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DEVELOPMENT OF ENHANCED MATLAB-BASED

DEPENDENCE

Ardit Gjeta Artan Hoxha Majlinda Alcani Altin Dorri

Energy Department, Mechanical Engineering Faculty, Polytechnic University of Tirana, Albania

ABSTRACT

In the present study, an innovative Matlab-based software package has been developed to
facilitate the configuration of engine thermodynamic parameters, with a particular focus on
internal combustion engine cycles. The software includes a user-friendly graphical interface
designed to support lecturers in improving teaching applications related to engine parameter
changes, providing an efficient tool for visual presentations. Furthermore, students can use the
program code to solve examples and compare manual results in their projects. In contrast to the
previous article, this paper presents an extension of the software package, covering a wider range
of thermodynamic cycles, including the Atkinson cycle and the Brayton cycle of the gas turbine.
A distinctive aspect of this research lies in the comprehensive treatment of the polynomial
dependence of specific heat in all thermodynamic cycles. In particular, the engineering model
used in this study adopts simplifications, treating air as an ideal gas, considering the piston-
cylinder assembly as a closed system, and assuming adiabatic compression and expansion
processes. Internal reversibility characterizes all processes, while kinetic and potential energy
effects are negligible. The software application demonstrates the influence and comparison of
thermodynamic parameters in thermodynamic cycles, such as internal combustion engines (ICE)
and gas turbine cycles, displaying key metrics such as engine work output, cycle thermal
efficiency, Carnot efficiency, etc. The study culminates in graphical presentations of cycle
diagrams, providing a comprehensive comparison with the results presented in the previous
article.

Keywords: Internal Combustion Engines (ICE), Atkinson, Gas Turbine, Brayton, Matlab GUI

THERMODYNAMIC CYCLE SOFTWARE: COMPREHENSIVE
ANALYSIS OF GAS CYCLES WITH POLYNOMIAL SPECIFIC

HEAT

1 INTRODUCTION

Thermodynamic cycles are the foundation of energy
conversion systems, powering everything from internal
combustion engines to gas turbines and power plants [1].
Understanding and analyzing these cycles is crucial for
engineers, scientists, and students in the field of energy
systems.

Contact author: Ardit Gjeta'
! Energy Department, Mechanical Engineering Faculty,
Polytechnic University of Tirana, Albania
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However, common methods of calculating thermodynamic
properties that are based on property tables are time-
consuming and prone to calculation errors [2]. To facilitate
the user, the Gas Power Cycle Program offers an advanced
and interactive Graphical User Interface (GUI), enabling
users to analyze and graphically visualize various
thermodynamic cycles as easily as possible [3]. The
graphical user interface (GUI) of the MATLAB applications
was created using MATLAB App Designer [4]. The Gas
Power Systems program is designed to provide users with a
comprehensive tool for the study of various thermodynamic
cycles [8], [9], including the spark ignition engine, Otto
cycle, the compression ignition engine, Diesel cycle [5], the
dual combustion engine, Sabathe cycle[6], the variable
compression ratio engine, Atkinson cycle [7] and the gas
turbine engine, Brayton cycle [7].



Matlab GUI allows users to enter several key parameters
such as pressure, temperature, compression ratio, and heat
capacity ratios, the software instantly calculates essential
thermodynamic values [3]. It generates detailed pressure-
volume (P—v) and temperature-entropy (T—s) diagrams,
offering clear visual insights into the processes within each
cycle. Building on the work presented in the previous study
[3], which focused on simulating the ideal Otto, Diesel and
Sabathe air cycles using a Matlab graphical user interface.
This study aims to extend the range of thermodynamic
cycles, such as the Brayton and Atkinson cycles, and to
achieve more accurate cycle design.

Although the Matlab graphical user interface (GUI) in the
earlier work was a useful tool for examining engine
characteristics and the impact of thermodynamic parameters
under simplified assumptions [3], a more thorough
investigation necessitates the investigation of less idealized
conditions. Consequently, this study will go beyond the
simplification of the constant specific heat assumed in the
original model [3] and examine the impact of non-constant
specific heat [10], [11].

The distinguishing feature of this study 1is the
implementation of a polynomial dependence of the specific
heat of air [10]. The software can simulate thermodynamic
behavior across a broad temperature range thanks to this
advanced model. The NASA Seven-Term Polynomial
Equation [10] is used to calculate specific heat, enthalpy, and
entropy, yielding extremely precise results for every cycle.

2 MATLAB GRAPHICAL USER INTERFACE

One of the most important applications of MATLAB is in
thermodynamics and energy systems analysis, where it can
model, simulate, and visualize various thermodynamic
cycles. The advanced MATLAB-based software developed
in this study facilitates the work of users in the analysis and
visualization of various thermodynamic cycles, through a
Graphical User Interface.

The graphical user interface (GUI) allows users to set initial
thermodynamic parameters, making it easy to configure
different thermodynamic conditions for analysis. Users can
specify the mass of the working gas, set the initial pressure
and temperature, determine the compression ratio, and adjust
the specific heat ratios of the gas, either as a constant or using
polynomial dependencies. This flexibility makes it suitable
for studying a wide range of thermodynamic conditions,
increasing its value as an educational and analytical tool.
After the users have set the desired parameters, the software
calculates key thermodynamic parameters, including cycle
work output, thermal cycle efficiency, Carnot efficiency,
heat transfer in each process, and many other parameters.
By selecting the desired cycle, the results are immediately
displayed in table form. In addition, the program creates
graphical representations in pressure-volume (P — v) and
temperature-entropy (T — s) diagrams for each cycle. These
diagrams provide clear visual insights into thermodynamic
processes, helping users understand how parameters affect
cycle performance.
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3 METHODOLOGY

The NASA seven-term polynomial is a widely used
mathematical model for representing the thermodynamic
properties of gases that depend on temperature [10]. This
model is widely used in computational simulations, such as
those involving combustion and thermodynamic cycle
analysis [11]. A commonly used polynomial expression [7],
for the specific heat at constant pressure is shown below:
%p=a+ﬁ-T+y-T2+6-T3+e-T4 (1)
The coefficients a, B, v, 6 and € are function of temperature,
usually divided into two ranges, the temperature range 300
K+ 1000 K and the temperature range 1000 K + 6000 K [11].
However, for general reference, one set of coefficients for
this polynomial expression might be for the specific heat of
air within the temperature range of 300 <+ 1000 K [7]:
a=3.653;=-1337-10"3

y=3294-107"%6 = -1.913-107%; 2)
€=0.2763-10712

And for the temperature range of 1000 <+ 6000 K, the
coefficients are [11]:

a = 3:08793; f = 12:4597 - 107*;

y = —0:42372-107%,§ = 67:4775- 10712 3)
£=-3:97077-1071°
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Figure 1 Specific heat temperature dependence.

For a thermodynamic process i-j, we perform a derivative
and obtain the heat capacity from T; to T}, and multiplying
by R (where R is the ideal gas constant) gives the enthalpy
change, as following expression [7]:

T
hz_hlzRf

T;
hy = hy

](a+ﬂ-T+y-T2+6-T3+£-T4)-dT )

N R R R R U] B

1)
+3(1 =1) + 2 (55 - 1)
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[#] Gas Power Systems v3.0 m - O
INITIAL PARAMETERS State Pressure [Pa] Temperature [K] Temperature [C] Specific Volume [m3/kg] Process Cpm [kJ/kgK] Cvm [kJ/kgK] k
Mass II“IKB] 1 100000 300 27 0.8610 1-2 1.0045 0.7175 1.4000
p1] 1es05 |[Pal 2 1.83798+06 6892190 4162190 01076 [2-3 1.0045 07175  1.4000
3 367582406 1.3784e+03 1.1054e+03 0.1076 |3-4 1.0045 07175  1.4000
T 300 [IK] 4 2.0000e+05 600.0000 327.0000 0.8610 [4-1 1.0045 07175  1.4000
nl 14
Process deltU k)] deltH [kJ] delts [kJ] Q] L k] Lt[kJ] EXQ [kJ]

) 1-2 2792646 390.9705 0 0 279 2646 -390.9705 0
Epsion| 8 Al |, 4945146 692.3205 0.4973 494.5146 0 -197.8059 358.7427
Lambda| 2 |ip3ip2] 3-4 -558.5293 -781.9410 0 0 558.5293 781.9410 0

14-1 215 2500 -301.3500 -0.4973 -215.2500 0 861000 79 4781

Rho 4(3)Iv3(2

0 Jaivaan Total 2 .8422e-14 0 -1 6653e-16 279 2646 279 2646 279 2646 279 2646
Bea o [papn
R 287 |WikgK] Cycle work [kJ] Cycle efciency [%] Indicatorial Pmi [bar] Camot Eficiency %] TeaH K] Teal (K]
T s | 279.2646 56.4725 0.2104 78 2362 9943329 432 8085
%105 p-v Diagram T-s Diagram
CLICK TO SOLVE [ [ ‘ [ T a0l I i [ i i L ]
35 —1z| 4 —_—12
OTTO —023 —23
o 34 1200 14 1
| DIESEL - —=
25 | g0 i
£ e
@ @
8
05f 4 o 1
Ideal Cycles 200
0 L L L L L 0 L L | L L |
Dr. Ing. Ardit GJETA 0 0.2 04 0.6 0.8 1 0.1 0 0.4 0.2 0.3 04 05
Polytachnic University of Tirana T ] ki .
agieta@fim.edu.al pecific volume [m3/kg] Specific entropy [kJikgK]
Figure 2 Results, analysis, and visualization of the Otto cycle (constant specific heat).
[ Gas Power Systems v3.0+ (] - O
INITIAL PARAMETERS State Pressure [Pa] Temperature [K] Temperature [C] Specific Volume [m3/kg] Process Cpm [kJ/kgK] Cvm [kJ/kgK] k
Mass II“IKB] 1 100000 300 27 0.8610 1-2 1.0313 0.7443 1.3856
2 1.83798+06 6892190 4162190 01076 [2-3 11105 08235 13485
3 367582406 1.3784e+03 1.1054e+03 0.1076 |3-4 1.1048 08178  1.3509
4 2.0000e+05 600.0000 327.0000 0.8610 [4-1 1.0226 07356 1.3901
Process deltU [kJ] deltH [kJ] deltS [kJ] QkJ] L k] L[] EXQ [kJ]

) 1-2 289.7019 401.4026 0 0 -289.7155 -401.4214 0
Epsion| 8 Al |, 567.5817 765.3783 0.5708 567.5817 0 -197.8059 411.7488
Lambda [p3/p2] 3-4 -636.5961 -859.9973 0 0 6366260 860.0377 0

Rho o R 14-1 220 6876 -306.7835 -0 5099 220 6876 0 86.1000 ~64 8546

S Total 1.13692-13 2.2737e-13 0.0609 346 8942 346 9104 346 9104 346 8942
R 287 |WikgK] Cycle work [kJ] Cycle efciency [%] Indicatorial Pmi [bar] Camot Eficiency %] TeaH K] Teal (K]
346.9104 £1.1208 0.2614 78 2362 9943329 4327766
%105 p-v Diagram T-s Diagram
CLICK TO SOLVE I [ [ ‘ [ — 1400 1'2 [ [ i [ .
OTTO @& —23 —23
o 34 1200 14 1
—_— —
25 | g0 i
z :
g o} 1 2 soof .
@ @
S5t 1 £ eo0f 1
3
1F A 400 4
05f 4 o 1
Ideal Cycles 200
0 L L L T L 0 L L L L L L L
Dr. Ing. Ardit GJETA 0 02 0.4 06 038 1 04 ) 01 02 03 04 05 06
Polytachnic University of Tirana Specific vol 3k :
agieta@fim.edu.al pecific volume [m3/kg] Specific entropy [kJikgK]

Figure 3 Results, analysis, and visualization of the Otto cycle (polynomial dependence of specific heat).
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[4] Gas Power Systems v3.0 m - O
INITIAL PARAMETERS State Pressure [Pa] Temperature [K] Temperature [C] Specific Volume [m3/kg] Process Cpm [kJ/kgK] Cvm [kJ/kgK] k
Mass II“IKB] 1 100000 300 27 0.8610 1-2 1.0045 0.7175 1.4000
p1| 1etos |[Pa] 2 4.0233e+06 862 1294 5891294 0.0615 [2-3 1.0045 07175 14000
3 4.0233e+06 2.5864e+03 2.3134e+03 0.1845 |3-4 1.0045 07175 1.4000
T 300 [IK] 4 4.6555e+05 1.3967e+03 1.1237e+03 0.8610 [4-1 1.0045 0.7175  1.4000
nl 14
Process deltU [kJ] deltH [kJ] delts [kJ] QK] L [kJ] Lt[kJ] EXQ [kJ]
1-2 403.3279 564.6590 0 0 -403.3279 -564.6590 0
2-3 1.2372e+03 1.7320e+03 1.1036 1.7320e+03 494 8623 0 1.4307e+03
Lambda| 0 |ip3/p2] 3-4 -853 6293 -1.1951e+03 0 0 8536293 1.1951e+03 0
14-1 -786 8543 -1.1016e+03 11036 -786 8543 0 314 7417 -485 5835
Rho jivi
o Total i 0 -2 2204e-16 945 1637 945 1637 945 1637 945 1637
Beta o [p2pi]
Cycle work [kJ] Cycle efficiency (%] Indicatorial Pmi [bar] Carnot Eficiency [%] TegH [K] TeqL (K]
9451637 54.5701 0.7557 88.4008 1.5695e+03 713.0171
%105 p-v Diagram T-s Diagram
CLICK TO SOLVE 4fF 3 —11 as00f ]
| orro | | ——
\ ) . 14
5| —_— 2000 1
= =)
& 251 1 e
@ = 1500 <
z af i E
F 1 1000 |- 1
2 15 =
[ |
500 4
Ideal Cycles = 1
0 L L L L 0 | I I | | | |
Dr. Ing. Ardit GJETA ) 0 02 0.4 06 08 1 ) 02 04 06 08 1 12
:;ggggg_ ;rﬂtxzrsm of Tirana Specific volume [m3/kg] Specific entropy [kJ/kgK]
Figure 4 Results, analysis, and visualization of the Diesel cycle (constant specific heat).
[# Gas Power System: m - O
INITIAL PARAMETERS State Pressure [Pa] Temperature [K] Temperature [C] Specific Volume [m3/kg] Process Cpm [kJ/kgK] Cvm [kJ/kgK] k
Mass II“IKB] 1 100000 300 27 0.8610 1-2 1.0499 0.7630 1.3762
p1| 1e+0s |Pa] 2 4.0233e+06 862 1294 5891294 0.0615 [2-3 1.2075 09206 13118
3 4.0233e+06 2.5864e+03 2.3134e+03 0.1845 |3-4 1.2471 0.9601 1.2989
T 300 [IK] 4 4.6555e+05 1.3967e+03 1.1237e+03 0.8610 [4-1 1.0838 0.7968  1.3602
Process deltU [kJ] deltH [kJ] delts [kJ] QK] L [kJ] Lt[kJ] EXQ [kJ]
1-2 428 8772 590.2008 0 0 -428.8974 -600.4563 0
2-3 1.5873e+03 2.0821e+03 1.3266 2.0821e+03 494 8623 0 1.7200e+03
Lambda 0 [P3/p2] 3-4 -1.1423e+03 -1.4837e+03 0 0 1.1424e+03 1.4838e+03 0
Rho| 3 |wanz 14-1 -873 8438 -1.1886€+03 -1.2256 -873.8438 0 314 7417 -539 2665
Total -4.5475e-13 0 01011 1.2083e+03 1.2083e+03 1.1981e+03 1.1807e+03
Cycle work [kJ] Cycle efficiency (%] Indicatorial Pmi [bar] Carnot Eficiency [%] TegH [K] TeqL (K]
1.2083e+03 58.0337 0.9661 88.4008 1.5695e+03 712.9708
%105 p-v Diagram T-s Diagram
CLICK TO SOLVE 4fF 3 —11 as00f ]
| orro | | ——
\ ) . 14
5| —_— 2000 1
= =)
& 25 1 e
@ = 1500 -
z af i E
- o 1000 4
2 15 =
[ |
500 4
Ideal Cycles = 1
0 L L L L 0 | | I |
Dr. Ing. Ardit GJETA 0 02 0.4 06 08 1 0 05 1 15

Polytechnic University of Tirana
agjeta@fim.edu.al

Specific volume [m3/kg]

Specific entropy [kJikgK]

Figure 5 Results, analysis, and visualization of the Diesel cycle (polynomial dependence of specific heat).
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[® Gas Power Systems m - O
INITIAL PARAMETERS State Pressure [Pa] Temperature [K] Temperature [C] Specific Volume [m3/kg] Process Cpm [kJ/kgK] Cvm [kJ/kgK] k
Mass II“IKB] 1 100000 300 27 0.8610 1-2 1.0045 0.7175 1.4000
p1| 1etos |[Pa] 2 4.0233e+06 862 1294 5891294 0.0615 [2-3 1.0045 07175 14000
3 8.0465e+06 1.7243e+03 1.4513e+03 0.0615 |3-4 1.0045 07175 1.4000
T 300 [IK] 4 8.0465e+06 3.7934e+03 3.5204e+03 0.1353 [4-5 1.0045 0.7175  1.4000
n| 14 |1 5 5.0315e+05 1.8094e+03 1.5364e+03 0.8610 |5-1 1.0045 07175 1.4000
Process deltU [kJ] deltH [kJ] delts [kJ] QK] L [kJ] Lt[kJ] EXQ [kJ]
1-2 403.3279 564.6590 0 0 -403.3279 -564.6590 0
2-3 618.5779 866.0090 0.4973 618.5779 0 -247.4311 482.8059
Lambda| 2 |ip3ip2] 3-4 1.4846e+03 2.0784e+03 0.7920 2.0784e+03 593.8347 0 1.8622e+03
4-5 -1.4235e403 -1.9929e+03 i 0 1.4235e+03 1.9929e+03 0
Rho jivi
22 | 5-1 -1 0830e+03 -1.5162e+03 12893 -1.0830e+03 0 433 2079 -731.0302
Beta |I|[P2IP1] Total 2.2737e-13 6.8212e-13 0 1.6140e+03 1.6140e+03 1.61408+03 1.6140e+03
Cycle work [kJ] Cycle efficiency (%] Indicatorial Pmi [bar] Carnot Eficiency [%] TegH [K] TeqL (K]
1.6140e+03 59.8435 1.2904 826012 2.0918e+03 839.9808
%108 p-v Diagram T-s Diagram
CLICKTO SOLVE  of . . . . . . . . o N N T v v .
| OTTO | 2L 3500 4
3000 1
| oDmSEL
ol | = 2500 4
e b o
@ E]
] ]
i | L ]
= 2
Ideal Cycles Hi 1 L 1
5 I I ] T T r I I ol | | | | | |
Dr. Ing. Ardit GJETA ) 0 01 02 03 04 05 06 07 08 09 1 0 0.2 04 06 0.8 1 12
:;ggggg_ ;rﬂtxzrsm of Tirana Specific volume [m3/kg] Specific entropy [kJ/kgK]
Figure 6 Results, analysis, and visualization of the Sabathe cycle (constant specific heat).
[ Gas Power Systems v3.0+ ) — O
INITIAL PARAMETERS State Pressure [Pa] Temperature [K] Temperature [C] Specific Volume [m3/kg] Process Cpm [kJ/kgK] Cvm [kJ/kgK] k
Mass II“IKB] 1 100000 300 27 0.8610 1-2 1.0499 0.7630 1.3762
p1| 1e+0s |Pa] 2 4.0233e+06 862 1294 5891294 0.0615 [2-3 11555 08686 13304
3 8.0465e+06 1.7243e+03 1.4513e+03 0.0615 |3-4 1.2827 09958  1.2882
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Figure 7 Results, analysis, and visualization of the Sabathe cycle (polynomial dependence of specific heat).
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nl 14
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Figure 8 Results, analysis, and visualization of the Atkinson cycle (constant specific heat).
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Figure 9 Results, analysis, and visualization of the Atkinson cycle (polynomial dependence of specific heat).
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[#] Gas Power Systems v3.0 (] — O X
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Figure 10 Results, analysis, and visualization of the Brayton Gas Turbine Cycle (constant specific heat).
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Figure 11 Results, analysis, and visualization of the Brayton Gas Turbine Cycle.




4 RESULTS

The Matlab GUI calculates and visualizes the
thermodynamic states, process properties, and performance
parameters of the selected cycle, and plots the corresponding
ideal cycle diagrams (P — v and T — s) based on the user-
defined initial conditions.

In the table below, the variations of the specific heats are
presented for the Otto cycle. The values were obtained for
representative operating conditions with randomly selected
initial parameters. The purpose of this comparison is to
illustrate the influence of the temperature dependence of
specific heats on the thermodynamic behavior of the cycle.
It is evident that both Cp and Cv do not remain constant but
instead vary with temperature throughout the individual
processes of the cycle. Consequently, the adiabatic index
k = Cp/Cv also changes slightly from one process to
another.

Across the Otto cycle, the inclusion of temperature-
dependent specific heats shows that both Cp and Cv increase
compared to the constant-k assumption, with the largest
relative changes occurring in the high-temperature processes
(2-3 and 3-4), while at lower temperatures (1-2 and 4-1) the
deviations remain small.

Table I - Specific heat for each cycle

Process Cpm Cvm k
[k//kg - K] | [k]/kg-K]
1-2 1.0313 0.7443 1.3856
2-3 1.1105 0.8235 1.3485
34 1.1048 0.8178 1.3509
4-1 1.0226 0.7356 1.3901

Table II - Specific heat variations (constant/polynomial)

Process Cpm Cvm k
[k]/kg - K] | [k]/kg K]
1-2 2.6% 3.6% -1.0%
2-3 9.5% 12.9% -3.8%
34 9.1% 12.3% -3.6%
4-1 1.8% 2.5% -0.7%

Such changes affect the predicted work output, heat transfer,
and efficiency of the cycle. Incorporating variable specific
heats therefore provides a more accurate description of
engine performance compared to the classical idealized
model.

5 CONCLUSIONS

The gas power system graphical interface presented in this
study is a Matlab application that allows users to evaluate
various gas power cycles, such as the Otto, Diesel, Sabathe,
Atkinson, and Brayton cycles.
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This graphical interface will assist users in the analysis and
graphical visualization of various thermodynamic cycles
through direct input of parameters and automatic calculation
of thermodynamic cycle results.

The main goal of this MATLAB-based Gas Power Systems
Graphical User Interface is to provide users, including
students, engineers, and researchers with an intuitive and
powerful tool for analyzing gas power cycles, as well as
being a suitable tool for educational purposes, engine
analysis, and thermodynamic studies
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ABSTRACT

This paper presents the dynamic model of a parallel kinematic manipulator (PKM) able to
generate the Schonflies motion of its moving platform. The motion consists of a spatial
translation (3T) with a rotation about a fixed axis (1R). The PKM consists of a fixed base
connected to a moving platform by four kinematic chains with four prismatic actuators at the
base. The model was developed in the framework of the Lagrange formulation according to a
multibody approach with an augmented formulation without the need of solving the kinematics
in terms of the independent coordinates. The model has been used to solve both the inverse and
forward problems. In the former the trajectory of the moving platform is treated as a servo-
constraint reducing the PKM as a kinematically driven mechanism, in the latter the constraint
equations at acceleration level are adjoined to the equations of motion leading to a differential-
algebraic equations. Finally, the dynamic model was validated via a solid model simulation.

Keywords: Computational dynamics; Schonflies motion; parallel kinematic machine; Lagrange
formulation.

1 INTRODUCTION

The focus of this work is on a special class of parallel
manipulators able to produce the Schonflies motion of the
moving platform. This motion is a subgroup of the Euclidean
group S E(3) which allows for three independent translations
and a rotation about a fixed axis. Because of the nature of the
motion the manipulator is indicated as 3T1R, too. Various
designs have been proposed either with serial or parallel
architectures. The former can boast a large workspace and
a long reach, the latter high load-carrying capacity, speed,
stiffness and lightweight architecture making them ideal
for pick-and-place operations. The first Schonflies motion
generator (SMG), with serial architecture, was the Selective-
Compliance-Assembly-Robot-Arm (SCARA) [1]. On the
other hand, most of the parallel manipulators proposed came
from the idea reported in [2] then developed by the same
research group in [3-5]. These ideas led to commercialized

Contact author: Maurizio Ruggiu'

1Dept. of Mech., Chemical and Mat. Eng., UNICA, Piazza
d’Armi — 09123 Cagliari, Italy.

E-mail: maurizio.ruggiu@unica.it

11

robots as Adept Quattro and the Veloce. There are, indeed,
numerous works in literature on 3T1R robots inspired by
the cited works [6—10]. Another very common SMG design
comes from the Delta-based architectures [11]. For example,
IRB 340 Flexpicker, manufactured by ABB Robotics, is
a Delta-based robot provided by a telescopic Cardan shaft
to actuate the rotational motion. Besides, there are some
researchers who have proposed a two-limbs SMG design
in order to reduce the complexity and the cost of the
robot [12, 13]. Great attention was paid to design the SMG
for enhancing the rotational capability of the end-effector.
In Quattro and its developments, for example, there was the
relative movement between two sub-platforms amplified by
various transmission systems as rack-pignon, gears [14] ans
screw mechanisms [3, 15]. Despite of the considerable work
on the kinematics and design of the SMG, there is definitely
less work dedicated to their dynamics. In general, Newton-
Euler method [16-18], method based on the principle of
virtual work [19] and the Lagrangian formulation [20-22]
are invariably used to establish the relationship between
actuated torques/forces and the motion of the robot. The
Newton-Euler method needs the equations of motion for each
body of the robot leading to a large number of equations



with poor computational efficiency. Method based on
the principle of virtual work represents a more efficient
technique for obtaining the equations of motion although
it still requires the analysis of the forces/torques on each
body of the robot. As it is well known, the Lagrangian
formulation avoids to deal with bodies equilibrium as it
introduces the calculation of the kinetic and potential energy
of the manipulator. However, it is very demanding or even
practically impossible to derive explicit equations of motion
in terms of a set of independent coordinates because of the
constrains imposed by the closed loops. Therefore, it can
be convenient to write the equations of motion in terms of
redundant coordinates adjoined to the constraint equations
forming a system of differential-algebraic equations. In this
paper, we build a dynamic model of a 4-PUU* manipulator
belonging to a special class of Schonflies motion generators.
Because of its geometry, a Lagrangian approach was used
without introducing relevant simplifications and by means of
redundant coordinates involving either the actuators or the
moving platform kinematics. The paper extends the work
presented in [23] where only the direct dynamics was solved.
The motivation of this work is to present a general procedure
to solve both the forward and inverse dynamic problems for
this class of Schonflies motion generators.

The paper is organized as follows. Section 2 outlines the
formulation used to solve the dynamic problems of the PK
machines. Section 3 lists the steps for modeling the dynamic
model of a PKM. Sections 2, 3 are general and therefore
valid for any type of PKM. Section 4 introduces the geometry
of the manipulator under study while section 5 shows the
simulation results. Section 6 draws the conclusions of the
work.

2 FORMULATION OF THE DYNAMIC PROBLEMS
FOR PKM

Equations of motion of a PKM can be written in terms
of n redundant coordinates q(t) subjected to m holonomic
kinematic constraints C(q(t)) = 0 derived from its
geometry:

M(a)d+ V(q,q) + G(q) + C/A =f. (1

In Eq. (1), M € R™ " is the generalized inertia matrix,
V € R", is the Coriolis/centrifugal forces vector, G € R",
is the vector of gravitational forces and f € R”, is the
vector of forces applied to the system including the motors
torques/forces. Term —CqT)\ represents the constraints
forces with C, € R™*™ being the Jacobian matrix of the
constraints with respect to the coordinates, C, = 9C/0dq,
and A € R™, is the vector of the Lagrangian multipliers.
We define the inverse and forward dynamical problems as
follows.

*P stands for prismatic joint, U for universal joint.
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2.1 INVERSE DYNAMICS
Given the motion, at least 2-times continuously differen-
tiable, of the moving platform, ~(¢), expressed by the
coordinates p € q with «(t) = p and the external forces
applied to the moving platform, f. € f, let calculate the
forces/torques exerted by the motors 7 € f. The imposed
motion is treated as a servo-constraint such that the PKM
becomes a kinematically driven mechanism whose inverse
dynamic problem can be solved straightforwardly.
e Position problem
The vector of the constraint equations is augmented by
the servo-constraint and takes dimension 7n:

Ca(t).t) = [Ci(@), -, Cl@) P —¥(1]", (@)

as well as the Jacobian matrix takes n x n dimension:

801 acVl
g1 e p
C, = : :
9Cm 9Cm.
041 o op

O(nfm)xm

Further, C, is a nonsingular matrix as the constraint
equations are linearly independent since the PKM is
assumed not to be overconstrained. At each instant the
constraint equations can be solved numerically. For
example, the iterative Newton algorithm leads to the
updated position vector:

Qi1 =k — C ' Clar), @)
with stopping condition: [|C_'C(qx)|| < e.
k is the iteration number and e is the iteration
threshold.

e Velocity problem

A time derivative of the constraint vector allows to
solve the problem at the velocity level:

q=-C,'C, )
with
Cy = [01xm, A" (6)

e Acceleration problem
A time derivative of the velocity equation C,q+C; =
0, provides the acceleration equation:

(Cyq)eq+Cy4q+Cy =0, @)
with

Cit = [01xm. 4" . @®)
such that

é'l = *Cgl(ctt + (qu)qQ) (9)



Egs. (4), (5) and (9) solve the PKM kinematics computing
all the coordinates from the motion of the moving platform.
This calculation can be regarded as a pre-computation
of the inverse dynamics that can be solved managing
eq. (1). In the inverse dynamics context, eq. (1) has
n unknowns: m Lagrangian multipliers A and (n — m)
actuators forces/torques 7. The unknowns are partially
uncoupled, in fact it is convenient to select firstly the m
equations that contain only the Lagrangian multipliers such
that

A=C; T(f. - M*q— V" — G*). (10)
Egs. (10) is a set of linear equations whose solution is
straightforward. Matrices M* and C;T are square with
dimension m x m, vectors V* and G* have m terms.
Vector f, contains m external forces, if any, that are known
in the context of inverse dynamics. Once the Lagrangian
multipliers are calculated the rest of equations, i.e. (n — m),
can be used to compute the actuators forces/torques such that

T=M'g+ VI + Gl +CI"A an

In egs. (11), Mt is (n —m) x n , C:;T is (n—m) x m,
vectors VT and GT have (n — m) terms.

2.2 FORWARD DYNAMICS

Given the forces applied to the moving platform f. € f and
the forces/torques exerted by the motors 7 € f, let calculate
the motion of the moving platform p € q. In the context of
the forward dynamics the n equations of motion eq. (1) has
n -+ m unknowns, that is, A and . To solve, we follow the
augmented formulation in which the constraint equations at
acceleration level are adjoined to eqgs. (1) forming a set of
differential-algebraic equations (DAE).

o SR eiad]
C, 0] A [—(Cua)a]’
Eq. (12) can be solved directly as the leading matrix is non
singular. Alternatively, A can be eliminated by exploiting
the orthogonality between the constraint forces and any
admissible g which belongs to the null space of C, since
that C,q = 0. Thus, the first matrix block of Eq. (12)
is projected onto the transpose of the null space of C,
(orthogonal complement of C,), namely B, obtaining the
following system:

ook

12)

13)

Egs. (13) is a set of n ordinary differential equations as
BT ¢ R ™7 Matrix B can be computed either via
QR, eigen or singular value decompositions of C,. Any
integration method can, then, be used to obtain q(¢) and q(t)
via a standard fixed/variable step size explicit method starting
from known initial configuration and velocity.
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3 PKM MODEL PROCEDURE

In order to model a PKM composed by i = 1,--- ,n; legs, a
fixed base and a moving platform mp the following general
procedure is outlined:

e Definition of the Denavit-Hartenberg (DH) homoge-
neous transformation matrices for leg ithe:
Definition of the redundant coordinates;
Definition of the kinematic constraints;
Analytical calculation of the terms of eq. (1);
Numerical implementation.
To model the kinematics of the legs is mandatory to
define the coordinates of the PKM to which the moving
platform coordinates will be added to. It will turn out a
redundant number of coordinates constrained by the vector-
loop equations connecting the base to the moving platform
by means of the legs kinematic chains. Therefore, terms of
eq. (1) can be obtained by a simple analytical computation
of the kinetic K = K, + 271” K, and gravitational
U = Upyp + Y_1" U; energy of PKM according to Lagrange
formulation:

L=K-U,

¢ 0L (@i + V(a &) + G(q).

all Gdad Wi daduuiy V/
dt(aq) Jq

As well as, the vector of the forces f is obtained directly from
the virtual work with respect to the redundant coordinates
without the need of introducing the Jacobian matrix, that

maps the dependent coordinates into the independent ones.

oL (14)

4 PKM GEOMETRY

Figure 1 shows the PKM under study. The manipulator
consists of a fixed base and a moving platform connected
by four legs. Each leg is a serial kinematic chain with an
actuated prismatic joint (P), a two couple of revolute joints
(R) with their axes being perpendicular and coplanar, namely
a couple of R joints forms a U joint. For each leg, the
axis of the P joint is normal to the base and parallel to
the first and last R joints of the leg. The second and third
R joint axes are parallel, too. The motion of the moving
platform is a spatial translation with a rotation about a fixed
axis known as Schonflies motion. This 3TIR PKM was
synthesized by X. Kong and C. Gosselin [24] whereas the
complete kinematic analysis was solved by M. Ruggiu [25].
In order to model the PKM we define the reference systems
on the i*" leg according to the standard DH convention and
the reference systems either on the base or on the moving
platform, respectively, G : {OgXYZ}, P : {PUVW}.
Figure 2 shows the reference systems on the PKM, Table 1
shows the DH parameters for the leg".

It is worth noting that only three coordinates (joints
variables) can represent the leg kinematics to be included

TFor sake of clarity the index i for the leg is omitted in Figure 2.



Figure 1 The Schonflies motion generator.
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Table I - DH-table, leg ¢
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Figure 3 Vector kinematic chain loop.

into dynamic model to which the coordinates defining the
pose of the moving platform are added. In total, we deal
with 16 coordinates, q = [{pi, 014,00} 5, 2, y, 2, qS] " There
are, however, the vector loop equations representing the
kinematic constraints of the PKM where the coordinates are
related. Thus, summing up, there are only four independent
coordinates, as expected.

4.1 KINEMATIC CONSTRAINTS

As it is said, the constraint equations C(q) = O are the
loop equations from point O¢ to P following each kinematic
chain of the leg (Figure 3):

Grbi + oiRgopoi _ Gp _ GQPPrQi -0 (15)

where i p, is expressed in the base reference system of the
leg 7 and it contains the leg joint variables, “p provides the
position of the moving platform centre of mass, x, 7, z, “Qp
is the matrix that represents the orientation of the moving
platform. The moving platform can only rotate by ¢ about
z¢ such that €Qp = GRZ(qb). Vectors in eq. (15) are
expressed in the PKM base reference system, matrices OiRg
and vectors “ry,,, £rq, are constants whose values depend of
which leg is considered. Thus, there are m = 12 constraint
equations to obtain f = n — m = 4 degrees of freedom for
the PKM, as expected. The (12 x 16) Jacobian constraint
matrix C, can, thus, be easily computed.

5 SIMULATION RESULTS

The correctness and the the reliability of the model proposed
was verified by two different tests.



( Input: )
Moving platform motion, y(t) = p(t)

- J
( l N
Inverse Dynamics
- l J
( N
Output/Input: Actuators Forces, F(t)

- J
e l N
Forward Dynamics
- l J
( Output: )
Moving platform motion, p'(¢)
= J

Figure 4 Auto-Test routine.

Table IT - PKM geometrical parameters

h (mm) | I (mm) | B (mm) | r, (mm) | rq (mm)
66.34 80 75 92.73 75
5.1 AUTO-TEST

The correctness of the model was tested by an auto-test
routine shown in Figure 4.

