some cases, it may result with high
percentage error. In [8], alternative models have been examined,
with their accuracy and ease of computation compared. The study
indicates that Rayleigh model offers sufficient accuracy for cores
with high coercivity. On the other hand, Potter model employs
simpler mathematical expressions but may lead to significant
errors in certain cases. The Frolich and Preisach models provide
results that are consistent with experimental findings, although
they may not be suitable for dynamic analysis due to their high
computation burden. It should be stated that another characteristic
of these methods is parameter sensitivity which may also lead to
significant errors.

The G-C model represents hysteresis by adding a resistor. The
value of this resistor depends on the core geometry, and specific
losses [9].

In most studies of electromagnetic devices with controlled bias
flux, for simplicity, the source in the control circuit of the device
is considered as an ideal current source. This, of course, is not
realistic. Three other bias control sources are considered here that
have quite different internal impedances. One is an ideal voltage
source with zero internal impedance, as opposed to the infinite
impedance of the ideal current source. The other two are typical
power electronics-based sources: H-bridge converter and buck
converter. Their internal impedance values are realistic, in between
the two extremes of the ideal sources.

Accurate modeling and simulation of power system elements
is fundamental to enhance our understanding of the behavior of the
components and their interaction with the power system. This is
true in general, but it is also essential in the analysis of the CVSR
—adevice in which the power circuit is magnetically coupled with
a control circuit of much lower ratings. The usual approximations
that are justified at the power system level can lead to significant
errors and oversights of detrimental conditions on the sensitive
controls. Hence, to investigate the impact that the power system
has on the CVSR itself, it is important to take all the details into
account. The goal of this paper is to provide comparison between
idealistic and realistic models of the CVSR and highlight the
differences in its performance as a result of the improved accuracy.

www.astesj.com

The rest of the paper is structured as follows: the concept of
three-phase CVSR is discussed in Section 2. The G-C model
general concept, expanded to include nonlinearities from core
saturation and hysteresis, and applied to the three-phase CVSR is
introduced in Section 3. Section 4 introduces the different types of
bias dc sources. Section 5 provides a case study with results from
simulations with different models and presents the impact on the
CVSR in terms of equivalent ac inductance, induced voltages, and
the power exchange with the control bias winding. The
conclusions are drawn in Section 6.

2. Three-phase CVSR

A three-phase CVSR with a five-legged magnetic core, as
shown in Fig. 1, includes three-phase ac winding wound on the
inner legs that is part of a three-phase ac power circuit that delivers
power to the load. Typically, the three inner legs have air gaps to
achieve the desired nominal reactance in unsaturated conditions,
and to prevent core saturation even at small ac currents. In this
particular case, five dc coils are wound on each leg, connected in
series and fed by a dc source. The outer legs are gapless in order to
provide unimpeded return path for the bias flux. To balance the
bias MMFs, the number of turns in the outer dc windings is 1.5
times the number of turns on the inner ones [1]. The controlled bias
dc current creates a flux passing through the entire core, hence
controlling the ac inductance of the three-phase CVSR. The
induced voltages on the coils are proportional to d®,,/dt and the
voltage across the whole dc winding is their algebraic sum:
Vbias = Zi5=1 Vac,i-

The core can be heterogeneous whose specifications are taken
from [1].

3-Phase
= —>lic Load
3-Phase
Source
hy
d g g
We
g g g
> == ||| |
[
> . ' >
t S h Air Gap, — : Z S
> g >
L — = — = = =3 L
I | I =
W,—|
«—Ipc| DC Current
Supply &
Control

Figure 1: Three-phase CVSR [1]

3. Gyrator-Capacitor Model
3.1. General Concept

Magnetic circuits are typically represented using the electric
circuit analogy [10]. The corresponding circuits are constructed
using resistors. Magnetic circuits store energy and they are not
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suitably modeled by resistors which only dissipate energy. The G-
C modeling concept illustrated in Fig. 2 maintains the power
equivalence and is energy/power invariant [11,12].

gyrator

1
—
Vt N Ve/N, ¢¢I Ve= mmj’
1

gv T TTT T

Figure 2: Magnetic circuit and its equivalent gyrator-capacitor model

=

These expressions lead to representation of magnetic
permeances, reciprocal values of magnetic reluctances, (magnetic
conductances) with capacitances. Nonlinear magnetic paths with
nonlinear permeances are represented with nonlinear capacitors.
Each coil is represented by a gyrator that relates voltage and
current with the number of turns N.

The reluctances can be expressed approximately with (1):
R(P) = (ur (PIuo/A (1

where: R is the magnetic reluctance which depends in general on
the magnetic flux ®@; po= 4nx10~7 u, is the relative magnetic
permeability of the material; A is the cross-sectional area; / is the
mean length of the core path.

3.2. Hysteresis Modeling

Hysteresis is modeled on one of the most common
electromagnetic devices— a two-winding transformer shown in Fig.
3. The hysteresis is modeled by adding a resistor in series with the
core capacitance, which represents the magnetic circuit shared by
the two windings. The modeling of hysteresis is explicit, meaning
that it is reflected in the core B-H characteristic [9]. Besides
modeling the ensuing hysteretic losses, more importantly, it
captures the other effects of the hysteretic nonlinearity on the
performance of the CVSR, as shown later in the case study.

In Fig. 3, Li,Ry, Ly, and R, represent the primary and
secondary winding impedances on the electrical side. The core
saturation is modeled by a nonlinear capacitor on the magnetic
side. This concept can be extended to the three-phase CVSR.

Primary winding impedance Secondary winding impedance
L, L,

mRz N, N. R,
III A‘H/ IZI
4,; Y
P T

Figure 3: G-C model of a two-winding transformer with hysteretic losses

3.3. Three-phase CVSR

An improved G-C model of the physical configuration of the
CVSR from Fig.1, with nonlinear core in MatLAB /Simulink® is
represented in Fig. 4.

The nonlinear magnetic paths are modeled with variable
capacitors, and linear permeances Cg model the air gaps in the
inner legs. They can also include the fringing effect by an effective
increase in the cross-sectional area. As described, the coils of the
ac and dc windings are modeled with gyrators. The hysteresis in
the core is modeled with corresponding resistors (R; — R;3) [10].

The capacitances that represent leakage permeances can be
divided into two primary categories: leg leakage permeances
(Cy14 — Cyg) and yoke leakage permeances (C;9 — Cyg).[13]

The dc electric control circuit is connected to the dc source via
five gyrators that represent each dc windings.

4. Bias Dc Sources

As stated before, four different methods to control the current
in the dc winding are assumed. They are applied to explore how
different types of the dc electric control circuits impact the
operation of the three-phase CVSR in terms of equivalent ac
inductance, induced voltage across dc winding, ac terminal

Il Il
I}:I!i 20 21 I&’ZZ
C1 2 C3 C.
13 5
10 RI J;-:C” R2 Jé” R3 Jé: R4
RI1 RI2 Ri13 R5
Rio Phase A Load h Phase B Load ﬂ] Phase C Load

( | C17 =__C‘18

e @> ( =5 @)
e

¢ )
—LCe

oy

| i - - |
—| _| 1
P p ¢ ’_:) ( |> ( ¢
]
RY RS R7 Re6
1] 1] Il Il
I&'26 I&‘25 I&24 I&23
DC current
supply and
control

Figure 4: Gyrator-capacitor model of three-phase CVSR
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voltage, and power interchange with the dc control circuit during
different operating conditions.

All of the dc circuit controllers (DCCs) are simulated to supply
the dc winding with five coils at a set of desired current values.
The ideal current source has an infinite internal impedance, while
the ideal voltage source has no impedance. H-bridge and buck
converter are more realistic sources, with an internal impedance
value between zero and infinity [1].

Fig. 5 illustrates an H-bridge converter composed of four
IGBTs and a front-end rectifier. The PI controller coefficients are
selected to ensure standard overshoot, settling time, and ripple in a
steady state. A simple buck converter (step-down converter) is
illustrated in Fig. 6. It operates in two modes: a) charging and b)
discharging. During the charging mode, the IGBT turns on, and the
dc winding current ramps up. During the discharging mode, the
IGBT turns off, and the dc winding current ramps down [1].

- 1 - ﬁ |
Breaker
- EL /\ﬁ 0 | Idc
' . N
I I
| |
| |
| |
I I
I I
| |
1 1

2
_¥H§L £ Jc 5
—_—~— L] 8 T _ Vae =
110~480 V|  [] 2 3 | | =)
AC Main  Diode- ~ N :
Contactor  bridge | | I
| Rectifier ‘ ‘ - |

I
Gate Drive Interface }
‘ I

| /71.\'7'} |
20~125 V. -

2 v

Figure 5: H-bridge converter

DC winding impedance

Inductor resistance

O

Supuim DA

®

i
&

|

|

|

| D |—|PWM|—-'

Figure. 6. Buck converter

5. Case Study

To explore the three characteristic operating states of the CVSR
with unsaturated, partially saturated, and fully saturated core,
simulations have been conducted for three different dc bias
currents: 0 A, 15 A, and 45 A. The simulations results include
waveforms for the terminal voltages and currents for each dc
source type, at each characteristic bias value. Based on these
waveforms, the effective impedances are computed.

Fig. 7 shows the equivalent circuit on the controlled ac power
system side with source, load, and CVSR’s inductance in series.

The ac equivalent inductance is obtained from the current
through the ac winding and the terminal voltage (Fig. 7). Based on
the G-C model definition, the terminal voltage across the Lcvsr (ac

www.astesj.com

variable equivalent inductance of the CVSR) is equal to the gyrator
induced voltage on the primary side. It is obtained from the basic
Ohm’s Law (2):

Zae = Vac/lac (2)
where: V. is the terminal voltage, and I, is the load current.

For simplicity, it has been supposed that the power system is
balanced. Consequently, all of the simulation results shown here
are for one phase.

/A\ Load
&) I

Ac @ ¥ som

Figure 7: Ac electric circuit

5.1. CVSR without hysteresis

Fig. 8 illustrates the B-H characteristic for the inner legs of the
CVSR at 0 A [14].

1.5 il

1 i

05 [ i

0 4

6 [
m
05 | J
1L J
15 L J
L L L L L L L
1500 -1000 -500 0 500 1000 1500 2000
H (A.t/m)
Figure 8: B-H characteristic of the inner legs without hysteresis
100
50
Z 0
i)
g
G
=50
-100
L L L L L
0.1 0.12 0.14 0.16 0.18 0.2
Time (S)
Figure 9: Terminal voltage (/. =0 A)
5.1.1. 04 dc bias

The terminal voltage and current through the ac winding (load
current) in one phase, from the G-C model at 0 A, are shown in
Figs. 9 and 10, respectively. At no bias, the voltage and current
waveforms are identical for all source types. In all operational
circumstances and for every control source, the current passing
through the AC winding is approximately equivalent to the
nominal load current value of 20.9 A. This is because, in
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comparison to the device's equivalent inductance, the load
impedance holds more significance. Thus, the analysis will now
shift its focus solely on the terminal voltage.

30

Current (A)

Time (S)

Figure 10: Load current (/g =0 A)

The induced voltage across the dc winding in this case is shown
in Fig. 11.

20 T T T T

.
A

Figs. 12 (a)-(d) depict the terminal voltage on one phase of the
CVSR for different dc controlled circuits, when the dc bias is
raised to 15 A, the inner legs go into partial saturation, while the
others are unsaturated. The flat regions in the voltage waveforms
are caused by the saturation. The thick parts in the last two figures
are the ripple effect of the PWM frequency (2.5 kHz). The controls
move back and forth through the nonlinear B-H characteristic
during the transition between the unsaturated and saturated region.
This effect does not occur with an ideal current source. It can be
seen that the induced voltage with the H-bridge converter is
smoother with smaller fluctuations than that with the buck
converter due to the closed- loop control. The figures show steady-
state conditions, which depend on the settling time of the DCCs,
hence the different time periods.

Figs. 13 (a)-(b) show the induced voltages across the dc
winding for an ideal current source and an H-bridge converter. The
voltage for a buck converter is roughly identical to the latter in
terms of shape. The induced voltage is distorted at times when
parts of the core enter saturation and it has triple the fundamental
frequency of the system. Therefore, the ripple effect on the voltage
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waveforms is even more exaggerated with realistic DCCs. This
effect aside, they tend to have the same shape and peak values.
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Figure 12: Terminal voltages for different dc bias sources (/g = 15 A)
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Figure 13: Induced voltage across dc winding for different dc sources (/3= 15 A)

The power exchange with the dc winding is calculated using a
“rolling window” approach. Starting at the beginning of the
simulation, a window with m consecutive samples in time is
chosen. The window then moves with each next sample. The
power is calculated for each rolling window subset. The window
size m depends on the fundamental period 7 and the sampling
frequency of the data (step size). A longer window size produces
smoother results.

The power transferred to the dc winding for an ideal current
source is shown in Figure 14. After the initial transient, there is no
real power exchange, apart from the small ripple. However, there
is a noticeable apparent power transfer present.
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Figure 14: Power transfer to dc winding (/. = 15 A)

5.1.3. 454 dc bias

At a high dc offset of 45 A, the CVSR core goes into complete
saturation. Hence, the fluxes through the legs decrease. Also, the
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terminal voltage and the voltage across the dc winding are very
low. Fig. 15 shows the terminal voltage on one phase for the ideal
dc current source.
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Figure 15: Terminal voltage (g = 45 A)

Figs. 16(a)-(c) on the next page show the voltage across the dc
winding for an ideal current source, an H-bridge converter, and a
buck converter, respectively.

The power transferred to the dc winding for an H-bridge
converter is shown in Fig. 17. After the transient, there is no real
power and a smaller than before apparent power exchange.

600

R S g —
500 |
400 B
5
£ 300 |
<
) |
g
@
5 100 |
z
=3
-9
0
-100 . \ \ .
0 0.1 02 03 04 05

Time (S)

Figure 17: Power transfer to dc winding (/. = 45 A)
5.2. CVSR with hysteresis

The B-H characteristic for the inner legs at OA is presented in
Fig. 18. The hysteresis is small, but visible. The assumed material
for the core is soft ferromagnetic and has small hysteretic
characteristic. This is consistent with the practice how power
electromagnetic devices are built to reduce the core losses. Still, it

is of interest to see how this effect will influence the performance
of the CVSR.

