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Abstract The scarcity of fresh water and the challenges
associated with saltwater desalination have highlighted
the importance of solar desalination systems for fresh
water production, attracting the interest of various
industries and researchers. Despite the global production
of approximately 22 million cubic meters of fresh water
daily, less than 1% is generated using solar energy.
Conventional methods, such as desalination and reverse
0smosis, are energy-intensive and heavily reliant on fossil
fuels. In contrast, solar desalination offers a cost-effective
and sustainable alternative that reduces dependency on
fossil fuels while conserving energy resources. This study
numerically evaluates the absorber plate of a single-slope
solar desalination system across eleven distinct
geometries under identical conditions. The objective is to
identify the optimal design for the absorber plate in solar
desalination systems. Results indicate that geometry (C)
achieves the highest performance, with the absorber plate
reaching 349 Kelvin under a solar radiation intensity of
750 watts per square meter, producing the most distilled
water among the evaluated geometries. Geometry (B)
demonstrates the second-best performance.

Key Words: solar still; absorber geometry; solar energy;
convection heat transfer; radiation heat transfer

1- Introduction

The increasing reliance on fossil fuels and their
environmental impacts have drawn significant attention to
renewable energy sources such as solar power. Although
71% of the Earth's surface is covered by water, only 3% of
it is fresh, with much of this locked in glaciers or
underground reservoirs. This scarcity makes water
desalination a critical issue for human society as the
demand for fresh water continues to grow. Historically,
desalination mimics the natural processes of the
hydrological cycle. Solar energy heats seawater, causing
evaporation, which condenses at cooler altitudes to form

fresh water. However, modern desalination techniques in
industrial plants rely on fossil fuels for heating and
evaporation, contributing to environmental concerns.

Solar desalination systems replicate this natural
process but utilize solar energy to heat, evaporate, and
distill water. These systems operate based on the principles
of evaporation and condensation. Saltwater is heated by
sunlight passing through a transparent glass surface,
causing the water to evaporate. Salt, impurities, and
microorganisms remain in the container, while the
resulting water vapor condenses on the underside of the
glass and is collected as fresh water. In developing
countries, where access to fresh water and energy
resources is limited, such solar desalination devices offer
a sustainable alternative to energy-intensive industrial
desalination methods

2- Modeling and simulation

This research evaluates eleven single-slope solar
desalination models using two-dimensional, transient
numerical ~ simulations  conducted in COMSOL
Multiphysics 6.1. The numerical analysis considers
whether a steady-state or transient solution is more
appropriate, depending on the problem's conditions and the
model's characteristics. The study's primary aim is to
determine the optimal geometry for the solar absorber
plate in order to maximize fresh water production in larger-
scale applications compared to prior studies. The
geometries analyzed in this research are illustrated in
Figure 1 for clarity and comparison.

*Manuscript received: August 2, 2023. Revised, March 17, 2024, Accepted, June 16, 2024.
! Corresponding Author: Associate Professor, Department of Mechanical Engineering, Yazd University, Yazd, Iran.
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Figure 1. Drawn geometries

In Table (1) The boundary conditions can be observed.

Table 1. Specifications of the unglazed Transpired Solar Air Heater
Collector understudy

Boundary Thermal cp Opacity
Conditions Conductivity |
[w/m.k] li/(kg- k]
1.38 703 Opagque
glass for
infrared
radiation
Solar still walls | 0.034-0.048 850 Opaque
Water 0.56-0.69 | 4150-4250 | Transparent
air 0.02-0.035 1000-1020 | Transparent