Either the inverse or the forward codes will be auto-proved
whenever p(t) = p'(t). The simulation consists of a 2s
long prescribed motion of the moving platform described
by a sixth-order polynomial for each of the coordinates.
The motion is free from both kinematic and constraint
singularities such that the actuators forces are bounded
and the constraint Jacobian is invertible. All geometric
parameters and mass properties of the PKM used for the
simulation are given in Tables II and III, respectively.

Link 1 only translates, all the bodies are considered
homogeneous. Figure 5 shows the driven forces obtained
from the inverse dynamics and then used to solve the forward
dynamics. The integration method used was the fourth order
Runge-Kutta with step size of 0.001s. Figure 6 shows the
prescribed motion and the motion computed by the forward
dynamics code. They practically coincide each to the other.
The validation was carried out through the forward dynamics
computation. The simulation consists of a 1.5s motion
with motors 2 and 3 not activated and the gravity effect
omitted. The prescribed motors laws are given in Figure 8.

Table III - PKM mass parameters

mass (g) inertia (kgmm?)
link 1 93.31 —
link 3 63.71 | diag(3.83,49.86, 52.64)
moving platform | 454.74 diag(0, 0, 2874.21)
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Figure 5 Actuators Forces of the Auto-Test simulation.
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Figure 7 PKM solid model motion frames.
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Figure 9 Comparison test. Angular Displacement: 10 /
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Figures 9 and 10 show the angular displacement of the E

moving platform and the linear displacements of its reference z o1 |
point P obtained either by the porposed model and by the <

solid model simulation. ar ]
5.2 COMPARISON TEST oL |
The dynamic model was validated by comparing the results

of a simulation with those obtained by a solid model built o ‘ ‘

by a commercial software (Figure 7). Eventually, Figure 11 0 05 Jime (5 1 15
shows the comparison between the elongation Ap; of the

prismatic joint calculated by the two models. From the
plots it can be concluded that the models are in good
agreement. Despite of the fairly results for the reference
point displacement of the moving platform and for the
actuators displacements, a discrepancy was found in the
moving platform rotation. A possible explanation can be

Figure 11 Comparison test. Motor elongation Apy:
Solid Model(—), Math Model(- -).
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found in the fact that the U joints are immaterial in the
mathematical model and their contribution in the rotational
inertia may become important for such small value attained
by the moving platform rotation.

6 CONCLUSION

A model of the dynamics of a Schonflies motion generator
was developed. The model was based on the Lagrange
formulation with redundant coordinates comprising either
the kinematics of the legs or the moving platform. Both
the forward and the inverse dynamic problems were dealt
with. The reliability and correctness of the model was tested
via the auto-test. The forward and inverse computations
were, indeed, implemented with reversed input/oputput
providing the same results. Furthermore, a validation of
the model was carried out by comparing the results from
the model with those obtained by a solid model built by
a commercial software. The comparison shows a good
agreement between the models proving that the model
developed is reliable. Moreover, the model is simple and
the computational cost is low. The approach used, borrowed
from the computational multibody community, can be used
for other parallel architectures with small modifications.
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ABSTRACT

This study presents a comprehensive analysis of the crystalline structure of the Cu-Al-Ni shape
memory alloy, emphasizing the influence of melting processes on its chemical composition.
The investigation encompasses transformation temperatures, microhardness, and induced
transformations, providing a detailed understanding of the alloy's behavior. The results
highlight complex interactions between chemical composition and crystalline structures while
demonstrating the significant impact of thermal variations on shape memory properties. These
properties are crucial for the material’s performance, particularly its ability to recover its
original shape after deformation. The findings offer valuable insights for optimizing
manufacturing processes and heat treatments to enhance the mechanical and functional
characteristics of these alloys. Moreover, this research contributes to the development of
advanced industrial applications, particularly in demanding sectors such as aerospace,
automotive, and medical devices, where the reliability and precision of shape memory
materials are essential.

Keywords: Ternary shape memory alloys, structural characterization, thermoelastic transformations, martensite,
transformation temperatures

employed across various sectors,

1 INTRODUCTION . . . o
automotive, biomedical engineering,

robotics,

including aviation,
civil

Shape memory alloys (SMAs) are among the most
prominent smart materials due to their remarkable ability to
revert to their original shape after deformation. This unique
characteristic makes them highly valuable for both research
and industrial applications. SMAs are increasingly being
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engineering, and electronics [1-8].

Their first significant application dates back to the 1970s
when SMA-based hydraulic pipe connectors were
integrated into F-14 fighter jets [9]. Since then, interest in
these materials has steadily grown, fostering numerous
innovations. Notably, SMAs have the potential to prevent
catastrophic failures in critical industries such as
petrochemicals and pharmaceuticals. As research
progresses, these alloys continue to demonstrate their
ability to address emerging technological and industrial



challenges, reinforcing their role as indispensable solutions
for a wide range of complex applications.

Memory alloys can exist in two distinct phases: martensite
and austenite. The martensitic phase has a stable crystal
structure at low temperatures, whereas the austenitic phase
remains stable at high temperatures [10]. Upon heating, the
alloy transitions from martensite to austenite, beginning at
the austenite start temperature (As) and completing the
transformation at the austenite finish temperature (A).
Once the temperature exceeds A, the SMA starts to
contract and revert to its original shape. Conversely, during
cooling, austenite transforms back into martensite, starting
at the martensite start temperature (M;) and concluding at
the martensite finish temperature (My) [9]. A similar
transformation occurs when the material is subjected to
external stress.

The chemical composition of the materials used in
manufacturing SMAs is crucial, as any deviation from the
required composition can lead to a deterioration in their
properties. Additionally, maintaining an appropriate range
of martensitic transformation temperatures is equally
important [9].

In recent decades, Cu-based shape memory alloys have
gained prominence in various applications, including high-
damping materials, sensors, and actuators [11]. Among
them, Cu-Al-Ni alloys are particularly distinguished by
their high thermal stability [11]. To contribute to the
advancement of research in this field, this study focuses on
characterizing a Cu-Al-Ni ternary alloy synthesized through
a fusion process, with a martensitic transformation start
temperature near ambient conditions. The studies by
Moskvichev et al. [12], Said et al. [13], Zeghdane et al.
[14], and Abolhasani et al. [15] provide complementary
insights into the development and performance of Cu-based
SMAs using different processing methods. Moskvichev et
al. [12] employed electron beam additive manufacturing
(EBAM) to fabricate Cu—Al-Mn alloys, emphasizing the
role of heat input in controlling the structure, phase
composition, mechanical properties, and tribological
behavior. Their findings revealed that higher heat input
promoted the formation of a B1’ + a decomposed structure,
while lower heat input suppressed decomposition and
favored an ordered Bl structure, leading to variations in
microhardness (2.0-2.75 GPa) and friction coefficient (0.1—
0.175). In contrast, Said et al. [13] and Zeghdane et al. [14]
focused on Cu—Al-Ni SMAs prepared by conventional
fusion methods, where microscopy, X-ray diffraction, and
dilatometry were applied to investigate microstructural
evolution, martensite formation, and transformation
temperatures under different heat treatments. These studies
established fundamental knowledge on thermoelastic
transformations in Cu—AIl-Ni alloys, providing a baseline
for understanding their phase stability. Moving towards
advanced additive manufacturing strategies, Abolhasani et
al. [15] introduced two distinct approaches. In one study, a
dual-structure Cu—Al-Ni SMA was fabricated via powder
bed fusion for 4D printing applications, where the
coexistence of structures with different hardness and
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recovery temperatures enhanced the recovery strain through
thermal gradients, residual stress mismatch, and the
formation of secondary martensite plates. In another study,
alumina (Al20s) reinforcement layers were incorporated
into Cu—Al-Ni SMAs to mitigate brittle fracture at triple
junctions. The optimized design, with 0.3 wt% alumina and
a thicker reinforcement layer, improved fracture strain and
preserved the shape memory effect, while excessive
reinforcement led to martensite stabilization and reduced
performance. Collectively, these studies illustrate the

progression from conventional fusion-based
characterization of phase transformations to advanced
additive  manufacturing  approaches  that enable

microstructural tailoring, improved recovery behavior, and
enhanced mechanical reliability of Cu-based SMAs for
potential applications in smart actuators, biomedical
devices, and adaptive systems.

The originality of this study lies in its comprehensive
approach to analyzing the effects of melting processes and
heat treatments on the crystalline structure and functional
properties of Cu-Al-Ni shape memory alloys. By
investigating transformation temperatures, microhardness,
and induced transformations, this research provides an in-
depth understanding of the intricate relationships between
chemical composition, crystalline structures, and shape
memory behavior. Moreover, the integration of
experimental findings with practical industrial applications,
particularly in high-performance sectors such as aerospace,
automotive, and medical devices, enhances the study’s
practical significance. This work contributes to a deeper
understanding of the fundamental mechanisms governing
these alloys and offers valuable insights for optimizing
manufacturing processes and heat treatments, addressing
the increasing demand for innovations in smart materials.

2 MATERIALS AND METHODS

2.1 SAMPLES PREPARATION

The experimental investigations were conducted on
specimens prepared from a single elaborated Cu—Al-Ni
alloy batch, whose chemical composition was verified
using spectrometry. All subsequent tests, including
structural characterization, microhardness evaluation, and
electrical resistance measurements, were performed on
these specimens. This study focused on the manufacturing
of a ternary shape memory alloy (Cu-Al-Ni) whose
martensitic transformation start temperature lies within the
limits of the ambient environment.

The calculation, according to the ratios of the mass contents
of the alloy elements to the content of the base element
(Cu), and the transformation start point M, gives the
following composition in mass percentage:

Cu(= 82.5%), Al(= 13.5%), Ni(= 4%), for Ms(= 91.5°C) (1)

The alloy manufacturing protocol (Figure 1) is inspired by a
method developed in 2013 by Bouabdallah et al. [16].
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Table I - Composition of the samples elaborated

Elements | Cu | Al Ni Fe As

S

Cr Sn Sb Mg Mn Ag

Mass% | 82.7 | 13. | 4.00 | 0.06 | 0.015

0.001

0.014 | 0.006 | 0.017 | 0.05 | 0.045 | 0.007

Ni Al

()

1200°C

7N
@(D
|
| |
& | |
|| |

"\6" | | Casting in a mold
Heating —». | £— 10 min —'p|

Figure 1 Schematic representation of the alloy
manufacturing process.

After weighing each alloy element and determining their
proportions, copper (Cu) serves as the base material and
acts as a container for aluminum (Al) and nickel (Ni). The
elements are shaped into wafers, arranged in an alumina
crucible, and placed in a melting furnace under a controlled
atmosphere. Once melted, the liquid alloy is poured into a
steel mold and allowed to cool in ambient air. The
composition of the samples (Table I) was determined using
spectrometry

2.2 STRUCTURAL CHARACTERIZATION

To analyze the material's structure, a comprehensive
structural characterization was performed. This process
involved capturing micrographs using a Leitz Widefield
optical microscope, known for its high precision and
capability to produce detailed images of microscopic
structures. These observations enabled a thorough
examination of the material’s morphological features and
the identification of any potential anomalies in the sample.
The data obtained from these micrographs serve as a crucial
foundation for understanding the structural and functional
properties of the material under investigation.

2.3 MICRO HARDNESS MEASUREMENTS

The microhardness of the Cu—Al-Ni alloy was evaluated
using the Vickers pyramidal indentation method. A
controlled load of 100 grams was applied to the material
surface to ensure uniform penetration depth and accurate
assessment at the microscopic scale. The indentation was
carried out with a Vickers indenter, a diamond-shaped
pyramidal penetrator that leaves a small impression on the
sample surface. The hardness value (Hv) was then
calculated based on the size of the indentation diagonals.
The tests were performed systematically across different
regions of the sample to identify potential variations in
local hardness. To maintain measurement accuracy and
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repeatability, the procedure was conducted under controlled
conditions using Ordered Powder Lithography (OPL)
equipment, which allows for precise positioning of the
indenter and reliable recording of hardness values. This
approach provided an average hardness value of about 368
Hv in the raw state, which increased to 416 Hv after heat
treatment,  confirming  the  material’s  structural
strengthening due to thermal processing.

2.4 HEAT TREATMENTS ADOPTED

To reveal the martensitic phase formed from the liquid B
phase, the elaborated Cu—Al-Ni alloy underwent a
controlled thermal treatment. The procedure involved
heating the alloy to 850 °C for 10 minutes, followed by
rapid quenching in water to suppress undesired phase
decomposition and to stabilize the martensitic structure.
Subsequently, a tempering process at 100 °C for one hour
was performed to restore thermodynamic equilibrium and
relieve internal stresses induced by the supersaturated state.
This combined sequence of heating, quenching, and
tempering effectively enhanced phase visibility and
optimized the alloy’s functional stability.

The treatment process not only revealed the martensitic
morphology but also modified the alloy’s microstructural
and mechanical characteristics.

2.5 MEASUREMENT OF THE ELECTRICAL
RESISTANCE VARIATION

The measurement of electrical resistance variation is
conducted to determine the start and end temperatures of
phase transformations in the material, as well as the
associated heat exchange. In copper-based shape memory
alloys, martensitic transformation is accompanied by an
increase in electrical resistivity of approximately 25%,
enabling the identification of key transformation
temperatures through resistance tracking.

For this purpose, a four-wire measurement technique,
forming a Thompson bridge, was selected due to its high
precision in measuring low resistances. This method
ensures reliable and repeatable results, even for subtle
resistance variations. Additionally, temperature control
during the experiment was achieved using a regulated
thermal chamber, capable of heating and cooling the sample
at an average rate of 2°C per minute, ensuring precise and
controlled temperature measurements [6], [16-22].

3 RESULTS AND DISCUSSIONS

3.1 STRUCTURAL CHARACTERIZATION

In Figure 2, the surface of the sample is shown in its raw
state after the melting process and subsequent
electrochemical polishing for 10 minutes using a reagent
mixture of HsPOs and H20. This polishing process was
conducted to refine the surface texture.


d013692
Rectangle


Figure 2 Raw structure of Cu-Al-Ni
(Highlighting martensitic structure).

The measured average grain size of the sample after
treatment is 0.7 mm. This measurement serves as a key
indicator of the material’s structural characteristics post-
polishing, offering insights into the effects of the process on
the sample’s surface and its potential impact on the alloy’s
performance in subsequent applications.

3.2 MICRO HARDNESS MEASUREMENTS

Figure 3 presents the microhardness profile diagram for the
Cu-Al-Ni alloy, illustrating the variation in microhardness
across different regions of the material. The average
hardness value is measured to be approximately 368 Hv,
providing an indication of the alloy's resistance to localized
deformation at the microscopic level.

Microhardness measurements are crucial for evaluating the
mechanical properties of the alloy, as they help assess its
durability and performance under stress. The obtained
hardness value reflects the overall strength of the material
in its current state, offering insights into its suitability for
applications where hardness and wear resistance are
critical. Additionally, the profile diagram aids in identifying
any inhomogeneities or variations in hardness (Hv) within
the material, which may influence its mechanical behavior
under different operating conditions.

3.4 HEAT TREATMENTS ADOPTED

Figure 4 presents a micrograph of the sample surface after
undergoing the designated heat treatment, specifically
applied to reveal the martensitic phase. The treatment
effectively  highlighted the martensitic  structure,
demonstrating its success in phase transformation.
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Figure 3 Micro hardness evolution of raw samples.

Table II - Characteristic transformation points

Parameter Raw state Heat treated
Particle size (mm) 0.7 0.83
Micro-hardness Hv

(100g) 368 416

However, it also influenced other material properties,
particularly grain size and hardness.

Such changes are inherent to thermal processing, as heat
treatments often modify the microstructural characteristics
of the material. As summarized in Table II of the article, the
average grain size increased from 0.70 mm to 0.83 mm,
while the microhardness improved from 368 Hv to 416 Hv,
demonstrating the strengthening effect of the thermal cycle.
These results confirm that appropriate heat treatment
conditions are critical for achieving the desired balance
between structural refinement and mechanical performance
in Cu-based shape memory alloys. The adopted
methodology aligns with findings from similar studies on
Cu-Al-Ni SMAs, where heat treatment has been reported
to significantly influence phase transformations, hardness,
and grain growth. For instance, Said et al. [13] and
Chentouf et al. [23] observed that water quenching after
high-temperature treatment preserved the B-phase stability
and promoted the formation of thermoelastic martensite,
enhancing the functional properties of the alloy.

3.5 DETERMINATION OF TRANSFORMATION
TEMPERATURES

The outcomes of this test have been converted into physical
values in accordance with the AFNOR AS51080 standard
[16]. These results are visually represented in Figure 5,
which provides a detailed illustration of the data obtained
from the analysis. The diagram highlights key aspects of
the material’s transformation behavior, capturing specific
points where significant changes occur during the testing
process. From this diagram, the critical transformation
points indicating major phase transitions or material
responses have been systematically identified and recorded.
These characteristic points are summarized in Table III,
offering a clear and concise presentation of the results.
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Table III - Average particle size and micro-hardness for raw and heat treated Cu-Al-Ni alloys

isti : Martensitic-start-
Characteristic point ensific-s

Martensitic-finish-

Austenite-start- Austenite-finish-

temperature Ms temperature Mf temperature As temperature Af
Value (°C) 49 39 71 80
2 3 - 0.0715
n ")
o s
d s A h FA I
) ‘.I 0.0710} i
) 1
1 — 1
£ 0.0705} i
= 1
e i
]
g 0.0700 ,
g
3 ! ! !
8 0.0695 -
£ o e 7N
R 0.0690 ! E | E
"n i . ; e ){. Y —_— Heatiné (Chauffage) : i :
. - L —— Cooling (Refroidissement)
Figure 4 Structure of the Cu-Al-Ni allo : : " ] . ; i ‘
gl Y 0.0685 =35 40 50 60 70 80 90 100

after heat treatment.

This comprehensive approach ensures that the data remains
standardized and accessible, facilitating accurate interpretation
and comparison with similar studies or applications in related
fields. The combination of graphical representation and
tabulated values enhances the overall understanding of the
material’s transformation properties.

4 CONCLUSIONS

This study underscores the critical role of melting processes
and heat treatments in shaping the crystalline structure of
alloys, directly influencing their properties. Additionally,
temperature variations significantly affect the shape recovery
characteristics of materials, impacting their ability to revert to
their original form. The analysis of resistance variations with
temperature, as depicted in the figure, reveals distinct phase
transformation points (Mf, Ms, As, Af), identifying the critical
temperatures at which structural changes occur during heating
and cooling cycles. The observed hysteresis between heating
and cooling curves further highlights the influence of thermal
cycling on material behavior. Moreover, the alloy composition
plays a fundamental role in  thermo-mechanical
transformations, as different alloy mixtures exhibit distinct
phase transition behaviors, ultimately affecting overall material
performance. These findings emphasize the necessity of
carefully controlling processing conditions and alloy
composition to optimize shape memory properties and
enhance mechanical performance.
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ABSTRACT

In this paper, an algorithm for tracking objects based on acoustic positioning data using an
adaptive motion model is synthesized; its efficiency is analyzed using numerical simulation.
The model of a moving object obtained using the decomposition principle is adapted based on
the Kiefer-Wolfowitz stochastic approximation procedure to improve the accuracy of trajectory
parameter estimation. This makes it possible to consider the dynamic characteristics of
underwater objects based on the acoustic positioning system data. Simulation modeling is
performed to confirm the efficiency of the algorithm using the example of tracking the
trajectory of an underwater object using a long baseline system with acoustic beacons. The
proposed algorithm allows increasing the accuracy of tracking the trajectory of an underwater
object by an average of 5-20% depending on the maneuver type with computational costs equal
to those of the traditional Kalman algorithm. The efficiency of the algorithm is confirmed for

different values of observation noise and the period of receipt of measurement data.

Keywords: estimation, Kalman filter, acoustic location, underwater tracking, long baseline system, adaptation

LIST OF ABBREVIATIONS USED

GNSS Global navigation satellite system
LBL Long baseline

SBL Short baseline

USBL Ultra short baseline

INS Inertial Navigation System

KF Kalman filter

1 INTRODUCTION

Oceans cover almost 71% of the Earth's surface. [1,2]. Rich
in natural resources such as organisms, minerals, oil and
natural gas, the oceans have become a focus for countries
around the world [3]. Marine scientific research, marine
environmental monitoring, deep-sea resource development
and other marine activities are becoming increasingly
common [4].
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The world's largest powers are creating their own national
positioning and navigation systems [5,6], which are a
systemic project that includes the integration of land, sea, air
and sky, and can provide high-precision spatial and temporal
information services. Positioning and navigation of air and
land targets rely on the global navigation satellite system
(GNSS), which is based on the use of electromagnetic waves.
However, the attenuation of the electromagnetic wave under
water is extremely fast. Therefore, the electromagnetic wave
cannot propagate over long distances and cannot be directly
used for positioning and navigation of underwater targets.
For a safe underwater navigation, underwater vehicles
require a fundamentally different system [7], capable of
providing information such as the position, speed and
orientation of an underwater object [8]. The attenuation of
the acoustic signal under water is small, so it can propagate
over long distances [4]. Therefore, underwater target
positioning is done with systems, based on acoustic signals
[9,10]. Currently, the most widely used acoustic navigation
methods are long baseline (LBL), short baseline (SBL) and
ultra short baseline (USBL) navigation [11,12]. Among
them, the LBL system can provide the most accurate
positioning information. It is based on acoustic measurement
of the distance between the underwater vehicle and the
underwater beacon [13].



When an underwater vehicle receives an acoustic signal
from an underwater beacon, the transmission time of the
acoustic signal between them can be determined. Knowing
the local sound velocity profile and the geometric position
of each underwater beacon, the position of the underwater
vehicle can be determined [14,15]. The ocean is a complex
hydrodynamic environment where environmental noise [4]
and variable sound speed [16] seriously affect the accuracy
of the LBL system. Since LBL systems are aimed at
positioning various classes of underwater objects, the
information processing algorithms in their composition
must have the ability to structurally and parametrically
adapt to the dynamic characteristics and typical modes of
motion of each individual class of tracked targets. The most
common example is the adaptation of the standard Kalman
filter with respect to unknown covariance matrices of state
and observation noise [17,18]. It is assumed that the filter
divergence is caused solely by incorrectly specified noise
parameters, and not by other reasons related to the start of
the maneuver. However, targets of many classes can
perform arbitrary maneuvers of unknown intensity at
random times. The resulting uncertainty of the motion
model is one of the main processing problems associated
with constructing a motion trajectory. Its solution involves
the synthesis of a new class of motion models for
maneuvering objects and corresponding algorithms, which
are called "tracking algorithms" [19]. The aim of the work is
to synthesize an adaptive tracking algorithm that considers
the dynamic characteristics of an underwater object and,
based on the results of measurements of the LBL system,
provides an increase in the accuracy of trajectory tracking in
comparison with the traditional algorithm. When forming the
algorithm, methods of stochastic synthesis of trajectory
processing known in the literature [20-22] and elements of a
new approach of constructing a model of the maneuvering
objects movement are used [23,24]. The article has the
following structure. In the first section synthesis of the
motion model using the decomposition principle is
conducted. The second section presents a mathematical
description of the trajectory tracking algorithm, where the
main stages of trajectory processing are considered and
methods for solving each stage of the problem are selected in
accordance with its specifics. The third section presents
mathematical modeling of the synthesized algorithm, using
the example of processing data, obtained during the operation
of the LBL hydroacoustic system. The final section presents
the main conclusions of the work.

2 METHODOLOGICAL APPROACHES TO
UNDERWATER NAVIGATION

Underwater navigation is a complex problem, the solution
of which requires the use of specialized methods, adapted
to the conditions of aquatic environment. The main
methodological approaches can be divided into three
categories: autonomous, corrected and external navigation
systems [8]. Autonomous systems are based on inertial
measurements and Doppler log data. Inertial navigation
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systems (INS) calculate the coordinates and orientation of
an object by integrating the readings of accelerometers and
gyroscopes. Although modern INS have high accuracy in the
short term, their fundamental limitation is the unlimited
accumulation of errors over time due to gyroscope drift and
integration errors [25]. To compensate for these errors,
Doppler logs are used to measure the speed relative to the
bottom, which allows for a significant reduction in the
accumulation of positioning errors [12]. Corrected navigation
systems combine autonomous measurements with periodic
correction from external sources. An important role here is
played by hydroacoustic correction systems, such as
hydroacoustic beacons and buoys [10]. These systems
provide periodic coordinate updates using ultrasonic signals,
which allows the accumulated INS error to be reset. Modern
developments in this area include the use of underwater
acoustic modules, deployed according to a specific geometry
for optimization of coverage and positioning accuracy [26].
External navigation systems are based on infrastructure
deployed in the water area. The most accurate solution in this
class are long baseline (LBL) acoustic positioning systems,
consisting of a network of bottom transponders with
precisely known coordinates [14]. These systems provide
high-precision positioning within their operating area, but
require preliminary deployment and calibration of
equipment. Less accurate, but easier to deploy are ultra-short
baseline (USBL) systems, which measure the range and
direction to an object relative to a single transceiver module
[13]. A promising direction is the development of hybrid
navigation systems that combine the advantages of different
methodological approaches [27]. Such systems usually
combine data from INS, Doppler logs, acoustic correction
systems and geophysical navigation methods (comparison
with bottom relief or magnetic field maps) [28]. Synthesis of
algorithms for processing heterogeneous navigation
information is a separate complex problem that requires the
use of modern filtering and state estimation methods [29].
Each of the listed methodological approaches has its own
areas of application and limitations, determined by the
requirements for accuracy, autonomy, cost and deployment
efficiency. The choice of a specific configuration for
navigation system depends on it’s tasks, the characteristics of
the underwater vehicle and the operating conditions [30].
Among the considered methods, acoustic long-baseline
(LBL) positioning systems are of particular interest for high-
precision tracking of underwater objects. These systems,
based on a network of bottom transponders with precisely
known coordinates, provide strapdown positioning with high
accuracy, which significantly exceeds alternative approaches
[13,14]. The key advantage of LBL systems for tracking
maneuvering objects is their ability to provide stable
positioning accuracy regardless of the orientation and depth
of the object, as well as a relatively low sensitivity to
hydrological conditions compared to other acoustic systems.
However, the effective use of the LBL systems potential
requires the development of promising algorithms for
processing measurement information, that can adequately
reflect the dynamic characteristics of maneuvering objects.



Particularly difficult is the processing of trajectory data of
objects, performing arbitrary maneuvers of unknown
intensity. Traditional state estimation algorithms based on
uniform rectilinear motion models prove inadequate under
conditions of intensive maneuvering [21]. This is due to
fundamental uncertainty in the motion model, which
requires the development of new approaches to the
synthesis of adaptive tracking algorithms [18]. In this
regard, the development of adaptive motion models that
allow for the change in the dynamic characteristics of the
tracked object during maneuvering is of considerable
interest. One of the promising approaches to solving this
problem is the use of the decomposition principle, which
allows the complex motion of an object to be represented as
a set of independent subsystems [31,32].

3 SYNTHESIS OF AN ADAPTIVE MODEL OF
UNDERWATER OBJECT MOTION BASED ON THE
DECOMPOSITION PRINCIPLE

Existing solutions to the problem of constructing a model,
which are used in motion trajectory estimation systems, are
based on the use of optimization methods, such as the
Pontryagin maximum principle, which are highly complex
due to the need to solve a high-dimensional two-point
boundary value problem for conjugate variables.

Currently, in the theory of estimation, there is a tendency to
develop optimal methods of synthesis that make maximum
use of information about the physical properties of the
object under study. Considering the physical characteristics
of the system in the form of its invariants allows for
significant progress in solving the problem of synthesizing
effective tracking systems. The new synthesis method is
based on the use of variational principles, which allows for
representation of the object trajectory with a given kinetic
energy as a solution to a boundary value problem [24]

d(or) or . .. OF
mers +8—=7v M(%»%)%Jfa— > _

qs qs q: s:l’n’ (1)
(4-T)+1"'F[ =0,

where  p (g,,g,) — a synthesizing function, obtained

from the condition of the maximum of the generalized
power function [23],

A — Lagrange multiplier,

T =T(q.q) — kinetic energy,

n qV(’l)

4=y |

5=l ¢,(1p)

external forces O,

0.dq,, s=1,n — work of a priori unknown

F=(z- (i)T N7'(z-q) - function, characterizing the
accuracy of trajectory construction,
z(t)=q(¢)+v(t) — observation vector,

v(#) € R" — interference vector in the observation channel,
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N e R™ — diagonal matrix, characterizing the intensity of
interference V(t) in the observation channel [33],

the  sign means estimates,
q(t)= [ql (1), q,(1),.-.q, (t)]r — vector of generalized

coordinates, q € R".
The formal attribution of the entire energy of the object's
motion to the work of generalized forces Q, (qq) for the

case of principal coordinates allows the introduction of the
simplest positively-defined quadratic form of generalized
velocities, which is interpreted as the kinetic energy of the
system

2

A(q)eR™ — symmetric diagonal matrix of

l'T .

T=—q Aq,

2q q

where

quadratic form.

To find a solution to the boundary value problem (1), one
of the possible approaches to solving problems of
constructing motion models of controlled objects without
using a linear approximation can be used the
decomposition principle [34]. The essence of this principle
is to completely eliminate the dynamic mutual influence
between the elements using an admissible vector of
generalized forces, to bring the system to motion in the
decomposition mode [31] in such a way that the system (1)
moves in accordance with the control goal, providing a
given value of the functional characterizing the accuracy of
constructing the trajectory. This means that a nonlinear
multi-connected dynamic system begins to move after a
finite time interval due to the simplest system. This fact can
be used when constructing a motion model of an
underwater object [35]. The movement, when the work of
the generalized control forces 4 =0, corresponds to the
predicted movement and in the decomposition mode
[32,36-37] the following is valid

T=\"F,

or taking into account (2)

q'Aq=21"(z-q) N"'(z-q). 3)
Consequently [34] the motion of the system is determined
by a set of unrelated Lagrange differential equations and
represents a combination of non-interacting subsystems
[31]. Taking into account the relation (3), the following
notations for spatial coordinates in 3-dimensional Euclidean
space is introduced

=g, & =g, s=13, je[x,7,7],

X
then the motion model can be represented in vector form
for each spatial coordinate [24]

V() =F% (1) + GV (1), je[Xx,Y,Z], 4
o o
(0 _ 0 —
B _L _ a(.f):|’ ¢ _|:—(x,(f):|’ ©)



R _x(j

where x) = ](,) — state vector,
J
2

F — state transition matrix,
G - disturbance vector,

D =A"a !N, s=1,3,j €[ X,Y,Z]
parameter,
N — elements of the diagonal matrix N,

— adaptation

a

55

— elements of the diagonal matrix A of the quadratic
form of kinetic energy,
w(t) — white gaussian noise [21],

M[w(k") ] ” _QUs,
d, — Kronecker symbol,

ng)

(6)
where
Q —non-negative definite matrix of size 2x2 .

Let us consider the formulation of the problem of estimating
the spatial movement trajectory of the observation object in
the operating zone of the LBL system.

The input data for the trajectory tracking algorithm are the
position marks at each data reception cycle. A mark is
understood to be three coordinates of the object (xl)‘ XL x? ) ,
obtained as a result of the primary processing of

hydroacoustic signals [38]. As the observation model at time
k for each coordinate of the object, we take:

V) =Hx{) +vV), je[X.,7,Z], k=LK, (7)
where K —number of marks in the observed episode,
1 0]
H= {0 ol = transition observation matrix,
00
(j) _| "Lk .
z) =| . | —observation vector,
ZU)
2,k |
T
VS{‘/ ) = l(j) — vector of observation errors,
Vi |
. N\ .
M [Vi’) (W) } =R3,, ®)

R —non-negative definite matrix of size 2x2,
it is assumed that random processes v and w are independent

M(vi") (ng))r) =0, k=1,

Thus, at each processing cycle for the tracked trajectories
the following set of input data is generated:

- measured coordinate values obtained at the current
processing cycle;

- estimates of coordinates and their change rates obtained at
previous processing cycles;

Let us consider the problem of tracking the trajectory of an
underwater object: at the moment of the k-th data reception

cycle, estimate the values of each spatial coordinate fcl(’k)

and the rate of its change J?gj ,2 .
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4 MATHEMATICAL DESCRIPTION OF THE
ALGORITHM FOR TRACKING THE TRAJECTORY
OF AN UNDERWATER OBJECT

For smoothing and step-by-step extrapolation of the
trajectory based on the results of observation of the motion
parameters available for measurement, the Kalman filter is
traditionally used, the structure of which is determined by
the model (4), and for rectilinear uniform motion

e

| ©)

The implementation of tracking systems using digital
information processors implies the operation of estimation
algorithms in discrete time, which leads to an algorithm for
updating the estimates of the X, object in the form [25]

U _ @y (

k\ -
/) =5), + PO (R )1[

Xl

—HzV)

klk-1

P/E\jllc)fl =

. T
Q) +opl) (0" ), (10)

|: -

je[X.,Y,Z], k=LK,

o ( o )2 |

0 ( o\ )2

— extrapolation error covariance matrix,

HP!) H" +RV

klk-1

-\ H

klk-1

_pV)

P/Ej) klk-1 ] HPMjk) 1>

where

P

P,Ej ) _ filter error covariance matrix,
AP AP
2

Q(/) —

A
2

an
At

o _|1
® _{0 (12)

— extrapolated value of the state vector.

} — state transition matrix

W

k\k 1
At — period of receipt of marks.
The Kalman filter works acceptably [21,22] in estimating
the parameters of uniform rectilinear motion. However, the
actual motion of underwater objects cannot be described
with sufficient accuracy by the model (10)—(12).
Numerous maneuvers determine the feasibility of using
adaptive tracking algorithms. Let us consider the use of
model (4), (5) in the procedure for synthesizing algorithm
(10), which involves carrying out a procedure for its finite-
dimensional approximation. The motion of an object in
discrete time can be described by the equation [25]

) =@+, je[X,7,Z], k=1K,

where
oY) =1-FYAr jcp Vdr, je[X.v.2], k=LK, (13)
where I —identity matrix.



For small values of Az equations (13) take the form [24]

aar
) F l } v 2 |je[x.r.z], k=LK (13)
oY = = = .
_Ja DA ’ eb ’
0 1-vo At a VAL
State noise intensity matrix:
(oc(j))z AP (a(’) )2 AP
Qm:Lr(/)(rm)T_ 4 2 |jexrzl 13)
Ar ((X(j) )2 AF? 2
~ 7 ((X(j)) At
2

The obtained matrices (14) and (15) determine the structure
of the adaptive tracking algorithm (10) based on model (4),
which can be used to estimate the state vector of
underwater objects.

5 MATHEMATICAL MODELING OF THE
PROCEDURE OF TRAJECTORY DATA
PROCESSING OF THE LONG BASE LINE SYSTEM

To determine the quality of the algorithm, a simulation was
performed, using the example of the task of tracking the
trajectory of an underwater object using an LBL system with
acoustic beacons (Fig. 1). The system functions as follows: on
the underwater object, the transceiver provides a request for an
acoustic signal (A), and at least 3 acoustic beacons are
submerged in a fixed position on the bottom. An acoustic signal
is generated at time 7, and is received by beacons (B), (C) and

(D), which in turn emit an acoustic response signal (including a
known response time A7 ), which the underwater object

receives at times 7, , T and T, . After which the distance

to each of the beacons is calculated considering the response
time AT and the speed of sound in water [39]. The beacons are
synchronized and transmit acoustic pulses at a set emission time

T%. GPS coordinates of three beacons [X Y, Z(B)J,

(8)>7(8)”

[ X YerZier | and [ X(p) Yoy Zi0) | arelnown,
AUV interrogateur
e O~

o n/ \n

Beacon 1 N
Beacon3
Beacon 2

Figure 1 Illustration of the LBL acoustic system.