Again, like in the case without considering hysteresis, three
different dc bias currents are considered: 0A, 15A, and 45A. The
same analyses as before are performed and the results are
compared with the previous case.
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Figure 18: B-H characteristic of the inner legs with hysteresis
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5.2.1. 04 dc bias

Fig. 19 shows the terminal voltage on one phase of the CVSR
for an ideal current source. Because of the hysteresis, the voltage
is not purely sinusoidal. The effect is not obvious and, for
comparison, a pure sinusoid is plotted with a dashed red line. The
same also for the voltage across the dc winding in Fig. 20.
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Figure 19: Terminal voltage (/4 =0 A)
8 [=Tduced vollage - Pure sinusoid
N
6 N |
41 i
2] |
Z 9
o
on
£
S 2f
=
4|
6
-8 il ) L L L L 4

0.1 0.11 0.12 0.13 0.14 0.15
Time (S)

Figure 20: Voltage across dc winding (/3 = 0A)

5.2.2. 154 dc bias

In Figs. 21 (a)-(b), the terminal voltage across one phase for an
ideal current source and an H-bridge converter are shown,
respectively, at dc bias equal to 15 A. At this bias current, the inner
legs go into partial saturation, while the others are unsaturated. The
hysteresis effect is encircled in red.

Figs. 22 (a)-(b) show the voltage across the dc winding for the
same dc source types. Again, the effect from the hysteresis on the
voltage waveform is encircled in red. It can also be seen that,
although the hysteresis is quite small, the peaks of the induced
voltages are significantly higher than those in the previous case for
the same scenario and vary. This shows the value of the improved
modeling in analysis of a device like CVSR.

The power transferred to the dc circuit for an ideal current
source, shown in Fig. 23, is also significantly higher than in the
previous case due to the higher induced voltages from including
the hysteresis effect.
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Figure 21: Terminal voltage for different dc electric control circuits (/gc = 15 A)
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Figure 22: Induced voltage across dc winding for different dc sources (3= 15 A)
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5.2.3. 454 dc bias

At a high dc offset of 45 A, the CVSR core again goes into
complete saturation. The fluxes through the legs decrease due to
core fully saturation. Hence, the terminal voltage and the voltage
across the dc winding are very low. Figs. 24 (a)-(b) show the
terminal voltage on one phase of the CVSR for an ideal current
source and an H-bridge converter, respectively.

Figs. 25 (a)-(b) show the induced voltage across the dc winding
for the same dc source types. In Fig. 25, the distorted peaks
encircled in red, due to the hysteresis effect, are still visible.
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Figure 24: Terminal voltage (/. =45 A)
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Figure 25: Induced voltage across dc winding for different dc sources (/4. =45 A)

The power transferred to the dc winding for a Buck converter
in this case is shown in Fig. 26.
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Figure 26: Power transferred to dc winding (/. = 45 A)

Tables I and II summarize the terminal voltage values and the
resulting effective CVSR impedance values derived from the
results of the analysis. The differences in the impedance reveal that
both the dc source type and the hysteresis effect significantly
impact the effective AC reactance of the CVSR.

6. Conclusion

The paper presents an improved realistic model of a three-
phase CVSR, based on the gyrator-capacitor modeling approach.
To improve the accuracy for an electromagnetic device that
operates in the whole range of its B-H characteristic like the
CVSR, hysteresis and core saturation nonlinearities are
considered. = Capacitors model permeances (magnetic
conductances), and nonlinear capacitors can model core saturation.
Additionally, a resistor connected in series with the core capacitor
represent core hysteresis. Simulations of the improved G-C model
of three-phase CVSR under different conditions and at different
values of the bias dc current have been performed. Different dc
control source types have also been considered. Results from the
comprehensive analysis show significant impacts on the
performance of the CVSR from a more realistic model.

Table 1: AC impedance and terminal voltage for different DC sources and currents — no hysteresis

Bias current 0A (No saturation) 15A (Partial saturation) 45A (Full saturation)
Bias source Impedance Voltage Impedance Voltage Impedance Voltage
Ideal current 3.185Q 66.64 V 1.31Q 273V 0.060 Q 0.88V
Ideal voltage 3.196 Q 66.81 V 1.82Q 381V 0.119Q 1.85V
Buck converter 3.192Q 66.73 V 1.56 Q 324V 0.080 Q 121V
H-bridge 3.192 Q 66.74 V 1.69 Q 354V 0.077 Q .15V

Table 2: AC Impedance and Terminal Voltage for Different DC Sources and Currents — With Hysteresis

Bias current 0A (No saturation) 15A(Partial saturation) 45A (Full saturation)
i Impedance Voltage Impedance Voltage Impedance Voltage
Bias source
Ideal current 3.57Q 74.64 V 1.97 Q 413V 0.070 Q 1.07V
Ideal voltage 3.73Q 77.82V 2.51Q 523V 0.145 Q 207V
Buck converter 3.71Q 7773V 224 Q 464V 0.092 Q 133V
H-bridge 371 Q 7774V 223Q 46.8 V 0.088 Q 1.24V
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This paper deals with the analysis of the dynamic linkage, co-movement between COVID-19 out-
break situations and German stock market. Firstly, Markov Regime Switching Analysis(MRSA)
is proposed and employed to investigate the situations in the pandemic, as to catch the dynamics
of how the daily number of the newly-infected changes, and also to assess the impact of the
pandemic situations on German Market. Secondly, we compute the log growth rates of the
weekly new cases and the log-returns of weekly DAX index, then fit the GARCH models to both
of them to acquire their volatilities. We then employ the MRSA model once more to expose the
dynamic linkages and co-movement between these two volatilities series. Through our empirical
analyses, we find that GARCH models can capture the dynamics of stock returns and the growth
rates. On the other hand, the MRSA models work well to identify the dynamics between different
regimes with different states in dealing with the volatilities obtained from the estimated GARCH
models. Our proposed econometric methods are highly practical, it indicates the possibility of
replicating the results obtained in this study to assess the impact of other epidemics and negative
factors on economic activities. Knowing what may happen during a pandemic, more effective
measures and actions can be taken to protect people while dealing with another pandemic in

the future.

1 Introduction

This paper is an extension of work originally presented in CICS2021
[1]. After the presentation at the conference CICS2021, we have
done more researches on this issue and more interesting empirical
results are obtained and updated in this extension version.

In the past decades, many approaches have been developed to
tackle a time-varying time series. The main idea is how to separate
the whole data set(interval) into several subsets(subintervals) with
different statistical characteristics.

One of the methodologies is to detect change point or struc-
tural change in data [2]-[9]. One is to track the time-varying series
using a Particle Filter [10], [11]. But, in this study, we propose
to apply the Markov Regime Switching Analysis (MRSA) models
to the time-varying data. The reason is that a time-varying series
canbe efficiently and appropriately split into several subintervals
with different statistical characteristics(or different state-specific
regimes) by using the MRSA models. Namely, the dynamics of
these subintervals can be well captured by MRSA [12]-[21].

And in many cases the regime changes are corresponding to the

change points. Regimes indicate the situations of the infected cases,
or the specific-state subintervals(market states).

Another methodology we employ in this study is
GARCH(Generalised Autoregressive heteroscedasticity) model
[22], [23]. Since GARCH model can help us get different and
consecutive subintervals based on the conditional heteroscedasticity
and has been utilized ranging from finance to psychology [24]-[27].
We fit the stock returns of DAX Index and the growth rates of
COVID-19 to GARCH models to get their volatilities. And then
apply MRSA to the volatilities, to investigate and assess the impact
of the pandemic on the German stock market [1], [12]-[21].

Focusing upon the changes of DAX Index is that Germany is
the industry leader country in the Europe Union(EU), it is important
to know what impact had on the German stock market during the
COVID-19 pandemic. Knowing what may happen during a pan-
demic, we can predict and do more better while dealing with another
pandemic in the future.

The remainder of this paper is organized as follows. Section
2 shows an overview of our proposed Markov Regime Switching
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Analysis(MRSA). Section 3 explains the data sets we use in this
study. Section 4 summarizes the outbreak situations in Germany.
Section 5 presents our empirical results in situation analysis of
the disease outbreak, and its impact on the market, by using the
MRSA models. Section 6 displays the MRSA results by using the
volatilities obtained by the GARCH model fittings. Section 7 gives
concluding remarks.

2 An Overview of Markov Regime Switch-
ing Analysis

We here just give an overview of Markov Regime Switching Anal-
ysis before we present the results of our empirical analyses below
[12]-[21].

Usually MRSA is utilized to depict the dynamics of a time se-
ries by using regime states. Regime states describe the different
segments of a time series in different states. The common example
of regime states is of two different states, denoted as s;, either s, = 0
or s; = 1, presenting two different regimes.

A common MRSA model is to do regression assuming different
regime states existing in the data. The advantage of this method is
that one can expose the varieties around the means. Such as,

)

where s, = 0 or 1 means that data y, have two different mean lev-
els in different segments, where ¢; follows a Gaussian process with
mean zero and variance o>. State zero (s,=0) corresponds to Regime
1, and verse vice.

Another usage of MRSA is to build an Markov regime switch-
ing autoregressive Model. A generalised presentation of the model
can be described as follows, assuming the AR model with order p,
namely,

Vi = HUs, + &

Vi = Cs, + A, Xt +ﬂls,yt—l +oe +,8ps,yt—p + €, (2)

where x; is called as exogenous variable. The transition probabilities
are usually defined as a first order Markov chain. Thus, a transition
probability matrix P with n states can be represented as follows.

P11 P12 Pin
P21 P22 P2n

P=(pj)= ) ] 3)
DPnl Pn2 Pnn

where i, j = 1,2, ...n, with Z;le pji = 1, and pj; is the probability of
transitioning from regime i to regime j.

While, a simplified case of (2) is that a Markov regime switching
autoregressive model without an exogenous variable.

The following model shows the time-varying data y, follows two
different AR(1) equations with different parameters, for example.

_JBo+Byi-1 + &, (s:=0)

e {(ﬂo +B1) + Byt &, (s;=1)

What (1)-(4) mean is that the time-varying observations fluctuate
when state or regime shifts from one to another.

“4)
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The estimation of parameters of regime-switching models is
implemented by maximizing the likelihood function.

3 Data Description

In this study, we use the following two data sets.

1) DAX(daily), which is known as the GER40 as well, com-
prised of 40 German companies traded on the Frankfurt Exchange.
We obtained the data from Yahoo(https://de.finance.yahoo.com).
The period of the data set is ranged from Jan, 2020 to Jul, 2021.

2) The newly infected cases of COVID-19(daily). We obtained
the data from WHOQO’s Website, in the same period.

These two data sets are open to the public on above-mentioned
websites, and can be downloaded freely, at any time.

4 Situations of COVID-19 Outbreak

Germany is the industry leader in the Europe Union(EU), and it is
important to investigate how the German stock market was impacted
from the pandemic. We thus focus upon the situations in Germany.

In Germany, the ups and downs of the newly confirmed num-
ber(daily) are shown in Figure 1, duration from January 22, 2020
to July 30, 2021.
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Figure 1: Daily newly confirmed number(left) and its trend(right)

It shows the newly confirmed number(daily) fluctuated with the
lapse of time. The left small peak appeared when fewer cases were
confirmed. However, gradually the newly confirmed number rose
from zero level up to a big peak, and then decayed to its half level
around. Sooner, the third peak appeared when the newly confirmed
number surged once more. One may be interested in identifying
change points, we had successfully identified the change points in
this time series based upon a Bayesian approach[8], [9].
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With the spread of infection of COVID-19 in Europe, lockdown
policy had been employed in many countries, since the newly con-
firmed cases were growing up and up. The government enforced
lockdown in Nov, 2020, and it had not been lifted until Jun, 2021,
about 8 months long.

Besides, mask-wearing, social distancing, staying home and
other public health measures had been also implemented, these
measures had shown their effects on reducing newly infected cases.

S Empirical Research

We then carry out some empirical analyses by using the above-
mentioned two data sets.

5.1 Markov Switching Regression Analysis

Firstly, the Markov regime switching regression model is applied to
the data. Table 1 shows the estimated results.

Table 1: Estimated results

Regime 1
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Figure 3: Plots of estimated probabilities of Regime 1 and 2

Figure 3 displays the estimated transition probabilities of
Regime 1 and 2.

The corresponding transition probabilities are estimated and
shown in Table 2. While, the corresponding confidence inter-
vals(Level= 0.95) for the Intercepts estimated above are shown
in Table 3.

Table 2: Estimated transition probabilities

Regime 1 | Regime 2
Regime 1 0.9926 0.0074
Regime2 | 0.0074 0.9926

Table 3: Confidence intervals for the estimated intercepts

Intercept Regime 1 Regime 2
Estimate 12889 844.336
Std. Error 557 43
t value 23 19
Pr(> 1)) 2.2e-16%** | 2 2e-16%*%*
AIC 10178.62
Likelihood -5087.31

50000
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Gdaily_ne

(Gdaly_now vs. Smaoth Probabitios

Figure 2: Regime 1 is represented in gray

Figure 2 shows the estimated areas of Regime 1 in gray. Seen
from the figure, the peaks of daily infected number are identified as
Regime 1 in gray, and verse vice.

www.astesj.com

Intercept | Regime 1 | Regime 2
Estimation | 12889.56 | 844.34
Lower 11796.06 | 760.02
Upper 13983.05 | 928.65

Thus, the ability and the practicality of MRSA to precisely iden-
tify the different subintervals with their-own specific states have
been confirmed distinctly.

5.2 Daily Growth Rate of the Disease

In this section, we discuss how the daily growth rates of the disease
evolved. The daily growth rate is defined as follows.

dailygrowthrate; = log(dailynewcases); — log(dailynewcases);—;

The plot of the calculated daily growth rates is shown in Fig-
ure 4.

It is shown that the daily infected cases were increasing(the first
surge of the growth rates) in the early stages, and those infected
people mostly got proper treatment in hospitals and discharged from
the hospitals later.

We also can confirm the second surge of the growth rates around
the Xmas holidays. And the growth rates got lower around the 500th
day. We then apply the Markov regime switching regression model
to the daily growth rates.
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Regime 2

Figure 4: Regime 2 in gray indicates the areas of increasing growth rates
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Figure 5: The Smoothed transition probabilities

Figure 4 and 5 display the two switching regimes and their
corresponding smoothed transition probabilities, respectively.

The estimated results are summarized in the following Table 4
and 5. Table 4 shows the estimated intercept and its standard error,
t value, and Pr(> [#), and Table 5 gives the estimated transition
probabilities, respectively.

Table 4: Estimated intercept and the corresponding statistics

Intercept Regime 1 Regime 2
Estimate 0.0016 0.0395
Std. Error 0.0001 0.0058
t value 16 6.8103
Pr(> |f) | 2.2e-16 **%* | 9.7e-12 ***
AIC -4408.92
Likelihood 2206.46

Table 5: Estimated transition probabilities

Transition probabilities | Regime 1 | Regime 2
Regime 1 0.9807 0.0444
Regime 2 0.0193 0.9556

5.3 Applications of Markov Switching Autoregression
Model

Here we apply the above-mentioned Markov switching autoregres-
sive model of order p to our two data sets. In the following appli-
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cations, we transform these two daily data sets into weekly ones,
namely, DAX,,ccxry, and Newcases,yeekiy-

Application 1: Autoregressive model of order 1

That is to say, we fit the variables as follows.