3- Discussion and results

The simulation results showed that geometry (c)
according to figure (1) has the best performance compared
to other geometries after the stability of the solution, after
that the best case is related to geometry (b) and then
geometry (e) Finally, in order (from left to right) are the
geometries (j, k, 1, h, a, f, g, d). In solar systems, especially
systems that deal with heat (need heat), the design should

be such that the temperature received from renewable
energies (solar or geothermal) reaches its highest level. In
solar desalination plants, it is clear that the more energy
the solar absorber receives, the more efficient it is. So the
absorber temperature plays a significant role in the
efficiency of a solar water softener. As a result, in this
research, the best mode belongs to the mode that absorbs
more heat, then transfers the absorbed heat more than the
rest of the designed modes. In figure (2), you can see the
temperature contour related to the states designed for the
solar absorber. Regarding the best performance of the
absorber in this research, the solution was done in the
steady state without considering the hydrodynamic state of
the problem. In this figure, it is clear that mode (c) absorbs
and emits the most heat. In this mode, the temperature of
the absorber reaches 349 K and the mass flow rate reaches
6.5 kg/h.
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Figure 2. Temperature contours
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Figure 3. The heat transfer coefficient of displacement insi
evaporative exergy, transferred from water

In Figure (3), you can see the diagram related to the
temperature of the absorber and the displacement heat
transfer coefficient inside the desalination chamber and the
hourly efficiency and evaporative exergy transferred from
the water to the glass cover for each of the eleven designed
states.

de the desalination chamber and the hourly efficiency and
to the glass cover for the drawn geometries.

In figure (4), the graph of temperature changes from
the water surface to the glass surface is presented exactly
in the middle part of the geometry, it is noteworthy that
due to evaporation, the temperature of the glass is lower
than other points. Figure (5) is similar to Figure (4) with
this difference, the changes in density can be seen clearly,
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and this diagram is completely the opposite of the diagram
in Figure (4). In figure (6), the speed changes in the vertical
direction can be seen.
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4- Conclusion
In this research, a single-slope solar desalination plant was
numerically evaluated under steady-state and calm
hydrodynamic conditions across eleven geometries with
identical parameters. The purpose of this research was to
identify the optimal geometry for designing the absorber
surface of the solar desalination system, as the absorber
surface is one of the most important factors in designing
and enhancing the efficiency of desalination systems,
ensuring optimal absorption of solar energy by the
absorber surface.
As observed, geometry (C) demonstrates the best
performance under stable conditions. This is due to the
presence of multiple vanes in the absorber, which enhance
energy absorption. Consequently, when exposed to 750
W/m2 radiation, the absorber's temperature reaches 349 K.
This increase in temperature leads to higher evaporation
rates and efficiency, resulting in a mass flow rate of 6.5
kg/h.
Following geometry (C), geometry (B) shows the second-
best performance, with an absorber temperature of 343 K
and a mass flow rate of 4.25 kg/h. Geometry (E) ranks
third, achieving an absorber temperature of 341 K and a
mass flow rate of 3.75 kg/h. Lastly, geometry (D) has an
absorber temperature of 331 K and a mass flow rate of 1.5
kg/h.

Therefore, model (C) is recommended for design
purposes. However, if cost reduction is a priority, the
simpler model (B) can be utilized effectively.
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Abstract High-rise buildings are usually exposed to wind.
Except for the chimney effect, smoke movement and fire
behavior are strongly influenced by external wind forces.
In this research, the effect of side wind was investigated
numerically with Pyrosim software and using the
Navirastox equations, energy, mass survival, fire and
smoke distribution, and the large eddy simulation model
was used for turbulence. For validation, the results were
compared with Zhao et al.'s research. The side wind speed
was considered between 0 and 1.2 m/s. The effect of side
wind on smoke temperature was evaluated at different
released heat. The released heat was considered in three
modes of 300, 500 and 900 kW. In the case of constant
released heat, the temperature should increase at first
until it reaches a temperature peak, then the temperature
decreases with the increase in wind speed. Also, with the
increase in wind speed, the concentration of carbon
monoxide increased by about 3%. The results showed that
the side wind increases the risk of fire and should be
considered in the design of buildings exposed to the wind.

Key Words Smoke Movement, Fire Behavior, Side Wind,
Pyrosim Software, Smoke Temperature.