The underwater object must be synchronized with the same
time reference of the beacons. Thanks to the acoustic
transceiver on board the object, the acoustic pulses from the
beacons are detected and recognized, comparing the arrival
time 7* with 7% . Knowing the speed of sound in water ¥,

which depends on the depth fclz (Fig. 2), the distances d( )
d

©) and d( p) o the beacons are determined by the equation

d,)=(T}~15)V (3 ), ne[B.C.D]. (16)
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Figure 2 Dependence of the speed of sound on depth

After measuring the distance between the underwater object
and three beacons, the absolute position can be calculated

using the trilateration method [40]. The z,z,.z,

coordinates of an underwater object are determined by
solving the equations for a sphere

2 2 2
(X(B),k - ka) + (Y(B)\k _zly.k) +(Z(B)4k _ka) = d(zB),k k=LK,
2 2 2 J—
(X((‘),k _Zl).,(k) +(Y(C).k - Zl}jk ) + (Z<(‘),k - ka ) = d(zc),k k=LK, a7
2 2 2 -
(Koo =2 ) +(Hopa =200 ) +(Ziope =) =i k=K.
Thus, the measured distances d( ) d(C) and d( ) to

beacons (B), (C) and (D) determine the measured Cartesian
coordinates szk ,zz P ,sz of the underwater object, which are

the input data of the tracking algorithm.

In the paper, a tactical episode that determines the
trajectory of an underwater object depending on time is
considered. The parameters of the object's motion are
formed in such a way as to ensure the quality check of the
tracking algorithm according to the criterion of the
minimum standard deviation of estimates relative to the
reference trajectory. The episode duration is 18 s, the period
of receiving measurement data is A= 0.1 s. The trajectory
of the underwater object was obtained using the MATLAB
software package (built-in function ftrajectory() with the
waypoints parameter) and is shown in figure 3.

Figure 3 Model trajectory of an object in Cartesian
coordinates.



The input data for the trajectory processing task are
presented in the form of an array, containing the measured

values of the Cartesian coordinates z,z,,z/,, k=1K

the object, and the standard
6,=0,=0_,= 60 m (Figs. 4 and 5).

deviation

il il " Lol ""f"‘w*":‘"‘mﬁ“*""Ww
! ot Maatcat o8t M LMV Il L.
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N

E

N

()

N

Ny D Ne

N

Figure 4 Measured coordinate values at Az = 0.1 s.

" Measurement
—Reference

Zm

X.m

Figure 5 Trajectory marks at At=0.1 s.

Based on statistical modeling, a series of numerical
experiments were conducted to implement the classical
Kalman filter (10) — (12) and the proposed algorithm (10),
(14) — (15) with preliminary adaptation of the parameter
according to the criterion

U) _ 1N o) )P .
e/ =K [xl,k X } —min, je[X,Y,Z], (18)
k=1
O 4 g —
e R FRLCCANTE
where {cﬁf )} and {nfﬂ’ )} — positive sequences such that

S0 o0, S 0] V)
;ni/ =00, ;Tlifci/ <o, Zo:(nil) (ci/) cw.

An illustration of the process of adaptation of the algorithm
(10), (14), (15) by the Kiefer-Wolfowitz method [41] for

the parameter o is shown in figure 6.

m

Figure 6 The process of adaptation of the proposed
algorithm

Estimates of the trajectory on the interval of the considered
tactical episode are presented in Figure 7.
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—Reference trajeciory
——Kalman Filter estimation
——Adaplive filter estimation

Figure 7 Estimates of the trajectory for

Gz,X :GZIY :GZIZ =60 m At=0.1s a=70

>

The black line indicates the true value of the coordinate, and
the red and blue lines indicate the marks, obtained on the basis
of the simulation data using a set of developed algorithms for
estimating the Kalman filter and the adaptive algorithm,
respectively. It was found that in certain sections of the
trajectory, the proposed algorithm provides an increase in the
accuracy of determining the X coordinate by 40%; the Y
coordinate by 50%; the Z coordinate by 40% (Figs. 9-10).
At the same time, over the entire observed interval, the mean
square error of the coordinates estimated by the proposed
algorithm is 15% lower, compared to the classical Kalman
filter. This allows to state, that the adaptation of the parameters
of the motion model allows to consider the dynamic
characteristics of the motion of various classes of targets,
compared to objects whose motion is uniform and rectilinear.

Adaptive filter error
Kalman filter error |

Tyr M

Adaptive filter error
Kalman filter arror

7. M

Figure 8 Average errors in estimating the X coordinate at
maneuver intervals k €[500,900] and k €[1150,1450]

Adaptive filter error
Kalman filter error

Adaptive filter error
Kalman filter error

k

Figure 9 Average errors in estimating the Y coordinate at
maneuver intervals k& €[500,900] and k& € [1 150, 1450]



Adaptive filter error
Kalman filter error |7

Adaptive filter error
Kalman filter eror |

., m

Figure 10 Average errors in estimating the Z coordinate at
maneuver intervals k €[500,900] and & [1 150, 1450]

Analysis of the simulation results under various noise
conditions demonstrates an increase in the accuracy of
trajectory estimation by the adaptive algorithm in
comparison with the Kalman filter for different values of
the standard deviation of observation noise (figure 11).

——Maximum error of Kalman fiter
—Maximum error of adaptive filter
- - Kalman filter standard deviation
- = -Adaptive filter standard deviation

imation errars, m

Trajectory

RMS noise of observation, m

Figure 11 Averaged dependencies of the standard deviation of
the trajectory estimate on the intensity of the observation noise

Figure 12 shows the trajectory estimates for different values
of the measurement data receipt period.

——Maximum error of Kalman filter
——Maximum error of adaptive filter
- = ‘Kalman filter standard deviation
- - -Adaplive filter standard deviation

Trajectory estimation errors, m

Period of recsipt of measurement data, s

Figure 12 Dependence of the standard deviation of the
trajectory estimate on the period of receipt of measurement data

In the considered tactical episode, the proposed algorithm
allows to increase the accuracy of tracking the trajectory of
an underwater object by an average of 5 — 20 % depending
on the type of maneuver with the same computational costs
as the traditional Kalman algorithm.

6 CONCLUSIONS

In the work, an algorithm for tracking objects based on
acoustic positioning data using an adaptive motion model is
synthesized, and its efficiency is analyzed using numerical
simulation.
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To improve the accuracy of trajectory parameter estimation,
the model of a moving object obtained using the
decomposition principle is adapted based on the Kiefer-
Wolfowitz stochastic approximation procedure, which makes
it possible to consider the dynamic characteristics of
underwater object motion according to the acoustic
positioning system data. Comparison of the efficiency of the
proposed algorithm with the Kalman filter makes it possible
to talk about an increase in the accuracy of estimating the
Cartesian coordinates of a maneuvering underwater object in
a wide range of observation noise intensity and different
periods of measurement data receipt. The developed approach
can serve as a basis for constructing a new class of algorithms
for estimating the parameters of dynamic processes that
consider physical laws using a particle filter, which ensures
their fundamental appeal in a wide range of applied problems.
In the future, it is planned to conduct research aimed at solving
the problem of synthesizing hybrid algorithms for information
processing based on the integrated use of the adaptive Kalman
filter and neural networks through the implementation of a
two-stage processing procedure:

at the first stage, parametric adaptation of the
mathematical model is performed using real datasets
and synthetic data, characterizing typical modes of
operation of the considered class of objects, which
ensures that the regular properties of the model are
taken into account and the power of the input data set is
reduced for the second stage of processing;

the second stage is associated with the construction of
hybrid adaptive algorithms for information processing,
that use the results of the first stage of processing and
the accumulation of current data for training neural
networks in real conditions, taking into account the non-
stationarity of external and internal processes.
Preliminary studies by the authors show that the combination
of adaptive algorithms for estimating motion parameters with
neural networks provides increased accuracy of the spatial
position of moving objects. The use of the neural network
approach in this case is due to the ability to take into account a
wide range of input data, such as the specified motion mode,
the magnitude of the control action, the intensity and type of
maneuver, the state of the environment, the operating mode
and accuracy of the measuring system, and many others.
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ABSTRACT

At present, alternative energy, technologies are experiencing a dynamic stage of development,
with wind energy playing a particularly significant role in reducing and potentially eliminating
dependence on conventional energy sources that contribute to global warming. However, the
stable performance of traditional turbine-based wind power plants typically requires wind speeds
to remain steady and above 10 m/s. Consequently, ongoing research is focused on enhancing the
efficiency of wind power systems to achieve a higher conversion rate of wind’s kinetic energy
into useful electrical power. This study introduces a low-capacity sail-type wind power plant
(WPP). Unlike conventional WPPs, where rotor blades generate rotation primarily through
aerodynamic lift, the sail-based configuration operates on a different principle. In this design,
the working body undergoes oscillatory motion, converting wind energy into electricity by
harnessing not only the lift force but also the drag force. Notably, the oscillatory motion of the
working body is initiated at wind speeds as low as 2.5 m/s, which makes sail-type WPPs
especially suitable for deployment in regions with varying or relatively moderate wind

SELECTION OF THE WORKING BODY OF THE SAILING WPP AND
PROOF OF THE IMPLEMENTATION OF REVERSE OSCILLATION TO

conditions.

Keywords: wind power plant, toroidal sail, dynamic model, parallel manipulator, computer modeling

1 INTRODUCTION

In the contemporary world, the environmental situation,
increasingly aggravated by global climate change driven by
excessive greenhouse gas emissions, underscores the urgent
need to gradually abandon fossil fuels in favor of renewable
energy sources (RES). Among the most accessible and
promising options within this domain, wind energy stands out
as a particularly viable alternative. According to current
estimates, the total energy potential of wind flows near the
Earth’s surface exceeds global energy consumption by nearly
twentyfold [1,2], which theoretically makes it possible to fully
meet humanity’s energy demands. Nevertheless, the challenge
of efficiently converting the kinetic energy of wind into
electricity remains highly relevant.
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Systems designed for this purpose are generally referred to as
wind power plants (WPP). The most widespread solutions are
turbine wind power plants (TWPS), which operate with either
a horizontal [3,4] or a vertical axis of rotation, including the
well-known Darrieus and Savonius designs [5,6]. Recent
research in wind energy has largely focused on the
enhancement of TWPS. In particular, the following directions
have gained momentum in recent years:

e Minimizing fluctuations in generated power output [7];
Integrating big data technologies for environmental
monitoring and adaptive control [8];

e Modernizing control systems through disturbance-based
sensors and intelligent controllers [9];

e Advancing aerodynamic studies of blade profiles [10].
While these efforts provide valuable partial solutions, several
critical technological barriers persist. For all types of TWPS,
the following challenges remain unresolved:

The inherent variability of wind speed and power;

Abrupt directional shifts in airflow over short time spans;
A relatively high cut-in wind speed (around 10 m/s)
combined with a modest peak efficiency factor of
approximately 0.3 [11-13].


mailto:berik.mirza@mail.ru

A noteworthy and promising development in recent years
has been the introduction of small-scale sailing wind power
plants (SWPP), equipped with automatic control
mechanisms [14, 15]. These systems employ spatial
oscillations with dynamically adjustable surface area
exposed to airflow, combined with a specialized
aerodynamic profile that is simultaneously sensitive to drag
and lift forces. The core component of SWPS is a
manipulator-converter (MC) developed based on the Sholkor
parallel mechanism [16-17]. Owing to its unique topology,
the MC enables the transformation of the spatial motion of
the working body-comprising the sail, mast, and the
manipulator’s upper platform-into electrical energy, thereby
paving the way for a new level of efficiency in wind energy
systems.

2 EXPERIMENTAL

The sailing WPP consists of three components figure 1,
which are: toroidal sail 11, mast 10 and platform manipulator
9. Toroidal sail is the working body of 11 sailing WPP. The
Shape of the sail is toroidal. The reason for taking the shape
of the sail as a toroidal shape is that it can knock out the
kinetic energy of the wind from any direction and does not
require special additional tools to turn in the direction of the
wind, like a traditional WPP. Due to the structural feature of
the toroidal sail, it converts the energy blown by the wind
into oscillatory energy. The horizontal section of the toroidal
sail is the same as the cross section of the Aircraft Wing,
which is twisted by 18 degrees, and the shape is toroidal. The
dimensions of the toroidal sail increase and decrease by a
constant approximate. These measurements were tested in a
virtual aerodynamic test and had a higher buoyancy and drag
force compared to other toroidal sails. It is light in weight
and solid in construction. The mast is a working body of 10
and connects the toroidal sail and the platform manipulator
transducer. The format is made of solid material, light in
weight, like a long rod. The bottom of the mast is rigidly
connected to the moving side of the platform transducer.
Depending on the wind speed, several toroidal sails are
located along the mast and toroidal sails move up or down
along the mast. Platform manipulator converter 9, named
after Sholkor [10] is built on the basis of the platform
manipulator. The sholkor platform manipulator differs from
other platform manipulators in that in the Sholkor platform
manipulator, 3-8 of the six engines can all work freely
independently of each other, so this platform manipulator has
six degrees of freedom of movement. The Sholkor platform
manipulator was obtained for such properties as a platform
manipulator converter for a sailing WPP [14]. The
manipulator transducer (MT) consists of two platforms top 2
and bottom 1. the bottom platform 1 is rigidly connected to
the ground layer, and the top platform 2 is movable. The
upper and lower platform are connected to each other by six
telescopic connections (cylinders) 3-8 with contact points
A1,B1,C1, and ap,by,cz. The toroidal sail converts the kinetic
energy knocked out of the wind into oscillatory energy by
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MT into oscillatory energy, and MT converts oscillatory
energy into electrical energy.

Figure 1 General view of the Zaboratory sailing wind
power plant.

The main work of a sailing WPP is to convert the kinetic
energy of the wind into electrical energy. That is, the
working body of a sailing WPP converts the kinetic energy
of the wind into vibrational energy, and vibrational energy
into electrical energy MT. The work of a sailing WPP is
directly proportional to the coefficient of beneficial effect of
the working body, therefore, the choice of a toroidal sail is
one of the main research works.

3 RESULTS AND DISCUSSION

3.1 SELECTION OF TOROIDAL SAILS FOR SAILING
WPP

Nine types of sails were selected for laboratory selection of
high-speed toroidal sails. The main part of it was a toroidal sail
and a single ball-shaped sail. All sails were modeled in the
SOLIDWORKS computer program Figure 2 and we obtained
that the outer diameter of each lattice is equal to 7.5 meters.
Simulated toroidal sails were tested on a virtual aerodynamic
pipe by the computer program Autodesk Flow Design, Figure
3 shows the test progress of nine sails. Of the nine sails tested,
only three toroidal sails had buoyancy and drag power. Of the
other three toroidal sails, only one had high buoyancy and drag
power. It was built on the basis of the wing profile of the
aircraft P-1I-14% (TsAGI-718)_[14] and had a toroidal sail
with a cross-section of 18 degrees.

Figure 2 Types of sails modeled in the SolidWorks 2017
computer program.



Figure 3 Autodesk Flow Design test course of sails on a
virtual aerodynamic pipe

Since the working body of the sailing WPP performed
oscillatory work, the following tests were carried out to
determine the change in the lifting force and drag force of
the selected toroidal sail at different turning angles. The
computer program Autodesk Flow Design assumes that the
toroidal sail selected in the virtual aerodynamic pipe is
initially in a stable position in space, that is, at 0 degrees, and
in this case the Test begins. In each subsequent test, we turn
the position of the toroidal sail by 2 degrees, at the end of the
test, the toroidal sail is turned by 16 degrees. During the test,
we changed not only the position of the toroidal sail, but also
the wind speed in the virtual aerodynamic pipe. The wind
speed varies between 3 m/s, 5 m/s, 10 m/s, 15 m/s and 20
m/s. At each wind speed, the toroidal lattice is studied at all
angles of rotation in space, blowing in the wind. Figure 4
shows the test progress of the toroidal lattice on the Autodesk
Flow design virtual aerodynamic pipe.
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Figure 4 The Test progre“;s of the toroidal lattice in the
Autodesk Flow design virtual aerodynamic pipe
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The information from the test is transmitted as a color gamut
on the left side of the program window, and the resistance
force and the program automatically calculates resistance
factor of the toroidal mesh being tested at the bottom of the
program window. By placing the information obtained from
the test in the table, in figures 5-6, we obtain a graph of the
coefficient of resistance and resistance of the toroidal lattice
in relation to the angle of rotation in space and wind speed.
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Figure 5 The resistance force of the toroidal lattice
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Figure 6 Resistance coefficient of the toroidal lattice
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Looking at Figures 5 and 6 and comparing them with the
color gamut in the program window shown in Figure 4, we
can observe that the law governing the variation of
aerodynamic drag and lift forces of the toroidal lattice is
consistent with the ratio of drag to lift forces for aircraft
wings described in aviation literature [14]. A computational
test was performed in Autodesk CFD 2019 to demonstrate
that the toroidal lattice generates lift and to additionally
verify that, when it is deflected at a certain angle, the drag
force increases while the lift force decreases. In Figure 7.A),
the toroidal lattice was tested in a straight position within the
plane. The resulting graph indicates that the lift force
exceeded the drag force. In contrast, in Figure 7.B), the
lattice was tilted backward at an angle of 15 degrees relative
to the wind direction. The graph from this test shows that the
lift force in the deflected position decreased, while the drag
force became dominant. Based on these results, it was
established that during the operation of the sailing WPP
specifically, during the oscillation of the toroidal lattice a
deflection of approximately 6 degrees from the Oz
coordinate provides the maximum lift force while
minimizing drag. When the deflection exceeds 6 degrees, the
lift force decreases and drag increases. At this stage, due to
the reduction in lift acting on the lattice, it naturally returns



to its initial position. A manipulator transducer ensures the
restoration of the working body to its original coordinate
during oscillation.

Figure 7 Progress of toroidal lattice testing in the computer
program Autodesk CFD 2019.

3.2 The study of the regularity of changes in the speed of
the network over time.

Due to the specifics of the principle of operation, coupled
with the structural features of the sailing WPP, there is a need
to study the wind speed in time. A sailing WPP oscillates
over time with a certain period, and this period largely
depends on the magnitude of the change in wind speed, that
is, on the whim of the wind. The following articles provide
graphs of changes in wind speed over time. Analyzing the
same graphs, it was seen that the change in wind speed over
time changes in wind speed according to the stiffness of the
blow. If the average wind speed is in the range of 15-20 m/s
[18], then the period of wind speed drop and increase
oscillation oscillates about 1-2 times in 10 seconds in Figure
8, and if the average wind speed is in the range of 3-10 m/s
[19-21] oscillates about 3-4 times in 10 seconds in figure 9.
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Figure 8 Wind oscillation pattern when the average wind
speed is between 15-20 m/s.

38

ISSN 1590-8844
International Journal of Mechanics and Control, Vol. 26, No. 02, 2025

25
» E
£ 20F
£ F
-§ 15
& 10F
T £
s 5
0: . | PUPRPRPEN Y | SPRPTET PR | R
0 10 20 30 40 50 60
Time in seconds
a)
]
i
f A 'f'\ﬂ‘" 5
ALY Wi L A
| o WA Wiy Al Y [T
i : l'l'.?"" & "y I_'n.\_l II..-"l"-‘\l;l| l"'.H 4!
| )
P oaM T
;l |I|‘“'\|'I'|l Ilﬁfl\.
_'__'h.-\."‘] L‘|
;I " - - - L] -
ikt
b)
15 -— —— - D i o e
u | )
14 # L
f 1] | i
: 1B- H + =t
5 1zl = $f- : =
M s =1 o
< M VA i t 4 |
g ' \ L[ ‘
=~ 10 L. K '
I i {
& b k(X i W 3 ]
| { i \l [ il P
B — =1 =Na4 - i o e :ix
J [ ) 1 [
T-———‘————‘»-"————'—‘-——0;‘-'——r-
e b i ¥
% 2 40 &0 % 120
Thanves (x)
c)

Figure 9 Wind oscillation pattern when the average wind
speed is between 3-10 m/s

Arine wind speed oscillations largely depend on the flatness
of the Earth's crust. The more the Earth's crust is not flat, the
more wind speed oscillates. Looking at the graph above, we
determine the period of oscillation of a sailing WPP with a
wind speed of 15-20 m/s or 3-10 m/s by the following
formula.

]}:izgzss
N 2
r,=L-1_ps
N 4

The wind speed is 15-20 m/s, and the time is t=10s., if the
oscillation number is N=2, the oscillation period is T = 5s.
The wind speed is 3-10 m/s, and the time is T=10s., the
oscillation period is equal to T, = 2.5 s if the oscillation
number is N 4. This indicator indicates favorable
conditions for the operation of a sailing WPP at low wind
speeds.



4 DYNAMIC ANALYSIS OF THE OPERATION OF A
SAILING WPP

Figure 10 shows the calculation scheme for the purpose of
dynamic analysis of sailing WPP. The calculation scheme
considers the issue of returning the sailing WPP to its
original position after a deviation. We write a mathematical
model of the operation of a sailing WPP only in a simplified
and simplified form. This is because several nonlinear
dynamic models that are related to each other characterize
mathematical models of sailing WPP operation, and some
nonlinear dynamic models have not yet found a problem with
mathematical laws. At the same time, the phenomena of the
relationship of the outer layer material and wind blowing of
the working bodies of the sailing WPP have not yet found a
complete solution.

Figure 10 Calculation scheme

To derive a dynamic analysis of the working body, we take
two coordinate systems. The stationary coordinate system is
connected to the C:XyYpZ) stationary manipulator platform.
The C;Zy axis is directed vertically upwards, and the clu0
axis runs along the clal side. The head of the stationary
coordinate system subsystem is associated with the initial
position of Oy, in the center of the moving platform of the
manipulator. The axis Oy;Z; is parallel to the axis C;Zy. To
write a simplified mathematical model of a sailing WPP, we
consider that the work of a sailing WPP located in space is
being performed in one plane, which is a plane Q located in
the plane O,0Y;Z;, Figure 10. The wind resistance force and
wind lift force caused by the impact of the wind on a sailing
WPP located in the Q plane, the force of gravity, the reaction
force of actuators and the mast of the working body of the
olor O;0, are located. The total sum of the forces is
concentrated in the mass centigrade S, which is located at a
distance O;S = L from the coordinate head of the sailing
WPP. The forces of wind action are located at a distance R
from the coordinate head. The position of the O;Y;Z; plane
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depends on the direction of the wind speed and C;Yy between
the Op;Yp; Oster with the clu0 axis. O;pY;Z; makes a plane
parallel motion in the plane and makes a circular motion
along the Oy, X axis parallel to the SX;. The law of poinsettia
performs the concentration of total forces at one point.
In a sailing WPP, the force of gravity F,=m'g is affected by
The Force F.~m-g-sin(p) sin(p) at coordinate Z; and
Fay=m-g-cos(p) at coordinate Y;. The lifting force of the
wind and the drag force vary depending on the speed of the
wind and the position of the toroidal sail in space. Since the
lifting force of the wind is directed vertically upwards, the
lifting force F; of the wind is located along the coordinate Z;.
In addition, the wind resistance F, is located along the Y,
coordinate. The lifting force and drag force of the wind are
determined by formula 1 [14].
1
FI =Cy ‘E'p'SP'VI?V:
(1
F =

1
2 CW'E'p'SP'szV

here € ;,Cyy, P, S, Vy the coefficient of lifting force of the

wind, determined experimentally, is the coefficient of drag
force of the wind, air density, surface volume of the toroidal
Lattice and the average wind speed.
The force sum of the actuators returns the working body of a
sailing WPP deviated from its coordinate at an angle ¢ to its
original position. Therefore, the power direction of the
manipulator transducer will be directly proportional to the
direction of movement of the working body of the sailing
WPP from the place F, to the starting position F, along the
plane Q, that is, perpendicular to the mast along the plane Q.
We denote the force direction of MT as XNj, and the
complete mathematical model of MT is fully written in the
article [14]. O;0Y:Z; in connection with the development of
a dynamic model of the operation of a sailing WPP in its
plane and the operation of a sailing WPP in its plane, we have
written three equations.
i=8 i=8
>N, =0; D M (N)+M,, =0;
i=3

i=3
i=8
; N,+R, =0,

In Equation 2 Y; sum of forces in coordinates, in Equation 3
Z; the equation of forces in coordinates and the equation of
moment of forces in Equation 4 were written.

dZy =8
mﬁ:Z:Nl.y+Ry+Fay—Fz @)
2 =8
mdf‘“=E+ZN,~Z+RZ—EZ 3)
d’t =
i=8
J0X¢:ZMX(N[)+MRX—F2-R @

i=3



Where m- is the mass of the working body, y,z,¢@ the
coordinates of the mass value and the maximum angle of
departure of the working body from its own coordinate.

If we explain and complement the forces in the 2nd 3rd and
4th equations, we get the following 5th, 6th and 7th

equations.
(%)

L,
S P S

dy,
dt

(ZN +R j cos| (p)+m-g~cos(g0)—cw
i=3

A5 (8

1

0)((” (ZN.\‘+RXJ'L76W/'7

2

i=8

> N.+R.

s (22

The above equations are a complete dynamic model of the
operation of a sailing WPP. The purpose of our work is to
return to its place where it deviates from its coordinate to the
limit point. The working body of a sailing WPP deviating
from its coordinates is returned to its original position by a
manipulator transducer.

MT Figure 11 consists of six actuators, three of which 4,8,7
are located vertically the other three are located diagonally
3,5,6. Vertically standing actuators are connected to the
electric generator and, together with the remaining oblique
actuators, return the working body deviated from its
coordinate to its original position.

dZ
m
dzt

1

dy,
5 p-S

=c, =

dy,
dt

O]

Figure 11 Platform manipulator analysis scheme

Platform SHOLKOR

Figure 12 Graph of the displacement of the upper platform

Figure 12 shows one of the methods of displacement of the
upper moving platform. Looking at figure 12, it can be seen

(5)
Jsm ) m-g-sin((/)) (6)
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that the actuators connecting the two platforms move the
upper platform up and down separately, either vertically in
pairs or alone. In this regard, we assume that the reaction
force MT moves with the coordinate Z1, since the projection
force applied to the coordinate Y is low, we get it equal to
Zero.

D> N =k-Ax (8)
Here: k — the coefficient of elasticity of the actuator,
x — break and decrease in the spring located on the actuator.
In formula (8), the reaction force of a vertically positioned
actuator in the manipulator transducer is normally equal to
the elastic force of the same actuator. If the elastic force of
the actuator is insufficient, an additional spring compression
force R is added.
To restore the working body of the sailing WPP from its
deviated position back to the normal coordinate, we consider
Equation (7). If the reaction force of the actuator exceeds the
product of the wind resistance force and the lever arm of the
toroidal lattice, the working body returns to its original
position. Consequently, the condition for returning the
deviated working body to its initial coordinate must satisfy

Equation (9).
2
)

i=8
[ZN,X+RYJ.L>CW-1-p.S,,[
= 2

Modeling equation 7 in Matlab and proving the theory of
equation 9. To model equation 7 in Matlab, we bring
equation 7 to equation 10 by simple mathematical
processing.

ay,

it )

dy,

1
(k-Ax+RX)-L—cW-E-p-SP (dt

- ] )
9= i h

Here: k=300, Ax=0.05Mm, L=1.5M, cw=0.3, Sp=50M3, R=2m
p=1.293kg/m3, m=4 kg. we get a value of.

: 22626+ 04
Display2

Figure 13 7 modeling the equation in the MATLAB
computer program

In the figure 13, the process of returning the working body
deviated from its coordinates to its place of the sailing WPP is
shown in the position of a half-parabola graph raised to the top.



5 CONCLUSION

As the working element of the sail-type wind power system
(SWPS), a novel toroidal sail was developed through
aerodynamic investigations. This design is based on the R-
11-14% (TsAGI-718) aircraft wing profile and incorporates a
18° twisted cross-section, providing enhanced lift
characteristics while maintaining drag resistance. The
resulting toroidal sail effectively converts the kinetic energy
of the wind into oscillatory motion of the working body
through its interaction with the mast and manipulator-
transformer (MT). A mathematical dynamic model was
established to describe the return-to-equilibrium process of
the oscillating working body after displacement from its
initial position. The moment of inertia during the reverse
oscillatory phase of the SWPS was analyzed and verified
using the MATLAB computational environment. The
obtained graphical results clearly demonstrated the presence
of reverse oscillations of the working element, thereby
validating the theoretical assumptions.The findings confirm
that the research objectives have been successfully achieved,
providing a solid foundation for further development of
advanced aerodynamic working bodies in sail-type wind
power systems.
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ABSTRACT

The paper presents a human pelvis study, building on data and methods sourced from the
literature. The study provided a better understanding of the main pelvic parameters, including
Sagittal Pelvic Thickness (SPT), that can be applied in designing industrial trunk support
exoskeletons and their test benches. In addition, the study improved on the methods presented in
the literature by developing models capable of calculating various human pelvic dimensions
from different data. Electronic spreadsheets were also developed to calculate SPT from a variety
of available information. Trigonometric methods proposed in the literature were used to calculate
SPT, and the results were compared with those obtained from literature data. This study will
make it possible to optimize the pelvis simulator in the Politecnico di Torino Department of
Mechanical and Aerospace Engineering (DIMEAS) industrial exoskeleton test bench prototype.
This prototype replicates the human body by means of a trunk simulator and a pelvis simulator
which currently has a non-adjustable SPT. As a result of the study, a new pelvis simulator can
be designed with provision for anthropometric adjustments to simulate different adult human
bodies. This information will also be used to design and construct a human pelvis model

AN ENGINEERING STUDY OF THE HUMAN PELVIS USING

featuring all its geometric parameters.

Keywords: human pelvis analysis; human pelvis geometrical characteristics; calculation methods for human pelvis
dimensions; human pelvis study for industrial exoskeleton trunk design; engineering methods to study human pelvis.

1 INTRODUCTION

Wearable exoskeleton design entails extensive testing. The
prototype must be tested for functionality, performance and
wearer safety. It is also necessary to carry out a risk analysis
[1-3]. Exoskeleton performance is also studied to prevent
joint strain or chafed skin [3]. Performance metrics must be
compared with the baseline for human subjects not wearing
the exoskeleton. Test benches are often designed to test a
single exoskeleton performance characteristic, e.g., flexural
strength, actuators, resistance limits of joints or structural
elements, etc. In some cases, dummies are used to replicate
human features, size and body weight [4].
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A number of rehabilitation and industrial exoskeleton
prototypes have been designed and constructed at the
Politecnico di Torino Department of Mechanical and
Aerospace Engineering (DIMEAS) [5-8]. Work on designing
a test bench for industrial trunk support exoskeletons started
in 2019. While design initially focused on a test bench
featuring a trunk simulator, it became apparent that an
appropriate pelvis simulator was also needed, with provision
for anthropometric adjustments to simulate different adult
exoskeleton wearers. Accurate measurement of pelvic
parameters is essential in many clinical and research fields
and is particularly important in this case in the optimization
of a prototype test bench for industrial exoskeletons [9-15].
Among these parameters, the line connecting the axis of the
femoral head and the midpoint of the sacral plate, on the
sagittal plane (defined as sagittal pelvic thickness or SPT),
plays a crucial role in understanding the anatomical
variations of the pelvis and in practical application in the
industrial context. This study aims to calculate the value of
the SPT through two distinct methods: the use of values from
the literature and the calculation based on a geometric
transposition of the pelvis, integrating additional pelvic
parameters and using trigonometric methods from the
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literature [9-21]. The data analysis was conducted on a
representative sample, presenting the results in the form of
mean, standard deviation and maximum and minimum
values for three confidence intervals. Before proceeding with
the analysis, several case studies and scientific articles were
examined, from which the pelvic parameters necessary for
the calculation were extracted. This research not only aims
to provide a precise definition of the SPT but also to
contribute to the existing literature with empirical data that
can be used for future scientific investigations. The
combination of tabular and geometric methods [9-21] offers
a potentially more accurate perspective for the measurement
of this parameter, ensuring a comparison between different
assessments and increasing the probability that the defined
range reflects real values. The examination of the SPT
involved a lot of parameters and methods, both experimental
and numerical [11, 12, 14-16]. The parameters were often
analysed wusing standing radiographic imaging then
compared with normal subjects. All the main study carried
out on the human pelvis demonstrate that SPT and S1 (sacral
tilt) can be considered reflecting the action lever arm of the
spinopelvic muscles and capable of expressing the ability of
the subject to compensate a possible sagittal unbalance. The
study presented here is useful both as an engineering study
of the human pelvis and in improving the DIMEAS
exoskeleton test bench. In fact through these considerations
and literature data and methods elaboration, authors
succeeded to know the proper SPT range variation that
allows to realize in the DIMEAS test bench a pelvis
simulator with important anthropometric regulations. In the
future, it will be possible to interact with doctors involved in
these studies, but always with engineering-based research
purposes in mind. The human pelvis represents a crucial link
between the upper and lower body, and it plays a key role in
trunk motion and in the static and dynamic balance of the
entire body. Therefore, future interactions with doctors will
be important both to improve knowledge of this part for
balance and rehabilitation, including cerebral rehabilitation,
and to better design exoskeletons to assist the trunk. To date,
the study of the pelvis has focused mainly on data and
literature research in order to allow the authors to improve
their knowledge and engineering modeling for subsequent
interdisciplinary studies.
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2 AIM OF THE STUDY

The study analyzes the range of variation in the Sagittal
Pelvic Thickness (SPT) of adult subjects in order to
determine pelvis simulator dimensions. The DIMEAS test
bench prototype is pneumatically controlled (Figures 1). Hip
joint (H) and the lumbo-sacral joint (L) axis are separate, as
in the physiological human pelvis.

human trunk | actuator 1

simulator |

lumbo-sacral joint axis ’

actuator 3

hip joint
axis

actuator 2

human
pelvis
simulator

Figure 1a A scheme of the DIMEAS exoskeleton test
bench prototype.

Figure 1c Photographs of test bench in operation.
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Pneumatic actuator 3 moves the pelvis simulator during
trunk flexion and extension, while cylinders 1 and 2
respectively simulate the trunk weight effect and muscle
action during trunk movement. The pelvis simulator features
two flat hinges, simulating joints H and L. The current SPT
value is 102 mm and it is a fixed dimension.

3 MAIN GEOMETRIC PARAMETERS

The main pelvis nomenclature for the human pelvis study is
shown in Table I. These parameters are illustrated in Figure
2. Specifically, parameters include: length of S1 (line joining
the anterior and posterior sacral plate points); offset of S1
(the distance between the femoral head axis and the midpoint
of the sacral base S1 projection on the horizontal); pelvic
angle (between the pelvic radius and the vertical through the
femoral head axis; pelvic radius (line joining the center of
the femoral head to the posterior point of the sacral plate);
angle o; (the complementary angle to pelvic incidence)
[9,10]. Several values are directly linked to SPT. They
include: PI (the angle between the perpendicular to the sacral
plate at its midpoint and line connecting this point to the
femoral head axis); SS (sacral angle [10] between the sacral
plane and the horizontal); PT (angle between SPT and the
vertical through the femoral head axis; PR-S1 (Jackson’s
angle [11] or pelvic lordosis), angle between the sacral plate
plane and line joining the sacral plate posterior point and the
femoral head axis.

Table I — Main pelvis nomenclature

Name Abbreviation
Sagittal pelvic thickness SPT, PTH
Pelvic incidence PI

Pelvic tilt PT
Pelvic angle PA
Sacral angle SS

Jackson’s angle PR-S1, o
Half of the length of d
vertebra S1
Pelvic radius PR
Overhang or offset of OVSl1, PO
vertebra S1
Femoral head diameter D
Femoral axis HA
SPT projection on the A, DYp
vertical
SPT projection on the B, DZp
horizontal
Length b +length d c
Complement of PI o
Lumbar lordosis angle LLA,LL
Sacropelvic angle PSA
Lumbosacral angle LSA
Sacral tilt S1
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lumbo-
sacral
joint axis

PR

v

HA

Figure 2 Main nomenclature.