DAX,yeerty ~ Newcasesyeerty + DAX yeekiy(t — 1).

(6)

As a result of this model setting, the following facts are revealed
and summarized in Table 6 and 7.

Looking at these tables, it is clear that most of the estimated pa-
rameters are statistically significant, except the intercept in Regime
1, and the coefficient of Newcases,eexy, in Regime 2.

The multiple R-squared is estimated as 0.8053, and 0.986 in
Regime 1 and 2, respectively.

Meanwhile, the state transition probabilities are summarized in

Table 8.

The confidence intervals(CI)(Level= 0.95) for the estimated pa-
rameters, namely, intercept, the coefficients of Newcases,yeex, and
DAX,eersy(t — 1) are displayed in Table 9 and 10.

Table 6: Estimated results of Regime 1

Regime 1 | Intercept | NewcaseSyeekty | DAXpeeriy(t — 1)
Estimate 1325.08 0.3516 0.8482
Std. Error | 1376.41 0.1887 0.1116
t value 0.963 1.8633 7.6004
Pr(> 1)) 0.3357 0.06242 . 2.95e-14%%%*
AIC 1101.393
Likelihood -544.6966
Table 7: Estimated results of Regime 2
Regime 2 | Intercept | Newcasesyeeryy | DAXyeeriy(t — 1)
Estimate 521.332 -0.007 0.9700
Std. Error | 221.256 0.016 0.0167
t value 2.356 -0.409 58.0838
Pr(>t]) | 0.01846* 0.683 2e-16%**

Table 8: Estimated state transition probabilities

Regime 1 | Regime 2
Regime 1 0.6348 0.0852
Regime2 | 0.3652 0.9148

Table 9: Confidence intervals for the parameters in Regime 1

Intercept Newcases,eekty | DAX peersy(t — 1)
Estimation | 1325.0807 0.3516 0.8482
Lower -1367.0203 -0.0182 0.6298
Upper 4017.1817 0.7214 1.0665
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Table 10: Confidence intervals for the parameters in Regime 2

Table 11: Corresponding statistics of Regime 1

Intercept | NewcaseSyeekty | DAXveerty(t — 1) Intercept | Newcases,eekiy DAXxe_elk)ly DAXEV’;fk)IV
Estimation | 521.3317 -0.0067 0.97 Estimate | 2642.633 0.367 1.337 -0.584
Lower | 87.5582 -0.0386 0.937 Std. Error | 1365.812 0.170 0.227 0.262
Upper | 955.1051 0.0252 1.0027 t value 1.935 2.152 5.892 -2.231
Pr(> 1) 0.0530 0.0314* 3.8e-9%** | 0.0257*
These two shifting regimes and their corresponding transition R_SAqIIléI ed 1008.2:507 5
probabilities are displayed in Figure 6 and 7, respectively. Seen —
. . . Likelihood -533.5325
from the Figure 6, Regimel(in gray) captures the steep descent of
DAX.
As can be seen from the results above, it is clear that, the Markov Table 12: Corresponding statistics of Regime 2
regime switching autoregressive model of order one captures the
sudden ups and downs of the observations. It means that, in the Intercept | Newcasesyeekiy DAXxe_elk)ly DAXEV';j()ly
early stages, volatile movements in the market are observed due to Estimate | 586.227 0.0006 0.867 0.098
the growth of daily new cases, but, after the fortieth day, the change Std. Error | 217.604 0.016 0.078 0.075
of the stock index slowed down, as if the market had acclimatized t value 2.694 0.038 11.134 1.302
to the disease. Pr(>|t]) | 0.0071%* 0.9699 2e-16%%* 0.193
R-squared 0.9871

DXI_week

DXI_wesk vs. Smooth Probabiites

3 ML I

Figure 6: Regime 1(in gray) captures the steep decent of DAX
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Figure 7: Smoothed transition probabilities

Application 2: Autoregressive model of order 2

We here fit the variables of our data sets by using Markov regime
switching autoregressive model of order 2. Namely,

DAXweekly ~ Newca S€Sweekly +DAXweekly(t_ 1)+DAXweekly(t_2)~

The numerical results are summarized in Table 11 and Table
12. Seen from these tables, it is clear that most of the estimated
statistics are better than the results of AR(1) model obtained above,
even the multiple R-Squared is better in each Regime.

www.astesj.com

The estimated state transition probabilities are listed in Table 13.

Table 13: Estimated state transition probabilities

Regime 1 | Regime 2
Regime 1 0.7071 0.0904
Regime 2 | 0.2929 0.9096

Furthermore, looking at Table 11 , we see that the weekly new
cases do have impact on the market, meanwhile DAX, ccis,(t-1),
DAX,eeriy(t-2) show statistically significant in this AR(2) model
setting. It also can be confirmed that Figure 8 captures the stock
market plunges precisely. In other words, it reveals that Markov
Switching Autoregressive Analysis can identify change points pre-
cisely as well as other tools, the change point identification based
upon a Bayesian approach, for example.

Regime 2

DXI_week

DXI_wosk vs. Smooth Probabities

Figure 8: Regime 2(in gray) captures the market plunges

6 Fitting the Datasets Using GARCH Mod-
els

In this section, we first fit our two datasets using GARCH models,
since GARCH model is considered to be a useful mean for capturing
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the dynamics in data.

The dynamics or the momentum can be described by the volatil-
ities series obtained from GARCH model. Second, we apply
MRSA to the volatilities to see whether there exists some sort of
co-movement between the weekly growth rates of the disease and
the weekly returns of stock index.

Details of GARCH model are omitted here, one may get more
information from other references, such as, [22], [23]. Hereafter,
we just display our empirical results.

Our model fittings reveal that GARCH(1,1) and GARCH(1,0)
are the best choices for the weekly returns of DAX and the weekly
growth rates of the disease.
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Figure 9: Plots of the results of GARCH(1,1) for returns

indicates the weekly returns follow a skewed normal distribution
based upon the numerical results.

The fitting results are shown in Table 14. Looking at the table,
we see it is a good fit.

The original time series of weekly DAX Index, its returns, #;,
and o, values obtained from the GARCH(1,1) model, are shown in
Figure 9, respectively.

It can be confirmed in both Table 14 and Figure 9, that the dy-
namics of the weekly stock returns is well-captured by GARCH(1,1)
model.

6.2 Fitting Results of Weekly Confirmed Number

Similarly to the DAX index above, we calculate the correspond-
ing weekly growth rates of the disease, namely, growthrate,,eerry =
logn; — logn;_1, where n; is the number at week . We then fit the
weekly data set using GARCH(p,q) model. By setting different p,
q values in the model, we find that GARCH(1,0) fits the weekly
growth rates most appropriately.

The fitting results are shown in Table 15. Looking at the ta-
ble, we see a skewed normal distribution is detected, because of
the data’s statistical properties. It indicates that the dynamics of
the statistical properties of the data is well captured by a skewed
normal distribution. And what is more important is that all the
corresponding statistics are statistically significant, a good fit as
well.

Table 15: Summarized results for GARCH(1,0)

Table 14: Summarized results for GARCH(1,1)

omega alphal betal skew
Estimation | 4.4675e-05 | 0.30499 | 0.70171 0.84704
Std err 3.785e-05 | 0.1497 0.1032 0.1021
t Value 1.180 2.037 6.798 8.299
Pr(> [t]) 0.2379 0.0416* | 1.1e-11%** | 2e-16%**
AIC -4.0190
BIC -3.8964
HQIC -3.9700
Likelihood -156.72

The plots of weekly stock returns and the weekly number of
the newly infected are shown in Figure 9 (leftup) and Figure 10
(leftup) below. It seems that the DAX Index didn’t react sensitively,
in corresponding to the changes of the weekly new cases. However,
we get completely different results if we fit the weekly stock returns
and growth rates using GARCH models, and then apply the Markov
regime switching autoregressive model to volatilities obtained from
the GARCH model fittings.

6.1 Fitting Results of DAX Index

By setting different p,q values in GARCH(p,q), we find that
GARCH(1,1) fits the weekly DAX returns most appropriately, where
returnSyeey = log(r;) — logr,—1, where r; is the price at week ¢. It

www.astesj.com

omega alphal skewness
Estimate 0.2337 0.2936 1.0158
Std. Error 0.0465 0.1534 0.1322
t value 5.025 1.914 7.685
Pr(> 7)) | 5.03e-07*** | 0.0557. | 1.53e-14%**
g g e] ¢
‘ <] g,"; ; %%wms:o%m
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Figure 10: Plots of the results of GARCH(1,0) for growth rates

Similarly, the original time series of weekly number of new
cases, weekly growth rates, h;, and o, values obtained from the
GARCH(1,0) model, are shown in Figure 10, respectively.
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It can be confirmed in both Table 15 and Figure 10, that the dy-
namics of the weekly growth rates is well captured by GARCH(1,0)
model.

6.3 MRSA for Volatilities Obtained from GARCH Mod-
els

In order to investigate the linkage and co-movement between the
stock returns and the growth rates of the disease, we carry out MRSA
based upon (2) using these two volatilities series(o*"“™, a-‘fr”wrh’“’e),
which are obtained from the GARCH(1,1) and the GARCH(1,0)

models for the weekly returns and growth rates, respectively.

The estimated results are summarized in Table 16 and 17. And
the linkage and co-movement are shown in Figure 11 and 12.

Seen from Table 16, the growth rate of the disease, which is
regarded as an exogenous variable in the model setting, makes a
severe impact on the stock change no matter which regime it stays.

Table 16: Estimated parameters for MRSA

Regime 1 | Estimation | Std. Error | t value Pr(> |t])
(Intercept) | 0.0007 0.0009 0.7778 | 0.4367
growihraie 1 0031 0.0016 1.9375 | 0.0527.
o 0.8264 0.0059 140.068 | 2e-16***
R-squared 0.9972
Regime 2 | Estimation | Std. Error | t value Pr(> |t])
(Intercept) | -0.0151 0.0070 -2.1571 | 0.031*
growihraie 10 0424 0.0107 3.9626 | 7.4e-05%#*
o 0.9644 0.1090 8.8477 | 2.2e-16%**
R-squared 0.8972

The estimated state transition probabilities are shown in Ta-

ble 17.

The smoothed state transition probabilities are shown in Fig-

Table 17: Transition probabilities

Regime 1 | Regime 2
Regime 1 0.8075 0.5387
Regime 2 | 0.1925 0.4613

ure 11, Regime 1(up), and Regime 2(down).

And Regime 1 is displayed in Figure 12. It can be seen that the
decayed o;s of DAX Index are captured in gray(Regime 1). These
decayed parts (intervals) are corresponding to the change points as
well.
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Figure 12: Regime 1 shows the decayed parts of DAX(YYY=07)

Through our numerical analyses, it is confirmed that our pro-
posed the Markov Regime Switching Analysis models are effective
in investigating the dynamics, linkage and co-movement between
the stock returns and the growth rates of the disease, namely, the
statistical characteristics of the data are captured more precisely by
using the volatilities obtained from GARCH models.

7 Concluding Remarks

In this paper, we have proposed and employed econometric appa-
ratus and tools, the Markov Regime Switching Analysis method
and other methods to investigate the situations of the outbreak of
COVID-19 and its impact on German stock market.

It has been confirmed that the dynamics, linkage and co-
movement between stock returns and growth rates of the disease are
well captured by our proposed MRS A models through our numerical
analyses.

Moreover, it has been confirmed that it is effective in precisely
capturing the linkages between the stock returns and the growth
rates of the disease by using volatilities obtained from GRACH
models.

Our proposed methods are highly practical, it indicates the pos-
sibility of replicating the results obtained in this study to assess
the impact of other epidemics and negative factors on economic
activities, and provide researchers and policy-makers with a clue
of how a pandemic evolved and what impact on the economies. It
may lead to better measures and actions while dealing with another
pandemic in the future.
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Carbon nanotube field effect transistor (CNTFET) has a huge advantage over the Si-
MOSFET. In MOSFET switching occurs by altering channel resistivity whereas in CNTFET
switching occurs by modulation contact resistance. CNTFET generates three to four times
of drive current than MOSFET. Transconductance of CNTFET is four times higher than the
MOSFET. The average carrier velocity is also very high almost double in CNTFET than that
is in MOSFET. Its power consumption is low. Electron mobility is high. Threshold voltage
is also low. It has better control over channel formation. There is no direct tunneling and
gate leakage current is also reduced. Herein, the main objective is to investigate the effect
of gate-insulator thickness on CNTFET, and to optimize the thickness so that current
carrying capacity may reach higher.A detailed simulations have been made and IV
characterizationis done to investigate the effect of Gate-Insulator Thickness on Co-Axial
Cylindrical Carbon Nanotube Field Effect Transistor.Report shows with the increasing gate-
insulator thickness current is decreased significantly. Where as the variation of nano
diameter shows that the increasing rate of current is increased when the carbon tube

diameter is increased.

1. Introduction

In this age of nanotechnology, the demand of integrated circuits
with smaller dimension has increased. On the other side this fast-
moving world requires technology with high speed performance
and that can consume lower power. To fulfill such requirements,
the use of carbon nanotube field effect transistor (CNTFET) over
Si- MOSFET has increased widely. Its ability to carry high current
makes it more popular [1]. Carbon nanotubes consist of carbon
atoms having diameter in nanometer range [2]. The considerable
tiny sized carbon and its electronic configuration ensure unique
carbon element with versatile structures and alluring properties
[2]. Having the title of the strongest material ever measured,
graphene is a two-dimensional (one-atom-thickness) allotrope of
carbon with a planar honeycomb lattice [3]. It is regarded as the
basic building block of carbon nanotubes. The versatile properties
of carbon nanotubes (CNT) basically sourced from graphene [2].
Folding one or multiple graphene sheets with a specific chiral
angle creates unique CNT.

"Corresponding Author: Argha Sarkar, Email: arghal 5@gmail.com
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Based on the number of folded layers’ carbon nanotubes can be
classified in two types.

e Single — walled carbon nanotube (SWNTs), having
diameter 1nm [4]
e Multi — walled carbon nanotube (MWNTs), having
diameter 100 nm
In multilayer formation many layers are interlinked. On the
other hand, another classification of CNTFETSs can be mentioned
based on its geometry.

In a back-gate CNTFET generally SWCNT is used. It was
first proposed by Tans et.al. [5]. The I(on)/ I(off) ratio of this type
of CNTFET is almost 105 [6]. The parasitic contact resistance of
such CNTFET is very high (>1Mohm) [7]. On the other hand, the
drain current as well as the value of transconductance is very low.
Drain current is of the nano range [6]. Such limitations of back-
gate CNTFET drive the researchers to develop a next generation
CNTFET.
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Wind et al. have come up with the first top gate CNTFET [8].
In this model the gate is formed over the carbon nanotubes.
Though the fabrication process of Top gate CNTFET is little
complicated but it is preferred over back-gate CNTFET due to its
high drain current of the order of micro and for the greater value
of transconductace.

Unlike the other two CNTFETs in Wrap around gate
CNTFET the whole nanotube is covered by gate. It is also known
as Gate-all-around CNTFET. To expose the ends of the nanotube
the wrapping is partially etched and then the source, gate and drain
contacts are deposited on the nanotubes. As the entire carbon
nanotube is covered, it reduces the leakage current and increases
the electrical performance.

In suspended CNTFET method, gate is suspended over a
trench to reduce the contact with substrate and gate oxide and it
improves the device performance. But the main drawback of such
type of CNTFET is here air or vacuum is considered as the
dielectric medium. Only short CNTs are used as long tubes may
short the device by touching the metal contact.

Depending on the type of electrodes used, the CNTFET
classification has been made into three categories. (a) Schottky-
barrier (SB) CNTFET (b) Partially gated (PG) CNTFET and (c)
doped-S/D CNTFET [9-16]. And the differences are clearly
shown in Figure 1.

Vg
Vs%:.ﬂd (a)
Metal Intrinsic (i)
Vg
Vs g ovd  (b)

Intrinsic (i) or uniformly dopped (n/p)

Ve
Vs pvd (©)

dopped (n/p) intrinsic dopped

Figure 1: Different types of CNTFET: (a) Schottky-barrier (SB) CNTFET, (b)
partially gated (PG) CNTFET (c) doped-S/D CNTFET [9].

Here we have focused on the co-axial cylindrical CNTFET. In
such CNTFETs an oxide layer is portrayed arround a cylindrical
carbon nano tube. Further a metallic cylindrical layer is deposited
in it. This metallic contact can behave as a gate here. At a fixed
bias voltage it can induce more channel charge than the other
CNTFETs. This is because of its geometry. The capacitive
coupling between the gate electrode and the nanotube surface is
the maximum for it. Technologies like complementary metal-
oxide-semiconductor (CMOS) can be affected by the short channel
effects. This improved coupling can prevent this short channel
effects. Its geometry of end contact is also important as it can
provide the concept of the dimension of Schottky barrier. This
Schottky barrier is actually present at the channel near device ends
and it can directly influence the current modulation. It also has a
huge role in low voltage applications.

www.astesj.com

2. Simulation of Co-Axial Cylindrical Carbon Nanotube
Field Effect Transistor

The In this paper simulations were done for co — axial
cylindrical CNTFET using the well-known FETToy tool to see
how the characteristic curves depends on different tube parameters
like nanotube diameter and gate insulator thickness. Varying the
Gate Oxide thickness and nano-tube diameter the drain current can
be varied. On the other hand the scaling of the most popular Si-
MOSFET almost approaches towards its limiting values. In search
of new alternatives this simulation was done to overcome these
limitations.

Oxide
Thickness

Carbon Tube
Diameter

Metal
Contact

Figure 2: co-axial cylindrical CNTFET

Figure 2 represents a schematic diagram of co-axial cylindrical
CNTFET. First for a constant nanotube diameter (1 nm), the
simulation was done by varying the gate insulator thickness only.
For this simulation the ambient temperature was taken as 300K.
Threshold voltage of the used CNTFET was 0.32 V whereas the
gate control parameter and drain control parameter were
considered as 0.88 and 0.35 respectively. Series resistance was
taken zero.

3. Prepare Your Paper before Styling
Before Some data taken during the simulation are given below.

Table 1: (Drain voltage=1 V, Nanotube diameter=1nm)

Drain Current (LA)
Gate Gate- Gate- Gate-
Voltage Insulator Insulator Insulator
W) thickness thickness thickness

Inm 1.5nm 2nm
0 0.00672 0.0000661 0.0000661
0.0833 0.114 0.00112 0.00112
0.1667 1.9 0.0187 0.0186
0.2500 24.4 0.24 0.232
0.3333 123 1.23 1.13
0.4167 296 3.01 2.69
0.5000 517 5.41 4.75
0.5833 778 8.37 7.26
0.6667 1070 11.9 10.2
0.7500 1400 15.9 13.7
0.8333 1750 204 17.5
0.9167 2140 25.1 21.6
1.0000 2550 30 26
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From the data of Table-1 it is clear that the drain current vs gate
voltage characteristic curve for Inm gate-insulator thickness is
steeper than the other two. Whereas for the same given voltage
CNTFET having gate-insulator thickness 2nm gives the lowest
drain current. So the drain current is decreased with the increasing
gate-insulator thickness. This is due to the fact that with the
increase of the gate-insulator thickness the resistance across it is
also increased and as a result the drain current is decreased [12].
When the gate dielectric becomes thicker, the electric field within
the dielectric becomes smaller for the same gate voltages. Thus the
accumulated free carrier near the interface also becomes less. As
the carrier density decreases, the drain current decreases as well.
Figure 3 shows the input and output characteristic curves for CNTs
having different gate insulator thickness but same nanotube
diameter i.e. Inm. Another simulation (shown in figure 4) was
done by taking nanotube diameter as 2 nm and varying the gate-
insulator thickness from Inm to 2nm. Other aspects were fixed. I-
V characterization is made to investigate the Effect of gate-
insulator thickness on co-axial cylindrical CNTFET.

60 T T T T T T T
50 1 -
Drain voltage=0.0833 V s
Drain voltage=1.0V
= 404
2 .
]
g 304
=
o
8 7
E 20
104 1
0 I T T T
0.0 0.2 04 0.6 0.8 1.0

Gate voltage (Volt)

Figure 4: (a) Gate Voltage Vs Drain Current curve for a CNT having diameter
2nm and gate insulator thickness 1nm
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Figure 4: (b) Output Characteristic curve for a CNT having diameter 2nm and
gate insulator thickness Inm
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Table 2: (Drain voltage =1 V, Nanotube diameter=2nm) [11]

Drain Current (LA)
Gate Gate- Gate- Gate-
Voltage Insulator Insulator Insulator
V) thickness thickness thickness

1nm 1.5nm 2nm
0 0.0000661 0.0000661 0.0000661
0.0833 0.00112 0.00112 0.00112
0.1667 0.0189 0.0189 0.0189
0.2500 0.28 0.271 0.265
0.3333 1.99 1.78 1.64
0.4167 5.93 5.02 4.46
0.5000 11.5 9.62 8.43
0.5833 18.2 15.2 13.3
0.6667 254 21.4 18.8
0.7500 32.8 27.9 24.7
0.8333 40.3 34.6 30.8
0.9167 47.9 41.4 37.1
1.0000 55.5 48.3 43.4

4. Conclusion

Here we can see that just by changing the nanotube diameter
and gate-insulator thickness the drain current can be changed. For
the nanotube diameter 1nm and gate-insulator thickness Inm we
get a huge drain current compare to the other combinations.
Simulation results ensure the effect of gate dielectric increment in
terms of decrement in drain current. It is due to reduction in the
electric field for the same gate voltages. Thus the decay in carrier
density and drain current.

This CNTFET also has a huge advantage over the Si-
MOSFET. In MOSFET switching happens by altering channel
resistivity whereas in CNTFET switching is due to modulation
contact resistance. CNTFET generates three to four times of drive
current than MOSFET. About quadruple higher transconductance
of CNTFETs than MOSFETs comes from the band structure and
improved mobility. The average carrier velocity is also very high
almost double in CNTFET than that is in MOSFET. Its power
consumption is low. Electron mobility is high. Threshold voltage

www.astesj.com

is also low. It has better control over channel formation. There is
no direct tunnelling and gate leakage current is also reduced.

Conflict of Interest

The authors declare no conflict of interest.

References

(1

[2]

[3]

(4]

[3]

(6]

(7]

(8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

Raychowdhury, A., & Roy, K. Carbon nanotube electronics: design of high-
performance and low-power digital circuits. IEEE Transactions on Circuits
and Systems I: Regular Papers, 54(11), 2391-2401, 2007,
10.1109/TCSI1.2007.907799

A. Sarkar, S. Maity, P. Chakraborty , S. K. Chakraborty , “Characterization
of carbon nanotubes and its application in biomedical sensor for prostate
cancer detection,” American Scientific Publishers, 17,17-24, 2019,
https://doi.org/10.1166/51.2019.4039

A. Sarkar, M. Sreenath, K. Srinivas and NV Teja, “Investigation of Graphene
as a Sensing Layer for Future Prostate Cancer Biosensing Applications,”
Journal of Physics: Conference Series, 1921(1), 2021, 10.1088/1742-
6596/1921/1/012038

T. W. Odom, J. L. Huang et al.,“Atomic structure and electronic properties
of single-walled Carbon Nanotubes,” Nature, Nature, 391(6662), 62-64,
1998, https://doi.org/10.1038/34145

S. J. Tans, A. R. M. Verschueren and C. Dekker, “Room-temperature
transistor based on a single carbon nanotube,” Nature , 393(6680), 49-52,
1998, https://doi.org/10.1038/29954

S. Rasmita and R. R. Mishra, “Simulations of carbon nanotube field effect
transistors”, International Journal of Electronic Engineering Research 1(2),
117-125, 2009.

N. T. Rouf, A. H. Deep and R. B. Hassan, Current-voltage characteristics of
carbon nanotube field effect transistor considering non-ballistic conduction,
BRAC University Dhaka-1212, Bangladesh.

S. J. Wind, J. Appenzeller, P. Avouris, “Lateral scaling in carbon nanotube
field effect transistors”, P Physical Review Letters, 91(5), 058301, 2003,
https://doi.org/10.1103/PhysRevLett.91.05830

T. Dang, L. Anghel, R. Leveugle, “CNTFET Basics and Simulation.
International Conference on Design and Test of Integrated Systems in
Nanoscale Technology,” IEEE Explore 2006.

J. Guo, S. Datta and M. Lundstrom, “Assessment of silicon mos and carbon
nanotube fet performance limits using a general theory of ballistic
transistors,” IEEE 2015.

A. Rahman, J. Wang, J. Guo, Md. S. Hasan, Y. Liu, A. Matsudaira, S. S.
Ahmed, S. Datta, M. Lundstrom, FETToy, 10254/nanohub-r220.4, 2006.
M. Radosavljevic, S. Heinze, J. Tersoff, and P. Avouris, "Drain voltage
scaling in carbon nanotube transistors”, Applied Physics Letters, 83(12),
2435-2437., 2003, https://doi.org/10.1063/1.1610791

M. Zhang, P. C. H. Chan, Y. Chai, “Novel Local Silicon-Gate Carbon
Nanotube Transistors Combining Silicon-on-Insulator Technology for
Integration,” IEEE transactions on nanotechnology, 8(2), 260-268,2009,
10.1109/TNANO.2008.2011773

Compano, R. ed. “Technology Roadmap for Nanoelectronics,”
Microelectronics Advanced Research Initiative, 2000.

P. Sagar P., Handa A., Kumar G., Gupta V. Nanocomposite hydrogel
materials for defective cartilage repair and its mechanical tribological
behavior, A Review. Paper and Biomaterials, 7(3), 63-72, 2022,
https://doi.org/10.1213/j.issn.2096-2355.2022.03.007

P. Sagar P., Handa A, Kumar G. (2022), Metallurgical, mechanical and
tribological behavior of Reinforced magnesium-based composite developed
Via Friction stir processing, Proceedings of the Institution of Mechanical
Engineers, Part E: Journal of Process Mechanical Engineering, 236(4), 1440-
1451, https://doi.org/10.1177/09544089211063099

16


http://www.astesj.com/
https://iopscience.iop.org/article/10.1088/1742-6596/1921/1/012038/meta
https://iopscience.iop.org/article/10.1088/1742-6596/1921/1/012038/meta

@ASTES

Advances in Science, Technology and Engineering Systems Journal Vol. 8, No. 1, 17-29 (2023)

ASTESJ
ISSN: 2415-6698

www.astesj.com

Special Issue on Computing, Engineering and Multidisciplinary Sciences

Design of an Open Source Anthropomorphic Robotic Hand for Telepresence Robot

Jittaboon Trichada, Traithep Wimonrut, Narongsak Tirasuntarakul, Eakkachai Pengwang”

Institute of Field Robotics, King Mongkut’s University of Technology Thonburi, Bangkok, 10140, Thailand

ARTICLE INFO

ABSTRACT

Article history:

Received: 28 September, 2022
Accepted: 18 December, 2022
Online: 24 January, 2023

Keywords:

Open source

Anthropomorphic Robotic Hand
Low cost

Most anthropomorphic robotic hands use a lot of actuators to imitate the number of joints
and the movement of the human hand. As a result, the forearm of the robot hand has a large
size for the installation of all actuators. This robot hand is designed to reduce the number of
actuators, but also retain the number of movable joints like a human hand by using the four-
bar linkage mechanism and only flexion-extension movements. This stamen is added in the
problem statement according to the reviewer’s comment. The special features of this robotic
hand are the ability to adjust the link length and the range of rotation for each joint to suit
various applications and can fabricate with 3D printing and standard parts with costing
about 3750. All hardware CAD files and equations are published on the GitHub website,

which benefits for researchers to utilize as an open-source approach that their project might
be further expanded in the future. The anthropomorphic robotic hand has five fingers, 16
joints, and 12 active Degrees of Freedom (DOFs) with 12 servo motors applied to finger
motion and one for wrist motion. The structure of the hand is designed using the average of
Asian human hands in combination with the golden ratio. All servo motors are installed in

the forearm designed in a ventilated structure with 12V vent exhaust fan motor to stabilize
the operating temperature of the robotic hand. Size and weight of the hand included with the
forearm are 20%54x16.5 centimeters and 2.2 kilograms respectively. The hand has achieved
human-like movement by using a four-bar linkage mechanism and tendon with PTFE tube
to guide operation path of the tendon with the lowest friction force. This paper presents the
design processes, the experimental set-up, and the evaluation of the finger movements. From
the experiment of grasping objects, this hand was able to grasp 10 basic grasp types
including 32 different objects, perform 9 common gestures, and lift the object to 450 grams.

From this paper, the kinematic equation is proved that the designed finger structure can

move exactly as the equation with maximum error of repeatability test around 1.6 degrees.

1. Introduction

The human hand is one of the best grippers in the world which
can interact with and perceive the physical environment. However,

This paper is an extended paper of our work initially presented
in 2021 4th International Conference on Robot Systems (ICRSA
2021) [1]. The technology that the operator interacts with the robot
remotely is called the telepresence robot. This technology allows
the human remotely to control the robotic end effector system in a
human environment with experience as they locate there. In order
to elaborate the sensibility of the operator, the design should be
similar in structure and scale to the human. One of the main
systems of the telepresence robot is an anthropomorphic robotic
hand enabling a user to interact with the remote environment
realistically.