3.1 FACTORS INFLUENCING SPT

As a number of studies [9,12-22] have shown, SPT is
influenced by pathologies, age, gender and ethnicity.
Analysis of many lateral radiographs of the pelvis has shown
how pathologies such as lumbago and spondylosis can
influence pelvic incidence, Jackson’s angle and the length of
vertebra S1. Significant changes in pelvic incidence and
Jackson’s angle (a2) also lead to a significant changes in
SPT. Pelvic thickness is around 130 mm for healthy subjects
and those with relatively minor pathologies, with a pelvic
incidence of around 50° and Jackson’s angle from 32° to 38°
and PI between 60° and 70° (PR-S1 between 17° and 25°),
corresponding to an SPT between 108 and 116 mm for
subjects affected by more serious pathologies [16]. Several
studies have addressed changes in pelvic parameters as a
function of the subjects’ age, using computed tomography to
determine pelvic incidence, pelvic thickness and vertebra S1
width. With advancing age, pelvic incidence increases, while
sagittal pelvic thickness decreases. Japanese researchers
have also analyzed the increase in pelvic incidence with age
using linear regression equations to evaluate subjects’
parameters [10,13,14]. Studies have investigated differences
between men and women with respect to fundamental pelvic
parameters [9-11]. One such study evaluated a group of
subjects [11] consisting of 55 men and 53 women. For the
men, average age was 49.3 + 30.1, height 166.0 + 11.4 cm,
and body weight 63.3 + 16.6 kg, while for the women,
average age was 49.1 £ 29.6, height 151.9 + 12.1 cm, body
weight 52.4 + 14.6 kg. The study found no substantial
difference between males and females for all examined
parameters, though on average SPT was relatively higher in
women considering the difference in body height in
particular [11]. In another study [13], radiographic
measurements were taken with subjects aged between 18 and
80 years belonging to different ethnic groups across five
countries (France, Japan, United States, Singapore and
Tunisia). It was found that pelvic parameters vary
considerably among ethnicities. SPT was higher among the
Asian population than among Arabo-Bérbére subjects, while
Caucasians had a higher pelvic incidence than Asians [9-16].



4 STATE-OF-THE-ART: PELVIS ANALYSIS
METHODS IN THE LITERATURE

Some pelvis analysis methods from the literature are
presented. In one method, radiographic angles were
measured for pelvic incidence [17,20], vertebra S1 offset,
and pelvic tilt, which can provide a tool for calculating SPT
and sagittal balance. Trigonometric models have also been
used to determine pelvic radius and Jackson’s angle [12],
where sometimes the pelvic thickness is the hypotenuse of a
triangle formed by a and b (Figure 3). Geometric relations
for calculating SPT as a function of the other parameters
developed using Figure 3 will be illustrated in the following
sections. Standing lateral radiographs can also be used to
calculate SPT from the pelvic radius and PR-S1 defined by
Jackson in his studies of 1998,18 200019 and 2003,20
analyzing pelvic morphology (pelvisacral angle, pelvic
incidence, and pelvic lordosis) and calculating the combined
angles. In a 2005 study [14] two different methods were used
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to determine the relationship between sagittal pelvic
thickness and pelvic incidence in 12 subjects, and the results
of each method were compared. The first method consisted
of direct anatomical measurement of incidence and thickness
by means of an electromagnetic system. The second method
used measurements from radiographs in the sagittal plane.
In a study from 2006 [21] pelvic parameters were measured
on standing lateral radiographs of 145 adults without
vertebral problems and 35 adults with spondylosis in order
to assess sagittal spinal balance. Specifically, pelvic
thickness was determined by calculating pelvic incidence
(PI) and Jackson’s angle (PR-S1), defining angles a; and a..
Sagittal spinal balance has also been assessed using the
pelvic radius technique [17]. In this case, pelvic radius and
Jackson’s angle were analyzed in 75 healthy subjects, 75
subjects with spondylolisthesis, 194 subjects with spinal
deformity, and 60 subjects with scoliosis, for a total study
population of 40

lumbo-sacral joint axis

b ] |\d
al

hip joint axi

S

lumbo-sacral joint axis

Figure 3 Details of the trigonometric method [12].

The study cites a number of published measures: Jackson et
al. (1998) with N = 50, age 39.4 £ 9.5, PR (mm) 135 + 8.6,
PRSI (°) 31.2 + 7.9; Jackson et al. (2000) with N = 20, age
46, PRSI (°) 31+ 8.7; Jackson et al. (2003) with N = 75, age
39, PR (mm) 136,8 + 8.9, PRS1 (°) 30.9 + 9.8; Legaye (2007)
with N = 145, age 40.7 £ 18.7, PRS1 (°) 35.2 £ 9.6.

Studies carried out by Japanese researchers [13] use linear
regression equations to determine correlations among
radiographic parameters in order to support the hypothesis
that pelvic incidence increases with age. The study cohort
consisted of 126 healthy adult volunteers (without spinal
pathologies), 30 males and 96 females, aged between 20 and

46

69 years, for an average age of 39.4 years. These equations
will also be used by the present authors. S1 offset and the
pelvic tilt angle were also indicated. A 2022 study [22]
compared pelvic parameter measurements from 43 subjects
affected by spondylosis before and after they received
spondylodesis. The following parameters were measured to
evaluate sagittal lumbar alignment: segmental lordosis (SL);
ventral (vDH) and dorsal (dDH) disc height as distances of
the ventral and dorsal edge of the treated vertebral disk;
lumbar lordosis (LL); pelvic incidence (PI); pelvic tilt (PT);
and sacral slope (SS). A study published in 1998 [16]
measured anatomical parameters on orthogonal plane



radiographs of individuals in a standing position. The data
were then processed by means of a software package used to
reconstruct the spinal column and pelvis in three dimensions
and perform statistical analysis. Subjects were divided into
two categories: normotypes (49 in total, 28 men and 21
women) and those affected by scoliosis (66 individuals).
Some physical characteristics are also indicated: the
population consisting of healthy individuals has an average
age of 24 years (19-50), height of 173 cm and body weight
of 65.8 kg; the subjects with scoliosis have an average age of
33 years, height of 161 cm and body weight of 55 kg [20-
27].

5 AUTHORS’ STUDIES

On the basis of the studies outlined above, the authors used
trigonometric models [12-16] and direct numerical values
from the literature [9-29] to calculate SPT from a range of
initial information. Data from the literature [9-29] were also
used to validate the trigonometric models’ results.

5.1  SPT FROM TRIGONOMETRIC MODELS

Using the two main trigonometric methods [12] illustrated in

Figures 4 and 5, the authors calculate the SPT length for

different subjects. The trigonometric models were as

follows:

e method 1: authors used the trigonometric model shown
in Figure 3 [12] and calculated SPT via pelvic incidence
and via pelvic radius;

e method 2: authors used a simpler model deriving SPT
from pelvic tilt and S1 offset using a trigonometric
formula (Figure 4 [12]).

e Average SPTs from the literature were then analyzed for
healthy subjects and subjects affected by pathologies.
These aspects will be described below.

5.1.1 SPT from Trigonometric Models: Method 1

In this analysis, SPT was calculated starting from the
trigonometric model shown in Figure 3 [12] and then using
pelvic incidence and pelvic radius, using the expressions
proposed in the literature [12] and sometimes also
reformulated them:

a, =90 —PI (1
tana; = a/b; tana, =a/c 2)

where ¢ = b+d (Figure 3)
SPT = a/sin (a;); SPT = b/cos (a;) 3)

It should be borne in mind that d=S1/2.
From the measurement of the pelvic radius, we obtain
(Figure 4):

a=PR -sina, 4)

SPT was calculated using dimensions a and b (Figure 3).
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L (lumbo-sacral joint axis)

..........

Figure 4 Relationship between SPT, pelvic tilt (PT) and S1
(OVS]) offset in the sagittal plane [12].

5.1.2 SPT from Trigonometric Models: Method 2

With method 2, the authors determined SPT from pelvic tilt
and S1 offset using a trigonometric formula, starting from
the diagram shown here in Figure 4 [12]:

SPT = 0VS1/sin (PT) (5)

Further details of these calculation results will be illustrated
below.

52  SPT CALCULATED FROM LITERATURE DATA
To verify the SPT values obtained using methods 1 and 2
described above, the authors analyzed a number of articles
[9-15,18-20] obtaining a sizable quantity of SPT values for
different subjects which were then compared with the
authors’ calculations.

5.2.1 Healthy Subjects

One of authors’ first calculations from literature data [12]
was the general determination of SPT using pelvic incidence
and pelvic thickness measurements. Table II shows the
results obtained from analyzing subjects presented in the
literature [9-15,18-20] while Table III illustrates the results
for PI and ;. The goal was to derive a defined interval from
all measurements, regardless of the subjects’ demographic
characteristics. In all of the tables, the numbers in bold at the
bottom are the overall average measurements for each
column. Referring to Table II e II1, the total values (in bold)
are the average of the values of all the measures based on the
number of samples in the study (N = 1657 for SPT, N = 1600
for PI) designated with N. The maximum and minimum are
either extreme values of the analyzed population or statistical
limits given by doubling the measure of the calculated
standard deviation, representing a 95% confidence interval
for the total population.



Table II - SPT values analyzed from literature [9-15,18-20]
Average (mm) [ Min (mm) | Max (mm)

132.0 103.9 160.1

95.2 7.6 113.8

85.3 64.2 106.4

104.9 87.7 122.1

107.0 87.1 126.9

108.4 91.4 125.4

109.0 95.0 123.0

109.0 89.0 130.0

102.1 100.5 103.7

107.3 106.3 108.3

105.6 104 .4 106.8

116.9 98.1 135.7

116.9 99.0 147.0

120.0 105.0 135.0

155.5 136.2 174.8

133.1 117.8 148.4

113.3 97.9 129.1

Table III - PI and ol values from literature [9-15,18-20]
PI o

Average | Min | Max | Average | Min | Max
©) ©) ©) ©) 1O
48.3 28.1 68.5 41.7 21.5 | 61.9
58.6 37.2 80.1 314 9.93 | 52.8
59.7 39.8 79.6 30.3 12'4 50.
47.6 27.2 68.0 42 .4 22 | 62.8
46.2 27.0 65.4 43.8 24.6 | 63.0
47.0 30.7 63.3 43.0 26.7 | 59.3
52.3 30.1 74.5 37.7 15.5 | 59.9
52.3 26.9 82.1 37.7 7.9 | 63.1
52.0 49.6 54.3 38.0 35.7 | 40.4
51.0 49 .4 52.5 39.0 37.5 | 40.6
52.5 51.0 54.1 37.5 359 | 39.0
48.5 30.5 66.5 41.5 23.5 | 59.5
48.5 33.0 69.0 41.5 21.0 | 57.0
49.8 34.5 65.6 40.2 24.4 | 55.5

5.2.2 For Different Conditions

The authors then analyzed SPT in various types of subjects
and situations presented in the literature [9-11, 23, 24]. For
example, Table IV illustrates the analysis conducted for
different genders (M = male, F = female). As can be seen,
there is in general a slight difference (in the order of 1°) in
pelvic incidence between the female (F) and male (M)
population. The gender difference is even smaller for STP,
as the average, minimum and maximum figures are
practically identical in a population of 238 subjects. Table V
and VI show results for non-elderly subjects. As can be seen
from the analysis of variations in pelvic incidence angle, the
mean values do not vary significantly; here again, the range
of values increases on both sides. By contrast, the trend for
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angle o, is the inverse of that for PI (being its complement)
and the angle is thus directly proportional to SPT.

Table IV - Selected SPT values by gender [10-12,15]

SPT
M F
Average | Min Max | Average | Min Max
(mm) |(mm)| (mm) | (mm) | (mm) | (mm)
104.5 | 87.3 | 121.7 105.4 87.6 123.2
108.9 | 89.8 | 128.0 110.2 90.4 127.0
119.0 | 99.5 | 138.5 114.1 97.5 130.6
107.2 | 89.3 | 125.1 107.3 89.1 124.7

Table V - Average, minimum and maximum SPT excluding
distributions with individuals aged over 65 years [9-13]

SPT
Average (mm) | Min (mm) | Max (mm)
132.0 103.9 160.1
104.9 87.7 122.1
108.9 89.8 128.0
110.2 924 128.0
109.0 95.0 123.0
109.0 89.0 130.0
116.9 98.1 135.7
116.9 99.0 147.0
120.0 105.0 135.0
155.5 136.2 174.8
133.1 117.8 148.4
117.1 96.4 138.3

Table VI - Average, minimum and maximum PI and o,
excluding distributions with individuals aged over 65 years

[9-13]
PI o
Average | Min Max | Average | Min | Max
©) ©) ©) ©) (GHNG)
48.3 28.1 68.5 41.7 21.5 | 61.9
47.6 27.2 68.0 42.4 22.0 | 62.8
46.1 25.5 66.7 43.9 23.3 | 64.5
45.8 29.1 62.5 44.2 27.5 | 60.9
52.3 30.1 74.5 37.7 15.5 ] 59.9
52.3 26.9 82.1 37.7 7.9 | 63.1
48.5 30.5 66.5 41.5 2351595
48.5 33.0 69.0 41.5 21.0 | 57.0
48.9 28.2 70.4 41.1 19.6 | 61.8

6 SOME PROCEDURES FOR DETERMINING SPT

As described below, electronic spreadsheets were developed
that can be used to determine the SPT range for the DIMEAS
pelvis simulator. An example will also be presented of
calculating trends for pelvic incidence and pelvic thickness
as a function of subjects’ age using two linear regression
equations. The example involves a total of 6 subjects (3 male
and 3 female) divided into 3 ethnic categories.



The SPT values considered in determining the adjustment
range of the pelvis simulator section of the DIMEAS
exoskeleton test bench are discussed below.

6.1 AUTHORS’ ELECTRONIC SPREADSHEETS

The following procedure was used to calculate the pelvic
thickness values shown in Table VII from pelvic parameter
measurements and  geometric/trigonometric  models,
developing the electronic spreadsheets such as that shown in
Table VII as a tool for examining literature data and
calculating results, obtaining the corresponding SPT. In
Table VII, when a and b are indicated, SPT values are
derived from method 1, while when a and b are not indicated,
SPT derives from method 2. All values in Table VII were
determined with method 1 or 2. Length d (Figure 3) is
assumed to be a constant 18 mm, given the limited literature
on the subject and given that its between-subjects variation
is negligible compared to that of the other parameters
[12,24,25]. From the perspective of statistical analysis, it
should be borne in mind that the SPT measurements are
given by the averages of the different distributions presented,
since values of the pelvic parameters associated with an
individual are not readily available in the literature.

6.1.1 SPT Filtered by Age and Pathologies

Further spreadsheets whereby SPT can be obtained under
different conditions were developed by filtering for values
associated with elderly subjects and those with more serious
spinal pathologies. The resulting data will be used
statistically to define the range of values. To that end, the
mean of the distribution will be calculated as a weighted
mean based on the number of subjects, the variance (again
based on N) and the associated standard deviation. The
maximum and minimum are defined by the deviation of
twice the standard deviation from the mean of the values, as
here defined: average value 115.20 mm; minimum value
93.92 mm; maximum value 136.47 mm; variance 113.17
mm? ; standard deviation 10.64 mm.

6.1.2 PI and SPT Trends Using Linear Regression
Equations

Some of the articles cited in this study [9,10,13] are useful in
investigating how pelvis parameters vary as a function of
age, and provide linear regression equations that can also be
used to visualize pelvic parameter variation. Specifically, the
two equations to define pelvic incidence and SPT based on
age and the subjects’ gender and ethnicity [9,10,13] are as
follow:

Pl=44.3 + 0.2 *age (6)
SPT=(115.2—-0.05 xage + 1.07 * gender — 1.68 * %)
a+0.63 xb6— PHN.55
In the SPT equation, gender can be male (zero) or female
(one), the letter a designates Arab ethnicity, b designates
Asian ethnicity, while if both are set to zero the ethnicity is
Caucasian. Further electronic spreadsheets (not shown for
space reasons) were constructed whereby the influence of
subjects’ ages and ethnicities on PI and SPT can be
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examined. Average SPT for each year of age was then
generated and graphed together with PI as shown in Figure
5.
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Figure 5 PI and SPT as a function of age.

Estimated variation in pelvic thickness is about 20 mm, while
that of pelvic incidence is about 10°. The variation in the two
measures is inversely proportional: pelvic thickness tends to
decrease with age, while pelvic incidence increases. The
electronic spreadsheets shown in Figure 7 allows to obtain the
SPT values starting from different information from the
literature data or calculated from the models proposed. SPT
values are important both for the proper design of automatic
devices applied to the human trunk (active or passive) and for
a general study and knowledge of the human pelvis. The key
for reading Table VII is: referring to the trigonometric models
illustrated above and the two methods proposed by the
authors. In fact the SPT can be calculated in various ways,
depending on the known parameters (PI, PRSI, PR, PT, etc.).
Therefore, where there are blank spaces in the columns of the
respective parameters (Table VII), it means that the parameter
is unknown, but the SPT can still be calculated using the other
available parameters.

7 COMPARISON AND ANALYSIS OF RESULTS

Calculated and literature data for STP and other pelvic
parameters, including pelvic incidence and Jackson’s angle
in particular, were compared to improve this study. It should
also be borne in mind that the issue of measurement
uncertainty cannot be addressed here, as the study draws on
data and literature analysis. However, it is an important
study, as it is difficult to find information on SPT and
construct, as the authors did, useful tools for its calculation.

7.1 CALCULATED AND LITERATURE DATA FOR
SPT

In comparing the means and standard deviations of the SPT
values from the literature data and resulting from calculation,
it was found that the two distributions have a very similar
means: 117.01 mm for the literature data, and 115.20 mm for
the calculated values, resulting in a delta of 1.8 mm. The
delta for the standard deviation, on the other hand, tends to
zero, as the two values are practically identical (around 10.6
mm).
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Table VII - SPT values calculated from pelvic parameters from literature data or using trigonometric models [16-29]

This indicates that the distributions have practically identical
behavior, with widths that are approximately equal and
means with a very small deviation. The value that
differentiates the two measures is the number of subjects in
the sample population, 1138 for the literature data and 2156
for the calculated data, almost double. Individual SPT values
can also be compared graphically, analyzing their dispersion
(Figure 6). The curves for the two series of data differ (given
that different subjects are analyzed), but the extremes
coincide and the curves meet at a point close to the average
values.

It can thus be concluded that the literature values for SPT are
comparable to the calculated values, and the calculation
model is consistent.

PI PRS1 PR PT | OVS1 o o2 a b SPT
Ol lom | @lom| @ | ©| @om| @n | @
50.2 35.2 11.5 39.8 | 35.2 82.8 69.0 107.8
49.6 35.8 10.6 40.4 | 35.8 85.1 72.4 111.7
62.0 24.3 14.7 28.0 | 2423 53.9 28.7 61.1
58.0 32.0 137.0 32.0 | 32.0 72.6 98.2 122.1
76.0 14.0 137.0 14.0 14.0 33.1 114.9 119.6
66.0 24.0 135.0 24.0 | 24.0 54.9 105.3 118.8
60.0 30.0 138.0 30.0 | 30.0 69.0 101.5 122.7
119 | 22.6 109.6

10.3 19.2 107.4

123 | 224 105.2

16.0 | 25.0 90.7

12.6 | 20.8 954

14.0 | 24.6 101.7

54.3 31.2 135.0 35.7 | 31.2 69.9 119.8
54.7 30.9 136.8 353 30.9 70.3 121.6
60.8 343 29.2 | 343 55.7 99.6 114.1
39.6 45.5 504 | 45.5 115.8 95.8 150.3
52.6 33.2 374 | 33.2 81.7 106.9 134.6
48.3 36.9 41.7 | 36.9 85.9 96.4 129.2
52.8 32.5 372 | 32.5 71.4 94.0 118.0
47.3 38.1 42.7 | 38.1 93.9 101.8 138.5
60.5 25.9 29.5 | 259 61.7 109.0 125.2
70.6 17.2 194 | 17.2 46.1 130.8 138.7
10.3 18.8 105.1

10.0 | 18.3 105.4

11.5 | 21.7 108.6

123 | 21.3 99.9

119 | 224 108.5

129 | 24.1 107.8

46.3 38.9 43.7 | 38.9 94.2 98.6 136.3
51.6 34.4 384 | 344 89.5 112.8 144.0
9.3 18.2 112.7

48.5 37.1 128.9 41.5 | 37.0 85.4 84.9 120.4

140

SPT (mm)

Number of values

calculated — from literature

Figure 6 SPT versus number of results for the two
distributions.
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7.2 FINAL SPT RANGE

A preliminary possible proposal for studying these data is
presented here. Table VIII was compiled to define the range
of pelvic thickness variation. It illustrates the mean and the
standard deviation calculated for the parameter. Values were
divided into three confidence intervals (a confidence interval
provides a range of values within which a population
parameter, such as a mean or proportion, is believed to lie
with a certain probability or "confidence," typically
expressed as a percentage (e.g., 95% or 99%)) based on
standard deviation. Standard deviation (the standard
deviation (or root mean square) is a statistical measure of
dispersion that indicates how much the values in a set of data
deviate from their arithmetic mean) is here indicated as SD.
The ranges of 1, 2 or 3 standard deviations represent the
confidence intervals (in the order 68.6, 95.4 and 99.7). These
intervals represent the percentage probability (it is the most
common way to express the probability of an event,
converting the fraction (favorable cases / possible cases) into
a percentage. To do this, divide the numerator by the
denominator to obtain a decimal, and then multiply this
decimal by 100, adding the "%" symbol) of finding a subject
within the range represented by the SD: for example, the
interval obtained from 2*SD represents a 95.4% probability
that a subject will fall within that interval.

Table VIII - SPT values for three confidence intervals.

SPT
Confi- | Average | Min | Max SD | Probabi-
dence value | value( | value | (mm) lity
interval | (mm) mm) | (mm) (%)
SD 115.2 105 126 | 10.64 68.6
2*SD 115.2 94 136 | 10.64 95.4
3*SD 115.2 83 147 | 10.64 99.7

By calculating the minimum and maximum values and
deviation from the mean, the probability that a subject has a
pelvic thickness that falls within that range is approximately
68%. This increases to 99% by deviating by three standard
deviations (SD). It is also interesting to introduce the
distribution of pelvic thickness (Figure 7).

L: lumbo-sacral joint
axis
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This normal distribution indicates the probability considered
on N=33 subjects in the sample population here from SPT
values calculated and not from the literature data. On the
other hand the whole number of subjects examined by the
authors was N = 115. It follows that an average useful range
of SPT variations for the DIMEAS pelvis simulator is from
80 mm to 190 mm.

40
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Figure 7 Normal distribution of SPT.

In the future, all these analyses may be refined through
studies conducted in collaboration with physicians in the
field. The study presented here is useful for improving
engineering knowledge of the human pelvis and thus future
interactions with clinicians [30-32].

8 DIMEAS PELVIS SIMULATOR MODIFICATION

The study presented here was the basis for developing a new
configuration of the DIMEAS exoskeleton test bench pelvis
simulator. SPT can be adjusted by varying the dimension
either along the hypotenuse of the right triangle shown in
Figure 3 or along the sides. Figure 8 shows a possible
preliminary design solution. The SPT regulation is in this
case obtained using commercial recirculating ball guides for
all movements. Each regulation is currently foreseen in
manual mode. Future work will focus on optimizing this
configuration to arrive at the final test bench layout featuring
an SPT adjustment range of 80 mm to 190 mm.

SPT variation

H: hip joint
axis

a)

b)

Figure 8 A possible configuration of the new pelvis simulator in the DIMEAS test bench: a) overall view; b) details.



9 CONCLUSIONS

The study presents an original analysis of data from the
literature that can help in gaining a better understanding of
human pelvis dimensions and geometry.

Starting from a literature review, the authors developed a
method for calculating several main human pelvis
parameters, including sagittal pelvic thickness.

The analysis also resulted in a human pelvis engineering
study that can be fruitfully applied in designing industrial
trunk support exoskeletons and their test benches.

The study and construction of a 3D-printed scale model of
the human pelvis (95% ile of which is Italian male) is
currently underway. This will allow both to improve
understanding of this part of the human body and to present
and explain it to students in the field.

A physical model of the human pelvis will also be
constructed, perhaps with movable parts, in order to analyze
pelvic function and characteristics.
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ABSTRACT

Green and clean energy harvesting has been of interest owing to exploit renewable energies
and to avoid pollutant sources. The literature proposes significant devices to convert ambient
energies into usable energies such as double pendulums. Double pendulums have high potential
for energy harvesting due to their nonlinear dynamics and especially their chaotic behaviour.
In this study, an inverted double pendulum energy harvester is proposed to harness vibration
energy for mechanical applications. First, we present the inverted double pendulum design and
the governing equations, in free and forced regimes. Second, we analyse the inverted double
pendulum oscillations and bifurcations. Third, we conduct a parametric study to explore the
effect of varying the inverted double pendulum parameters: first pendulum mass and length,
second pendulum mass and length, and double pendulum total length. Last, we present the
produced optimal energies, in free and forced regimes. The double pendulum nonlinearity leads
to quasiperiodic and chaotic responses. The findings reveal that it is possible to tune the double

pendulum parameters toward maximizing the converted energy.

Keywords: Inverted double pendulum, Energy conversion, Nonlinear dynamics, parametric
analysis, optimal energy.

1 INTRODUCTION

Energy harvesting is the method of gathering and converting
energy from ambient environment[1]. It has been in the focus
list in recent years as a promising solution for providing
clean, decentralized, and sustainable power. There are
several ways to harness different ambient energies, such as
wave movement[2], mechanical vibration[3, 4], and dynamic
oscillation[5, 6]. Substantial volume of literature have
been devoted to development and efficiency optimization
of different systems and methodologies to convert these
vibrational energies into electricity, paying particular
attention to efficiency optimization and compatibility with
differing operational environments[7, 8, 9].Among the
many mechanical tools investigated for energy harvesting,
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pendulums have been among effective classes. These
mechanisms, especially those involving nonlinear dynamic
phenomena, are more suitable for energy harvesting from
low-frequency, irregular, and multidirectional vibrations.

Double pendulum is a famous example of these nonlinear
systems. Its capacity to exhibit sophisticated dynamic
properties, including large and stable oscillations for some
excitations, renders it a promising contender for energy
harvesting[10]. Several design advancements have been
proposed to exploit the potential of pendulum-based systems.
As an example, [11] proposes an asymmetric conical
pendulum involving a piezoelectric cantilever beam with
multidirectional energy harvesting functionality. In[12], a
model of a two-degree-of-freedom (2-DOF) system was
developed to demonstrate how quasiperiodicity and energy
harvesting stabilization is induced by a passive pendulum.
However, despite improvements in motion control, the power
output under this method averaged frequently lower than in
uncontrolled instances. While chaotic responses have been
associated with higher energy output. Yet another creative
solution is presented in[13], where a hybrid pendulum-beam



system, modelled by Euler-Bernoulli theory and Hamilton’s
principle, was discovered to achieve optimal harvesting
performance with regard to pendulum mass and length.
Similarly, [14] introduced a quad-stable energy harvester
comprising a nonlinear pendulum and magnetic forces that
can harvest ultra-low-frequency motion and translate it into
useful electrical power. A magnet-coil configuration within
a double pendulum system was proposed in [8], which
facilitated efficient energy harvesting in both linear and
nonlinear motion regimes. The integration of pendulum
structures with elastic elements has also been encouraging.
In [15], a pendulum-elastic beam configuration was seen to
exhibit good performance under low excitations, producing
high power output.

Pendulum systems have also been studied for offshore
structures. The dynamic nature of ocean waves with
varying amplitudes and frequencies creates a best possible
scenario for such systems [16, 17, 18]. A floating pendulum
platform coupled with a DC generator shaft was optimized
by a particle swarm algorithm in order to show power
output sensitivity to pendulum parameters [19]. Another
study [20] examined a parametrically excited pendulum
that was designed to enhance performance at low wave
amplitudes and frequencies using both heaving and surging
motions. A pendulum-type harvester capable of harvesting
multidirectional wave energy consisted of a combination of a
triboelectric nanogenerator (TENG) and an electromagnetic
generator (EMG) as reported in [4]. The system was effective
in charging capacitors for use in wireless monitoring in
marine scenarios. Further, [21, 22] proposed pendulum-
based underwater systems, achieving maximum energy
conversion at specific conditions of resonance. An
integrated electromagnetic energy harvester magnetic spring
mechanism was proposed in [23], which showed good
efficient performance under variable accelerations.
Nonlinear dynamics also widen the application of pendulum
systems in vibration control, as can be seen from
[24], in which a pendulum-type Electromagnetic Tuned
Mass Damper (ETMD) was proposed for the mitigation
of structural vibrations and power harvesting. In
wearable devices, pendulum-type harvesters have been used
successfully for the harvesting of human motion energy.
Research [1] showed that these systems were several orders
of magnitude better than traditional methods in specific body
joints.  High-performance quality piezoelectric ceramics
have also encouraged the application of such systems in low-
frequency human motion, leading to useful power outputs
[25]. Apart from practical applications, pendulum systems
have also been treated with numerical simulations and
theoretical mathematics. A simple pendulum model based
on a Lagrange equation was constructed in [26] to calculate
optimal power output angles and periods and display them in
efficiency maps that can aid system design. A chaotic triple
pendulum was modelled in another study with consideration
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of its use as a secure pseudo-random number generator
(PRNG), exhibiting double usability in the uses of both
energy harvesting and cryptography [27]. The spectrum of
pendulum dynamics from rotation to oscillation and chaotic
modes influences heavily the energy harvester design. For
instance, [28, 29] addressed ideal and non-ideal pendulum
models and provided evidence that the parameters in energy
balance determined the form of prevailing motion type
and connected power output. Further research on tunable
double-mass pendulum structures created better frequency
adaptability and power output in response to varying
conditions [30, 31]. Chaos-activated energy harvesting
was also investigated in [32], which investigated transitions
among oscillatory, centrifugal equilibrium, and chaotic
modes in a double pendulum system.

The goal of this study is to investigate a novel double
pendulum energy harvester. The double pendulum is inverted
and is explored in free and forced regimes. First, we present
the double pendulum design and the governing equations,
in free and forced regimes. Second, we analyse the double
pendulum oscillations and bifurcations. Third, we conduct a
parametric study to explore the effect of varying the double
pendulum parameters: masses and lengths. Last, we present
the produced optimal energies, in free and forced regimes.

2 PENDULUM PRESENTATION

The inverted double pendulum energy harvester is presented
in the current section. The fundamental design, modelling,
and equations are presented with a particular attention to the
pendulum motion.

2.1 PENDULUM CONFIGURATION

Figure la presents the inverted double pendulum energy
harvester layout in free regime. It is composed of two
coupled pendulums: first pendulum and second pendulum.
When the second pendulum oscillates, it pivots into a frame,
the frame is embedded on the output axis, hence the first
pendulum oscillates, since it is also embedded on the output
axis. The first pendulum is of mass M; and length L, the
rod mass is m;. Its angular displacement is denoted 6,. The
second pendulum is of mass M5 and length Lo, the rod mass
is my. Its angular displacement is denoted 5. The motion
of the first pendulum (Ellipsoid 1) is driven by the oscillation
of the second pendulum (Ellipsoid 2). The total length of the
inverted double pendulum energy harvester is L.

The masses geometry is elliptical instead of spherical to
reduce aerodynamic friction [33]. The pivot links are to
be with bearings to decrease mechanical friction. To the
output axis, an electric generator with a motion accumulating
device are to be mounted. Aerodynamic and mechanical
frictions are to be negligible to enhance the double pendulum
responsiveness and its motion durability.
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Figure 1 Inverted double pendulum layout.

To explore the subsequent behaviour of the pendulums,
we consider a case in which the coupled pendulums are

| — =
1
my
Ly
Yy _
M,

First pendulum

(b) Forced regime.

subjected to forcing source. We apply a magnetic excitation ,  miL? I 2
force to the second pendulum. It enables sustainable energy, —Jam; = MiLi + 12 +my <2 - Ll) 3)
to pass from free regime to forced regime.
The source of excitation consists of an electric coil, mounted
on the output axis and carries current to generate a magnetic
field. Depending on the relative position of the circular- my L2 I 2
permanent magnet, mounted on the second pendulum mass,  Jm, 15 m (2 — L1> @
from the electric coil, the magnet-magnetic field interaction
generates attractive and repulsive forces. The electric
coil current direction is changed accordingly to avoid
electromagnetic damping. o ( (L— Ll)sin(ﬁl)él L sin(92)92 ) s
2.2 LAGRANGE FORMULATION —(L = Ly) cos(61)01 — La cos(62)02
The dynamics of the inverted double pendulum energy
harvester can be described using the Lagrange formulation
L, which is obtained from the difference between the kinetic ~ (L — Ly)sin(6, )91 — Lo sin(92)92
energy T' and the potential energy V (L = T — V). In this VG = —(L - Ly) COS(91)91 _ % 003(92)3‘2 (©)
study, the effects of friction in the joints and other damping
effects are neglected to simplify the equations of motion.
1 .2 1 9 1 9 1 .2
T = §J191 + §M2UB + §m2UG + 5]5@92 (1) B m2L§
Ive = (7
12
J1=Jmy + Iy @)
1 m1L2 L v
T= §(M1L% + T + ml(E - L1)2)9%
+ 5 Ms((L -~ L1)203 + L303 + 2(L — Ly) L2616 cos(0; + 62)) 8)
1 0 L3 5 . 1 L3,
+ §m2((L - Ll) 91 + Z92 + (L — Ll)L26‘192 COS(91 + 92)) + §m2ﬁ92
L m
V = g Cos 01((M2 —+ ’ITLQ)(L — Ll) — ml(— — Ll) — MlLl) — g CcoS 92(M2 —+ J)LQ (9)

2 2
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2.3 FREE OSCILLATIONS
The Lagrangian function provides a means of obtaining the
equations of motion. That are obtained through the Euler-
Lagrange equation[29]. Its general form in case of free
pendulums is as the following:

(&)

Equation 10 combined to 8 and 9 forms the following gov-
erned equations that describe the dynamics of pendulums.
They take into account the interactions between the two
pendulums as well as their respective angles, velocities and
accelerations.

d

dt

oL
90,

0L
00;

=0, i€ {1,2} (10)

2

mqL "
T

L 2 ..
(MlL’;’Jr (5 7L1> +(]\42+m2)(L*L1)2> 01

(M + ’”72)@ — L)L, (9'2 cos(01 + 02) — 02 sin(0; + 92))

L
i

+ (JWlLl + ma (2

) — (M2 + mg)(L — L1)> gsinf; =0

(Ma + %)ng

+ (Mg + %)(L - Ll)Lg (01 COS(01 + 92) — 9? sin(01 + 92))
ma

+ (M2 + 7)ngsin92 =0

QY

2.4 FORCED OSCILLATIONS
In order to obtain equations of motion for the pendulums in
forced oscillations, we apply the following equation:

d (0L 0L 0P«

— =] - - — = 12
P, is the excitation power and could be giving by:
wol N r2 . .
P, = 3 0 13
ex 2(T2 i a2)% Mn(d)) avz (13)
We define p as the vacuum permeability (ug = 47 X

107 T-m/A). The electrical current flowing through the coil
is denoted by I. We notice r, IV, and [ specify respectively
the diameter of the electric coil, its number of turns, and its

length.
The magnetic moment x of the permanent magnet is defined
as k = M,V, where M, represents the magnetization

of the material and V is the volume of the permanent
magnet. While e and R represent its thickness and radius,
respectively, x can thus be expressed as:
k = M,meR? (14)

We present ¢ as the angle of orientation between the electric
coil axis and the magnetic moment. It can be expressed as
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follows:

(L — Ly)sin(61) + (L2 + e + %) sin(6>)
(L — Ly)cos(6h) — (Lo + e+ 22) cos(f) — L
15)

~—

¢ = arctan(

We notice b, is the length of the vertical semi-axis of the
second pendulum. The parameter a corresponds to the axial
separation distance between the center of the electric coil and
the permanent magnet. It can be written as:

le

a= [((L—Ll)cos(al)—(L2+6+%2)cos(02) 5

)% (16)

1
2

+((L — Ly)sin(81) + (La + e + %2) sin(02))?] a7

The following governing equations describe the motion of
the inverted double pendulum:

m1L2
12

. L 2 5\
(MlLiJF + my (5*111) +(I\/[2+m2)(L7L1)2> 01

ma

+ (Mz + Z2)(L = L1)Ls (82 cos(61 + 02) — 63 sin(61 + 62))

L
+ <M1L1 + ma (5 — L1> — (M2 + m2)(L — Ll)) gsinf; =0

(M2 + %)Li%
(M + %)(L — L)L, (9’1 cos(01 + 02) — 62 sin(0; + 92))

;,L[)INTQ

ma .
+ (M3 + —>)Lagsin s = & 5
2 2(r2 + a2)2

sin(¢) a
(18)

3 OSCILLATIONS ANALYSIS

In the current section, we study the dynamic behaviour of the
inverted double pendulum energy harvester in both free and
forced oscillations by numerically resolving the equations
of motion for each scenario with simulation software using
fourth-order Runge-Kutta method.