*Corresponding Author: E. Pengwang, KMUTT, Bangkok, 10140, Thailand,
(+66)24709339 eakkachai@fibo.kmutt.ac.th
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https://dx.doi.org/10.25046/aj080103

the anatomy of the human hand is complicated to be implemented
in robotics field due to size, proportions and mechanisms. For
example, each person has a different size and length of each finger
according to their genes [2]. The focus of this paper lies in the
average hand size of Asian people, which is similar to Thai people.
Thus, this paper using the average hand size of Koreans (167
males) and the Golden ratio [3-5] to design robotic hands.

Generally, the robotic hand is numerous in the design in terms
of the number-type of actuator, active hand DOFs, total hand
joints, power transmission, sensors, and price. The price of each
robot hand varies. The cost of robotic hands has ranged between
$1,500 and $150,000, depends on the number and type of actuator,
sensor, and application programming interface (API) [6]. In
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addition, most robotic hands measure only grasping and
performing various gestures, but this paper has added the
repeatability experiments of robotic hands and the accuracy
verification of the equations provided in the conference paper.

In this article, we designed an anthropomorphic robotic hand
based on the anatomical structure that use the kinematic equation
to calculate the length of the four-bar linkage (l,) of four common
fingers. Before that, the designer must define basics of the
configuration, including the range of motion of each joint
(61,082, 03), and initial degrees (a,, a3) as shown in Table 1 and
Figure 1. Since the average Korean hand size informed the total
length of each finger, a golden ratio is required to devided the
average length to each phalanx (ly,l,,l3). The purpose of this
paper is to design a new open-source robotic hand with a low cost
($750) by using standard parts and 3D printing techniques and
publish it on the GitHub website. Moreover, the performances of
the design of low-cost robot hand are high performance from the
tested as shown in the experiment section. The performances of
this hand are proven from five experiments: grasping experiment,
gesture experiment, motor temperature experiment, structure
experiment, and repeatability experiment.

J1(0,0)

Ux,y)

Figure 1: The Simplified Image of Finger and Parameters

Table 1: Parameter of Equations

J; | Proximal joint 0; | ROM of J;

J, | Middle joint 0, | ROM of ],

J; | Distal joint 0; | ROM of J5

L, | Proximal phalanx r, | Distance of P,/,
L, | Middle phalanx r; | Distance of P3/;
L, | Distal phalanx o, | Initial degree of r,
L, | Inner linkl o3 | Initial degree of 13

2. Design

In fact, each joint of the human hand can move in two
directions: flexion-extension and abduction-adduction. The
flexion-extension movement is increase or decrease the angle
between the bones of the limb at a joint while the abduction-
adduction motion is away or toward the midline of the body as
shown in Figure 2.

In this article, the anthropomorphic robotic right hand is 200
mm wide, 225 mm long and the forearm is 145 mm wide, 315 mm
long. The robot hand contains four common fingers (differs in
length of each joint), thumb, palm, wrist, forearm, and skin of

www.astesj.com

fingertips as shown in Figure 3. All fingers were designed for only
flexion-extension movement. The wrist part has only one actuated
joint, the thumb has three actuated joints, and the other fingers
have two actuated joints per finger. Figure 2 depicts the MCP, PIP,
and DIP joints on each finger, excluding the thumb. All actuated
joints use a cable with PTFE tube to control a position, and the
underactuated joint uses a linkage mechanism to drive the DIP
joint movement that relates to the PIP joint. All servo motors are
installed in the forearm designed in a ventilated structure with a
12V 4000rpm exhaust fan. The total weight is about 2.2 kilograms.

Abduction Adduction

DIP joint

PIP joint

MCP joint

Extension

Flexion

Figure 2: The Finger Movement

Skin

Index finger
Middle finger
Ring finger

Little finger

Palm Wrist Forearm

Figure 3: The Robot Hand with Forearm and Skin

2.1. Finger Design

This finger is a development from the finger published in the
conference ICRSA 2021. Previously, tendons were routed inside
robot fingers to protect tendons from the external environment,
such as objects that are caught or touched that can damage the
tendon. From Figure 4 (a), the distance and degree of pulling the
tendons are not constant when compared with Figure 4 (b).

Because the inner finger has a very tiny space, the radius of
the tendon for pulling the joints of the finger was less. To tighten
the grip, the tendons used to transmit the force are shifted to the
outside near the screw attachment to keep the degrees and pull
distance of tendons constant throughout the operation, as shown in
Figure 4. Inside the finger, there is a cavity for routing the tendon
to the internal finger before attaching the PIP joint of the finger.
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Since each joint has a shaft, tendons are unable to pass directly
through the MCP joint. This design is enabling the tendons to pass
as close as possible to the MCP joint to have the least moment of
force caused by the pulling of PIP joint, and PTFE tubes can be
inserted to reduce the friction force in pulling the tendons as shown
in Figure 5.

F,: for extension movement
Fp: for flexion movement

FE,: for extension movement

F: for flexion movement

PTFE tube

Screw for fix the tendon

DIP PIP MCP

Figure 4 (b): The Index Finger with Tendon Routing Outside and Fingertip’s Skin

Four-bar linkage Path routing inside the fingers

DIP joint

PIP joint

MCP joint

Figure 5: The Four-bar Linkage Mechanism and Path Routing in the Finger

small of different lengths (21.15 mm, 22.01 mm, 21.08 mm, 18.45
mm), making it unable to be installed with a four-bar linkage
mechanism. This problem can be solved by using an equal length
of each distal phalanx. The length of distal phalanx that can be
achieved is 21.37 mm. Each finger's length and range of motion
are uniformly designed, as shown in Tables 2, 3, and Figure 6
respectively.

Figure 6: The Length of Each Phalanx

Table 2: Length of Each Phalanx [mm.]

No. Name Length (mm.)
1 | Distal phalanx-all fingers 21.37
2 | Middle Phalanx-Index 34.22
3 | Middle Phalanx-Middle 35.61
4 | Middle Phalanx-Ring 34.11
5 | Middle Phalanx-little 29.85
6 | Proximal Phalanx-Thumb 26.57
7 | Proximal Phalanx-Index 55.37
8 | Proximal Phalanx-Middle 57.62
9 | Proximal Phalanx-Ring 55.19
10 | Proximal Phalanx-little 48.30
11 | Metacarpal Phalanx-Thumb 42.99
12 | Distal phalanx wide-all fingers 18.00
13 | Distal phalanx thin-all fingers 13.00
14 | Middle phalanx wide-all fingers 20.50
15 | Middle phalanx thin-all fingers 14.50
16 | Proximal phalanx wide-all fingers 20.50
17 | Proximal phalanx thin-all fingers 16.00
18 | Metacarpal phalanx wide-all fingers 23.50
19 | Metacarpal phalanx thin-all fingers 15.50

Table 3: The Range of Motion of Each Joint [degree]

Name | DIP | PIP MCP | DIP-T | MCP- | CMC-

joint | joint | joint joint T joint | T joint
Range |0 to |0 to|-10 to|0 to|0 to|-10 to
of 80 90 90 100 100 120
Motion

The human hand contains at least 23 degrees of freedom
(DOFs) [7]. Human fingers have 3 joints with 4 DOFs: 3 DOFs for
flexion-extension movement and 1 DOF for adduction-abduction

Because the average size of the Korean hand only defines the
length of each finger, the golden ratio is required to calculate the
length of each phalanx. The distal phalanx of each finger is very
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movement. In the case of the thumb, there are 3 joints with 5
DOFs: 3 DOFs for flexion-extension movement and 2 DOFs for
adduction-abduction movement (Figure 7). The wrist has 2 DOFs
for flexing and expanding (Figure 8). The robotic hand has five
fingers, 16 joints, and 12 active DOFs (only flexion-extension
movement) with 12 servo motors. Four common fingers excluding
the thumb use 2 servo motors per finger to control the PIP joint and
MCP joints, while the DIP joint moves related to the PIP joint by
using the four-bar linkage mechanism as shown in Figure 5. The
thumb uses 3 servo motors and 1 servo motor for the wrist. Each
movable joint use bearing to reduce the friction force during finger
movement. The MCP joint of 4 fingers and the CMC joint of
thumb use 2 mm inner diameter bearing. Others moving joints in
each finger use 1.5 mm inner diameter bearing. The length of the
four-bar linkage of the four fingers was calculated from equations
r3 and [, in the conference as shown in Table 4. Each four-bar
linkage structure has a different concave curvature to prevent the
linkage from a collision with the shaft of each joint while operating
(Figure 9).
Table 4: Length of Each Four-bar Linkage [mm.]

Name Length (mm)
Linkage Index 33.04
Linkage Middle 34.34
Linkage Ring 32.93
Linkage Little 28.98

"\ DIP Joint

Thumb DIP Joint
(1 DOF , Flexion-Extension)

Thumb MCP Joint PIP Joint

(2 DOF , Flexion-Extension and Abbduction-Adduction)

A /
] vl

Thumb CMC Joint —“‘ W T ’.:' v 0
\

3 )
(2 DOF , Flexion-Extension and Abbduction-Adduction )"\ )\ MCP Joint

Figure 7: The Anatomy of Human Hand

Expanding

Flexing

Figure 8: The Wrist Movement

Inner structure

Concave curvature of four-bar linkage

Figure 9: The Curvature of Four-bar Linkage
WWww.astesj.com

Many robotic hands have various thumb designs to
accommodate the suitability of the hand, such as the number of
DOFs, actuators, power transmission, and functionalities; thus, the
design of the thumb is rarely defined. The main contribution for
this paper is separated into 2 sections: the joint design, and the
structure design. The joint design of the thumb is the same design
as the controllable joint of four fingers which has a constant both
distance and degree for pulling as shown in Figure 10. Normally,
the thumb grasps an object by using both abduction-adduction
movement and flexion-extension movement. The flexion-
extension movement of thumb is used to press objects towards the
palm of the hand while the abduction-adduction movement of
thumb is used to grasp the various objects. Even though the
abduction- adduction motion is very important for grasp [8], this
robot hand challenges to design by using only flexion-extension
movement to achieve the purpose of this hand in order to reduce
the number of motors to be installed on forearm. From the
reduction to 1 DOF per joint of the thumb, the importance of thumb
angles must be emphasized, which affects the grasping
performance of the hand. The motion analysis in SolidWorks
program is required to test basic gestures and basic grasps such as
handfuls, index-thumb, middle-thumb, cylindrical grasp, and
spherical grasp before forming. From the analysis, the best angle
for structure design of the thumb is 58.5 degrees in the top view
and 28.5 degrees in the front view (Figure 11) to perform as many
different gestures and basic grasps as possible in motion analysis
of the SolidWorks program.

Fe Fe

F,
f Fr
MCP-Thumb
F,:for extension movement
Fp: for flexion movement

DIP-Thumb

Figure 10: The Joint Design of the Thumb

58.5 degrees

28.5 degrees

MCP DIP

Figure 11: The Attachment Angle of the Thumb
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2.2. Palm and Wrist Design

Generally, human hands can grasp objects by using the palm,
all fingers, wrist, and skin. The palm is the part that connects the
four fingers, thumb, and wrist that is coated by human skin. In the
robotic field, the robot finger with no adduction-abduction
movement was fixed angle between neighbor MCP joint of each
finger at about 12 degrees [9]. The angle of neighbor MCP joint
allows the hand to tightly grasp objects, increasing the area of
routing tendons inside the hand, and decreasing the bending of
PTFE tube around the MCP joint of the index finger in the palm.
Each robotic hand has a different angle between neighbor MCP
joint depending on the hand. From the analysis, it was found that
10 degrees is most suitable for this hand to gesture and grasp. The
palm is designed by defining the middle finger as the reference
point with 10 degrees of angle between neighbor MCP joints as
shown in Figure 12.

Figure 12: The Palm

In the palm, there is an apparatus that is used to arrange the
PTFE tube and tendons from the wrist to each finger as shown in
Figure 13. The CMC joint of the thumb was designed to angle the
middle finger about 30 degrees (Figure 13) so that PTFE tubes
inside the palm are easy to assemble and do not bend too much.
The OK pose and check gesture can be performed by using this
design. The OK posture is the index finger and thumb converge
while the others are fully spread as Figure 14. The check posture
is the index finger and thumb are fully spread while the others are
fully bent same as the check symbol as shown in Figure 15. These
2 poses are the basic postures to hold objects and make various
gestures of the hands. Since the direction of rotation of the CMC
joint of the thumb is in a different direction of the tendon
movement to other fingers, The bearing must be provided for
changing the direction of pulling the tendons of the thumb as
shown in Figure 16.
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The kit for re-arranging the PTFE
fube with tendon

Figure 13: The Re-arranging of the PTFE Tube in the Palm

Middle finger

Ring finger

Little finger

Converge point,

Thumb

Figure 14: The Robotic Hand Performs OK Gesture

Middle finger
Index finger

Ring finger

Little finger

Figure 15: The Robotic Hand Performs Check Gesture
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Direction of the tendon movement of four fingers

Direction of
the tendon
movement of
Thumb

Direction of all tendon passed the wrist to forearm

Figure 16: Direction of Tendon Movement in the Palm

Screw for attach skin to support palm part

Screw for attach
support palm
part to the palm

Support palm part

Screw for attach
backhand part to
the palm

The back
hand part

PCB standofts
spacers for attach
backhand part to
test module

Figure 18: The Back Hand

The support palm part is the connector between palm and skin
by using the screw (Figure 17). The backhand part attached behind
the palm is used to install the test module (PCB for the connection
wire of the encoder, multiplexer, and Arduino Uno board) by using
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PCB standoffs spacers and screw (Figure 18). The palm is
assembled with an extension palm part on the wrist area to increase
radius for pulling the tendon (Figure 19).

Palm

Support
palm
part

Skin

Extension
palm part
The new radius
for pulling tendon

Wrist joint to control the
wrist (@ 24 mm)
The old radius for pulling tendon to control

the wrist (@ 16 mm)

Side view of the hand
Figure 19: The Extension Palm Part

The wrist area has 3 components which are the main wrist,
extension palm, and a support PTFE tube kit as shown in Figure
20. The main wrist is designed by integrating with PTFE tube to
decrease friction force for pulling the tendon of wrist joint. In the
middle of wrist joint is a support PTFE tube kit for re-arranging
and supporting the PTFE tubes with tendons when the tendon is
pulled by the motor. This support PTFE tube kit will keep the
PTFE tube in place no matter how many degrees the wrist is tilted.
The motor that controls the wrist joint will reduce the load caused
by the tendon movement of all fingers. Main wrist is a connector
between the hand and forearm that is used to re-arranging the
PTFE tube same as a support PTFE tube kit and guides the tendon
to attach the wrist joint. The range of motion of the wrist joint is
from 0 to 180 degrees, the same as the wrist joint of human hand
as shown in Figure 21.

Extension palm part

Re-arranging PTFE tubes

Figure 20: The Wrist

Odegree = =€ = - — - EECIME- — - = == - - 180 degrees

Main wrist Wrist joint

Figure 21: The Range of Motion of Wrist Joint
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2.3. Skin of Fingertips and Palm

The entire skin is made of silicone (RA-22AB, RUNGART,
Thailand) [10] forming with the use of PLA moles (3D printing).
The skin of the palm consists of flat palm skin and half-ellipse
palm skin (Figure 22). The thickness of flat palm skins and half-
ellipse palm skins are about 1.5 mm and 4 mm respectively as
shown in Figure 23. The skin of fingertips is the one of the main
parts for grasping an object. Skin tips are used to increase friction
force for tightening grip. These skin tips are wearable skin that has
the same shape as fingertips with a thickness from the outside of
the fingertips of about 2.5 mm as shown in Figure 24.

Flat palm skin N

Half ellipse palm skin

L LL5mm. amm] :_:‘

(b) Half ellipse palm skin

(a) Flat palm skin

Figure 23: The Thickness of Palm Skin

Base mold
(PLA)

Fingertips mold
(PLA)

Thickness of fingertips skin (2.5 mm)

Fingertips” skins

(a) Front view

(b) Side view

Space for silicone

Figure 24: The Mold Skin of Fingertips
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2.4. Forearm Design

The forearm contains the main forearm, connecting motor part,
PTFE tube guide part, and cover. All servo motors, Arduino Uno
board with Dynamixel shield, 12V fan, and PCB boards are
installed in the forearm as shown in Figure 25. This Dynamixel
servo motor (XL430 W250-t) has engineering plastic gear with an
operating temperature from -5 to +72 °C. Long periods of heavy
work of the motor will cause the accumulation of high temperature
inside the forearm, so the design of the robot forearm must focus
on temperature reduction to extend the motor life. The structure of
the forearm must be a ventilated structure with a 12V vent exhaust
fan to stabilize the operating temperature of the robotic hand. All
PTFE tubes with tendons are routed following the PTFE guide
from the motor in the forearm to each joint of the finger and wrist.

PCB for connect
electric wire

Cover
Core forearm
Dynamixel

Connecting
Motor part

Pulley

Arduino Uno with
Dynamixel Shield

Fan 12v
4000 RPM

PTFE tube

PTFE guide

Connector

Figure 25: The Forearm
2.5. Actuation, Power Transmission and PLA Material

This hand uses 12 servo motors to control each actuated joint
while underactuated joints (DIP joint of four fingers) move to
follow the actuated joints (PIP joint of four fingers) by using a
four-bar linkage mechanism. The actuators can transmit the power
to control each joint by using a tendon with the PTFE tube. The
PTFE tube [11] is used to protect the tendon and reduce the friction
force between the tendon and the body part (PLA). The actuators
of this robotic hand are XL430 W250-T from Dynamixel (TTL
connection) because it has a suitable price with high torque and
small size (Table 5). In addition, this actuator has precision to
control with feedback sensors: position, current load, current
temperature, etc. The tendon that is used to transmit the power
from the actuators is a fishing tendon from Proberos. This tendon
is made from 4 braids of Polyethylene (PE) with high max tension
(36.2 Kg) and a small diameter (0.5 mm) costing about $1.5 per
100m as shown in Table 6. Because PLA filament has Young’s
modulus of about 3.04 GPa but ABS material has Young’s
modulus of about 1.97 GPa [12]. Therefore, the material for 3D
printing parts uses PLA (Polylactic acid) filament with a cost (of
$17.99 per Kg.) [13-14].

Table 5: Specification of Servo Motor [15]

Name Dynamixel (XL430 W250-T)
Stall Torque 1.5 N.m
Stall Current 14 A
Weight 57 grams
Dimension 28.5 x 46.5 x 34 mm.
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No Load Speed (at 12V) | 61 rev/min
Resolution 4096 pulse/rev, 360 degree
Gear Ratio 258.5:1
Operating Temperature | -5 to +72 °C
Connection TTL
Feedback Position, Load, Temperature, etc.
Material Engineering Plastic
Price $49.90
Table 6: Specification of Tendon [16]
Name Tendon
Brand Proberos
Material Polyethylene (PE)
Number of tendons | 4 braids
Outer Diameter 0.5 mm
Max Tension 36.2 Kg.
Price (100 m.) $1.5

2.6. Cost Analysis

Generally, the range cost of a robotic hand is between $1,500
and $150,000. However, this robotic hand costs about $750 (as
shown in Table 7) with 12 servo motors (Dynamixel) that can
grasp objects and gestures similar to robotic hands that cost $1500
as proof in the results and experiment section. All parts of this
robot hand are made from 3d print, designed for standard
components that can be easily purchased locally and replaced.
Moreover, robotic hands are designed to use as few motors as
possible while keeping the ability to grasp various objects and
gestures like other robotic hands as much as possible. The four-bar
linkage mechanism is used to control the DIP joint related to the
PIP joint in four fingers that can reduce one actuator per finger
with the same number of movable joints as shown in the design
section. Because all actuators are installed in the forearm, the low
number of actuators in use saves costs and reduces the size and
weight of the forearm. Thus, the price of this hand will be cheaper
than the others.

Table 7: Price of Actuator and Material

Name Amount | Total Price ($)

Dynamixel X430 W250-T 12 598.80
PLA (eSUN) 1 Kg. 2 35.98
Arduino Uno | 20
Dynamixel shield | 19
Fan 12V 4000 RPM 1 1.5
Power supply 12V 20A 240W | 9
LCD meter and shunt (20A) | 9
Electric wire AWG24 (30m.) 2 5.50
Tendon | 1.5
Bolt and screw - 15
Bearing, etc. - 35

Total 750.28

3. Experiment and Results

All experiments are intended to prove the various
performances of robotic hands compared to other expensive
robotic hands such as grasping objects and gestures. The
development of the anthropomorphic robotic hand in this paper has
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five experiments: grasping experiment, gesture experiment, motor
temperature experiment, structure experiment, and repeatability
experiment.

One of the performance experiments of the anthropomorphic
robotic hand is the grasping experiment that uses various objects
in daily life to test the grasping of the robot hand. The robotic hand
grasp objects that are different in shape, weight, and size by using
various grasping gestures as shown in the result of the grasping
experiment.

The gesture experiment is the test of the robot hand to perform
basic hand gestures and symbols that were chosen from daily hand
posture. These two experiments were intended to test the ability to
grip objects and perform gestures as designed.

The third experiment is the operating motor temperature test to
determine whether the added structure and fan can reduce the
temperature of the motor while operating. The motor temperature
experiment uses Arduino Uno to read the current temperature from
the feedback sensor of each motor.

The fourth experiment is the structure test of the degrees of dip
and pip joints of the index finger, whether the DIP joint moves
along with the PIP joint by using the four-bar linkage mechanism
is similar to the equation used in the design.

The last experiment is the repeatability test of the robotic hand
which shows how many errors each joint has. The structure
experiment and repeatability experiment use magnetic encoders
(AS5600) and an Arduino Uno board to read the current degree of
each joint.

All experiments test only the joints of the fingers excluding the
wrist. The controllable joints of this robot hand are 11 joints (3
joints for the thumb and 2 joints for each finger), therefore the
maximum magnetic encoder used to read the angle of each joint is
11 positions. The Arduino Uno board connects to each magnetic
encoder board by using 12C communication. All encoders cannot
connect to the Arduino Uno board directly because each encoder
has the same address (0x36). The 12C multiplexer (TCA9548A) is
required to expand the 12C bus port and control multiple 12C
devices with the same 12C address. One multiplexer can connect
to 8 devices, so 2 multiplexers are enough. The address of the
multiplexer can select a value from 0x70 to 0x77 by adjusting the
values of the A0, A1, and A2 pins. The robot hand with an encoder
module for the test is shown in Figure 26.

The average error values of the structure experiment and
repeatability experiment are calculated from the following
equation.

Lizo@n 1)
N
Table 8: The Meaning of Variable

Average Error Value =

Variable Meaning
Xn Position value from encoder (nt")
T Target position value
N Total of test
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Magnetic encoder

Multiplexer

Figure 26: The Robotic Hand with Encoder Module

3.1. Result of Grasping Experiment

Generally, there are two kinds of grasping objects: power grasp
and precision grasp. The precision grasp (tripod, two fingers, disk,
and tip pinch) uses only fingertips with skin to hold small
lightweight objects, while the power grasp (spherical, cylindrical,
lateral pinch, lumbrical, large diameter, and platform) uses every
part of the hand (fingertips, phalanx, palm, and skin) to grasp huge
heavyweight objects. This experiment is the gripping test of the
robot hand with power grasp and precision grasp by using ten
grasping gestures: spherical (1.01-1.02), tripod (2.01-2.04), two
fingers (3.01-3.02), cylindrical (4.01-4.05), lateral pinch (5.01-
5.11), lumbrical (6.01), disk (7.01), large diameter (8.01-8.04), tip
pinch (9.01), and platform (10.01) as shown in Tables 9 and Figure
27 respectively.

Because this robotic hand is controlled by humans to be used
for handling various objects in daily life, The items used in the test
must be found in daily life (differ in shape, weight, and size). There
are 32 different objects that are used to test such as baseball, glue,
pen, table tennis, bottle 600 ml, screwdriver, power bank, key,
lighter, book, disk, and plaster. This test only focuses on that each
item can be held in that posture without getting out of hand. The
robot hand successfully grasped selected 32 different objects with
10 basic postures and can grasp objects up to 450 grams (bottle
600 ml) in cylindrical gripping gesture. The bottle made from
plastic (PE) with a slippery skin and large diameter is grasped by
cylindrical gesture (power grasp) to test the maximum weight that
this hand can hold and to test whether robotic hands can handle
things (not structural polishing). Holding a slippery object in this
pose is a real gripping efficiency test of the robotic hand because
the object may slip out of hand if the grasp is not tight enough. The
proposed anthropomorphic design allows our robotic hand to grasp
objects in a suitable gripping posture.

Table 9: Grasping Poses and Objects (a)

Grasping Objects
Pose Name Dimension(mm) | Weight(g)
Baseball (1.01) P73 150
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Spherical Tennis ball
(1) (1.02) @ 65 55
Glue (2.01) P 20 11
. Pencil (2.02) P 7.8 4
Tripod (2) Pen (2.03) 9 9.8 6
Marker (2.04) 9 10 7
Table 9: Grasping Poses and Objects (b)
Grasping Objects
Pose Name Dimension(mm) | Weight(g)
Two Table tennis ¢ 395 5
Fingers (3) ball (3.01)
& Golf ball (3.02) 9 425 45
Bottle 600 ml
(4.01) ® 60 450
Bottle skin care
(4.02) 9 50 72
Cylindrical Huge
€)) screwdriver ® 335 96
(4.03)
Trowel (4.04) 0 32 27
Power bank
(4.05) @ 41.5 133
Key (5.01) Thick 4.9 6
Smart key .
(5.02) Thick 0.8 4
Metal key .
(5.03) Thick 2.2 39
Card reader .
(5.04) Thick 8.5 3
Tweezers (5.05) Thick 10 15
Lateral Small
Pinch (5) screwdriver 071 14
(5.06)
Pen (5.07) P 9.8 27
Hand drill
(5.08) @ 8.15 41
Lighter (5.09) Thick 11 13
Tape (5.10) Thick 18.5 22
Utility knife
(5.11) ® 9 15
Lumbrical 148.5 x 210
6) Book (6.01) Thick 12 110
Disk (7) Disk (7.01) @ 19 Thick 1.25 17
Wire strippers
(8.01) 104 x 15 174
Large Combination 90 x 16.5 200
. pliers (8.02)
Diameter Diagonal cutter
(®) (8.03) 93 x 11.5 25
Screwdriver
box (8.04) 67.5%x17.25 263
Tip Pinch | Wound closure .
9 plaster (9.01) Thick 1 !
Platform Document 297 x 210 Thick 250
(10) pouch (10.01) 8
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Figure 27: Robotic Hand Grasping Various Objects

3.2. Result of Gesture Experiment

This experiment is a test of the basic hand gestures and symbols
that are chosen from frequently used in daily life. The robotic hand
successfully posed 9 common gestures including high-five (1),
peace (2), ok (3), index pointing (4), grasp (5), promise (6), love
(7), check (8), and good job (9) as shown in Figure 28. The purpose
of this robotic hand design does not focus on the adduction-
abduction movement but to reduce the number of motors.
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Consequently, this hand cannot perform gestures that use the
abduction-adduction movement such as fingers crossed, fig sign,
and Vulcan salute.

1 2

Figure 28: Gesture of Robot Hand

3.3. Operating Temperature of Motor Experiment

This experiment was to prove that an extra fan can reduce the
temperature of the motor while operating by monitoring the motor
temperature directly from the motor feedback sensor. The fan is
installed to the cover of the forearm as shown in Figure 25. This is
the performance experiment of a designed ventilated structure with
a fan (12V 4000RPM). Usually, the motor can operate in the
temperature range between -5 to +72 °C, but the operating motor
temperature at 30 percent torque (enough for grasping objects) is
between 55.0 °C to 68.0 °C (Figure 29) that close to the maximum
temperature of the motor. This experiment uses Arduino Uno to
control 12 motors and get feedback (Temperature) from motors in
real-time (20 times). After installation and test, the range
temperature of the operating motor is between 46.0 °C to 56.0 °C
as shown in Figure 30. From the above, this experiment can prove
that the fan can reduce the average temperature of the operating
motor from 61.5 °C to 51.0 °C.