The governing equations are strongly related to different
physical conditions and external excitation, which have
significant influence on the pendulums dynamics with the
following initial conditions: 6;(0) —0.1rad, 62(0) =
0.2rad, 6,(0) = Orad/s, and 65(0) Orad/s. These
conditions are taken in both free and forced vibrations in
order to emphasis the coupling effect between 6; and 5, and
to induce an oscillatory motion to pendulums, even when the
excitation force is present. The following table resumes the
different parameters used in our simulation:

3.1 FREE REGIME
In free regime, the inverted double pendulum displays the
intrinsic dynamic by itself. Figure 2 illustrates the dynamic
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Figure 3 Forced pendulums oscillations.

Table I - Inverted double pendulum
physical and excitation parameters

Physical parameters

Excitation parameters

3.2 FORCED REGIME
Figure 3a shows the angular displacement 6; dominated
by quasiperiodic oscillations. Their amplitudes are slightly

Parameter Value Unit Parameter  Value Unit
My 1 kg le 0.075 m
My 1.3 kg N 350 -

mq 0.05 kg I 2 A
ma 0.08 kg e 0.005 m
Ly 0.4 m R 0.005 m
Lo 0.5 m r 0.005 m

L 1.033 m 1o 471077 TmA~!
b 0.05 m M, 1.2 A/m

behaviour of the double pendulum being analysed. It shows
both angular displacements (f; and #5) and angular velocities
(91 and 92). The angular displacement 6; (figure 2a)
presents quasiperiodic oscillations and chaotic motion. The
amplitudes fluctuate between +mrad, abrupt reversals to
indicate energy transfer among links. The angular velocity
(figure 2b) 0, consist of spikes +8rad/s of swift
directional reversals, denoting spikes in kinetic energy.

The angular displacements of second pendulum 65 do exhibit
less important oscillations amplitudes. Whereas G, might
attain extremes = 14rad/s during chaotic motions due to
nonlinear coupling effect (figure 2d).

~
~
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maintained then enhanced with time. Figure 3b displays
the angular velocity g, that is dominated by cyclical surges
in kinetic energy (6, between + 5.0(rad/s) and —
8.1(rad/s)) that indicate momentum transfer intensified by
external driving with an increase in the oscillation amplitudes
afterwards ¢t = 21s.

Besides, figure 3c presents the displacement of second
pendulum. It oscillates around zero, with higher frequency
oscillations and a significant phase lag relative to 6;. This
reflect the result of the nonlinear coupling effect between the
pendulums. Whereas figure 3d deciphers the corresponding
angular velocity 92, during the chaotic phase. When 02
fluctuates around zero, it shows irregular variations between
t = 0s and ¢t = 22s. After this, a second regime appears
that makes 6 begin to increase dramatically. It shows rapid
oscillations with increasing amplitude (> 80rad/s).

3.3 BIFURCATION DIAGRAMS

Figure 4 illustrates the dynamics of the investigated
pendulums in free and forced regimes. In fact, free vibration
(figures 4a and 4b) exhibit chaotic motions leading to
Hamiltonian dynamics. This means that bifurcations in the
free double pendulum energy harvester are dominated mainly
by energy-dependent transitions, such as libration-to-rotation
changes and parameter-induced stability changes.
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Figure 4 Phase portraits illustrating the angular velocity versus the angular displacement
of the double pendulum in free vibration.

In contrast, forced regime (figures 4c and 4d) includes
external energy input and leads to more structured dynamics.
The phase portraits signify limit cycles which correspond to
more regular responses to forcing and correspond to chaotic
behaviour. Moreover the coupled motions between first
and second pendulum under forced conditions show mixed-
mode oscillations and intermittent chaos, with trajectories
asymmetry hinting at nonlinear resonance effects as seen
in the dramatic acceleration in figure 4c and the increasing
amplitude of oscillations in figure 4d.  The inverted
double pendulum energy harvester is consequently not
only governed by external excitation but also by its own
parameters, such as mass distribution and link lengths, which
are responsible for defining its overall behaviour.

These structural characteristics influence the nonlinear
interactions of the pendulums that define their stability and
capacity to maintain oscillations. In the next section we
discuss how they could affect the dynamics of the inverted
double pendulum energy harvester.

4 PARAMETRIC ANALYSIS

This study is based on a detailed parameters analysis in
free and forced regimes. This elucidates the influence of
changes in the physical parameters; pendulums masses (M,
and Ms) and pendulums lengths (L;, Lo and L) on the
dynamics of the inverted double pendulum energy harvester.
The parameters of excitation remain the same as detailed in
table I.

4.1 DOUBLE PENDULUM MASSES
4.1.1 EFFECT OF THE FIRST PENDULUM MASS

To start by considering the mass of the first pendulum, we
vary M; while keeping all other parameters fixed in the
simulations with the same initial conditions. This varying
method allows us to isolate and study the influence of M;
on the dynamic behaviour of pendulums. The simulation
parameters, as outlined in the table below, include the fixed
values of the physical parameters of the pendulums as well
as the range of mass values that were used for the first
pendulum:
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Table II - Analysis of the first pendulum mass

Parameter Value/Range Unit
M From 1.1 to 1.5(step= 0.1) kg
my 0.05 kg
msa 0.08 kg
L1 0.4 m
L2 0.5 m
L 1.03 m

By plotting both the curves of angular displacement and
angular velocity for various masses of the first pendulum
(61, 0;) and the second pendulum (65, 65), we aim to
determine how different variations in mass affect the natural
dynamics and stability of the double pendulum.

In free regime, figure 5a demonstrates that increasing M;
from 1.1kg to 1.5kg leads to smaller angular displacement
of the first pendulum excepting in the case when M; =
M, . This specific value leads to chaotic movement. Figure 5Sb
shows that the angular velocity 0, follows a similar trend
in decrease when M; decreases. The angular velocity is
0, = 9.3rad/s for My = 1.1kg and 6rad/s in the case
of M 1.

Besides, figure Sc demonstrates that 6 amplitudes decrease
from 1.6rad to 1.1rad when M, increases. Also, figure 5d
indicates that 6, undergoes a corresponding drop in peak
velocity (from +12rad/s to +8rad/s). This reflects the
coupled nature of the first and second pendulum.

In forced regime, figure Se deciphers that the first pendulum
has a greater angular displacement when its mass increase
and attend value of 26md at My = 1.5kg. Moreover,
figure 5f displays that 6, follows the inverse proportionality
of M; with maximum velocities decreasing from +6rad/s
to +4rad/s, respectively for My = 1.1kg and M; =
1.5kg. Similarly, figures 5g and 5h show the decrease
in displacement and velocity of the second pendulum with
inverse mass-dependent phase.

4.1.2 EFFECT OF THE SECOND PENDULUM MASS
After the analysis of the effect of the mass M;, now we
analyse the effect of the mass M5 on the dynamics of the
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Figure 5 Impact of varying M on the double pendulum dynamics in free vibration (top row),
and forced vibration (bottom row).

double pendulum. The table below provides the parameters
used in this study:

Table III - Analysis of the second pendulum mass

Parameter  Value/Range Unit
Moy From 1.1 to 1.5(step= 0.1) kg
my 0.05 kg
mo 0.08 kg
Ly 0.4 m
L2 05 m
L 1.03 m

The following figures illustrate the angular displacements
(01, 02) and resulting angular velocities (91, 92) of the double
pendulum for various values of M.

In free regime, figure 6a illustrates that with increasing M,
from 1.1kg to 1.5kg, the angular displacement amplitude 6,
decreases. For instance, it increases when My = M; =
1.3kg with to chaotic type of behaviour. Figure 6b shows
that the angular velocity (61) has little sensitivity to Ma.
Furthermore, 91 reaches a maximum of 6rad/s for Mo
1.1kg, 6.9rqd/s for My = 1.3kg, and 9rad/s for My
1.5kg, so 6, increases slightly when M5 increases. In
addition, figure 6c presents at ¢ = 10 s, the maximum
angular displacement which is 0.27rad for My = 1.3kg
and 0.19rad for M, 1.1kg. So 0 is propositional
to M. The angular velocity of the second pendulum
0, is plotted in figure 6d. It is shown that the angular
velocity increases by increasing Mj. Since My increases,
the response becomes more intense, with maximum peaks at
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My = 1.5kg, indicating greater oscillations (+12rad/s) and
energy production.

In forced regime, figure 6e presents that higher values
of My result in larger and longer oscillations of angular
displacement (61) and leads to chaotic behaviour. For
example, My = 1.5kg has larger amplitude oscillations
(27rad) compared to M, 1.1kg. In addition, figure 6f
indicates that higher values of M, create larger and more
persistent oscillations in g;, with peaks at approximately
5.6rad/s for My = 1.5kg and 3.8rad/s for My = 1.1kg.
Figure 6g also shows that higher values of M, produce more
amplitude and longer-duration oscillations in the angular
displacement 65 with peaks of approximately 8rad for My =
1.5kg and 0.5rad for My = 1.1kg. Figure 6h demonstrates
that higher values of M, give significant values of g, and
reach of around 12rad/s for My = 1.5kg and 5rad/s for

4.2 DOUBLE PENDULUM LENGTHS
4.2.1 EFFECT OF THE FIRST PENDULUM LENGTH

Having gained insight into the influence of pendulums
masses on their dynamic responses, we no move on to study
the effect of their lengths. Starting with investigation L; on
the double pendulum behaviour, we use parameters values
provides in the following table:

Next we plot the angular displacements (6, 85) and angular
velocities (91, 92) of the double pendulum for each value of
L.

In free regime, figure 7a demonstrates that when L; increases
from 0.3m to 0.7m, the angular displacement amplitudes
of 6 increase, where peaks range from —5rad to 6rad.
However 60, reaches its maximum (24.5rad) when L,



Angular displacement (rad)

Angular displacement

10 5
Time (s)

(f) 6.

ISSN 1590-8844
International Journal of Mechanics and Control, Vol. 26, No. 02, 2025

(radis)

Angular velocity

15
Time (s)

(g) 02.

20

(h) 6s.

Figure 6 Impact of varying M on the double pendulum dynamics in free vibration (top row),
and forced vibration: (bottom row).

Table IV - Analysis of the first pendulum length

Parameter  Value/Range Unit
M1 1 kg
Mg 1.3 kg
my 0.05 kg
mo 0.08 kg
Ly From 0.3 to 0.7(step=0.1) m
Lg 0.5 m
L L+ Ly+0.13 m

Lo = 0.5m. Figure 7b illustrates that the angular velocity
0 is inversely proportional to L; with peaks increasing
from 4rad/s for L1 = 0.7m to 15rad/s for Ly
0.3m. The oscillations for intermediate lengths, such as
L, = 0.4m and L; = 0.5m, exhibit peaks, respectively,
around 10.3rad/s and 6rad/s. Also, figure 7c shows
that the angular displacement 05 grows with less values of
Ly, with peaks increasing from 1,8rad for L; = 0.7m
to around 3rad for L, 0.3m. Likewise, figure 7d
outlines that the angular velocity 6o peaks at 22rad/s for
Ly = 0.3m and 5rad/s for Ly = 0.7m, showing that
smaller lengths produce more extreme oscillations. In forced
regime, figure 7e shows that larger values of L; result in less
sustained oscillations. For instance, L1 = 0.3m exhibits
larger amplitude swings up to 25rad compared to L; =
0.7m at —b5,rad. In addition, figure 7f indicates that the
angular velocity 6, follows the same trend as 6, where
Ly = 0.7m reaches 2rad/s, whereas L; = 0.3m reaches
a maximum of 7.7rad/s. Furthermore, figure 7g illustrates
that the angular displacement 65 also grows with decreasing
L1, peaks rising for small values of L. In addition, figure 7h
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shows that the angular velocity 65 is increasing for a shorter
length of the first pendulum. The second pendulum leads to
chaotic behaviour when its displacement and velocity reach
huge values when L; = 0.3m.
4.2.2 EFFECT OF THE SECOND PENDULUM
LENGTH
For more investigation of the dynamics of the double
pendulum, we take into account the impact of the second
pendulum length Lo on the pendulums responses. The
parameters employed in this research are as summarized in
the table below:

Table V - Analysis of the second pendulum length

Parameter  Value/Range Unit
M1 1 k‘g
mi 0.05 kg
ma 0.08 kg
Lo From 0.3 to 0.7(step=0.1) m
L1 0.5 m

Figure 8 shows the angular displacements (61, #2) and
angular velocities (61, 65) of the double pendulum for each
value of Ls.

In free regime, the angular displacement of the first
pendulum 6, is visualized in figure 8a. It is shown that
its maximum is approximately equal to 24rad for Ly =
0.5m. When L, increase, 6; became more significative
while we have the greatest range of displacement for Lo =
0.7m . Additionally, figure 8b demonstrates the angular
velocity 6 is at its highest level between 6rad/s and 9.3rad,
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Figure 7 Impact of varying L; on the double pendulum dynamics in free vibration (top row),

and forced vibration: (bottom row).

with longer lengths sustaining higher angular velocities.
Similarly, the angular displacement of the second pendulum
02 (figure 8c) is at its highest level for the greatest value
of Ly. The motioned figure shows the maximum of 65 is
1.6rad for Lo 0.7m. However its minimum 0.3rad
for Ly = 0.3m. Likewise, the angular velocity of the
second pendulum 6; has its maximum between 10rad/s and
12rad/s confirming that larger lengths foster the dynamic
behaviour of the pendulums. In forced regime , the angular
displacement of the first pendulum (6;) has a maximum value
more than 40rad for Ly = 0.7m (figure 8e), indicating that
external forcing actually enhances oscillations. Furthermore,
figure 8g shows the displacement of the second pendulum 65
which has a maximum value of 5.2rad for the highest value
of Lo with the same trend of enhanced oscillation for longer
lengths. The angular velocity of the primary pendulum 6,
(figure 8f) achieves peaks between 5.5rad/s and 4rad for
L2 =0.Tm.

4.2.3 EFFECT OF THE PENDULUM TOTAL LENGTH
We exam the influence of the total length L of the double
pendulum on its dynamic response. The following table
resumes the parameters used in the current study:

Figure 9 illustrates the angular displacements (61, 62) and
angular velocities (91, 92) for each value of L.

In free regime, figure 9a shows an increase in angular
displacement of first pendulum 6; amplitudes when L =
1.05m and L = 1.09m lead to chaotic motion. The angular
velocity 6, are given respectively —17.7rad and 8.36rad.
For the rest of the values of L; the first pendulum oscillates
between —0.0rad and —5.9rad. However, angular velocity
of the first pendulum is less sensible in varying L then its
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Table VI - Analysis of the pendulum total length

Parameter Value/Range Unit
M1 1 ]Cg
M2 1.3 k’g
my 0.05 kg
mo 0.08 kg
Ly 0.5 m
L1 0.4 m

L From 1.03 to 1.11(step=0.02) m

displacement when 6, fluctuates between —10.7rad /s and
+10.7rad/s for all values of L. The figure 9c demonstrates
that the highest value of 05 is equal to +2.5rad for L =
1.11m. When L = 1.03m, 05 = £2.4rad and the minimum
values of fy are given for L 1.06m. The angular
velocity 6, is also less sensible to the pendulum total length.
Meanwhile, figure 9d shows 0y varying between £10rad/s
for L = 1.09m and £18.8rad/s for L = 1.11m. In forced
regime, figure 9e demonstrates that increasing L leads 6; to
become higher. It then reaches —63.2rad when L = 1.11m
and leads to an unstable and chaotic motions. In contrast,
figure 9f shows that 0, is inversely proportional to L ([when
L = 1.03m that 6, = +6rad/s] and [when L = 1.11m that
6, = —6.2rad/s and +4.2rad/s]).

The dynamic of the second pendulum is also inversely
proportional to L when 65 reaches its maximum at
+1.74rad (figure 9g) and 0y vary between —10rad/s and
+17.12rad/s (figure 9h) when L = 1.11m.
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Figure 8 Impact of varying Ly on the double pendulum dynamics in free vibration (top row),
and forced vibration (bottom row).

4.3 OPTIMAL ENERGY

The parameters analysis of the inverted double pendulum
energy harvester indicates that the masses and lengths have
a significant impact on its response. An increase in the mass
of the first pendulum (M;) from 1.1kg to 1.5kg reduces
amplitudes oscillations of both first and second pendulums,
and chaotic motion is observed when M; = M> = 1.3kg.
The dynamics of the second pendulum are also affected
with 65 and 65 experiencing lower amplitudes and velocities
as M; increases. Add to that, in free vibration, (Ms)
dominates the dynamic of pendulums, with increasing values
of M, influencing energy transfer and oscillations intensity.
For instance, 6; = 9rad/s for My = 1.5kg, but 0, =
6rad/s for My = 1.1kg, while 5 and 05 exhibit more
intense oscillations. Forced pendulums experience chaotic
behaviour when M5 assumes higher values. By introducing
lower values of L;(0.3m) in free vibration we obtain greater
angular velocities (91 = 15rad/s). Greater lengths (L1 =
0.7m) sustain oscillations longer but reduce peaks velocities
and amplitudes. Forced vibration exhibits chaotic motion
for lower values of L;. The dynamic behaviour of the
double pendulum is also enhanced by the Lo, where the
highest value of #; was 24rad when Ly = 0.5m and
92 = 22rad/s when Ly = 0.3 m. Forced vibration exhibits
more intense oscillations, with 6; > 40rad when Lo =
0.7m. The pendulum total length L has a lesser effect on
the pendulums responses compared to the rest of physical
parameters. Indeed, for the free vibrations, the larger the
length L, the smaller the angular displacement and angular
velocity. However, for the forced inverted double pendulum
energy harvester, this tendency is reversed, where angular
displacement and angular velocity reach their highest values

when L = 1.11m. This is because of the proportionality
of the excitation force to the pendulum length total L.
Furthermore, increasing L leads to increasing the distance
a, which justifies the relation between L and pendulum
angular displacement and velocity. In our research, we
analysed the impact of the physical parameters of the double
pendulum: M, M, Ly, Lo, and L. Five values were
retained for each parameter, and angular displacement and
angular velocity were plotted for every case. If we seek the
optimal energy with the relevant parameters using the same
way, 55 combinations are to be explored. To facilitate the
task, we directly try the optimal values found previously to
seek the double pendulum optimal energies. According to the
above findings, it is evident to make the convenient selection
of the optimal parameters that yield to maximum mechanical
energy in both the free and forced inverted double pendulum
energy harvester configurations. The mechanical energy is
the sum of kinetic and potential energy. It is described by the
following equation:

7n1L2
12

1 L .

E = §(M1L§+ +m1(§7L1)2)912

1 . .
+ 5 Ma((L = L1)*62" + 136,
—+ 2(L — Ll)L29.19.2 COS(Gl —+ 02))

1 .o L2 .
+§m2((L*L1)291 +729§ (19)

- 1 L3 .
+ (L — L1)L260162 cos(61 + 62)) + 57”2592
L

+ gcos 61 ((Ma +ma2)(L — Ly) — ml(? —Li)— MiLy)

— gcosOs(Mz + %)Lg
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Figure 9 Impact of varying L on the double pendulum dynamics in free vibration (top row),
and forced vibration: (bottom row).

Equation 19 shows that the mechanical energy is a function
ultimately of the square of the angular velocities and 6, 0s.
Contrary to this, the angular displacement have lesser impact
than angular velocities because they essentially influence
the dynamical behaviour of double pendulum as well as
the coupling effect on first and second pendulum. Their
contribution appears mainly within cosine function (cos(61+
60)). This justify optimal parameters shown in the following
table and used to achieve maximum mechanical energy in
free and forced vibrations.

Table VII - The optimal values of the double pendulum

parameters
Free vibration Forced vibration
Parameter Value Unit Parameter Value Unit
My 1.1 kg M, 1.1 kg
L 1 0.3 m L1 0.3 m
L2 0.7 m L2 0.7 m
L 1.03 m L 1.11 m

The following simulations illustrate the produced energy
by the inverted double pendulum for both free and forced
vibrations that its physical parameters indicated in table VII:
The plots above illustrate that the kinetic energy 7" controls
the entire mechanical energy derived from the inverted
double pendulum energy harvester. In free regime, T  reaches
23.89J , while the total mechanical energy E takes the
maximum value of 26.3J. In contrast, the potential energy
V does not exceed 3.11.J. The same relation- ship remains
in the case of forced vibration. That is, the total energy
FE is 643.61J with T 642.61J, while the maximum
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value of V is 2J. The excitation force does not only
influence the dynamics of the pendulums but also their total
mechanical energy. Indeed, the produced energy in the
forced vibration is approximately 26.94 times greater than
that of the free regime. In forced regime, the produced
energy has a clear tendency to increase with time. In fact,
the kinetic energy peaks increase more and more steeply for
each successive peak, and with it, the total mechanical energy
increases correspondingly. This trend is particularly evident
if we examine minimum points of kinetic energy following
each successive peak. They increase with time and tend to
do so more and more steeply, since they interval between
successive peaks tends to become shorter.

5 CONCLUSION

Green and clean energy harvesting has been of interest owing
to exploit renewable energies and avoid pollutant sources.
Double pendulums have high potential for energy harvesting
due to their nonlinear dynamics and especially their chaotic
behaviour. The goal of this study was to investigate a novel
double pendulum energy harvester. The double pendulum
is inverted and is explored in free and forced regimes.
First, we presented the double pendulum design and the
governing equations, in free and forced regimes. Second, we
analysed the double pendulum oscillations and bifurcations.
Third, we conducted a parametric study to explore the effect
of varying the double pendulum parameters: masses and
lengths. Last, we presented the produced optimal energies,
in free and forced regimes. The double pendulum was
described in free and forced regimes. An electric coil and
a permanent magnet were used in forced regime. The
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Figure 10 Converted energy by the double pendulum.

equations of motion were discussed in terms of Euler-
Lagrange formalism. The equations were solved numerically
with computation software by fourth-order Runge-Kutta
method under the same conditions. Results showed the
coupling effect on pendulums dynamic behaviour. In
free oscillation, angular displacement and velocity revealed
quasiperiodic and chaotic behaviours with unstructured and
unstable dynamics. In forced oscillation, double pendulum
motion is more structured and stable, it is of two phases:
quasiperiodic at the beginning, and chaotic after that. The
behaviour is well illustrated in the bifurcations.  The
parameters analysis indicates that the pendulums masses and
lengths variation have a major impact on the dynamics of
the double pendulum. The increase of the first pendulum
mass significantly decreases angular velocity amplitudes.
Whereas increasing the second pendulum mass increases
angular velocity amplitudes. Similarly, short first pendulum
length yields to higher angular velocities. Also, long
second pendulum length leads to higher angular velocities.
Studying the effect of each physical parameter leads to the
optimal produced energies. The results show that kinetic
energy dominates potential energy. At free and forced
regimes, the converted energy experiences peaks due to
chaos, while the forced regime produced energy is neatly
promising than the free regime produced energy. The double
pendulum nonlinearity leads to quasiperiodic and chaotic
responses. The findings reveal that it is possible to tune
the double pendulum parameters toward maximizing the
converted energy. The variability analysis is to be followed
by a sensitivity analysis to investigate the impact of the
optimal parameters possible uncertainties. Furthermore,
an experimental study is to be conducted to confirm the
analytical modelling and the numerical analysis. These two
important issues will be addressed in the future.
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ABSTRACT

Thanks to their reliability and accuracy, piston valves are widely used in pressure regulation
systems. This is especially true in the aerospace sector, where cryogenic fluids such as liquid
hydrogen are commonly handled, making the design and operation of these valves particularly
critical. However, the development of piston valve technology for cryogenic applications is still
relatively limited, mainly because of the challenges involved in creating systems that can operate
reliably in such harsh conditions. This highlights the need for more detailed studies and simulations
using CFD tools and predictive models. To achieve efficient and stable performance of a piston
pressure-regulating valve in a cryogenic environment, it is essential to understand both the strengths
and the limitations of this technology under extreme thermal and mechanical loads. The work
presented here focuses on a preliminary analysis and optimization of a piston valve operating with
liquid hydrogen for pressure control purposes. Special attention is given to the dynamic behavior of
the piston body, particularly regarding the robustness and controllability of its response. The study
explores the motion of the piston in a low-viscosity flow, as well as the thermodynamic and fluid-
dynamic characteristics of the valve system. Flow field simulations are carried out using CFD tools,
and the results are combined with system response data obtained from a Simulink dynamic model.
Finally, the outcomes are critically analysed to identify the regions where the valve is most affected

by thermal and mechanical stresses, suggesting possible design improvements.

Keywords: aerospace systems, CFD analysis, cryogenic hydrogen, fluids, simplified fluid dynamic numerical models

1 INTRODUCTION

Piston valves are fundamental components in pressure
regulation systems across various sectors, including
aerospace, aeronautics, and energy. Their capacity to
maintain accurate control over fluid pressure is particularly
critical when dealing with cryogenic media such as liquid
hydrogen, which exhibits extremely low temperatures and
distinctive fluid-dynamic behaviour. Nonetheless, operating
piston valves under such extreme conditions introduces
several engineering challenges, primarily related to the
handling and control of cryogenic fluids. Liquid hydrogen,
widely employed as a propellant in aerospace propulsion
systems, exhibits thermophysical properties that differ
substantially from those of fluids at ambient temperature.
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When gases are cooled to cryogenic levels, they condense
into highly dense liquids, resulting in pronounced variations
in parameters such as density, viscosity, and thermal
expansion. These specific features constitute fluid dynamic
challenges for pressure piston valves designed for fluids
with more conventional properties. In addition, thermal
contraction of valve components can affect tolerances and
clearances, thereby compromising the functionality of the
valve. Furthermore, liquid hydrogen has an exceedingly
low viscosity compared to fluids at ambient temperature.
This low-viscous fluid has the potential to influence the
fluid's flow behavior within the valve, resulting in flow
restrictions, pressure drops, and increased wear and strain
on valve components. In such circumstances, maintaining
precision pressure control becomes even more crucial.
Cryogenic fluids have a natural tendency to boil and
vaporize when exposed to higher temperatures. This can
occur during the pressure reduction procedure or even when
the flow reaches high velocities, resulting in phase changes
within the valve itself. These phase changes can destabilize
the flow control mechanisms and make it difficult to
maintain precise pressure regulation.


https://orcid.org/0009-0008-7070-3074
https://orcid.org/0000-0002-3124-2198
https://orcid.org/0000-0003-0218-0730

This study therefore concentrates on a preliminary CFD-
based analysis and optimization of a piston valve operating
with liquid hydrogen, aimed at addressing the complex
fluid-dynamic phenomena associated with cryogenic
conditions. A simplified dynamic model of the piston’s
response is subsequently developed for both the optimized
and non-optimized configurations, allowing a comparative
evaluation of the valve’s regulating performance and
overall efficiency. The analysis begins by creating a
simplified geometry, suitable for the CFD analysis, of the
main piston body of a generic pressure regulating valve. By
simulating the behaviour of liquid hydrogen flow across the
piston’s body, it is then shown how the results of the
performed CFD simulations provide a clear visualization of
the critical aspects such as flow patterns, pressure
distribution, velocity flow field and recirculating zones.

2 PROBLEM ANALYSIS AND OPTIMIZATION

The analysis and optimization of the simplified piston valve
architecture (Fig. 1) carried out in this work are grounded in
fundamental fluid-dynamic principles and in the physics
governing flow through constricted passages. To optimize a
conventional pressure-regulating valve for cryogenic
applications, a thorough understanding of its individual
components, along with their respective advantages and
limitations, is essential. A pressure regulating valve can
govern the fluid pressure of a feeding system using the
mechanical forces acting on a control spring and the
relative movement of the commanded piston. This is
accomplished by adjusting the valve's opening to balance
the forces operating on the piston itself, thereby
maintaining a stable and controlled outlet port pressure.
This kind of valve is commonly used in numerous
industries to maintain the desired pressure levels in fluid
systems. If the pressure at the outlet port fluctuates, owing
to recirculation zones or chaotic velocity field downstream
the control surfaces, the piston's position will start to
change continuously to maintain the desired pressure. If the
outlet pressure falls below the set pressure, the piston will
move to allow more fluid to pass and increase the pressure.
Instead, if the outlet pressure exceeds the specified pressure
set value, the piston will move to restrict the flow and
therefore to counterbalance this perturbation. The formation
of flow recirculation regions and pronounced local pressure
drops within a pressure-regulating valve represents a
critical phenomenon, as it can strongly influence the
system’s thermal behaviour and dynamic stability,
ultimately affecting the overall performance of the
regulating mechanism. Complex fluid dynamics, valve
geometry, and operational conditions frequently give rise to
these two phenomena, which are closely related.
Understanding the impact of these criticalities is essential
for comprehending their potential effects on operating
efficiency, safety, and valve’s integrity. Fluid recirculation
zones are regions within and around the valve where fluid
flow reverses or becomes stagnant, instead of passing
smoothly through the valve.
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Such regions may develop due to several factors, including
suboptimal valve geometry, unsuitable flow conditions, or
specific fluid properties that promote turbulence and flow
separation [1]. These effects can, in turn, generate localized
heat transfer issues within the system. Fluids that are
stagnant or move slowly can cause temperature
stratification, leading to the freezing or overheating of valve
components. These thermal variations can compromise the
structural integrity and functionality of the valve and its
surrounding components [2]. In addition, fluid recirculation
zones frequently cause pressure fluctuations and instability
downstream of the valve. As the fluid flow becomes erratic,
pressure levels may fluctuate, influencing the valve's
overall pressure regulation performance. These fluctuations
may lead to pressure levels outside of the designed range,
compromising the safety and reliability of the system. The
stagnant or reversing flow can transport abrasive particles
or contaminants that damage the valve's internal surfaces.
This erosion may reduce the valve's efficiency and
performance over time, necessitating maintenance and
possible component replacement, particularly when dealing
with cryogenic fluids such as liquid hydrogen. Large
localized pressure drops can induce cavitation, which
occurs when the fluid pressure falls below the vapor
pressure, resulting in the formation and disintegration of
vapor bubbles. This process of cavitation generates intense
pressure waves and vibrations that can cause damage to the
valve and adjacent components [3-4]. In addition, a
significant localized pressure drop might interfere with the
controllability of the valve. As unexpected pressure drops
occur, the valve may struggle to maintain its desired
pressure setpoint, resulting in system instability and
fluctuations [5]. For the aforementioned reasons, it is
crucial to develop valve architectures and mechanisms
capable of minimizing the effects of these critical
phenomena. As a starting point for the present analysis, a
pressure drop of 23 bar is imposed across the entire system,
with liquid hydrogen serving as the working fluid. The
initial geometry of the piston valve, together with the
specified boundary pressure drop and the no-slip wall
condition, define and close the fluid-dynamic problem.
Subsequently, the key parameters are evaluated, including
the total force acting on the piston, F, as well as the
pressure and velocity distributions along the piston body,
obtained from the CFD analysis.

Figure 1 Three-dimensional representation of the
simplified valve geometry.



P

Figure 2 Cross section of the simplified valve geometry.

Determining the total force F acting on the piston body is a
key step in evaluating the dynamic response of the system,
particularly in terms of the position and velocity of the
regulating mechanism. This force serves as input parameter
for the Simulink-based dynamic model; therefore, its
accurate estimation through CFD fluid-dynamic simulations
is essential to ensure the reliability and precision of the
modelling outcomes. Regarding the piston body, an
effective aspect of the fluid-dynamic and mechanical
optimization involves the thickness of its stem. A thicker
piston stem provides the advantage of reducing the traction
force exerted by the fluid flow, since the effective area of
the annular surface on which the flow acts is smaller.
Consequently, the piston experiences lower mechanical
stress, which contributes to improved durability and
operational lifespan. Moreover, having a thicker stem gives
more inertia to the piston, and its robustness contribute to
making it less sensitive to possible imbalance of forces with
respect to a thinner and less inert piston. In addition, the
distributed load of the flow along the stem, which causes a
bending moment on the stem itself, causing it to deflect, is
smaller if the resistant section of the stem is larger. For this
reason, the proposed simplified architecture features a
central piston body designed with a robust and carefully
optimized geometry, allowing the cryogenic fluid to flow
through it smoothly without encountering sharp edges or
abrupt geometric variations. Such design considerations
help prevent flow separation or the formation of
recirculation zones near the crown orifice, which plays a
key role in governing the pressure reduction process.
Another optimization performed in this work on the valve
design is the piston body passing through the conventional
orifice which divides downstream from upstream, to create
a circular crown-shaped zone for the passage of the flow
(Fig. 3). This area shall be designed in such a way that the
flow has a reduction of pressure equal to that set by design:
in this way, if the piston regulating mechanism is to suffer a
damage and therefore no longer work efficiently, the piston
would still remain in axis providing the demanded area to
reduce the upstream flow pressure to the desired value of
downstream. This solution, properly implemented from an
engineering point of view (i.e. by connecting the piston axis
to a guide to maintain the axis straight), allows for a more
robust and reliable pressure regulating mechanism,
decoupling the pressure reduction function from that of
regulation in case of system failures.
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Figure 3 Comparison between the non-optimized piston
body (left) and the optimized design (right).

As demonstrated by the CFD analysis results, the optimized
piston configuration, which is featuring a body that passes
through the circular crown orifice, experiences a lower
overall force acting upon it, which is also significantly more
stable over time compared to the total force observed in the
conventional design, where the piston pushes directly toward
the orifice (Fig. 3, left). A more constant force acting on the
piston results in reduced oscillations during the pressure
regulation phase, thereby improving the valve performance.
Furthermore, if the total force acting on the piston is small
enough, the piston inertia, combined with the action of the
control spring and the viscous force of the flow, more
effectively dampen the movement of the piston itself,
reaching the desired equilibrium position with a contained
number of oscillations compared to the non-optimized case.