The temperature of operating motor (without fan)

70
$ 65
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2 60
=
E’_ 55 o 0
=)
(]
= 50
45
40
0 15 30 45 60
Time (minute)
=@ Wrist CMC Thumb
MCP Thumb DIP Thumb
«=@=MCP Index ==@== P[P Index
=@=—MCP Middle ==@==P[P Middle
=—=@— M CP Ring =@—PIP Ring

Figure 29: The Temperature of Each Operating Motor in Solid Structure
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The temperature of operating motor (with fan)

58
o 54
2 52
s
Cé 50
o 48
F
46 o @
44
42
40
0 15 30 45 60
Time (minute)
=@ Wrist CMC Thumb
MCP Thumb DIP Thumb
e=@==)\CP Index ==@==P|P Index
=@=)\CP Middle =@==P[P Middle
=@—MCP Ring =@— P[P Ring
—=@==\CP Little =@==P]P Little

Figure 30: The Temperature of Each Operating Motor in Ventilated Structure

3.4. Structural of Four Common Fingers Experiment

The kinematic equation is used to design a four-bar linkage
mechanism to move dip joints related to pip joints by using 1
actuator to control. This experiment is a structural experiment that
tests the movement of dip joints related to pip joints (index finger)
compared with the equation used in the design. This test uses
magnetic encoder and Arduino Uno to check the degrees of each
joint and control servo motors. The test will control the PIP joint
and observe DIP joint of four common fingers around 100 times
per position and compare with the kinematic equations from [1].
While the PIP joint is controlled by servo motor which moves from
0.0 degree to 78.0 degrees and back to 0.0 degree (100 times), the
DIP joint moves from 0.0 degree to 68.1 degrees following the PIP
joint by using a four-bar linkage mechanism. When the PIP joint
moves from 0.0 degree to 78.0 degrees, the DIP joint will move
from 0 to 69.3 degrees by calculating from the equation. After
testing, the structure can move according to the equation with an
error of fewer than 1.6 degrees and the PIP joint of index finger
has an error of about 0.1 degrees as shown in Tables 10 and 11.

Table 10: Structural Test (Degree)

Encoder (statistic method) Equation A
PIP Joint DIP Joint . Ve
No DIP Joint | Error
Average | SD | Average | SD
1 78.1 0.2 68.1 0.2 69.3 1.2
2 31.1 0.2 29.1 0.1 27.5 1.6
Table 11: The Average Error of PIP Joint (Degree)
Encoder (statistic method) Target Avg
No PIP Joint (Deg) . Error
Average sp | PIP Joint(Deg) | ppp)
1 78.1 0.2 78.0 0.1
2 31.1 0.2 31.0 0.1

3.5. Repeatability Experiment
Www.astesj.com

The repeatability test of robotic hands using Arduino Uno
boards to control 2 positions of the motor and read the position of
each joint from magnetic encoder modules (12-bit resolution or
about 0.08° per count). The Arduino Uno board can read the degree
of each joint in real-time via a magnetic encoder. This board
control motor moves forward and backward to the same position
around 200 times per cycle. To conclude the data in the table, all
information is expressed as the statistical method (max, min,
standard deviation, average). This test is divided into two
experiments which are the repeatability test of the index finger, and
the repeatability test of the robot hand. From all of the experiments,
this robot hand has a maximum error of repeatability of about 1.2
degrees.

First, the repeatability test of the index finger uses 3 magnetic
encoders with Arduino Uno to measure the degree of MCP, PIP,
and DIP joint of the index finger. This test has three sets of moving
positions and each set has two positions that are selected from the
range of motion of each joint. From the result, we found that the
maximum error of the repeatability test of the index finger is 0.2
degrees as shown in Table 12.

Table 12: Repeatability Test of Index Finger (Degree)

Number of Statistical Method Taroet Avg
Sets Min | Max | Avg | SD g Error
MCP [ Posl | 0.0 | 0.6 | 0.1 | 0.1 0.0 0.1

(@) Pos2 | 84.0 | 85.1 | 84.1 | 0.2 84.0 0.1

PIP | Posl | 0.0 | 2.0 0.1 102 0.0 0.1
(@) Pos2 | 78.0 | 79.8 | 782 | 04 78.0 0.2

MCP | Pos1 | 0.0 | 05 | 0.1 | 0.1 | 0.0 0.1
(2 | Pos2 | 550 [ 56.1 | 551 |02 550 | 0.1

PIP | Pos1 | 0.0 | 05 0.1 ] 0.1 0.0 0.1
2 Pos2 | 67.0 | 69.0 | 68.2 | 0.3 68.0 0.2

MCP | Pos1 | 0.0 | 0.5 0.1 ] 0.1 0.0 0.1
(3) Pos2 | 70.0 | 72.0 | 70.2 | 0.4 70.0 0.2

PIP | Pos1 | 0.0 | 05 0.1 ] 0.1 0.0 0.1
(3) Pos2 | 34.8 | 36.2 | 35.1 | 0.2 35.0 0.1

Second, the repeatability experiment of the robot hand is
testing the error of all controllable joints to find the maximum
error of the repeatability test of the robot hand by using 11
magnetic encoders and Arduino Uno. This test has settings and
methods the same as the repeatability test of the index finger. The
maximum error of this test is 1.2 degrees at CMC joint of thumb
as shown in Tables 13 and 14. The PTFE tubes with tendons are
routed through the CMC joint to control the MCP and DIP joints
of the thumb while the other joints have only tendons that route
through. The maximum error of the repeatability test is on the
CMC joint.

Table 13: Repeatability Test of Robot Hand (Degree)

Finger . Statistical Method (Deg)
Names Name of Joint Min | Max | Avg. | SD
Pos 1 0.0 2.0 0.1 0.2
CMC Pos2 | 98.0 | 100.0 | 99.2 | 0.3
Pos 1 0.0 0.5 0.1 0.1
MCP Pos2 | 76.0 | 77.0 76.1 | 0.1
DIP Pos 1 0.0 2.0 0.1 0.2
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Pos2 | 39.0 | 40.0 | 39.1 | 02
Posl | 00 | 05 | 01 | 0.1

Index MCP 5 s2 1700 | 713 | 703 | 0.5
pp |_PosT | 00 | 06 | 01 |0l

Pos2 | 780 | 795 | 785 | 0.4

Posl | 00 | 05 | 01 | 0.1

Middle MCP 5 2 1980 | 992 | 984 | 02
ppp |PosL | 00 | 05 | 01 | ol

Pos2 | 89.0 | 90.0 | 89.4 | 02

Posl | 00 | 12 | 01 | 02

Rin MCP 5 52 1980 | 985 | 982 | 0.1
& pp | Posl | 0.0 [ 05 01 | 0.1
Pos2 | 89.0 | 90.6 | 892 | 0.3

Posl | 00 | 05 | 01 | 0.1

Litle MCP 5 2 1300 | 81.9 | 804 | 06
pp |PosL | 0.0 | 05 | 01 | ol

Pos2 | 860 | 872 | 862 | 0.3

Table 14: Target and Average Error of the Repeatability Test of Robot Hand

(Degree)
. Avg
11:112:11?12 Name of Joint 'lggl;gge)t (ﬁ‘elg) Error
(Deg)
Posl | 0.0 0.1 0.1
CMC mp0s2 | 98.0 992 12
Posl | 0.0 0.1 0.1
Thumb | MCP =5 T 760 76.1 0.1
Posl | 0.0 0.1 0.1
DIP 5 s 2 T 39.0 39.1 0.1
Posl | 0.0 0.1 0.1
Inde MCP 5 s2 T 700 70.3 03
X pp | Pos1 [ 00 0.1 0.1
Pos 2 78.0 78.5 0.5
Posl | 0.0 0.1 0.1
Middle MCP 5 2 | 98.0 98.4 0.4
pp | Pos1 [ 00 0.1 0.1
Pos2 | 89.0 89.4 0.4
Posl | 0.0 0.1 0.1
Rin MCP 5 2 | 98.0 982 0.2
& N N 0.1 0.1
Pos2 | 89.0 89.2 0.2
Posl | 0.0 0.1 0.1
Litle MCP 52 | 80.0 80.4 0.4
pp | Pos1 [ 00 0.1 0.1
Pos2 | 86.0 86.2 0.2

4. Conclusions

From the experiment, this anthropomorphic robot hand can
grasp selected 32 different objects commonly found in daily life
with 10 basic gripping postures and can perform 9 basic gestures.
The other gestures that this hand cannot perform use the abduction-
adduction movement such as fingers crossed, fig sign, and Vulcan
salute. This robot hand can increase grasping posture and hand
gesture by adding the abduction-adduction motion with the
smallest actuators into the MCP joint of each finger. In addition,
the robot hand can grasp an object up to 450 grams. When grasping
huge objects, we usually use the cylindrical grasp (power grasp
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posture) as in the grasping experiment section. From the above
results, it can be found that the motor can sufficiently transmit
force and torque to the fingers and fingertips in order to grasp the
450 grams object. By using a Lateral grasp, the anthropomorphic
hand can pick up small objects such as keys and utility knives with
fingertips. In addition, the proposed robot hand has sufficient force
and rigidity to grasp various objects while the cost is lower than
other designs. The equations used in the design proven that the
structure can move according to the equation with an error value
of about 1.6 degrees. In the repeatability experiment, this robot’s
hand has a maximum error of repeatability of about 1.2 degrees.

We have designed and prototyped an open-source
anthropomorphic robotic hand for teleoperated robots with a
detailed design process for further developers. We use 3D printing
and common components for assembling. The four-bar linkage
mechanism is used to mimic the relative motion between DIP and
PIP joints same as the human finger, while also reducing the
number of motors. We experimentally that our proposed robotic
hand design has good repeatability in finger motions and grasping
daily objects. This paper explains how to design a robot hand, it
can be adjusted to any desired size by using the equation given
above.

Design of an Open-Source Anthropomorphic Robotic Hand for
Telepresence Robot is available for study and development, which
can be found at the following site. https://github.com/Jittaboon-
tri/Anthropomorphic-Robotic-Hand
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Passive remote monitoring applications of underwater signal processing in a shallow water
environment are an impactful area of research for environmental and marine-life monitoring.
The majority of the sound source localization techniques require carefully placed synchronized
hydrophone arrays, which can be complicated and hard to maintain. In this paper, we utilized
the modal dispersions of a signal to derive a localization method for a noisy, shallow water
environment. QOur proposed algorithm employs modal selection to process the most noise-
resistive dispersion curves, improving the accuracy and noise-resistivity of the existing methods.
Moreover, we proposed a 2D localization method with multiple unsynchronized hydrophones
and minimal hardware requirements and limitations. Furthermore, we analyzed the effects of
underwater ambient noise on the accuracy of the proposed method, using simulated and real
recorded explosion and whale sounds, and compared our algorithm’s localization performance
with others. Simulation results show increased localization accuracy of 30m for the recorded

explosion sound and 360m for the Whale sound.

1 Introduction

This paper extends our previous work presented in CCECE 2022 [1]
by introducing a selective-modal algorithm architecture for localiz-
ing impulsive sound sources in shallow waters. Our proposed algo-
rithm improves performance in lower signal-to-noise ratio (SNR)
scenarios by selecting the best modal pairs. In this paper, we provide
a more detailed explanation of the localization formulas, propose a
2D unsynchronized localization scheme, analyze the performance of
our algorithms using real recorded signals, and compare them with
existing works. This paper extends our previous work presented
in CCECE 2022 [1] by introducing a selective-modal algorithm ar-
chitecture for localizing impulsive sound sources in shallow waters.
Our proposed algorithm improves performance in lower signal-to-
noise ratio (SNR) scenarios by selecting the best modal pairs. In this
paper, we provide a more detailed explanation of the localization
formulas, propose a 2D unsynchronized localization scheme, ana-
lyze the performance of our algorithms using real recorded signals,
and compare them with existing works.

The field of underwater acoustics encompasses the primary
modality of underwater sensing and communication, which is sound.
Early research in underwater signal processing focused on mathe-

matical models and the behavior of acoustic sounds in the under-
water environment [2]. Over time, advancements in adaptive signal
processing and sensor technology led to practical applications in
underwater signal processing. Sonar systems, particularly under-
water sonars, have undergone rapid developments in the past two
decades, driven by increased processing capability and the imple-
mentation of more computationally intensive techniques. The under-
water environment presents unique challenges, including increased
human-made noise due to the growing number of vessels in the
ocean. Marine mammals heavily rely on vocalization for communi-
cation and locating other mammals, making them sensitive to sounds
generated by human activities such as geophysical explorations, off-
shore extraction, shipping, and active sonar applications[3]. As a
result, researchers have been motivated to develop remote moni-
toring techniques to study marine mammal behavior and monitor
environmental changes. Underwater localization techniques can
be broadly classified into passive and active categories. Passive
sonar processes received signals without signal transmission, while
active sonar involves both signal transmission and reception [4]-[5].
Researchers have proposed various passive underwater localization
methods, including time-frequency difference of arrival (TDOA), re-
ceived signal strength (RSS), and modal-based analysis [6]-[7]. The
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underwater medium is a dynamic multi-path channel where sound-
waves travel through multiple paths with different speeds [8, 9].
TDOA algorithms utilize time differences between received signals,
while RSS algorithms focus on received signal power. However,
implementing TDOA-based techniques often requires synchronized
hydrophone arrays and prior information, resulting in increased
costs, complexity, and high error levels in low SNR environments.
In [10], the authors conducted experiments under real test condi-
tions with sensor nodes and observed that the sensors constantly
move due to varying water surface conditions, resulting in unsyn-
chronized sensor nodes. To address this issue, the authors in [11]
proposed a self-calibration technique utilizing a shift-keying pulse
and composite transducers. Similarly, in [12], it was demonstrated
that the use of maximum likelihood estimators (MLE) in TDOA
methods led to non-linearity problems. In response, the authors in
[13] formulated TDOA target motion analysis as a least-square opti-
mization problem, solving it in polynomial time. Furthermore, [14]
investigated the performance of TDOA techniques under different
noise levels and highlighted the significant impact of white noise on
the accuracy of TDOA algorithms.

To improve the accuracy and noise resistivity, [7] introduced
a hybrid localization technique based on the direction of arrival
(DOA) and received signal strength (RSS) using a vector and an
isotropic acoustic hydrophone. Phased array-based localization was
proposed in [15] to enhance noise resistivity. However, TDOA-
based methods, while accurate, often require arrays of synchronized
hydrophones and prior information, resulting in higher implementa-
tion costs, increased complexity, and reduced accuracy in low SNR
environments. In [16], the authors suggested the utilization of the
Kronecker product operation to extract the two-dimensional power
distribution matrix from the beam power function, reducing the
number of required hydrophones and improving noise resistivity.

Despite extensive efforts in the field, achieving sensor node syn-
chronization and fulfilling the multi-hydrophone requirements of
TDOA-based techniques can still pose significant challenges and in-
cur high costs. To overcome these limitations, modal analysis-based
localization was introduced as a solution, eliminating the need for
source prior information, multiple hydrophones, and hydrophone
synchronization [16, 17]. In the underwater environment, acoustic
waves consist of multiple modes that travel through water with vary-
ing velocities. As a result of these differing velocities, the modes
disperse during propagation through the water channel [6, 18]. In
[19], the authors proposed a modal analysis-based approach specifi-
cally designed for localizing mammal sounds. Furthermore, in [11],
accuracy was enhanced by expanding the localization frequency
range and considering additional modes during the localization
process. Additionally, [20] proposed a nonlinear-based warping
technique for modal filtering.