2.1 NUMERICAL MODEL

In valve design, dedicated damping devices are seldom
employed, as the combined influence of flow resistance and
viscous effects inherently provides sufficient damping action
[6]. For this reason, damping effect will not be considered as
caused by a physical damper in the model, but from the
viscous action of the liquid hydrogen flow.
In the mathematical differential model of the problem, the
effect of the downstream and upstream flow acting on the
piston body is taken into consideration. To assess the
performance of the valve, it is mandatory to calculate the
time required for the piston to reach its equilibrium position,
which is a function of the resultant total force F, input of the
model. The characteristic time of the system is the time it
takes for the piston to reach the equilibrium position required
to achieve the set pressure reduction and maintain that value.
Therefore, a pressure regulating valve with high performance
is desired to respond quickly to a pressure perturbation while
maintaining the shortest possible characteristic time. The
simplified model of the optimized pressure-regulating valve
can be idealized as a mass—spring—damper system, where the
mass corresponds to the piston body, the damping effect
arises from the viscous action of the flow passing through the
valve, and the spring represents the mechanical element
governing the piston position during the regulation phase.
Consequently, the overall system can be described by a
second-order differential equation of the classical form:

M% 4 Cx + Kx = Fypy (1)



where M represents the mass of the piston, C the viscous
coefficient, K the stiffness of the control spring, while the
variable x represents the position of the piston under the
action of the total force Fy,. It must be clearly considered
that the displacement of the piston governs the relationship
between the volume flow rate and the pressure drop across
the valve, through the relation:

Q = Cs4 /% — C 2mrx ,%

where Cy is the discharge coefficient of the valve, r is the
radius of the orifice, x is the displacement of the piston
(which can be considered as the height of the geometrical
cylinder which stands between the piston’s plate and the
orifice opening), Ap the pressure drop across the orifice and
p the density of the fluid, in this case liquid hydrogen. The
above equation shows how the maximum value of the
volume flow rate Q is directly proportional to the
displacement x the piston undergoes during the pressure
regulation. This means that to each displacement x of the
piston corresponds a maximum volume flow rate Q that can
cross the circular crown orifice of the valve with a resulting
drop of Ap. Therefore, if the downstream volume flow rate
drops below the maximum value reported in Eq. (2), the
downstream pressure will consequently rise, and this will
cause the piston to move toward the closure of the valve,
with a decrease in its displacement x as well as the flow
passage area A. This displacement will directly lead to a
further pressure decrease below the set value of Ap, hence
regulating the pressure level as a function of the
downstream flow condition of the valve. The objective of
the implemented numerical model is therefore to compute
the piston displacement x during the pressure regulation
process, as obtained from the solution of the differential
equation reported in Eq. (1). If the computed value x is
consistent with the solution of Eq. (2), then the model will
be able to forecast faithfully the physics of the system,
allowing further assessments on the real dynamics of the
valve’s response starting from the theoretical implemented
numerical model. To set properly the input total force Fi, in
Eq. (1), a CFD analysis should be carried out, calculating
the force contributions that act on the piston’s body. These
contributions can be then put into the model implemented
on Simulink, which will simulate the dynamics of the
system. For the complete definition of the dynamic model,
the parameters of mass M, damping coefficient C, and
spring stiffness K must be appropriately specified.
Regarding the piston mass M, this parameter can be readily
determined from the piston’s geometry and material
properties, which, in cryogenic environments, are typically
selected from Inconel alloys or austenitic stainless steels
[7-8]. The static model of the system gives the value of the
stiffness K, by setting a starting suitable equilibrium
position x., of the piston:

— Ftot _ Ftot
K X,

2

(€)

—

Xeq

q
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The value of X4 can be set equal to the piston’s position in
fully open valve’s configuration, i.e., when the maximum
volumetric flow passes through it. This position
corresponds to the distance between the exit edge of the
orifice and the bottom surface of the piston, value that can
be estimated through Eq. (2) by setting the desired Ap, the
required volume flow rate 2 and the geometry of the
orifice. The final parameter required to complete the
dynamic model setup is the viscous coefficient C. Particular
attention must be given to its accurate estimation, as the
first-order differential term Cx plays a critical role in
defining the damping behaviour of the system. The C
coefficient binds the viscous force acting on the piston to
the velocity of the piston itself, and it is dependent on the
fluid dynamic properties. Given the very low viscosity of
liquid hydrogen [9], the viscous action of the flow may be
insufficient to dampen significantly the response of the
piston, leading to a slow dynamic of the system with many
oscillations until the equilibrium position is reached.
Describing the mechanism of dissipation in a mathematical
way is very difficult. The dampening effects are usually
represented by idealized mathematical formulas. For many
cases, these complex effects are adequately described by
viscous equivalent damping. Therefore, the actual damping
contribution of the liquid hydrogen flow, represented by the
viscous coefficient €, can be accurately determined only
through experimental measurements or CFD simulations, as
it depends on inherently complex physical phenomena [10].
Analytically, this coefficient is computed as the ratio of the
force acting on the piston and its related velocity. Since the
only unknown value within the modeled system turns out to
be the value of the viscous coefficient C, an initial guess
value will be considered, moving preliminarily to a
parameterized analysis. It is possible to calculate the critical
value of the system, known the mass of the piston and the
stiffness of the control spring (these values have been
obtained through a prior lumped-parameter analysis here
not reported), using the following formula:

k
2vM * K = 156.2 [?g]

If the viscous coefficient C is below the critical value C,,.;¢,
then the system will be under-dampened, resulting in wide
oscillations of the piston. The closer the value of the
coefficient C to the critical one, the more important the
fluid's dampening effect will be on the dynamics of the
piston, which will reach the equilibrium position X¢q with
gradually more contained oscillations. The Simulink-
implemented model is schematically illustrated in Fig. 4. It
is worth noting that a highly complex model is not required
to perform a preliminary analysis of the piston dynamics
within a liquid hydrogen flow. The main objective of this
study is to provide a comparative assessment of valve
performance and robustness between the optimized and
non-optimized architectures, from both fluid-dynamic and
dynamic perspectives.

“

C
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Figure 4 Schematic of the simplified Simulink model
of the piston dynamics.

For the sake of this analysis, it is sufficient the computation
of the coefficients of the differential model, together with
the velocity and pressure field of the flow, in order to

establish with accuracy, the total force F,; acting on the
piston of the valve and the contribution of the viscous effect
of the liquid hydrogen carrying fluid, estimated directly
through the CFD analysis. The complete dynamic model is
solved in Simulink using sequential (waterfall) integrations,
based on the differential equation derived from Eq. (1):

dix 1

w2 = 3 Fror — (X — Kx) (5)

3 CFD SIMULATION

The CFD-driven optimization aims to refine the conventional
piston valve design, enhancing its operational efficiency and
reliability in managing low-viscosity fluids such as liquid
hydrogen. This iterative process of analysis and optimization
empowers the aerospace and cryogenic industries to develop
piston valve designs that meet the stringent demands of
cryogenic applications, ensuring safety, efficiency, and
precise pressure control in extreme low-temperature
environments. The purpose of the performed CFD’s
simulation is to provide an accurate and reliable fluid
dynamic results in terms of velocity and pressure fields
across the main body of the valve, in order to better
understand and localize flow regions which may have a
negative impact on the performance of the valve, in terms of
localized high pressure drops, recirculating zones and high
flow velocities. Particular attention must be given to the
definition of the boundary layer, as accurately capturing the
viscous effects along the wall is essential to ensure both
convergence and fluid-dynamic accuracy of the simulations.
Therefore, an adequate number of layers must be specified.
To create a suitable and reliable mesh, it is necessary to
ensure a good geometry’s tessellation (as shown in Fig. 5), to
approximate as much as possible the shape of the orifice to
that of a circular crown rather than of a polygon. In this way
it is possible to capture with high resolution the pressure and
velocity field of the fluid in the proximity of the orifice small
area avoiding singularities near sharp edges.

3.1 GEOMETRY AND MESHING

A 3D cross-sectional model of the simplified main body of
the valve is presented in Fig. 5. The CFD simulations were
performed using SimScale, covering all stages from
meshing to post-processing.
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A patch-independent, tetra-dominant shell mesh was
employed, together with tetra/mixed volume meshing based
on the tetrahedral method. The volume mesh in the region
surrounding the piston is illustrated in Fig. 7. To accurately
capture the boundary layer, a prism mesh was applied along
all wall surfaces. The smooth transition inflation method
was adopted, with a growth ratio of 1.3 across 20 layers, as
shown in Fig. 8. Mesh quality was assessed to verify
element integrity and the absence of negative volumes. The
minimum element quality was 0.03, with a maximum of
1.0, and an average quality of 0.88, for a total of
approximately 9.7 million elements. The maximum

precision of the model and its entities is 5e-07 m, which
means that the mesh can capture the curvatures and small
edges inside the geometry of the presented simplified
design. Therefore, the mesh is suitable for the simulation.

Figure 6 Tessellation of the piston body of the valve.

Figure 7 Volume Mesh with Tetrahedral cells.



Figure 8 Boundary Layer inflation during meshing phase.

3.1 SOLVER SETTING

SimScale was used to solve the Reynolds-Averaged steady-
state Navier—Stokes equations employing the k—o SST
turbulence model under inviscid flow conditions. The wall
boundaries were defined as no-slip, while pressure-driven
boundary conditions were applied at the inlet and outlet.
The selection of an appropriate turbulence model is crucial
for achieving reliable simulation results. Among the most
widely adopted approaches in CFD analysis are the k-®
and k—¢ models. The main distinction between these two
lies in their treatment of the viscous sublayer, with the k—¢
model providing a less accurate resolution compared to the
k—o formulation [11]. Moreover, the k-@ model is effective
at resolving internal flows, separated flows and jets, flows
with a high-pressure gradient, and internal flows through
curved geometries [12] such as the orifice of the presented
simplified valve. The realizable k-¢ model is an alternative
that differs from the standard k-¢ model in two respects.
Firstly, it contains a novel formulation for turbulent
viscosity. The second difference is a new transport equation
for the dissipation rate €, which is derived from an exact
equation for the transport of the mean-square vorticity
fluctuation. As a result, it mainly yields improved
predictions for the spreading rate of jets, a superior ability
to capture the mean flow of complex structures and for
flows involving rotation, boundary layers under strong
adverse pressure gradients, separation and recirculation.
Both k-¢ and realizable k-¢ adopt wall functions. Therefore,
regardless of which model is chosen for the simulation, the
y+ values in the first cell near the wall must not be less than
30 or excessively greater than 100. If the mesh does not
meet these criteria, the geometry must be meshed again to
achieve reasonable results. Switching to a different
turbulence model cannot compensate for a poor-quality
mesh, especially when the selected model also relies on
wall functions. The turbulent viscosity is calculated in a
less complex manner in the standard k-¢ model, making it
more stable. However, if the mesh captures the boundary
sub-viscous layer appropriately, stability should not be an
issue in either instance. Considering the respective
advantages and limitations of the previously discussed
models, the k—o SST turbulence model was ultimately
selected for the simulations, as it effectively integrates the
strengths of both the k—w and k—¢ formulations [13-14].
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4 RESULTS AND DISCUSSION

All simulations met the convergence criterion within fewer
than 1000 iterations, as illustrated in Fig. 9. The residuals of
the computed solutions ranged between 1073 and 107>,
indicating that the CFD results can be regarded as
practically steady, with only minor fluctuations. The figures
that follow show the main differences between the
optimized and non-optimized architecture of the piston:
these significant differences are expressed in terms of
pressure drop distribution of the fluid flow from the inlet to
the outlet of the orifice, the local peaks of pressure, the
flow’s velocity field across the piston body as well as the
main direction of the velocity vector, the recirculating
zones and the instantaneous volume mesh rendering of the
velocity particles motion across the piston. As far as
concerns the interaction between the fluid flow with the
smooth wall of the valve, the viscosity effect causes a
decrease in the flow’s velocity close to the walls, leading to
the formation of the boundary layer shown in Fig. 14.
The CFD simulations highlight the critical role of the
geometric optimization performed on the piston body in
shaping the fluid flow through the valve. The specific
configuration of the piston and the surrounding circular
crown orifice maintains the flow in a coherent, column-
shaped jet, as illustrated in Figs. 12 and 16. This behaviour
arises because the fluid is constrained to pass through the
narrow yet elongated gap between the orifice wall and the
piston stem, from the upstream to the downstream region.
Consequently, this specific geometric arrangement
promotes flow laminarization, preventing the pronounced
pressure recovery typically observed downstream of a
single orifice [15-19], and enabling a smooth and well-
distributed pressure drop from the inlet to the outlet, as
shown in Fig. 10. The non-optimized architecture is instead
characterized by a huge localized pressure drop across the
orifice, as can be noticed from Figs. 11, 13 and 15.

If the pressure drop is confined in a very small area, thus
not having enough space to smoothly transition between a
high pressure zone to a lower one, this will inevitably lead
to a faster and more energetic turbulent flow, which
translates into higher thermal exchange between the
extremely cold liquid hydrogen flow with the wall and the
piston itself. This will cause a continuous wear and thermal
stress corrosion of the valve’s regulating mechanism,
causing the system failure during the valve’s expected
lifetime. Another significant difference between the
optimized and non-optimized valve’s architecture can be
highlighted by comparing the pressure and viscous forces
acting on the y-axis of the piston at equilibrium, which is
the main axis along which the regulating mechanism acts.
As can be clearly seen from Fig. 19 and 20, the non-
optimized configuration involves a higher-pressure force
with respect to the optimized one, and a lower viscous
effect. This means that in the case of the non-optimized
geometry, the piston must withstand a higher force
(F.pt = 190 N), which is almost four times the average
force that the optimized piston must deal with
(Fror = 54 N).



Therefore, an increase in the pressure force requires a more
rigid control spring to maintain the piston's equilibrium
position; consequently, the critical value C,;; of the system
will increase, making it much more difficult for the liquid
hydrogen flow to damp the piston's motion during the
pressure regulation phase. Interpreting it in an alternative
way, a greater force acting on the piston implies a greater
amount of energy that must be dissipated over time, and
since liquid hydrogen has a very low viscosity, the optimal
solution would be to design the system so that the piston
withstands a small total force, so as to have few oscillations
and be able to dissipate the incoming energy from the flow
over time. Furthermore, the time history of the pressure force
in the case of the non-optimized piston, shown in Fig. 19,
presents several large fluctuations around its average value,
and this is due to the fact that the flow field under the piston
surface is strongly irregular and chaotic, with the presence of
vortices and recirculation zones that contribute to a
continuous variation of the total acting force on the piston.
The pressure regulating mechanism becomes clearly more
complicated and less efficient, since the control spring is
forced to work continuously to maintain the desired position
of the piston. In the case of the optimized piston, however, it
is noticeable from the plot reported in Fig. 19 that the time
history of the pressure force is almost constant, with
fluctuations much more contained than the non-optimized
case, therefore representing a better and more effective piston
dynamic response. Regarding the response time required for
the piston to reach the desired equilibrium position, it can be
seen from the plot reported in Figs. 21 and 22 how the
optimized solution reaches the equilibrium position with a
lower number of oscillations, about half of the oscillations
performed by the non-optimized piston. These oscillations
are clearly due to the low viscous effect of liquid hydrogen,
which results in an extremely low viscous coefficient, below
the critical value of the system C,,;, = 156.2. Therefore, the
optimized piston exploits fewer oscillations. Specifically,
when considering a higher viscosity fluid like Oil SAE 120,
the dynamic model implemented on Simulink confirms the
validity of the analysis and optimization performed on the
valve. It is evident that the optimized piston, when operating
with high viscous fluids, displays a considerably reduced
number of oscillations and a more significant damping effect
compared to the non-optimized piston. The dynamic
simulations performed in Simulink, solving the piston’s
differential model, reveal repeated oscillations that
asymptotically approach a steady-state value. This behaviour
occurs because the only damping contribution considered in
the analysed system is the viscous action of liquid hydrogen,
which alone is insufficient to fully attenuate the piston’s
motion. Furthermore, the piston mass is set to M = 0.038 kg
in the model simulation, so very little inertia opposes the
motion of the piston, thus leading to continuous oscillations.
As far as concerns the viscous C coefficient, it is computed
through an iterative process starting from a guess value
arbitrarily set equal to 10.
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By taking the distribution of the piston’s velocity from the
solution of Eq. (1) implemented on Simulink, whose
analytical behavior is shown in Fig. 21, and averaging over
time this distribution in terms of amplitude of the velocity
peak values [20], it is thus estimated the system's viscous
coefficient, initially unknown. Combining the value of the
total force acting along the piston axis in steady state
configuration, obtained through CFD and shown in Fig. 20,
and the average value of piston velocity, the following
viscous coefficient is obtained:

F, 140 N 3

¢ = fror _ _ [ _.9] 6)
Xpiston 0.14 m/s 5

If this simple procedure is repeated iteratively, the

convergence value of C = 4.75 [kg/s] is obtained after four
iterations with a residual error of 0.3 %, as shown in Table 1.
This analytical procedure allows an estimation of the viscous
coefficient based on the dynamics of the system.
Nevertheless, in order to calculate a more reliable value of
the viscous coefficient C of the real system, an experimental
test is required, which is extremely expensive and
complicated due to the fact that it would involve the
measurement of the friction force between the piston’s body
and the walls of the valve (this friction contribution has been
neglected for this preliminary study), as well as the piston’s
velocity caused by an applied force within liquid hydrogen
environment, which is dangerous if not handled carefully
within a dedicated experimental test bench.

Table I - Iterative computation of viscous coefficient C

Iteration n° C [kg/s] Error %
1 10.00 88.0
2 5.31 10.2
3 4.81 1.3
4 4.75 0.3
Final value 4.75 0.3

- k

omega Ux * Uy - Uz Deselect All

Figure 9 Residual convergence plot obtained from the
simulation performed in SimScale.
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Velocity Magnitude

Figure 10 Pressure field variation across the optimized piston body.

Pressure

Figure 11 Pressure field variation across the non-optimized piston body.
On the left the recirculation zones, on the top the localized pressure drops.
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Figure 12 Computed velocity field of liquid hydrogen around the optimized piston body.

Velocity Magnitude =

908

Figure 13 Velocity field of the LH2 flow around the non-optimized piston body.
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Pressure = bar
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Figure 14 Pressure field of the LH2 flow around the optimized piston body.
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Figure 15 Pressure field of the LH2 flow around the non-optimized piston body.
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Figure 16 Laminarization of the flow jet across the optimized piston body of the valve.
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Figure 17 Laminarization of the flow jet across the non-optimized piston body of the valve.
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Figure 18 Boundary layer’s capture in the proximity of the wall.

Pressure Force along piston y-axis - CFD
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Figure 19 Pressure force along the y-axis of the piston body.
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Figure 20 Viscous force along the y-axis of the piston body.
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Figure 21 Comparison of the optimized and non-optimized
piston dynamics with liquid hydrogen.
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Figure 22 Comparison of the optimized and non-optimized
piston dynamics with liquid hydrogen.
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Figure 23 Comparison of the optimized and non-optimize
piston motion with oil SAE 30.
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Figure 24 Comparison of the optimized and non-optimize
piston motion with oil SAE 30.

5 CONCLUSIONS

A CFD-based preliminary study on a simplified liquid
hydrogen pressure-regulating valve has demonstrated the
benefits of geometric optimization in enhancing flow
stability and valve performance. The optimized design
reduces pressure losses and recirculation effects, while a
simplified Simulink model successfully predicts the piston’s
dynamic response based on its geometry. The performed
analysis and optimization via CFD are therefore able to
assess and capture the main differences concerning the flow
field between the presented architectures with good accuracy,
thus validating the robustness and performance of the
optimized piston’s body. The proposed simplified pressure-
regulating valve highlights the influence of liquid hydrogen
flow on the piston’s dynamic behaviour, particularly in terms
of its position and velocity. Due to the extremely low
viscosity of this cryogenic fluid, the system exhibits a lightly
damped response with pronounced oscillations, which can be
effectively controlled only through careful geometric and
dynamic optimization. Moreover, the developed analysis
framework can be readily extended to fluids with different
viscosities and operating pressures, making the simplified
valve concept a versatile solution for a wide range of fluid-
dynamic applications. Future work will focus on
manufacturing and testing the proposed optimized geometry
in different fluid dynamic environments and pressure
conditions, ranging from low to high-viscous fluids, to
validate the real response of the piston with respect to the
dynamic response of the numerical model.
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ABSTRACT

Seven male competitive road cyclists (22.3 & 3.2 years; 73.9 = 5.5 kg; 185 + 7.9 cm), with 7.0 £
6.8 years of racing experience and approximately 7 hours per week of specific training,
participated in a laboratory-based cardiopulmonary incremental test to exhaustion. Each cyclist
performed the test on their personal bicycle, with the rear wheel replaced by an
electromechanical system that allowed real-time measurement of the mechanical power output
generated during pedaling. Throughout the test, beat-by-beat cardiovascular variables—
including stroke volume, heart rate, and cardiac output—were continuously assessed
noninvasively using a custom-designed wearable device based on electrical impedance
cardiography. Using proprietary telemedicine software, bioimpedance data collected during the
tests were transmitted for remote acquisition and processing by an expert medical team. The
experimental sessions were conducted in a dedicated laboratory of the Department of Mechanical
and Aerospace Engineering at the Polytechnic University of Turin, Italy. The results
demonstrated a progressive increase in cardiac output up to exhaustion, driven by concurrent
increases in heart rate and stroke volume. The rise in stroke volume was attributed to enhanced
myocardial contractility and the maintenance of ventricular preload. Mean arterial blood pressure

remained stable until the end of the test, despite a substantial decrease in diastolic pressure.

Keywords: road cyclists, cardiopulmonary test, impedance cardiography, cardiac output

1 INRODUCTION

In cycling sports, one of the main objectives is to accurately
measure the power output developed on the bicycle during
training or competition. In the 1980s, Ulrich Schoberer
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Cittadella, Provincial Road 8 — 09042 Monserrato (CA),
Italy;

2AC Technologies Ltd, Via Pais 12- 09128 Cagliari, Italy.
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developed the “SRM spider” device [1], which, when
mounted on a bicycle, allows the mechanical power
produced during cycling performance to be measured with
very high precision [2]. These technological innovations
made it possible to investigate how the various physiological
systems involved in cycling performance interact, by
enabling the formulation of rigorous mathematical
correlations between the stimulus variable—namely, the
mechanical power applied to the pedals—and circulatory,
respiratory, and metabolic responses. Advances in modern
wearable technologies now make it possible not only to
improve the quality of life of individuals affected by severe
disabling pathologies [3—7], but also to enable real-time,
quantitative assessment of the respiratory and metabolic



adjustments [8—10] of athletes during laboratory simulations
of different racing conditions. However, precise
measurement of cardiodynamic variables during motion has
remained challenging, as current techniques still lack
sufficient accuracy under dynamic conditions. Nevertheless,
a non-invasive method has been available for some time:
electrical impedance cardiometry (EIC) [11, 12]. This
technique enables the beat-to-beat assessment of cardiac
output along with the cardiodynamic variables on which it
depends, even in moving subjects through the use of
wearable devices [13—16]. In the present study, competitive
road cyclists employed the EIC method to monitor
progressive changes in their cardiodynamic profile.
Specifically, they wore a custom-made EIC wearable device,
the E-Physio Tool [16-18], while performing a
cardiopulmonary incremental exercise test to exhaustion in a
laboratory setting. The test was conducted using each
cyclist’s own bicycle, with the rear wheel replaced by an
ergometer capable of precisely measuring the mechanical
power applied to the pedals. Some of the data presented here
have been previously reported in a master’s thesis in
Mechanical Engineering at the Politecnico di Torino, Italy
[19].

2 METHODS

2.1 SUBIJECTS
Seven road racing competitive skilled cyclists were engaged
and their characteristics are shown in table I.

Table I — Morphological and training data
Age BM | BH [Cyclepract | Timeweecly
(years) | (kg) | (cm) | (years) (h:min)
223 | 739 | 185 7.0 6:45
+3.2 | £55 |£79 | +6.8 +0:21

BM: body mass; BH: body height; Cycleprnc: practice of
cycling; Timeyeecly: time at week spent in cycling training in
hours and minutes. Each athlete was made aware about the
experimental procedure and all of they declared their
informed consent.

2.2 INSTRUMENTATION

2.2.1  Mechanical equipment.

The Elite Direto XR-T power meter (Elite Ltd., Italy) was
selected for this study. This device replaces the bicycle’s rear
wheel, allowing the bike to connect directly to its cassette
(Figure 1). A constant resistance torque mode was employed,
and the cyclists self-regulated their cadence and gear ratios
during the trials. Each athlete used their own bicycle to
prevent improper pedaling mechanics that could result from
an incorrectly sized frame [20]. This mechatronic system
communicates with smartphones via ANT+ technology
(ANT-Productions, Belgium), a wireless communication
standard commonly used for data transmission between
fitness devices. Through this connection, the system
recorded the cyclist’s speed, pedaling cadence, and power
output. The acquired data were stored on a Garmin cycle
computer (Garmin, Lenexa, KS, USA) and subsequently
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Figure 1 Promotional image from an advertising flyer
illustrating the use of the Elite Direto XR-T power meter.
The device replaces the rear wheel of the athlete’s bicycle
and connects directly to the cassette, which interacts with

the derailleur and chain to enable gear shifting and maintain
optimal pedalling efficiency across various terrains.

Figure 2 Schematic representation, on a mannequin, of the
application of the E-Physio Tool to the human thorax. The
device models an inverted truncated cone whose smaller
circumference lies in the plane of the roots of the neck
muscles, while the larger circumference lies in the plane of the
xiphoid process. The blue trapezium represents the core of the
volume of electrically participating tissues (VEPT)
contributing to the thoracic impedance. Two pairs of
disposable electrodes (blue circles), positioned respectively at
the smaller and larger circumferences, enable the acquisition of
beat-to-beat thoracic electrical impedance values (Zt) using the
impedance measurement device (indicated by blue dotted
arrows). This measurement is made possible by the E-Physio
Tool, which applies an electrical potential difference (AVt)
through two additional pairs of disposable electrodes (red
circles and red dotted arrows), placed a few centimetres
outside the measurement electrodes. This configuration
generates within the thorax an alternating electrical current (It)
of constant amplitude (1 mA at 64 kHz), symbolised by the
white dotted line within the trapezium.
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Figure 3 Analog traces of bioimpedance variables recorded by the LabCart Reader from a cyclist at rest. From top to

bottom, the plots show: (1) beat-to-beat thoracic bioimpedance signals, in which the main, broader, and slower harmonic
corresponds to the respiratory rate (see the two blue arrows marking the beginning and end of a breath), while the
superimposed, narrower harmonic—synchronous with the cardiac cycle—represents the beat-to-beat variations in
thoracic bioimpedance, which are clearly isolated in the second trace; (2) the first mathematical derivative of thoracic
bioimpedance in the third trace; and (3) the beat-to-beat electrocardiogram in the fourth trace.

analyzed using the Strava sofiware (Strava Inc., San
Francisco, CA, USA).Strava is a widely used fitness-
tracking and social networking application for athletes that
records workouts such as running, cycling, and swimming
using GPS data. The use of this mechatronic equipment is
supported by previous validation studies [21, 22]. In this
study, the software integrated into the mechatronic device
enabled the assessment of mechanical power output during
cycling performance at each pedaling phase.

2.2.3  Biomedical equipment.

The E-Physio Tool is a device that, as shown in Figure 2,
applies a low-intensity, high-frequency alternating electrical
current (I = 1 mA, 64 kHz), powered independently by a
power bank supplying up to 2 mA at 5 V, along the planes
corresponding to the roots of the neck muscles and the
xiphoid process. The resulting difference in electric potential
between these two points (AVt) is then measured.

The reliability of data acquired using this EIC device was
demonstrated in a previous study [23], where it was
compared with a validated EIC (NCCOM3-R7, BoMed, CA,
USA) previously cited in the scientific literature (see
references 15 and 16 in [23]). Stroke volume (SV) values
were obtained by both instruments in 18 male participants at
rest and during exercise up to 70% of their age-predicted
maximum heart rate (220 — age).

Agreement between the two measurement methods was
assessed using the Bland—Altman analysis from the ICT
wearable device and the NCCOM3, both at rest and during
exercise. The limits of agreement were within +7.01 and —
8.12 mL at rest, and +6.77 and —9.86 mL during exercise.
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Thus, this approach allowed the calculation of the real
component of thoracic impedance (Zt) using the following
equation, as the imaginary capacitive reactance was
effectively nullified by the very high frequency of the
alternating electrical current.
Zt=AVt/It ()
Thanks to the open-source LabChart Reader, both the Zt and
ECG signals could be acquired non-invasively on a beat-to-
beat basis using electrodes placed on the athletes’ thorax and
visualized in real time on a PC screen. As shown in Figure 3,
the LabChart software enabled the acquisition of the
following conditioning variables related to left ventricular
SV: TFI (Zt™', or thoracic fluid index), representing the
electrical equivalent of left ventricular preload (LVPL); EVI
(electrical equivalent of left ventricular ejection velocity
peak), here considered as the myocardial contractility index
(MCD); and ventricular ejection time (VET). The Sramek-
Bernstein equations (2 and 3) allow indirect calculation of
SV as follows [24, 25]:

SV =TFIx EVIx VET x VEPT 2)

SV =(Q") x (Qs)x(s) x (cm’) = cm® 3)
Equation (2), in addition to three multipliers of purely
bioimpedance origin, includes a fourth multiplier: the
volume of electrically participating tissues in the thoracic
impedance (VEPT). VEPT was derived from a nomogram
based on the subject’s anthropometric characteristics weight,
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height and sex, as described by Donald Bernstein
experimental tests [24]. Equation (3) further demonstrates ZMt N
that, from a dimensional perspective, the product of these
four variables on the right-hand side of the equation yields a

volume (cm?), corresponding to the volume of blood ejected : v
by the left ventricle into the aorta during each systole. Q

m
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Figure 5 The graphs in the figure are enlarged segments of
the impedance recordings obtained with the LabCart Reader
during a cardiac cycle in one of the tested cyclists. The top
panel shows the thoracic impedance (Zt) variations, where
the minimum value (indicated by a red arrow) represents
the thoracic fluid volume index (TFI). The reciprocal of this

Figure 4 Image of a tested cyclist, assisted by two skilled Yalue 'corresponds direptly to the left ventricular end-
operators from the Polytechnic University of Turin, Italy, ‘dlas'tohc volume (ventricular preload). The subseguent
while pedaling on his bike. (1) The rear wheel has been dicrotic wave corr'espond.s to'the closure? of the aortic valve
replaced with an Elite Direto XR-T power meter (not at the end of Ventflcu!ar ejection. The middle panel displays
visible in the image). (2) Tablet organizer held by one of the first derivative of Zt (dZ/dt), where the peak
the operators for acquiring mechanical and biomedical corresponds to the maximum impedance index of the EVI,
measurements, the latter manually recorded by both and the VET indicates the left Ventrlcul.ar ejection t.1me. The
operators. (3) Finger pulse oximeter. (4) Disposable ECG bottom panel shows the ECG trace, with the R-R interval
electrode visible here, attached at the roots of the neck corresponding to the duration of the cardiac cycle analyzed.
muscles. (5) Inflatable sphygmomanometer cuff with ) ) )
stethoscope, used by the other operator to auscultate unt.ll they were unable to continue. Cyclists se.lf—selected
brachial artery sounds. (6) Box containing the E-Physio Fhelr pedaling cadence, Wh1le‘ the pedal load, starting at 0 W,
impedance cardiograph hardware and electronics. (7) Five- ~ increased by 30 W every 2 minutes. At each stage of the test,
pin connection cable linking the athlete’s chest electrodes ~ Systolic and diastolic blood pressures were measured using a
to the impedance cardiograph. (8) Power bank providing manual sphygmo-manometer (PB Pharma, Metal Deluxe,
5V, 2.4 A DC supply to the impedance cardiograph. (9) Italy) via the auscultatory Riva-Rocci-Korotkoff method
Garmin Edge cycle computer. [26] with a stethoscope (Figure 6). Arterial oxygen saturation
(SO;) was simultaneously recorded using a commercial
As is known, multiplying SV to the heart rate per minute fingertip device. For each athlete, the workload measured
(HR), it can be calculated the CO as: during the last minute of each stage was considered the
maximal workload (Wmax). Data collected remotely through
CO = SV (ml) x HR (beats min') = mL min ! 4) the E-Physio Tool required careful review and selection to

obtain accurate values for the variables of interest.
Impedance cardiography recordings were provided in “.txt”

2.3 EXPERIMENTAL PROTOCOL format, and to visualize them as time-analogous traces, the
Each recruited cyclist performed an incremental test, <[ ghChart Reader” program was used [27]. Once opened,
pedaling their bicycle connected at the rear to the Elite Direto  {he software allowed visualization (Figure 3) of the beat-to-
XR-T cycle-ergometer power meter (see Figures 1 and 4) beat evolution of two primary variables: Zt and ECG.
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Figure 6 On the left, the manual sphygmomanometer is
shown, comprising three main components: an inflatable arm
cuff, a rubber bulb with a valve for air inflation and deflation,

and an aneroid manometer for displaying pressure readings.
On the right, the stethoscope is depicted, consisting of a small,
disc-shaped chest piece (diaphragm or bell) placed over the
brachial artery beneath the cuff to capture sounds, which are
then transmitted through flexible tubing to the earpieces worn
by the user.

A L]
gl
1 s
=
1
e V-
A\ - .
(R (=

Figure 7 The custom designed “E-Physio Tool” is shown,
with the main device unit (1) connected by a cable to its power
bank (2). The patient connection cable (3) is shown coiled; it
connects to the device via a 5-pin plug and terminates in 8
snap connectors on the opposite end, which attach to the eight
disposable electrodes (4) placed on the patient’s chest.

Using LabChart, the first derivative of Zt (dZt/dt) was also
analyzed. With a specific graphical cursor (Figure 5), both
the EVI and VET were calculated beat-to-beat from the
dZt/dt trace. Together with the reciprocal of Zt, these
represent the three impedance-based components of the
Sramek-Bernstein equation. From the ECG trace, heart rate
(HR) per minute was calculated based on the R-R interval,
and breath-by-breath respiratory rate (BR) was also
determined (Figure 3). For each measurement interval
corresponding to a test stage, variables of interest were
averaged over 10 consecutive beats, starting from the first
beat after the midpoint of the stage, to minimize the influence
of inaccurate measurements. Special care was taken to
eliminate outliers, which are common at high workloads. For
each stage, from Wy to Wmax, 20 consecutive measurements
were initially recorded. Outliers and values most deviant
from the mean were removed, and the remaining 10
measurements were averaged. This procedure also
substantially reduced the standard deviation of stage-specific
variables.
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2.4 REMOTE DATA ASSESSMENT

A key feature of the E-Physio tool (Figure 7) is that it
functions as an Internet of Things (IoT) device with the
capability to connect to the internet. This connectivity
enables real-time data transmission and reception,
facilitating interaction and communication with other remote
devices and systems. Another important aspect of the E-
Physio tool is its ability to be managed and controlled
remotely via web-based platforms. Thus, the E-Physio tool
is an IoT system equipped with sensors and actuators that
allow it to both collect data from the physical environment
and interact with it. Specifically, it can detect multiple
cardiorespiratory variables in subjects tested remotely,
providing detailed information on their cardiovascular and
respiratory profiles. In these experiments, skilled physicians
and researchers operating in the biomedical laboratory of AC
Technologies Ltd. (ACTlab, Italy) remotely acquired
cardiodynamic data transmitted from the biomechanics
laboratory at the Department of Mechanical and Aerospace
Engineering, Polytechnic University of Turin (DIMlab,
Italy), via the E-Physio tool and other connected devices.
The data were obtained from a cyclist undergoing an
incremental test, continuously monitored by two expert
technicians (see Figure 4). During both the athletes’ pre-test
preparation and the test execution, a continuous real-time
audio-visual communication was maintained between the
two remote research units, located in the ACTlab and the
DIMlab, to ensure proper adherence to the experimental
protocol.

3 RESULTS

To better illustrate the functional adjustments observed in the
cyclists during the test, the step-by-step changes of each
selected variable are graphically represented below, using
one of the subjects as a reference. In these graphs, the
standard deviations (previously shown to be negligible) were
omitted for each workload increment, in order to make the
characteristic curves clearer and easier to interpret, thereby
emphasizing their descriptive value. Figure 8 shows that the
breathing rate (BR) initially increased almost linearly with
the progressive workload, starting from approximately 13
breaths/min at 90 W (W0, 6" minute) up to the 24" minute
(1™ step), which was of 330 W. Beyond this point, the slope
of the increase became steeper, reaching the maximum BR
at Wmax (390 W) after only two additional workload
increments. The figure also indicates that after about 10
minutes of recovery, the BR nearly returned to its resting
value (13.5 vs. 17.8 breaths/min, respectively). In Figure 9,
HR increased sharply from 62 b/min at Wy to 110 b/min at
the fourth workload step, corresponding to the 10" minute
from the beginning of the test. After this point, HR continued
to rise at a nearly steady rate, reaching 163 b/min at W pax,
although with a gentler slope of approximately 3 b/min per
step. In contrast to the behavior observed for breathing rate
(BR), after the de-fatiguing pedaling period HR did not
return to its pre-test value, remaining instead at 102 b/min.
Figure 10 illustrates the workload-induced behavior of the



athlete’s systolic (SABP) and diastolic (DABP) arterial
blood pressures. The SABP increased in a pattern similar to
that observed for heart rate (HR), rising from 122 Torr at Wo
to a peak of 185 Torr at Wmax. In contrast, the DABP
exhibited an opposite trend, decreasing progressively from
80 Torr at Wy to a minimum of 15 Torr at Wax. During the
recovery pedaling period, the SABP nearly returned to its
resting value (118 Torr), whereas the DABP did not fully
recover, stabilizing instead at 60 Torr. The blue curves in
Figures 11, 12, and 13 illustrate the workload-dependent
changes in three bioimpedance-derived variables
contributing to the SV generation: the Thoracic Fluid Index
or TFI, the Ejection Velocity Index or EVI, and the
Ventricular Ejection Time or VET, respectively.

In Figure 11, the TFI curve shows an initial increase in the
LVPL, rising from its resting value of 41.8 mQ™" up to 43.8
mQ™ at the fourth workload step—an increase of
approximately +5%. Beyond this point, TFI remained stable
until the peak workload was reached. However, during the
post-exercise (de-fatiguing) pedalling period, TFI decreased
to 40.8 mQ™!, corresponding to about —2.8% relative to its
resting value. In contrast, the blue curve in Figure 12, which
represents the workload-induced changes in the cyclist’s EVI
(here considered as the left ventricular MCI), displays an
increasing trend similar to that observed in the BR. From rest
(Wo, 1.21 Q-s™") up to the 22" minute of pedalling (2.49
Q-s™"), EVI increased almost linearly, at a rate of
approximately 0.13 Q-s™ per step. After this point, the slope
steepened, leading to a peak value of 3.07 Q-s™'. As shown
by the blue curve in Figure 13, the cyclist’s VET during the
incremental test behaved, as expected, inversely to HR.
Specifically, compared to the resting value (0.182 s), VET
decreased markedly during exercise, reaching 0.138 s at
maximal workload (Wmax)—a reduction of approximately
24%. The blue curve in Figure 14, representing the stroke
volume (SV) adjustments observed in this athlete during the
test effort — resulting from the integrated responses of TFI,
EVI, and VET — displays a triphasic pattern.

BR (breaths min)

60 Peak
&
40
20 . )
0

2 6 10 14 18 22 26 30 34 38

min
Figure 8 In the representative subject selected as a
reference, the blue curve illustrates the breathing rate (BR),
measured every 2 minutes from the beginning of the
incremental test until exhaustion. The interval between the
two tips of the double green arrow indicates the de-
fatiguing pedalling period. The blue arrow marks the time
point from the beginning of the test when the curve slope
sharply increased (approximately at the 23" minute), up to
the workload peak indicated by the red arrow.
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Figure 9 In the tested subject, the blue curve shows the
heart rate (HR), measured every 2 minutes from the start of
the incremental test until exhaustion. The interval between

the two tips of the double green arrow indicates the de-

fatiguing pedalling period. The red arrow marks the time
point at which the peak mechanical power output occurred.
From the 6th minute up to the peak workload, no significant
changes in the curve slope were observed.
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Figure 10 In the same subject, the blue and red curves
represent the systolic (SABP) and diastolic (DABP) arterial
blood pressures, respectively, measured every 2 minutes
from the beginning of the incremental test until exhaustion.
The blue vertical dotted line indicates the coincidence of
both pressures at the peak workload step, marked by the red
arrow. The blue arrow highlights the point (around the 20th
minute) at which the DABP curve showed an increase in its
negative slope. The interval between the two tips of the
double green arrow represents the de-fatiguing pedalling
period for both arterial pressure variables.
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Figure 11 In the tested subject, the blue curve represents
the thoracic fluids index (TFI)—that is, the left ventricular
preload index—measured in Siemens as thoracic electrical
conductance, assessed every 2 minutes from rest up to the

peak workload during the incremental test to exhaustion.
The interval between the two tips of the double green arrow
indicates the de-fatiguing pedalling period. The red arrow
marks the time at which the peak mechanical power output

occurred.
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Figure 12 In the representative cyclist, the blue curve
illustrates the left ventricular ejection velocity index (EVI),
assessed every 2 minutes from the beginning of the
incremental test until exhaustion. The interval between the
two tips of the double green arrow indicates the de-
fatiguing pedalling period. The blue arrow marks the time
point when the curve slope visibly increased
(approximately at the 22" minute), while the red arrow
indicates the time corresponding to the peak mechanical

workload.
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Figure 13 In the here tested cyclist, the blue curve shows
the left ventricular ejection time (VET), measured every 2
minutes from the beginning of the incremental test until
exhaustion, indicated by the red arrow. The interval
between the two tips of the double green arrow indicates
the de-fatiguing pedalling period.
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Figure 14 In this cyclist, the blue curve represents the left
ventricular stroke volume (SV), measured every 2 minutes
from the beginning of the incremental test until exhaustion.
The interval between the two tips of the double green arrow
indicates the de-fatiguing pedalling period. The blue arrow
marks the point where an increase in the curve slope
occurred, while the red arrow indicates the time at which
the peak mechanical power output was reached.
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Figure 15 In the representative cyclist, the blue curve
illustrates the cardiac output (CO), measured every 2
minutes from the beginning of the incremental test until
exhaustion. The interval between the two tips of the double
green arrow indicates the de-fatiguing pedalling period. The
blue arrow marks a small but evident increase in the curve
slope, while the red arrow indicates the time corresponding
to the peak mechanical power output.

From rest to the 10" minute of exercise (corresponding to the
5% workload step), SV increased from 59.7 ml to 102.5 ml,
100 ml, fluctuating between a minimum of 96.6 ml and a
maximum of 104.5 ml. Subsequently, as indicated by the
blue arrow in figure, at approximately the 22" minute, SV
rose sharply again, with a mean slope of about 8.5 mL per
step during the final three workload increments, ultimately
reaching a peak value of 125.2 ml. However, by the end of
the recovery (de-fatiguing) phase, SV returned to its resting
value, even dropping slightly below it. As is well known, CO
depends on both an inotropic component (SV) and a
chronotropic component (HR), being mathematically
defined as their product (see Eq. 4). Indeed, as shown in
Figure 15, the morphology of the cyclist’s CO curve as a
function of workload increase resembles the shape of the SV
curve, albeit with less pronounced variations in slope, due to
the smoothing effect of HR. Nevertheless, as highlighted by
the blue arrow in Figure 15, a small but noticeable increase
in the CO curve slope also occurred when the workload
reached the 22 minute from Wy. At the end of the post-test
recovery period, however, CO did not return to its resting
value, remaining at 5.7 1 min™ compared to the resting level
of 3.7 1 min™". Table II reports the mean + SD values of all
selected cardiorespiratory variables measured in the seven
cyclists, both at Wy and at Wnax. A statistically significant
increase was observed at Wna compared with Wy for HR,
BR, SABP, EVI, SV, and CO, whereas DABP, and VET
significantly decreased. In contrast, no statistically
significant change was found in TFI between W . and W.
Furthermore, a slight reduction in peak SO, was observed
(—2%), although this variation remained within the range of
physiological variability. Nevertheless, due to the small
sample size of the tested subjects, the only statistically
significant differences observed between mean resting and
peak values (i.e., Wy and Wnax; P < 0.5 or P > 0.5) may not
fully capture the true effect size produced by the incremental
test performed to exhaustion.
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Table I — Mean * SD values of cardiorespiratory variables among seven tested athletes

STEP | W HR BR SABP | DABP | SO» TFI EVI VET SV CcO
(watt) | (Beat/min) | (Breath/min) | (Torr) | (Torr) | (%) [(Siemens)| (£/s) (s) (ml) [ (I/min)

Wo 0 67 17 122 74 98 0.044 1.12 022 | 743 4.6
+SD +11 +2 +10 +8 | #1.0 [ +0.002 +0.11 | £0.03 | +I.1 +0.2
Wiax | 360 182%* 56%* 194* | 38* | 96* 0.043 3.27*% | 0.14* | 131.4*| 21.3*
+SD | £36 +11 8 +12 | +19 | #£14 | +0.004 +0.29 | £0.01 | £26.5 | £5.5
A% +172 +229 +59 -49 -2 -2.3 +192 -36 +77 +363

Wo: rest; Wmax: maximum workload; HR: heart rate; BR: breath rate; SABP: systolic arterial blood pressure; DABP: diastolic
arterial blood pressure; SO,: arterial blood oxygen saturation; TFI: thoracic fluids index; EVI: ejection velocity index; VET:
ventricular ejection time; SV: stroke volume; CO: cardiac output; A%: changes in percentage of maximum versus rest values;

*: P<0.05 or statically significant compared to rest (the Student’s ¢ parametric test for paired data was here utilized).

Table III — Effect sizes amplitude of the Wax versus Wy
mean values comparisons for each selected variable

HR: heart rate; BR: breath rate; SABP: systolic arterial blood
pressure; DABP: diastolic arterial blood pressure; SOo:
arterial blood oxygen percentage; TFI: thoracic fluids index;
EVI: peak of left ventricle ejection velocity index; VET:
ventricular ejection time; SV: left ventricle stroke volume;
CO: cardiac output.

Therefore, the Cohen’s “d” index [28]—calculated as the
difference between the two means divided by the pooled
standard deviation—was employed. For  each
cardiorespiratory and power-related variable considered,
table III reports the magnitude of this effect when comparing
values at Wy and Wpax. A “d” value greater than 0.8 was
interpreted as indicating a strong physiological response of
the variable to maximal exercise, which was the case for all
but one of the variables analyzed.

90

Conversely, a “d” value around 0.2, as observed for TFI,
suggests a negligible effect size between Wmax and W,

Variables Means Pooled | Cohen’s implying that these two conditions are practically similar for
difference SD | “d” index this variable.
(WmaX'WO)
HR 115 11.00 10.45 4 DISCUSSION
Beats/min

BR 39 583 6.69 Data presented in Table II clearly demonstrate that the group
Breaths/min of competitive road cyclists investigated in this study were
SABP 7 11.04 6.52 characterized by cardiodynamic profiles typical of well-
Torr trained athletes engaged in this sport. Recent evidence
DABP 36 14.58 1211 indicates that the functional adaptations occurring during
Torr exercise in such athletes are characterized by increased
SO, ) 122 64 hemodynamic fo.rce generation Quring systole and enhanced
o rela)fatlon durlng. early dlas'Fole . [29].Inde§d, the
TFI 1 346 029 cardiovascular variables that primarily determined the
Si ’ ) cyclists’ oxygen consumption—and consequently their
MoIemens muscular power output—namely the cardiac output “CO”,
EVI 2150 219 9.82 which was in turn dependent on the SV and, more
meY/s specifically, on the EVI, all reached peak values significantly
VET -80 22.36 3.58 higher than those observed at rest. These differences were
ms statistically significant both in terms of “P” and “d” values
SV 57.10 18.75 3.04 here calculated. Furthermore, in the representative athlete’s
ml graphs showing the changes in these three cardiodynamic
Co 16.7 3.90 3.89 variables with increasing workload, a marked increase in the
Vmin slope of the curves becomes evident at approximately 77%
Workload 360 25.46 14.14 (300 W) of the maximal workload (Wmax = 390 W).
W Simultaneously, the curve describing the BR as a function of

workload also shows a noticeable increase in slope
beginning around 330 W compared with the Wy condition.

Considering that during exercise pulmonary ventilation (PV)
is mainly driven by BR [30], and that during incremental
exercise PV increases its slope when carbon dioxide volume
(VCO,) production exceeds that of oxygen uptake (VO2)—
that is, when the so-called aerobic threshold (AT) is reached
[31]—the observed increase in the slope of the BR curve in
the studied athlete can reasonably be interpreted as an
indicator of having reached the AT. Sendra-Perez et al. [32],
studying skilled cyclists and triathletes performing an
incremental test on a cycle ergometer, reported that muscle
oxygen saturation—corresponding to the attainment of the
AT—in the biceps femoris occurred at approximately 77%
of Wmax. This percentage closely matched the workload at
which an increased slope was observed in the cardiodynamic



variables of our tested cyclist. Accordingly, the cyclist’s CO
and its generating cardiodynamic components—namely,
EVI and SV—all exhibited slope increases in their respective
characteristic curves around the workload corresponding to
a metabolic substrate shift. This shift reflects the point at
which anaerobic pathways begin to play a crucial role in
supplying energy for the mechanical power produced by the
pedalling muscles. From this observation, it can be inferred
that this experimental protocol allows for the detection of the
percentage of Wiy at which AT occurs in competitive road
cyclists directly from the morphology of the cardiodynamic
response curves during an incremental test. Thus, it
eliminates the need for bulky and expensive calorimetric
equipment for measuring O, consumption and CO,
production in performing athletes. In this context, it is well
known that just above the AT, enhanced sympathetic activity
promotes the secretion of hormones (e.g., epinephrine) that
increase heart rate and blood pressure to sustain oxygen
delivery to the tissues. Moreover, a recent study
demonstrated a strong relationship between the rapid
repolarisation of the cardiac ventricles—triggered by the
heightened sympathetic drive—and the attainment of AT.
Specifically, upon reaching AT during an incremental test,
the surge in sympathetic activity required for faster
ventilation induces rapid changes in sympathetically
modulated ventricular repolarisation [33]. It is therefore
reasonable to hypothesize that, in our exampled cyclist, the
rapid electrical event of ventricular repolarisation was
followed by an equally rapid mechanical response of the
ventricle—manifested as an increase in myocardial
contractility, which translates into a higher velocity of left
ventricular ejection. In our study, the blue arrows in the EVI,
followed by SV and then CO characteristic curves plotted
against increasing workload, indicate a steeper slope after
the subject’s AT, or approximately at 80% of Wmax. When
extrapolated from individual athletes to the average of all
seven tested subjects, these data confirm that all participants
had excellent aerobic capacity, efficiently supplying energy
to the muscles involved in sustaining high pedal workloads.
This performance was further supported by a cardiodynamic
contribution, as CO increased post-AT, thereby enhancing
oxygen delivery to the working muscles. However,
considering the heterometric contribution of ventricular
preload (see the TFI graph in Figure 11) to SV and
consequently to CO, it is evident that TFI initially increased
by approximately 5% above the resting value with workload
rising to 120 W and then remained essentially unchanged up
to Wmax. In summary, the two central/cardiac determinants
of SV—the homeometric component, reflecting
sympathetic  nervous  system-mediated  myocardial
contractility as represented by EVI, and the heterometric
component, reflecting mechanical volumetric properties as
represented by end-diastolic ventricular volume index by
TFI—both increased during exercise on the laboratory
bicycle. This dual contribution explains the progressive
increase in SV despite a gradual reduction in VET, which
decreased from 0.18 s at Wy to approximately 22% below
the resting value around 70% of Wax, and remained stable
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thereafter until peak workload (see Figure 13). The resultant
SV, together with the nearly linear increase in HR,
substantially contributed to the observed progressive rise in
CO. During acute acrobic exercise, left ventricular diastolic
function, and consequently ventricular filling, increase to
ensure adequate cardiac output. This represents a significant
challenge for the myocardium because exercise-induced
tachycardia shortens ventricular diastolic time, even as
cardiac output must rise to meet physiological demands [34].
In contrast to acute exercise, chronic exercise training, as
observed in the exampled cyclist in our study, has been
shown to enhance myocardial diastolic function [35]. As
diastolic time shortens with increasing exercise intensity, the
diastolic filling rate must rise to maintain the balance
between left ventricular filling and ejection. This increase in
diastolic filling rate is achieved primarily by augmenting the
trans-mitral diastolic pressure gradient between the left
atrium and left ventricle. The trans-mitral flow rate rises due
to a relative decrease in intra-left ventricular pressure during
early diastole [35], effectively creating a left ventricular
suction effect across the mitral valve that enhances the trans-
mitral pressure gradient. Several mechanisms contribute to
this left ventricular diastolic suction:

1. Increased systolic contractile force (inotropic effect)
enhances early diastolic elastic recoil of the myocardium
[36].

2. Greater systolic fiber shortening during exercise results in
smaller end-systolic volumes and lower intra-left ventricular
pressures during early diastolic filling [37].

3. Enhanced relaxation of individual cardiomyocytes which
occurs due to increased sarcoplasmic reticulum (SR) calcium
reuptake [38], which is further stimulated by exercise-
induced beta-adrenergic activation [39].

4. Beta-adrenergic stimulation increases cyclic AMP, which
phosphorylates phospholamban, a regulatory of the SR
membrane protein. This phosphorylation accelerates SR
calcium reuptake, thereby enhancing cardiomyocyte
relaxation and increasing the rate of diastolic filling [39,40].
Since the normal heart can increase trans-mitral diastolic
flow during exercise through enhanced ventricular
contraction and relaxation (ventricular suction), it can be
reasonably inferred that, in the present sample of cyclists, the
maintenance—or even increase—of left ventricular preload
during the test, despite the progressive shortening of diastolic
time, reflects a coordinated set of morpho-functional
adaptations.

These adaptations are characteristic of athletes extensively
trained for long-duration aerobic activities such as road
cycling. Moreover, in this type of cyclist, the potential
contribution of reduced total peripheral vascular resistance
(TPVR)—i.e., left ventricular afterload—to the increase in
SV) during intense exercise should not be overlooked. TPVR
at a given workload can be estimated as the ratio between
mean arterial blood pressure (MABP) and CO. MABP can,
in turn, be calculated as [41]:

MABP = DABP + 1/3 (SABP - DABP) = Torr (5)



thus the TPVR could be obtained as [41]:
TPVR = MABP : CO = Torr min I'!

Concerning our reference cyclist, data from Figure 10
indicate that the MABP at Wy was 90 Torr, and data from
Figure 15 show that the corresponding CO was 3.7 1 min™.
Consequently, the TPVR at Wy was approximately 24.3
Torr min 17!, At Whax, his MABP remained at 90 Torr,
while the corresponding CO increased to about 20 1 min™,
resulting in a TPVR of 4.5 Torr min 1"'—roughly 18% of
its value at Wo.

This marked reduction in TPVR with increasing workload
may appear paradoxical, given that exercise generally
induces a widespread increase in sympathetic tone, leading
to a-adrenergic receptor-mediated vasoconstriction across
most vascular beds. However, it has been shown [42] that
a; receptors are predominantly located in large upstream
arteries of the muscles and are less sensitive, or even
insensitive, to inhibitory factors generated by muscle
metabolism. This distribution contributes to the
maintenance of high MABP values as exercise intensity
increases, as described by the following equation:

MABP = TPVR x CO

Thus, maintaining—or at least not allowing a decrease in—
MABP during incremental exercise (as was observed in our
tested cyclist) helps ensure adequate arterial blood flow to
the working muscles by sustaining sufficient CO values, as
illustrated by the following equation:

CO = MABP : TPVR

At the same time, due to the high density of a»-type
adrenergic receptors in intramuscular arteries—which
serve a nutritive function and are highly sensitive to
inhibition by muscle-derived agents/catabolites such as
prostaglandins, adenosine, thromboxanes, and others—
there is consequent intramuscular vasodilation aimed at
supplying nutrients to the myocytes [43]. In the reference
cyclist analyzed here, the graphs in Figure 10 clearly show
two opposing events as workload increased: (a) a
progressive rise in SABP resulting from increasing o-
mediated stimuli in the large vessels outside the muscles,
which ensured adequate peripheral transmission of a
sufficient fraction of cardiac output; and (b) a mirror-like
decrease in intramuscular TPVR due to inhibition of o>
receptors, leading to a progressive drop in DABP while still
ensuring nourishment of the muscles engaged in the
escalating pedalling effort. Notably, in this subject, mean
arterial blood pressure (MABP) remained at a good level
despite the marked reduction in TPVR, with MABP around
90 Torr in both Wy and Whax conditions. Furthermore, these
adaptations provided a clear advantage for the heart
mechanics, allowing it to deliver adequate oxygen to the
working muscles at a lower energetic cost. Extending the
observations from the reference cyclist to the seven athletes
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tested—whose mean + SD values are reported in Table [I—
it is evident that the mean TFI, reflecting left ventricular
preload impedance, reached a peak value at the end of the
test that was not significantly different from the pre-test
value. This finding indicates that, in all athletes, despite the
progressive and substantial reduction in VET, preload
continued to contribute to the volumetric component of
stroke output until the conclusion of the test. Regarding the
omeometric contributor index for stroke volume increase,
namely the EVI, the peak increase observed in the graph of
Figure 12 was approximately 154% of the resting value.
This was lower than the mean peak value recorded across
all tested subjects at Wpmax, which reached +192%.
However, since the peak EVI value of the reference athlete
(3.07 Q-s7") fell within the range of the standard deviation
of the group mean (minimum SD from the mean = 2.98
Q-s71), it can reasonably be stated that the beat-to-beat
pattern of EVI in the reference athlete can be considered
representative of the mean behaviour observed across all
participants. With respect to the peak values of the main
bioimpedance-derived cardiodynamic variables—heart
rate, stroke volume, and cardiac output—the percentage
differences between the group mean and the representative
subject were +10%, +5%, and +4%, respectively. As all
three differences fall within the £SD calculated for each
mean, it is reasonable to consider the workload-dependent
cardiodynamic adjustments observed in the exemplar
cyclist as representative of those occurring in the entire
group of athletes studied.

6 CONCLUSIONS

In the competitive road cyclists tested in this study,
cardiovascular adaptations similar to those observed in
long-distance runners may have occurred, leading to
improved exercise efficiency. In fact, their hearts appeared
to function more efficiently by increasing stroke volume as
workload rose, thereby delivering more oxygen to the
working muscles at a relatively lower overall heart rate.
These adaptations could be further supported by a possible
increase in the capillary network of the leg muscles [44], as
suggested by the marked decrease in mean value of TPVR
observed during the test. This indicates that the amount of
blood pumped per heartbeat increased, meaning that less
pumping effort was required to circulate the same volume
of blood—i.e., the mechanical efficiency of the heart was
enhanced. Moreover, since in these cyclists the peak value
of the left ventricular preload index (TFI) did not decrease
compared with WO, as previously reported in skilled long-
distance runners after maximal treadmill exercise [45], this
finding reinforces the conclusion that well-trained
competitive road cyclists develop specific cardiovascular
morpho-functional adaptations. These adaptations provide
an advantage in maintaining high and prolonged levels of
mechanically generated power at the pedals, primarily of
aerobic origin, as also suggested by the high workload
(77% of the peak value) at which their anaerobic threshold
occurred during the exhaustive test.



7 STUDY LIMITATIONS

Unfortunately, this study is subject to several limitations. In
particular, its small, all-male, single-session sample limits
the generalizability of the findings. For these reasons, the
present work should be regarded as a preliminary study. The
authors are committed to collecting additional experimental
data in the near future to address these limitations and
thereby ensure the full applicability of the proposed method.
Nevertheless, despite the restricted sample size and gender
composition, the effect size statistics reported here provide
substantial evidence of a robust physiological response to
maximal exercise in this specific group of athletes.
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ABSTRACT

A male kayaker covered approximately 1,000 km along a sea coast over a period of ~40 days.
Each night, after setting up camp, he noninvasively self-recorded at rest several systemic
variables and transmitted them to a remote medical center via a telemedicine platform
developed by the research team. This system employed a custom-built wearable device based
on electrical impedance to acquire beat-to-beat cardiodynamic variables. Additional
measurements included arterial blood pressure, expiratory peak flow, maximal handgrip force,
tympanic temperature, and urine specific gravity. Over the course of the expedition, cardiac
output linearly increased by 65 ml min! per day, primarily due to a rise in stroke volume and a
concomitant reduction in total peripheral vascular resistance which, in turn, led to a decrease in
mean arterial pressure. The mechanical work of the heart showed no significant variation
during navigation. However, towards the end of the journey, the rate—pressure product—an
indicator of myocardial oxygen consumption—rose exponentially, indicating a progressive
decline in cardiac mechanical efficiency. This trend paralleled a decrease in maximal handgrip
strength and an increase in perceived exertion. Overall, the kayaking expedition promoted an
improvement in oxygen delivery capacity and blood pressure lowering, although signs of
cardiac and muscular fatigue became evident toward the end of the trip.

Keywords: kayaking, cardiodynamics, remote data assessing, heart mechanical efficiency

1 INTRODUCTION

Nautical motion activities performed with a paddle, i.e.
kayaking, are characterized a motor pattern that leads to
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the activation of numerous muscle groups. Specifically, to
execute the technical paddling movement—which primarily
involves the muscles of the arms and shoulders—the
paddler also engages the muscles of the back responsible
for trunk rotation, as well as the core muscles, including the
abdominals, which contribute to maintaining balance and
proper spinal alignment. The legs are likewise involved, as
they are subjected to a condition of isometric hypertonia
during motion-specific performance. Therefore, kayak-
specific functional training integrates aerobic conditioning
—to enhance endurance—with muscular strengthening and
toning, aimed at improving overall performance. From a
biomechanical standpoint, kayak technique is a cyclical
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movement characterized by alternating right- and left-side
strokes. During each stroke, the kayak exhibits fluctuations
in acceleration because the paddler’s dynamic motion,
together with the varying magnitudes of propulsive and
resistive forces, gives rise to oscillations in boat velocity.
Consequently, the ability to achieve a high stroke rate is
inversely proportional to stroke duration, such that greater
kayak speed can be attributed to an increased stroke
frequency. With the aim of investigating the systemic
adaptations that characterise the body's response to long-
duration physical activity training in a kayak carried out in
a coastal marine environment, in a male kayaker who
covered approximately 1,000 km along the coast over ~40
days, maximal kayak-ergometer tests to exhaustion after the
trip has been found that VO,peak normalized to body mass
increased by 13%, the respiratory exchange rose by 16%,
and estimated energy expenditure increased by 12%.
Moreover, in this athlete echocardio-graphic assessment
revealed a 32% increase in resting left ventricular stroke
volume following the trip [1]. Since during his coastal
voyage, this athlete was able each night—after dinner and
after making camp—to noninvasively at rest self-record
several systemic variables and transmit them to a remote
specialized medical centre (RSMC) using a telemedicine
device developed by the research team [2], in this study, it
has been investigated the daily adjustments in the
engagement of the athlete’s physiological systems induced
by paddling. This approach elucidated the time-dependent
intrinsic  adaptations underlying the morpho-functional
changes that were previously observed following
completion of the trip [1].

2 METHODS

2.1 THE SUBJECT AND HIS KAYAK

The participant was a highly skilled 47-year-old male
kayaker who served as a federal-level rowing instructor at
an Italian sports club. He frequently undertook long coastal
kayak trips for both athletic and recreational/touristic
purposes. For this study he circumnavigated the island of
Sardinia (Italy) by kayak (Diana Canoe Manufacturers,
model 535), covering 969 km over 41 days (see Figure 1).
After each day of paddling he searched for a coastal site in
which to camp overnight; if weather conditions precluded
further navigation, he sometimes sheltered during the day
as well. These circumstances resulted in prolonged stops
during the trip, sometimes lasting several days.

2.2 INSTRUMENTATION

As shown in Figure 1, a flexible photovoltaic panel (Energy
Flyer, Solbian, Turin, Italy) was installed on the stern of the
boat; its specifications are reported in Figure 2. The
compact panel weighs 360 g and which comprises four
solar cells, delivering a maximum power of 12.5 W and a
maximum current of 2.4 A at a nominal voltage of 5 V.
While the kayak was underway and exposed to sunlight, the
Energy Flyer panel charged a power bank via a standard
USB port.
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Figure 1 The kayak and its kayaker. (1) photovoltaic panel;
(2) cockpit; (3) paddle; (4) pennant bearing the expedition
name; (5) watertight bow locker containing scientific
instruments; (6) adhesive panel bearing the logo of
Sardegna Ricerche, the Italian research institution that
provided patronage for the experiments together with the
Polytechnic University of Turin in Italy.
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Figure 2 The flexible, square photovoltaic panel (model
Energy Flyer) mounted on the stern of the kayak. Its three
spatial dimensions—length, width, and thickness—are
indicated by blue axes, with values shown in millimetres
(mm). A protective red rubber frame with one anchoring
hole at each corner surrounds the panel’s active area, which
consists of four black photovoltaic cells.



Figure 3 On the left a photo of the sensing device to record
environment’s temperature and humidity. 1) sensors tip, 2)
device body with dedicated electronics for data recording, 3)
175 cm long connection cable between the tip and the body of
the device, 4) optical emitter interface for the transmission of
the stored signals, 5) protective cap of the optical interface. On
the right the closed waterproof nautical bag from which only
the sensorized head emerged.

The power bank then supplied power to the electronic devices
used for functional measurements once the kayaker landed to
set up the night camp. During navigation, all equipment was
enclosed in a waterproof casing that was transparent to
sunlight. The kayak was also fitted with a waterproof data
logger (HOBO Pro v2, LI-COR, Lincoln, USA) shown in
Figure 3 that recorded ambient air temperature (°C) and
relative humidity (%) at 30—second intervals. The logger was
housed in a 2 litter waterproof nautical bag with only the
sensor tip protruding, and was secured daily in the cockpit by
attaching it to the sides of the seat. Upon disembarking, the
athlete brought the bag containing the HOBO into the
overnight camp to enable a continuous 24-hour recording.
Instrumental traces in Figure 4 illustrate a representative day of
these measurements. When inserted into a splash—resistant
docking station, this interface permits data transfer from the
HOBO logger via an optical USB connection.
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Figure 4 Time series of environmental temperature (T, °C;
black) and relative humidity (RH %; blue) recorded by the
HOBO logger from 6 to 16 April. Both the lowest
temperatures and highest relative humidity were observed at
night.
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SN
Figure 5 Photographs illustrate examples of the kayaker
performing daily physiological measurements after landing:
(A) arterial blood pressure measured with an automatic wrist
sphygmomanometer, ensuring that the device was kept at heart
level (indicated by the double red arrow); (B) peak expiratory
flow assessed using a graduated tube inserted into the mouth
and held with both hands, taking care not to obstruct the
sliding cursor along the scale (! min™') and (C) handgrip
strength measured with the dominant hand using a
dynamometer, displaying the maximum contraction force in kg
on its screen.

Inside a waterproof nautical bag stored in the kayak’s bow
locker (see Figure 1), the athlete kept the equipment used to
self-record noninvasive data, which he transmitted to the

RSMC each night after dinner and after establishing camp.

The instrumentation included:

e a custom-built wearable device [3] for acquiring thoracic
electrical impedance (Zt in €), which reciprocal also
represents the thoracic fluid index (TFI in Q-1), enabled
the use of impedance cardiography (ICG) to non
invasively obtain beat-to-beat cardiodynamic variables
together with an ECG trace (E-Physio Tool, AC
Technologies Ltd, Cagliari, Italy), the device requires a 5 V
DC power supply capable of deliver 2A.

e a miniaturized automatic wrist sphygmomanometer
(Omron HEM-6181, Kyoto, Japan), shown in Figure 5,
was used to acquire systolic (SABP) and diastolic (DABP)
arterial blood pressures (in 7orr) together with heart rate
(HR; bpm), the device has been validated

e according to the ANSI/AAMI/ISO 81060-2:2013 protocol
[4];

e amanual device for measuring peak expiratory flow (PEF),
expressed in 1 min-1, which consisted of a graduated
cylinder to be inserted into the mouth through into which
the subject performed a maximal forced;

e exhalation (Mini-Wright, Clement Clarke International,
UK) (see Figure 5) [5];

e a device for assessing maximal force output during the
handgrip maneuver (HAG), measured in kg and performed
with the dominant hand (Gripx, Vatmaster Consulting,
Germany), is shown in Figure 5 [6];

e a fingertip pulse oximeter (Pheartcare; Shenzhen Lepu
Intelligent Medical Equipment Ltd., Shenzhen, China) was
used to measure beat-to-beat arterial blood oxygen
saturation (SO2 %) [7];

e an electronic tympanic thermometer (Gima, Italy) was
chosen to measure Body temperature (BT) in °C [8];

e a tool to measure urine specific gravity (USG) through
multifunction reagent strips (Combi Screen, Germany) [9].



Figure 6 Schematic representation of thoracic electrical
bioimpedance assessment in the athlete’s chest using the
E-Physio Tool. The inverted cone-shaped trunk, shown in
yellow, symbolically represents the volume of tissues
contributing to the electrical impedance (VEPT). The
smaller base of this anatomical solid lies at the level of the
neck muscle roots, while the larger base corresponds to the
plane of the xiphoid process. Two disposable electrodes are
positioned on the right side of the neck and thorax (with
four additional electrodes symmetrically placed on the left
side). The outer electrodes, connected by red cables, are
linked to the voltage generator (AV), whereas the inner
electrodes, connected by blue cables, are linked to the
impedance meter (Z). The impedance measurements
dependon an electrical current (I) of 1 mA at 65 kHz passing
through the thorax, represented here by white dotted lines.

All acquired functional data were transmitted via a

proprietary information and communication technology

(ICT) platform implementing the E-Physio Tool together

with telemedicine software [2] to the RSMC, where

experienced researchers performed detailed analyses.

The electronic and informatics characteristics of this ICT

platform have been described extensively elsewhere

[2,3,10-12]. Left ventricular stroke volume (SV) was

therefore estimated on a beat-to-beat basis (m/) from the

following variables directly derived from impedance

measurements [13]:

e - left ventricular preload index (LVPLI), also called the
central  (cardiac)  heterometric  stroke-volume—
modulating factor, defined as TFI (1/Zt, units: Q');

e - left ventricular myocardial contractility index (LMCI),
also called the central (cardiac) homeometric stroke-
volume—modulating factor, defined as the ventricular
peak systolic ejection velocity (EVI) (units: Q s7/);

e - ventricular ejection time, defined as the interval
between aortic valve opening and closing, which is
directly related to SV (VET) (units: s).
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According to the Sramek—Bernstein equation [14], a
subject’s SV can be estimated by the volume of thoracic
tissues contributing to the impedance (VEPT, ml) [15]
together with the three impedance-dependent variables
described above. VEPT comprises all thoracic tissues
contained within the geometric solid shown in Figure 6 and
can be obtained from a dedicated nomogram that relates
three variables—gender, body mass, and height—using a
set of scales arranged so that the value of one variable is
determined by drawing a straight line through the
corresponding points on the other scales [14].

That following is the Sramek-Bernstein equation:

SV = VEPT{ml}*TFI{ Q" P *EVI{Qs ) *VET{s} =ml (1)

Equation (1) is valid because, when the cardiovascular
system is modelled as a simple closed hydraulic circuit with
a reciprocating plunger pump in series (the heart), each
suction—delivery cycle of the pump (diastole and systole
respectively) yields multiplicative terms that correspond
dimensionally to the electrical analogs of the four hydraulic
variables that characterize the system. In this formulation,
the volume ejected per pump cycle is directly related to the
peak ejection velocity and the duration of ejection.
Accordingly, the four variables on the right-hand side of (1)
represent, respectively: the pump’s hydraulic volume
(blood volume) or VEPT; the suction volume or LVPLI
(measured as TFI); the peak delivery velocity or LVMCI
(measured as EVI); and the delivery duration or VET.

2.3 ESPERIMENTAL PROTOCOL

Due to unexpected atmospheric and technical problems at
the start of the trip, remote acquisition of the daily data
transmitted by our kayaker to the RSMC was delayed by 10
days. Consequently, the ICT platform’s daily analysis
covered the subsequent 31 days of the trip.

Beat-to-beat Zt and ECG data were acquired remotely on a
daily basis while the athlete was seated and in a relaxed
state for 3 minutes. Using the LabChart reader
(ADInstruments, Oxford, UK) [16], a trained operator at the
RSMC identified 10 consecutive heartbeats beginning 1.5
minutes into each recording. From each beat, the operator
extracted LVPLI (TFI in ©7), LVMCI (EVI in Q s7),
ventricular ejection time (VET in s), and heart rate (HR in
beats min~') from the R-R intervals.