In this paper, we build upon our previous work published in
[1] and introduce novel advancements to the field of underwater
localization. Specifically, we extend our research by incorporating
the utilization of multiple hydrophones for two-dimensional local-
ization. Unlike previous approaches, our proposed techniques are
independent and standalone, enabling each hydrophone to perform
separate target localization in an unsynchronized manner.

To lay the groundwork for our methodology, we begin by intro-
ducing a shallow underwater channel model based on the theory of
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normal modes in Section 2. Additionally, we present a comprehen-
sive model for the channel’s ambient noise and derive the modal
functions necessary for modal analysis.

In Section 3, we take a significant step forward by deriving a
selective noise-resistive modal-based localization method that ex-
hibits improved resistance to noise. This novel approach addresses
a crucial challenge in underwater localization and enhances the
accuracy of our algorithm.

To evaluate the performance of our proposed method, we present
the obtained results in Section 4 and highlight the significance of
modal selection for achieving superior performance. Furthermore,
we thoroughly investigate the impact of noise on the accuracy of
our algorithm within the 30dB < SNR < 45dB range, providing
insightful comparisons with existing approaches.

In addition, we conduct an in-depth analysis and comparison of
the accuracy and noise resistivity of our proposed method with other
techniques using real recorded explosions and north Atlantic sounds.
By doing so, we establish a comprehensive understanding of the
strengths and limitations of our approach in realistic scenarios.

Finally, we evaluate the performance of our proposed 2D Local-
ization and tracking method by comparing it with state-of-the-art
techniques, demonstrating the advancements we have made in the
field of underwater localization.

2 Normal Mode Propagation

Normal mode theory is suitable for modeling shallow underwater
environments with respect to normal-Modes propagation. While
modal-based channel models are not the most accurate model cur-
rently available, they can accurately model shallow underwater
environments for passive sound source localization and monitoring
applications.

2.1 Underwater Acoustic Propagation

Let us consider the model description presented in Figure 1 where
an acoustic sound source is located at (x;, yy, Z;) that produces a
continuous-time signal. After propagation, the signal is picked up
by a hydrophone placed on a buoy at (x;, y, z;). For ease of use,
we have considered the hydrophone on the right end of Figure 1 as
the point of origin in the Cartesian and cylindrical coordinates. The
displacement caused by the propagating source is time-harmonic,
governed by Helmholtz law, and is given as [6, 21, 17, 22, 23, 24]

Figure 1: Model description
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V2 + K> (D] p (F) = ~4xf () (1)

K(P) is the medium wave number at radial frequency w,V gradi-
ent operator, and p(7) is the pressure. We can further simplify this
equation to form the Helmholtz equation in two dimensions, as the
sound speed and density depends only on depth z

d( dp
?a(a) “—(

where r is the distance to the source, p is the medium density, c is

the propagation speed, ¢ is the Dirac delta, and w is angular velocity

[6]. Using the separation of variables, we look for a depth-related

pressure solution in the form of p(r, z) = ¢(r)¥(z), which will result
1 oy

in
1 0p
;[rar(a,)] w[“a‘z(@a—z) czw]

where ¢ is the volume displacement, and ¥ is the general modal
depth function. Terms in square brackets of the equation (3) are
functions of rand zrespectively. To satisfy the equation (3), each
term should be equal to a constant [24]. Considering the Pekeris
waveguide -where water is considered equal columns with vary-
ing speeds of propagation- We can drive the modal equation by
considering the K7 as a separation constant [25].

6p)+w2 _0(nNd(z—z) @)

@ 0z 2P —2nr

3)

r m

P (e %2) 4[4 - Kl =0

so=0 . # oo (4)

where ,,(z) is the particular modal function ¥(z) obtained with
horizontal wave-number K, as separation constant. The boundary
condition of the equation (4) considers each water column a pres-
sure release surface (z = 0) and a perfectly rigid seabed at z = D
(D < 100) which translates to no changes in the volume at surface
and seabed resulting in dy/dz = 0 [25].

Equation (4) is a classical Sturm-Liouville eigenvalue problem [24].
Applying the orthogonality of the modal Sturm-Liouville problem,
we can write

(&)

m#*n

f Wm (@) Y (Z) -0
e

Equation (3), the solutions of modal equations are arbitrary to mul-
ticaptive constants; therefore, we can further simplify the results
using equation (5) as

D
¥y (2)

o PR
Moreover, modes transmit as a complete set, resulting in an arbitrary

function as a sum of all normal modes, which will yield the pressure
function as:

dz=1

(6)

PR = Y b (D () ()
m=1
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Substituting equation (7) in equation (2) provides :

Zoar {15 () v @+ 60 0|0 @ 8 (75 45%) + 50 @)

_ 0(Né(z=z,)
2nr
®)
After applying the operator equation (9)
n (z)
f () 2 ©)
o (z)

Furthermore, considering the orthogonality property stated in
the equation (5), only n terms of the sum remain.

d¢n (r) ) _ _5 (") ¥ (25)
rdr ( dr ) Ko (r) = 2nrp (z5)

the solution to the equation (10) is provided in terms of the Hankel
function as:

(10)

Gn (1) = (n zo) HY'? (Kpur) (1

1
4p (z,)
The signal’s energy radiates outwards, and therefore the solution
will be Hél). Considering the radiation conditions, after substituting
(11) in (7), we can derive the pressure equation based on the modal
function as

Z Y (zs) U (2) H(l) (Kymr)

m=1

p(ra= (12)

(z5)

we can further simply equation (12) by using the asymptotic approx-
imation to the Henkal’s function, yielding:

i tK,mr
b = m s m 13
p(r,2) PR le @)W (z)m (13)

provides us with the pressure function, based solely on modal func-
tions and depth.

2.2 Solution to Wave Equation

We must simplify the displacement equations further to perform
channel modeling in simulation software. The non-homogeneous
differential equation (1) can be solved using the Green’s function
method and expanded as the displacement equation as [6, 23]

d L@ W, 8(z — z5)

()dz[p(z) &z } [ K()]g()— =

0(z—2z5) = Z amp (z5) (14)
Y (25)

6(Z _Zs) = Z wm (ZS)l/jm (Z),am =

p(z5) p(zg)

m

substituting g (z) = Y., @&m¥m (2) In equation (14) provides the depth
related modal function as:

m [( rm Kz) lpm (Z)] =
Ym (25) Ym (2)
—271'2 p(Zs)

(15)
K=K, - K2
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where K, K;, K, are the angular, vertical and horizontal wavenum-
bers [26, 6]. applying Green’s solution to equation (15) would
provide the general modal function:

Y (25) Y (2)
=- 16
g 2o &d K2 - K2, (16)
with general solutions and eigenfunctions as follows
Wm (z) = Asin (K.z) + Bcos (K.z)
2 w
KZ = (Krm) - Kr2 Krm = —
c
Um(z) = \/02)(,0/D) sin(K.z) a7
Vm(w) = K,
< Number of Modes <
CS eabed CWater

where v,,(w) is the velocity of mode m at angular frequency w.

2.3 Underwater Ambient Noise

Noise in a shallow underwater environment can be categorized into
two main types, ambient noise caused by the channel characteristics
and artificial noises created by external sources such as ships and
marine life. Many studies consider the noise a simple added white
noise; however, underwater ambient noise can be more accurately
modeled as colored noise. The underwater channel’s behavior is
best described as a low-pass filter. It can be modeled as a white noise
sequence filtered using a Butterworth IIR low-pass filter with 30dB
attenuation in stopband and normalized stopband frequency of 0.05
halfcyle/sample per sample ad 0.9 halfcyle/sample Respectively
[27]. Figure 2 presents the signal and noise in the time domain with
SNR=45dB.

—— Signal
. Noise |

0.8

0.6

Amplitude (v)
=3

0.15 0.2 0.25
Time (s)

0 0.05 0.1 0.3

Figure 2: Signal (blue), Noise (red)
3 Modal Analysis based localization

In the previous section, we introduced the channel model and modal
functions. In this section, we will derive the necessary equations for
the localization of impulsive sound sources using modal functions.
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The modal-based localization methods are based on the dispersion
of the natural frequencies as they propagate underwater.

3.1 Modal Dispersion

As stated earlier, modes travel at different speeds ( equation (17)),
resulting in dispersion at the receiver. Let us consider the simu-
lation scenario of Figure.1, where the Normal mode theory with
ambient noise is used to model the channel. Considering an impul-
sive sound source at a depth of D;=20m, 4000 meters away from
the hydrophone, (p(Seabed):IOOO(Kg/m3), p(wa,er)ZIOOO(Kg/m3),
C(Seabedy=1500(m/s), cwatery=1600(m/s)), the propagated signal
will have the time-frequency (TF) representation provided in Fig-
ure.3, which illustrates the dispersion caused by the difference in
propagation speeds. One can employ the dispersion of modes to
localize the sound source through modal analysis after filtering
them.

0 005 (18]
Time (sec)

015

Figure 3: TF analysis, Modal dispersion , f(y14x)=600Hz

As the TF analysis graph illustrates, the dispersion curve’s frequen-
cies overlap between the modes and render conventional filtering
techniques inert. The overlapped frequencies are the product of the
nonlinear phase characteristics in the equation (16).To address this
issue, considering the pressure signal in the time domain as

P(t)= ) g (1) 277040 (18)

Where £ (¢)is the dispersity function £ (¢) in the time domain is given
as

¢ = \/,z -2 = \/ﬂ — (r/v,)?

Using £ (t), we can warp the signal by linearizing the phase using a

warping function [17]:
2
2+ (r/ve) (20)

{ C=\P=CID 12
Applying the warping function /! linearizes the phase. The TF

=1
graph of the linearized signal is presented in Figure 4.

(19)
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Warped-frequency (Hz)

0
0 0.1 0.2 0.3 0.4 0.5 0.6 07 0.8 0.9
Warped time (sec)

Figure 4: TF graph of warped signal

3.2 Localization Algorithm

Since the modal dispersion is directly related to the speed of propa-
gation and distance, we can develop localization algorithms based
on the TDOA concept. After filtering each of the dispersion curves;
in an accurate channel model, the following expression will be true

(r,c) — ~ 0 Vn 21

Tn
Estimated

Tn
Measured
Where 7, is the dispersion curve. Measured 7, can be obtained by
warping and filtering each of the modals and by substituting the
relationship between velocity and distance in the equation (17), the
estimated 7, can be obtained as:

T, (o= (22)

Estimated

r
Vg (f’ n)

Where 7, is the estimated dispersion curve for mode » transmitted
over the range R with seabed sound speed ¢ and group velocity
vg (f,n). To localize the signal, we are looking for a range r that
minimizes the statement (21). In other words

[?] = arg mln(( Tm (}”, Cseabed) - Tn (7‘, Cseabed)) ...
[7] Estimated Estimated

( Tm - Tn ))

Measured — Measured

(23)
Where m and n can be any of the modes, summing over all frequency
bins will yield

25l |

Estimated

ATy
Measured,

)] ~0 VYnm (24)

Equation (24) results in a m X n matrix of dispersion curve differ-
ences and are used to derive the following cost function

2
nren =333 [((Arn,m (r)) - ( AT, ))] (25)
rn o om f Estimated Measured,
We employed a grid search algorithm to minimize the cost function
n for values of r.
Algorithm 1 presents our proposed method where p, defines the
localization step size in the search boundary [7,,, Fmax] and € is the
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accuracy of the estimated range. The Localization is performed in
two steps; first, seabed and water parameters are defined based on
the environment, and search boundaries for range and propagation
speeds in seabed and sea are set. Next, the tensor of order 3, as
shown in Figure 5, is formed to find the pairs of dispersion curves
with the best performance (lowest value). Then, the cost function
is formed only for the selected pairs of modes. Using a grid search
algorithm, the location of the source can be estimated.

«

r / ;r,?(r,ml:n]) T](?’ m ,?’:'1)
g

T}(r:?nl:nl) T}(r;mm:n]_)

n(r.m.n,) - n(r.m,.n,)

n

Figure 5: Cost function [ ],xmxn

Figure 6: Model Description, multi hydrophone (H1,H2,H3)
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Algorithm 1: Proposed localization Algorithm

Result: r
Initialization 7 = (Fmin : #min + My * Tmax)» Pwaters Pseabed’
Warp Input signal;

Extract 7, using TF ;
while (rpi, < 7 < rpax) do
Form MPC;
Select best modal pair;
Minimize cost function,;
if Ar, < £ then

‘ return:[7];
else

‘ Change y,;
end

end

3.3 2D Localization

While most modal-based localization methods proposed by litera-
ture perform ranging, we propose a method for unsynchronized 2D
localization with minimal hardware requirements. In the case of 2D-
localization requirements, buoys (each with a single hydrophone)
can transmit the received signals to a base station on shore or a ves-
sel to be analyzed in a central processor. Although utilizing multiple
hydrophones would require sensor synchronization in other meth-
ods, the proposed modal-based localization analyzes modes picked
up by each hydrophone separately. Moreover, given the high-range
localization capabilities, buoys can be placed far apart, reducing
implementation costs. Figure 6 illustrates the model description
for 2D localization, where lines Linel and Line2 are assumed at
coordinates [(xg2 — xg1)/2], [(xg2 — xg3)/2]. Given the distances of
each buoy, each hydrophone’s average power of received modes is
different. Hydrophones with the highest levels of received signal
power are closest to the target. In the model description presented in
Figure.6 ; P(By3) < P(Bpn) < P(Bpy) places the estimated latitude
of the source Linely;g> > x,. Based on the estimated location
of the source and three calculated ranges from each buoy, we can
perform 2D triangulation and track an object without needing a
synchronized sensor array.

4 Results and Discussions

This section includes numerical experiments to illustrate the pro-
posed localization method and discusses the effects of ambient noise
on the accuracy of the proposed algorithm. Modal analysis is suit-
able for processing underwater signals in long distances (r > 1000m)
based on only one hydrophone without synchronization.

4.1 Simulated Sound

We consider an impulsive sound source is placed at Cartesian co-
ordinates ( 4000,45,0) with a maximum frequency of 500 Hz. An
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Omni-directional hydrophone is located at (0,15,0). We assume
the speed of propagation in the seabed ¢, = 1600m/s, speed of
propagation in water ¢,,=1500m/ s, density in water p,,=1000kg/ m3,
and density in the seabed p,=1500kg/m>. The performance is eval-
uated based on the cost function’s mean square error (MSE) and the
estimated range’s Root Mean Square Error (RMSE). Moreover, the
result of this study is compared with those of [17], which has used
the same approach in localization.

Figure 7 (a),(b), and (c) illustrates the RMSE of the cost function
for SNR=45dB,35dB, and 30dB values for each modal pair. As
we can see, considering the low-pass filter nature of the ambient<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>