At each selected heartbeat, the operator at the RSMC
calculated the stroke volume (SV) by applying Equation
(1), and subsequently derived the CO, expressed in / min-?
as follows:

CO =SV *HR 2)

Furthermore, the mean + standard deviation (M £+ SD) of
the ten measurements obtained for each variable (TFI, EVI,
VET, SV, and CO), were computed. During the same
experimental session, to avoid any emotional interference
related to the temporal overlap with the subsequent
impedance data collection, the athlete self-recorded SABP
DABP at the wrist at the beginning of the 3-minute
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impedance data acquisition period. After the 3 minutes of
relaxation, the athlete proceeded with the remaining
instrumental assessments, as described in Figure 5, and
concluded with the SO,%, SUG, and BT measurements.
These manually recorded readings were transmitted to the
RSRC via WhatsApp application, along with a self-reported
rating of perceived exertion (RPE) for the same day,
expressed on a 620 scale according to Borg’s method [17].
From the data acquired on the same day at the RSMC, the
mean arterial blood pressure (MABP) was calculated in
Torr using the following equation:

MABP = [(SABP + 2*DABP) : 3] 3)

The left ventricular afterload index (LVALI), also referred
to as the peripheral heterometric modulator of SV, was
estimated in terms of total peripheral vascular resistance
(TPVR), calculated as:

TPVR = [MABP : COJ )

and expressed in Torr I/ min, considering that the CO value
used corresponds to the average of ten cardiac beats.
Further, rate—pressure product (RPP), an index of cardiac
oxidative energy expenditure [18], was determined as:

TPVR = [MABP : COJ ®)
and expressed in Torr beats min™.

The heart mechanical work index (HMW) [8] was
computed as:

HMW = [SV * MABP] (6)

expressed in ml Torr.
Finally, the heart mechanical efficiency index (HME) [8]
was obtained as:

HME = [HMW : RPP] (7)

and expressed in ml min beats™.

Both descriptive and predictive statistics were used,
including linear and quadratic regression analyses. The
model with the highest significance was selected. A P-value
< 0.05 was considered as statistically significant.

2 RESULTS

Firstly, it should be noted that, in the x-axis of the
following graphs, the time data refer to a 16-day period,
with measurements taken every two days during the
athlete’s 31-day journey, as described in the Methods
section. Table I reports the mean =+ standard deviation (SD)
of all cardiovascular variables derived from the beat-to-beat
analysis of bioimpedance and ECG recordings obtained
using the e-Physio Tool worn by the kayaker on 14 of the
16 days considered in this study. Data from two days were
excluded due to electrical interference that prevented

101

ISSN 1590-8844
International Journal of Mechanics and Control, Vol. 26, No. 02, 2025

reliable impedance measurements. As indicated in the table,
each reported value represents the average of 140 beats,
corresponding to 10 consecutive beats selected within the
3-minute resting bioimpedance recording period. These
recordings were acquired at the end of his daily physical
activity before going to sleep.

Table I — Average values of beat-to-beat assessed
cardiovascular variables

N TFI | EVI | VET HR SV CO
(140)| Q | Qs!' | ms |bmin!'| ml | Imin!
Mean | 32.5| 1.89 373 644 | 629 4.19

+SD | 3.2 0.5 31.8 8.9 14.6 1.43
VI% | 9.8 | 26.4 8.5 13.8 | 23.2 34.1

TFI: bioimpedance index of thoracic fluids; EVI: left
ventricle index of the blood ejection velocity peak; VET:
left ventricle ejection time; HR: heart rate in beats (b) per

minute; SV: left ventricle stroke volume; CO: cardiac
output per minute; VI: variability index as SD percentage

on Mean. N: number of considered beats to calculate
average values (Mean) and its standard deviation (xSD).

Figure 7 shows the geometric representation of the linear
regression of stroke volume (SV) across the selected days
during which the tested athlete was engaged in the
circumnavigation of Sardinia by kayak. The regression
equation was that following:

SV (ml) =55.97 + 1.22 (days) ®)

Equation (8) predicts that, over the course of the kayaking
days, the athlete’s resting SV increased by approximately
1.22 ml every two days. However, Equation (8) yielded a
“P” value of 0.06, which was not statistically significant,
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Figure 7 The linear regression of stroke volume (SV)
values against the corresponding days of assessment,
represented by a straight line fitted to 13 valid data points
(open circles). One data point was excluded from the
analysis as an outlier. The two orange dashed lines indicate
the 95% confidence interval.




although it was close to the threshold of P < 0.05 adopted in
this study as the criterion for significance. The following
regression equations best describe the relationships between
the preload index TFI, i.e. 1/Zt, (8) and the contractility
index EVI (10) of the left ventricle over the tested days of
cruising, as graphically illustrated in Figures 8 and 9,
respectively.
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Figure 8 The linear regression of Zt values (the reciprocal
of TFI, representing preload) plotted against the
corresponding days of assessment. The regression is
depicted as a straight line segment with 14 open circles
indicating the accepted measurements. The two orange
dashed lines represent the 95% confidence interval.

Each of these indices, as is well established, contributes to
the central (cardiac) regulation of SV through heterometric
and homeometric mechanisms, respectively.
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Figure 9 shows the linear regression of EVI values
(contractility index) plotted against the corresponding days
of assessment. The regression is depicted as a straight line

segment with 13 open circles indicating the accepted
measurements, as one data point was excluded due to being
identified as an outlier. The two orange dashed lines
represent the 95% confidence interval.
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7t (Q) = 27.89 + 0.42 (days) )

EVI(Qs') = 1416+ 0.052 (days) (10)
Both Equations (9) and (10) represent linear regressions
that reached statistical significance (P = 0.007 and P =
0.037, respectively). In contrast, the linear (P = 0.161) and
quadratic (P = 0.209) regression models describing the
relationship between HR and the 14 days of paddling did
not achieve statistical significance. Nevertheless, this
relationship is illustrated graphically in Figure 10.

1 3 5 7 9 11 13 15
DAYS

Figure 10 A column histogram showing the heart rate (HR,
beats per minute) for each of the 13 selected days out of the
16 days of kayaking.

As previously described in the Methods section, data from
days 2 and 4 were excluded from the analysis, while day 16
was identified as an outlier. E-Physio Tool. These
measurements were recorded simultaneously with the
impedance assessments and, in some cases, were
mathematically integrated with the corresponding averaged
impedance-derived values, as clearly described in the
Methods section. Although the HR regressions shown were
not statistically significant, the linear regression of CO over
the 14 selected days (Figure 10) was:
CO (Imin') = 3.35 + 0.13 (days) (11)
Table II reports the mean + SD values of cardiovascular
variables obtained from different devices, in addition to the

Table IT — Non-impedance deriving cardiovascular variables

N MABP | TPVR RPP HMW HME
(13) | Torr Torr beats ml beats™!
ml!'min | min! Torr | Torr min ml

Mean | 82.9 18.9 7574.5 5225.4 0.75

+SD 9.1 9.8 674.1 936.1 0.13

V1% 11.0 51.8 8.9 17.9 17.3

MABP: mean arterial blood pressure; TPVR: total
peripheral vascular resistance; RPP: rate—pressure product;
HMW: heart mechanical work; HME: heart mechanical
efficiency; VI: variability index, expressed as the
percentage of the standard deviation relative to the variable
mean. N indicates the total number of measurements
considered for calculating the mean value (Mean) and its
corresponding standard deviation (£SD).



which yielded a “P” value of 0.017, thus reaching statistical
significance. Figure 11 shows the linear relationship
between MABP and the selected days.

The corresponding regression equation was:
MABP (Torr) = 91.28 — 1.19 (days) (12)
Equation (12) yielded a “P” value of 0.009, indicating

statistical significance. Figure 13 shows the linear inverse
regression of TPVR over the selected days.

6.5 F

DAYS

Figure 11 The linear regression of cardiac output (CO)
values plotted against the corresponding days of
assessment. The regression is depicted as a straight line
segment with 13 open circles indicating the accepted
measurements, as one data point was excluded after being
identified as an outlier. The two orange dashed lines
represent the 95% confidence interval.
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Figure 12 The linear inverse regression of mean arterial
blood pressure (MABP) values plotted against the
corresponding days of assessment. The regression is
depicted as a straight line segment with 13 open circles
indicating the accepted measurements, as one data point
was excluded after being identified as an outlier. The two
orange dashed lines represent the 95% confidence interval.

The corresponding regression equation was:

TPVR (Torr I min) = 26.14 - 0.77 (days)

Equation (13) showed a P =0.007, so reaching the
statistical significance. Similarly to HR, the HMW did not
show any statistically significant trend in both linear and
quadratic HMW-versus-days regression analyses.

(13)
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Nevertheless, this relationship is illustrated in Figure 14 for
completeness. Figure 15 shows the quadratic regression of
the rate—pressure product (RPP) values plotted against the
corresponding days. The RPP—days regression equation was
as follows:

RPP (b min! Torr)=7418.9-229.1(days)+17.9(days)’ (14)

Table III — Clinical-functional variables

N [ Sso2 [ BT [ PEF | HAG
16) | % | °C |lmin| kg
1
Mean | 97.1 | 357 | 5137 | 440
=SD | L1 | 04 [ 212 | 21
VI% | 113 | 112 | 413 | 477

SO2: oxygen percentage in saturation of arterial blood; BT:
body temperature measured at tympanic level; PEF: peak of
the maximum expiratory flow; HAG: handgrip maximum
effort. VI: variability index as SD percentage on Mean. N is
the total number of considered measurements to calculate
their average value (Mean) together with its standard
deviation (+SD).
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Figure 13 The linear regression of total peripheral vascular
resistance (TPVR) values plotted against the corresponding
days of assessment. The regression includes 13 open circles
representing the accepted measurements, as one data point
was excluded after being identified as an outlier. The two
orange dashed lines represent the 95% confidence interval.
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Figure 14 The column histogram represents the heart’s
mechanical work (HMW) for each of the 13 selected days
of kayak paddling. As described in the Methods section,
data from days 2 and 4 were excluded from the analysis,

while day 16 was identified as an outlier.
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Equation (14) showed a “P” value of 0.023, indicating
statistical significance. The vertex of the parabola was
negative and located at approximately 6.4 days on the x-
axis, corresponding to between the 12" and 13% days from
the start of the measurements. As shown in Figure 16, the
relationship between heart mechanical efficiency (HME)
and days was also modelled using a quadratic regression,
expressed as:

HME (b”" min ml)=0.586+0.068(days)-0.0045(days)’ (15)
Equation (15) yielded a “P” value of 0.071which almost
reached statistical significance. However, the vertex of the
parabola was positive and positioned at approximately 7.5
days on the x-axis, corresponding to between the 14" and
15" days from the beginning of the measurements.

Figure 17 illustrates the quadratic regression of SO2%
values plotted against the corresponding measurement days.
The SO2%—days regression equation was:
SO2 (%) = 96.43 + 0.39 (days) — 0.03 (days)? (16)
Equation (16) showed a “P” value of 0.011, indicating
statistical significance. The vertex of the parabola was
positive and located at approximately 6.5 days on the x-
axis, corresponding to between the 12" and 13 days from
the start of data collection. Figure 17 shows the linear

regression of BT values plotted against days. The
corresponding regression equation was:
BT (°C) = 36.143 — 0.055 (days) 17)

Equation (17) yielded a “P” value of 0.0002, indicating a
highly significant statistical relationship. Figure 18 shows
the quadratic regression of HAG values plotted against
days. The corresponding regression equation was:
HAG (kg) = 40.391 +1.024 (days) — 0.052 (days)? (18)
Equation (19) yielded a “P” value of 0.06, which—similar
to the SV versus days relationship—did not reach the
threshold for statistical significance, although it was very
close to the 0.05 cut-off adopted in this study. The parabola
had a positive vertex located at approximately 9.8 days on
the x-axis, corresponding to between the 19" and 20" days
from the start of measurements. Regarding the relationships
of peak expiratory flow (PEF) as well as the other two
assessed variables which were the urine specific gravity
(USG) and rate of perceived exertion (RPE) variations
across the selected days of kayak paddling, both the linear
and quadratic regression analyses were far from reaching
statistical significance. Therefore, these daily variations
were represented graphically as histograms, shown in
Figures 20, 21 and 22.
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Figure 15 The quadratic regression of the rate—pressure
product (RPP) values plotted against the corresponding
assessment days, represented as a segment of a parabolic
curve. Thirteen open circles indicate the accepted
measurements, as one data point was excluded as an outlier.
The orange dashed lines represent the 95% confidence
interval.
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Figure 16 The quadratic regression of heart mechanical
efficiency (HME) values plotted against the corresponding
assessment days, represented as a segment of a parabolic
curve. Twelve open circles indicate the accepted
measurements, as two data points were excluded as outliers.
The two orange dashed lines represent the 95% confidence
interval.
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Figure 17 The quadratic regression of the arterial blood
oxygen saturation in percentage values (SO2) versus
corresponding days of their assessment represented as a
segment of a parabolic curve with 15 empty circles concerning
the 16 accepted measurements since one of those considered
was excluded resulting as an outlier value. The two orange
dashed lines represent 95% confidence interval.
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Figure 18 shows the linear regression of body temperature
(BT) values plotted against the 16 corresponding
assessment days. Sixteen open circles represent the
accepted measurements, while the two orange dashed lines
indicate the 95% confidence interval.
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Figure 19 shows the quadratic regression of handgrip
maximum effort (HAG) values plotted against the 16
corresponding assessment days, represented as a segment of
a parabolic curve. Sixteen open circles indicate the accepted
measurements, while the two orange dashed lines represent
the 95% confidence interval.

3 DISCUSSION

To obtain daily resting values for blood flow variables—
whose mean values are reported in the Tables I and II—a
custom-built impedance cardiograph was employed in this
study. This device had previously been validated by
comparing its measurements with those obtained from
commercially available ICG systems considered the gold
standard for cardiovascular assessments [19]. To further
enhance the reliability of the present results, Table IV
shows the mean values of TFI, SV, CO, EVI, and TPVR—
cardiovascular variables measured almost with the E-
Physio tool—visually correlated with corresponding
resting-state  values obtained in two independent
experiments that used two well-established commercial
ICG instruments. As illustrated in the table, except for EVI,
the four other variables assessed with the E-Physio tool fall
within an intermediate range between the values obtained
using the two commercial devices: the BioZ ICG Monitor
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Figure 20 shows the column histogram representing the
peak expiratory flow (PEF) values for each of the 16
selected days of the athlete’s kayak paddling.
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Figure 21 shows the column histogram representing the urine
specific gravity (USG) values. Due to practical difficulties in
recording this parameter nightly before bedtime, the athlete
was instructed to perform the measurements every two days.
However, the assessment planned for day 13 could not be
completed and was postponed to day 14, with the final
measurement taken on day 16.
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Figure 22 shows the column histogram representing the rate
of perceived exertion (RPE) values for each of the 16
selected days of kayak paddling.

11 13 15

Table IV — Comparison from different ICG devices

Variables BioZ ICG | E-Physio | Niccomo™
(2006) (actual) (2025)
TFI(Q) 33.1 32.5 29.1
SVI(ml/m?) 33.0 37.0 50.2
COI(I/min/m?) 2.3 3.2 33
EVI(Q/s) 1.16 1.89 1.38
PVR(Torr/ml/min) 333 25.8 24.7
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(CardioDynamics, San Diego, California, USA) [20] and
the Niccomo™ (Medis Medizintechnik, [lmenau, Germany)
[21]. This finding supports the view that the variables
measured with the E-Physio tool can be regarded as
reasonably reliable, despite the higher LVMCI (EVI) value
compared to the other two methods. This discrepancy may
be attributed to quantitative and qualitative differences
among the three groups of subjects included in the
comparison. Of primary importance, however, is that—as
shown in Equation (11)—these experimental results
revealed several cardiovascular adaptations which, over the
30-day observation period, collectively led in this kayaker
to a predicted linear increase in resting CO of
approximately 65 ml min-! per day. As is well known, both
SV and HR are the variables that determine CO through
their mathematical product. It must therefore be considered
that SV, in turn, depends on central (cardiac)
determinants—namely, the thoracic fluid index (TFI) and
ejection velocity index (EVI)—as well as on peripheral
(vascular) determinants such as ventricular afterload,
expressed as total peripheral vascular resistance (TPVR).
The experimental data predicted a linear increase in SV of
about 0.61 m/ day”, corresponding to a rate of increase of
1.09 % day-’. However, this latter result requires further
confirmation, as its current statistical significance was
marginal (P = 0.06). However, the ICG-derived reciprocal
indicator of LVPL, i.e. Zt, or the thoracic fluid index (TFI),
showed a significant linear increase of approximately 0.21
Q day-1. This finding indicates a corresponding reduction in
LVPL, the heterometric (central) variable influencing SV.
In contrast, this trend was opposed by the concurrent linear
increase in the EVI, the ICG-derived indicator of LVMC—
that is, the homeometric (central) factor determining SV—
which increased by about 26 mQ s day-1.

When the daily rate of variation of LVPL and LVMC was
expressed as a percentage of their respective intercept
values on the ordinate axis (see Equations 9 and 10), the
results indicated a change of —0.75% day-? for LVPL and
+1.83 % day-! for LVMC. These findings suggest that, in
our athlete, prolonged kayak paddling induced a
progressive increase in resting SV, not primarily through an
enhancement of ventricular preload, but rather through a
predominant contribution from myocardial contractility.
This pattern indicates a sympathetic dominance in the
autonomic control of cardiac function, as the daily
percentage rate of increase in SV more closely matched that
of LVMC than that of LVPL. In previous work by
Sheykhlouvand et al. [22], well-trained sprint kayakers
underwent incremental cardiopulmonary tests on a kayak
ergometer before and after eight weeks of high-intensity
interval training performed on the same device. Following
the training period, these authors reported that, in elite
kayakers, the increase in LVMC did not coincide with a
parallel rise in LVPL. Specifically, they found that resting
SV increased significantly due to enhanced ventricular
contractility, as evidenced by an elevated left ventricular
ejection fraction (LVEF), while the increase in SV
exceeded that observed for LVPL.
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Therefore, consistent with the findings of the present study,
those authors concluded that in trained kayakers, an
improvement in myocardial contractility can enhance SV
even in the absence of an increase in LVPL, with this
adaptation being primarily attributable to an increase in
LVEF. In this context, it is noteworthy that in the
previously reported post-trip echocardiographic evaluation
at rest [1], our kayaker exhibited a 4% increase in LVEF
compared with the pre-trip value. Furthermore, Bertozzi et
al. [23] observed that high-intensity kayak sprints
predominantly affect the kinematics of the shoulders, trunk,
and hips during paddling, while exerting a much smaller
influence on lower limb motion. This finding is consistent
with a reduced contribution of the calf muscle pump to
venous return during paddling, resulting in a comparatively
lower preload stimulus. Consequently, a limited functional
adaptation of LVPL, even when measured at rest, could
reasonably be expected in our kayaker. Moreover, based on
Equation (8), which describes the relationship between SV
and days of observation, the predicted increase in resting
SV after 30 days of navigation was +32.6%. This value
closely matches the +31.2% increase previously measured
at rest by echocardiography at the end of the kayak cruise
[1]. With regard to the potential influence of the peripheral
heterometric vascular factor—namely, total peripheral
vascular resistance (TPVR)—on SV and, consequently, on
CO, it is noteworthy that TPVR exhibited a negative and
highly significant linear regression with respect to trip
duration, as shown in Equation (13). Specifically, TPVR
decreased by approximately 0.77 Torr I'' min day-? (Figure
13). This finding resulted in a clear inverse CO-TPVR
relationship, illustrated in Figure 23, which likely
contributed to the observed time-dependent increase in
cardiac output. Indeed, the daily self-recorded
measurements of these two variables, collected each
evening by the athlete after setting up camp, revealed a
strong inverse dependence of CO on TPVR. As
demonstrated by the linear regression depicted in Figure 23
and described by Equation (19), this relationship predicted
an increase in CO of approximately 170 ml min™"' for each
unit decrease in TPVR, with a very high level of statistical
significance (P < 0.0001).

CO (I min') = 7.64 - 0.17 (Torr I'' min) (19)
It has been well established that regular aerobic exercise
training—such as that performed by this kayaker—
promotes skeletal muscle angiogenesis [24], leading to an
increase in muscle capillarization [25]. From a purely
hemodynamic perspective, an increase in muscle
capillarization corresponds to an expansion of the hydraulic
conduits within striated muscles, which are arranged in
parallel, resulting in a consequent decrease in TPVR [26].
This is precisely what was observed in our kayaker at the
end of the cruise. In a recent study involving healthy adults
performing the 6-minute walk test (6MWT) [27], a
submaximal-intensity exercise, a negative association was
found between the distance covered and TPVR.
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Figure 23 shows the inverse linear regression of cardiac
output (CO) values against the corresponding total
peripheral vascular resistance (TPVR) values. Thirteen
open circles represent the 14 accepted measurements, since
one data point was excluded as an outlier. The two orange
dashed lines indicate the 95% confidence interval.
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Figure 24 The linear regression of mean arterial blood
pressure (MABP) against total peripheral vascular
resistance (TPVR). Thirteen open circles represent the
accepted measurements, while one data point was excluded
as an outlier. The two orange dashed lines indicate the 95%
confidence interval.
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Figure 25 shows the linear regression of heart rate (HR)
against the corresponding ratings of perceived exertion
(RPE). Fourteen open circles represent the accepted
measurements, while the two orange dashed lines indicate
the 95% confidence interval
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At the same time, a moderate-to-strong positive correlation
emerged between OMWT distance and oxygen
consumption. Therefore, it can be hypothesized that the
prolonged, submaximal exercise performed by our
kayaker—since it produced a progressive and significant
reduction in TPVR—may also have led to an improvement
in aerobic capacity. This hypothesis is strongly supported
by the previous observation [1] that this athlete’s maximal
oxygen consumption, measured during the
cardiopulmonary exercise test conducted after the kayak
expedition, was approximately 13% higher than the value
recorded during the pre-expedition test. As expected [26],
the Figure 24 illustrates the kayaker’s daily decrease in
TPVR, which was accompanied by a parallel reduction in
MABP, quantified by Equation (20) as approximately -1.3
Torr for each unit decrease in TPVR (P = 0.001).
MABP (Torr) = 56.44 + 1.24 (Torr I'' min (20)
The effect described in Equation (20) was not
chronotropically compensated by increases in HR, as the
two here chosen kind of regressions for MABP on HR—
namely linear and quadratic—here chosen, did not reach
statistical significance.

Conversely, during the coastal trip, the kayaker’s HR at rest
was strongly and directly correlated with his RPE. The
relationship between HR and RPE scores is illustrated in
Figure 25 as a linear regression line, described by the
following equation:

HR (b min') = 46.77 + 1.75 (RPE scores) 21
Equation (21) indicates a predicted increase of nearly 2
beats per minute for each unit increase in RPE score (P =
0.0091). The absence of any statistically significant
relationship between HR and MABP reasonably excludes
modulatory influences from carotid and aortic baroreflex
activity [28]. This finding supports the interpretation that
the observed increases in HR are better explained by the
classical Cannon—Bard physiological principle [29],
whereby sympathetic chronotropic activation of the heart
arises from persistent painful sensations associated with
increased physical effort [30], as clearly shown in Figure 25
and Equation (21). Furthermore, from a strictly clinical
perspective, the results of this experiment suggest that
continuous sea kayaking may elicit an antihypertensive
effect of non-pharmacological origin. In this experiment, it
was also possible to collect data on the mechanical work
and efficiency adaptations of the athlete’s heart over the
month of daily resting measurements, which he self-
performed each evening. As shown in Table II, the mean
HMW value reached a V1% approaching 20%, while the
histogram in Figure 25 clearly shows a positively skewed
distribution, with more than 50% of the HMW values
ranging between 5000 and 6500 Torr ml. As shown in
Figure 26, the higher HMW values are located in the right
half of the graph, suggesting that these elevated values
occurred during the second half of the kayak journey.
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Figure 26 The columns in the histogram represent the
relative frequency distribution of the athlete’s heart
mechanical work (HMW) values measured daily during the
last 30 days of navigation. Although a positive skewness of
the descriptive distribution is evident, the D’ Agostino—
Pearson test indicates that the data follow a normal
(parametric) distribution (P = 0.544).

This observation indicates that during the final two weeks
of paddling, the mechanical work performed by the heart
was slightly greater than during the first two weeks. The
asymmetrical distribution of HMW values therefore
accounts for the relatively high VI% associated with their
mean. An interesting finding emerges from the observation
that, during the second half of the trip, the workload
imposed on the athlete’s heart resulted in a markedly high
and progressively increasing oxidative energy cost. This is
illustrated in Figure 15, which shows the squared regression
of RPP versus days, as well as in the corresponding
Equation (14) that generated the graph. As expected at this
stage, the trend of HME over time was nearly the inverse of
the previous one. Indeed, as shown in Figure 16 and
described by Equation (15), the HME—days relationship is
represented by a parabolic curve with its vertex directed
upward, corresponding to an abscissa value around day
15—approximately two weeks after the start of
measurements. This clearly indicates that, from the
beginning of the third week until its end, the mechanical
efficiency of the heart decreased in a quadratic manner,
returning to values similar to those recorded at the start of
the trip when the journey ended. Unfortunately, the
parabolic regression equation (15) for HME versus days did
not reach a full up statistical significance since a P-value of
0.071. To better contextualize the behaviour of the
mechanical and energetic variables of our resting athlete’s
heart during the final days of his coastal cruise, Figure 27
(bottom panel) shows a graph in which the curve derived
from the RPP—days relationship is superimposed with the
corresponding temporally matched HME—days curve. The
top panel of Figure 26 presents a graph adapted from the
study by Evans and Matsuoka, published in “The Journal of
Physiology” (London, 1915) [31]. In their experiment on an
isolated heart from a small mammal (59 g), conducted
under constant blood pressure and temperature but with
varying cardiac output, they demonstrated that as the
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mechanical work of the heart (abscissa, expressed in kg m’
h') increased linearly, oxygen consumption (solid curve)
rose exponentially. The geometry of this curve closely
resembles that of the RPP curve for our athlete (bottom
panel), particularly during the second half of the
observation period. Correspondingly, the mechanical
efficiency of the isolated heart (dotted curve in the top
graph) followed a parabolic trend with a positive vertex,
analogous to the HME behaviour observed in the kayaker’s
data. Notably, in both cases—approximately halfway
through the maximum workload of the isolated heart in the
first graph and at midway through the total duration of the
athlete’s monitoring period—the mechanical efficiency of
each heart began to decline from its respective maximum
value, corresponding to the vertex of the parabola. The data
reported by Evans and Matsuoka [31] could undoubtedly
be regarded as a milestone in understanding the
bioenergetics underlying the mechanical activity of the
mammalian heart [32]. In that study, the authors—
consistent with the conclusions of Patterson et al. [33]—
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Figure 27 Top panel: Graphical representation of oxygen
consumption (VO,, solid curve) and mechanical efficiency
(HME, dotted curve) as functions of the linearly increasing
heart mechanical work (HMW) in an isolated small
mammalian heart. Bottom panel: Graphical representation
of the rate—pressure product (RPP, blue solid curve) as an
index of myocardial oxygen consumption, and of the
heart’s mechanical efficiency (HME, black solid curve),
both plotted as functions of the progressive days of the
athlete’s paddling activity.
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demonstrated that under very high cardiac workloads, signs
of myocardial fatigue emerge, manifested by an increased
energy cost (i.e., higher VO: consumption) and a
consequent reduction in mechanical efficiency. Translating
these experimental findings from ex vivo animal
preparations to the indirect measurements of cardiac
mechanics obtained from this kayaker, it can be inferred
that, during the final weeks of his circumnavigation of the
island of Sardinia, the athlete may have developed a state of
cardiac fatigue. Interestingly, the HAG/days curve shown in
Figure 19 predicted that as the days of the cruise
progressed, the maximum handgrip force—measured at
rest—gradually increased during the early phase of the
voyage, peaking around the tenth day of observation, and
subsequently declined toward the end of the journey. This
progressive reduction in HAG during the final part of the
cruise seemsto temporally coincide with both the ascending
limb of the quadratic RPP/days curve (representing the
increasing energetic cost of cardiac work) and the
descending limb of the HME/days quadratic curve
(indicating reduced mechanical efficiency of cardiac
performance). Taken together, these three concomitant
trends suggest the development of a generalized fatigue
condition in our kayaker during the latter stages of his daily
paddling routine. This hypothesis is further supported by
the persistently high values of urinary specific gravity,
averaging 1.030 (as shown in Figure 21), which point to a
state of pronounced dehydration. Indeed, in previous
studies dehydration has been shown to impair both the
mechanical efficiency of the cardiac cycle [34] and the
force transmission capacity of striated muscles [35]. In
addition, the quadratic relationship between SO2% and
days (P = 0.011; see Figure 16 and Equation 16) revealed a
clear and progressive decline beginning approximately in
the second half of the monitoring period, further supporting
the hypothesis of cumulative physiological fatigue during
the final phase of the coastal cruise. Similarly, the
progressive reduction in body temperature (BT/days)
should not be overlooked, as shown in Figure 18 and
described by the corresponding regression Equation (17).
According to this equation, the rate of decrease in BT was
approximately —0.027 °C per day. By 30" day of
navigation, this corresponded to a total decline of about —
0.82 °C, indicating that body temperature decreased from
an initial value of 36.14 °C (the intercept of the regression
line at the start of the experiment) to 35.32 °C at the end of
the observation period—representing an overall reduction
of roughly 1 °C. During the athlete’s navigation, data
recorded by the HOBO device indicated that the average
minimum environmental temperatures ranged between 8 °C
and 11 °C, with the lowest values occurring during
nighttime hours when the kayaker was resting on the beach
inside his tent and performing self-measurements. Relative
humidity averaged 70—75%, with higher peaks at night and
in the early morning. Therefore, the observed trend in BT
can reasonably be interpreted as a physiological response
consistent with the environmental conditions encountered
during the expedition. It is noteworthy that, as previously
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reported, blood flow to the fingers decreases during cold
exposure, and this phenomenon appears to result from cold-
induced increases in blood viscosity rather than from
vasoconstriction [36]. Consequently, it is possible that the
progressive reduction in BT observed during the trip also
lowered the temperature of the fingers, through which
SO2% was measured. The resulting increase in blood
viscosity could have contributed to a reduction in local
SO2%, particularly during the latter part of the trip (as
shown by the SO2%/days curve in Figure 17). This effect
might, in turn, have been transmitted retrogradely to the
vascular, muscular, and ligamentous structures responsible
for hand contractile activity, thereby contributing to a
decline in mechanical efficiency. Furthermore, it was
previously reported [1] that, by the end of his kayaking
expedition, this athlete had lost 3.5 kg of body weight, of
which 1.9 kg corresponded to free fat mass (FFM). This
reduction included a loss of total body water (TBW), which
had decreased by 1.5 kg at the end of the trip. Considering
that the other components of FFM—namely internal organs
(approximately 25%), bones (approximately 15%), and
mineral reserves (approximately 15%)—are unlikely to
undergo substantial reductions in a healthy, physically
active individual, the remaining 0.4 kg decrease in FFM can
reasonably be attributed to a loss of skeletal muscle mass
(MM). This reduction in MM likely contributed to the
observed decrease in maximal force output during the HAG
tests performed towards the end of the kayaking journey. It
is therefore not surprising that, as shown in the bar graph in
Figure 22, depicting the athlete’s (RPE) every two days, the
mean RPE value during the final eight measurements was
approximately 20% higher than that recorded during the
first eight. Finally, although the variability index (VI) of the
mean daily self-assessed PEF measured by the kayaker was
only 4% (as shown in Table III), the column histogram in
Figure 20 suggests that, after the first three days of
observation, this variable showed a slight but noticeable
reduction—approximately —4% —over the remaining days
of the trip. This may indicate the presence of a subclinical
dysfunction of the upper airways that developed gradually
during the athlete’s prolonged performance at sea. Indeed,
exercising in a challenging environment such as the marine
setting—characterized by high humidity, fluctuating
temperatures, and prolonged exposure to wind and salt—
may disrupt the delicate water—salt balance of the bronchial
mucosa, potentially leading to respiratory impairment [37].
Such an effect appears to have occurred in our long-
distance kayaker, possibly exacerbated by a state of
borderline dehydration. However, recent studies [38] have
suggested that sea spray aerosols (SSAs) contain bioactive
compounds derived from marine algae that can modulate
cellular processes relevant to human health. Specifically,
exposure of human bronchial epithelial cells to natural SSA
samples has been shown to activate gene clusters associated
with anti-inflammatory and anti-tumor responses. These
findings therefore support the notion that our kayaker was
exposed to potentially beneficial effects during his
prolonged coastal journey [2].
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4 STUDY LIMITATIONS

The main limitation of this study is that it was conducted on
a single subject. However, implementing an experimental
protocol involving several kayakers simultaneously
undertaking the same course as our athlete is currently
impractical for this research team. Another limitation is that
the statistical regressions of some key variables—SV,
HME, and HAG—yielded “P” values ranging from 0.055 to
0.071, thus not achieving full statistical significance.
Considering the observed temporal trends of these
variables, it is reasonable to assume that this outcome might
have differed had data collection included the first 10 days
of navigation. To verify this hypothesis, the authors plan to
repeat the experiment on the same athlete under conditions
involving a substantially longer navigation period.

5 CONCLUSION

The experimental results presented here can reasonably be
regarded as the first comprehensive dataset describing the
physiological adjustments and adaptations of multiple
organs and body systems involved in a long-duration
kayaking performance. In this context, the findings of the
present study—together with those previously obtained
from the same kayaker [1]—make a significant and original
contribution to our understanding of the functional model
of athletes engaged in prolonged paddling activities.
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Figure 1 Simple chart.

Table VII - Experimental values

Robot Arm Velocity (rad/s) Motor Torque (Nm)
0.123 10.123
1.456 20.234
2.789 30.345
3.012 40.456

2.2.4 Photographs and illustrations

Authors could wish to publish in full colour photographs
and illustrations. Photographs and illustrations should be
included in the electronic document and a copy of their
original sent. [llustrations in full colour ...

graph title

z variahle [S] units]

06

0.4
0z

y variable [S1 units] oo w variable [SI units]

Figure 2 Simple chart.

2.2.5 Equations

Each equation should occur on a new line with uniform
spacing from adjacent text as indicated in this template. The
equations, where they are referred to in the text, should be
numbered sequentially and their identifier enclosed in
parenthesis, right justified. The symbols, where referred to
in the text, should be italicised.

e point 1

e point2
e point 3
1. numbered point 1
2. numbered point 2
3. numbered point 3
dZ

1 oo =
W(d):G(AO,O',d)z?J'O A, e 20 dt (1)

3 COPYRIGHT

Authors will be asked to sign a copyright transfer form prior to
JoMaC publishing of their paper. Reproduction of any part of
the publication is not allowed elsewhere without permission
from JoMaC whose prior publication must be cited. The
understanding is that they have been neither previously
published nor submitted concurrently to any other publisher.

4 PEER REVIEW

Papers for publication in JoMaC will first undergo review
by anonymous, impartial specialists in the appropriate field.
Based on the comments of the referees the Editor will
decide on acceptance, revision or rejection. The authors
will be provided with copies of the reviewers’ remarks to
aid in revision and improvement where appropriate.

5 REFERENCES (DESCRIPTION)

The papers in the reference list must be cited in the text. In
the text the citation should appear in square brackets [ ], as
in, for example, “the red fox has been shown to jump the
black cat [3] but not when...”. In the Reference list the font
should be Times New Roman with 10 point size. Author’s
first names should be terminated by a ‘full stop’. The
reference number should be enclosed in brackets.

The book titles should be in ifalics, followed by a ‘full
stop’. Proceedings or journal titles should be in italics. For
instance:
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Table VIII - Experimental values
Robot Arm Velocity (rad/s) Motor Torque (Nm) Motor Torque (Nm) Motor Torque (Nm)
0.123 10.123 10.123 10.123
1.456 20.234 20.234 20.234
2.789 30.345 30.345 30.345
3.012 40.456 40.456 40.456
REFERENCES (EXAMPLE)

[1] Smith J., Jones A.B. and Brown J., The title of the
book. 1st edition, Publisher, 2001.

[2] Smith J., Jones A.B. and Brown J., The title of the
paper. Proc. of Conference Name, where it took place,
Vol. 1, paper number, pp. 1-11, 2001.

[3] Smith J., Jones A.B. and Brown J., The title of the
paper. Journal Name, Vol. 1, No. 1, pp. 1-11, 2001.

[4] Smith J., Jones A.B. and Brown J., Patent title, U.S.
Patent number, 2001.
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