1- Introduction

The rise in population and contemporary urban living
patterns have prompted urban areas to adopt vertical
development, resulting in residents inhabiting tall
structures. Conversely, both natural and human-induced
disasters are an inherent aspect of human existence, with
fires being a notable example. Fires occurring in high-rise
commercial buildings present distinctive challenges and
circumstances due to the unique design and capacity of
these structures. Fires in high-rise buildings can result in
significant financial losses and loss of life. The evacuation
process in these structures can consume substantial
resources, lead to the closure of large city areas, and pose
a risk to many individuals if not managed effectively.
Managing smoke and airflow presents a significant

challenge in these buildings, with toxic gases being a
primary cause of fatalities in building fires. Therefore,
effective smoke control measures are crucial. High-rise
buildings are often exposed to wind, which, aside from the
chimney effect, greatly influences the movement of smoke
and behavior of fires. In the event of a fire in large and tall
buildings, the spread of smoke is primarily facilitated by
horizontal corridors, shafts, and vertical staircases. When
the chimney effect takes place, the rapid dispersion of
smoke is facilitated through vertical shafts and staircases.
This phenomenon is primarily attributed to the influence
of chimneys, turbulent air currents, and external wind
pressures. In this study, an examination was conducted on
a staircase within a 6-story building subjected to lateral
external wind using Pyrosim software. The findings were
then compared with the research conducted by Zhao et al.
various wind speeds and levels of released heat were taken
into account, resulting in the analysis of smoke distribution
and temperature changes caused by external side wind.

2-Simulation

In Zhao et al.'s study, the focus is on analyzing the
geometry of a vertical structure resembling a shaft or
staircase comprising six floors and an elongated corridor.
The researchers utilized Pyrosim software to simulate this
configuration. The shaft stands at a height of 30 meters,
with dimensions of 4 meters in length and 3 meters in
width. Each floor within the shaft is 5 meters in height. The
corridor, on the other hand, measures 12 meters in length,
4 meters in width, and 5 meters in height, featuring an
entrance door sized at 3 4 meters and a window on the
upper floor measuring 3 2 meters. The wind direction is
perpendicular to the upstairs window. Temperature
measurements were conducted using five thermocouples
positioned within the shaft or staircase. Heat release rates
of 300, 600, and 900 kW were considered, alongside side
wind speeds ranging from 0 to 1.2 m/s. The ambient
temperature throughout the experiment was maintained at
30°C. 3-Result In this study, various scenarios were
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examined to analyze the impact of a fire occurring in a
staircase. The heat release rates were set at 300, 600, and
900 kW. Wind speeds ranging from 0 to 1.2 m/s were
evaluated for each of the three heat release conditions. The
findings pertaining to temperature variations, carbon
monoxide levels, and pressure differentials are detailed in
the results. In order to validate their findings, Zhao et al.
juxtaposed the laboratory temperature data against the
outcomes of their simulations. Specifically, the
temperature within the stairwell at an elevation of 2.9
meters was contrasted with a heat release rate of 300
kilowatts, under the assumption of a wind speed of 1 m/s.
The empirical observations were found to align closely
with the computational results derived from the
simulation. Following combustion, a swift escalation in
temperature within the shaft was noted, suggesting the
inward flow of hot smoke within the shaft due to buoyancy
and flue dynamics.
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Figure 1. Comparison of laboratory temperature and
simulation at a height of 2.9 meters with released heat of 300
kilowatts and wind speed of 1 meter per second
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Figure 2. Comparing the pressure difference of the lower
door with the wind speed in experimental and numerical
mode with different released heat

The study verified the numerical assessment of the
pressure differential at the lower door in relation to wind
velocity. The analysis considered factors such as pressure
differential, thermal pressure variance, and pressure
reduction due to external wind, which escalates notably
with higher external wind speeds. Findings indicate a

positive correlation between wind speed, heat release, and
pressure differential. Consequently, it is inferred that
external wind intensifies the chimney effect, leading to the
expulsion of hot gases within the stairwell.

The stairwell's temperature was assessed at various
heights, revealing a uniform distribution of temperature
within the shaft with variations of less than 5 degrees
Celsius. Changes in temperature due to side wind speed
fluctuations can be categorized into two distinct patterns:
when 300 kW of heat is released, the column's temperature
initially peaks before declining as wind speed increases.
This phenomenon can be attributed to the dual impact of
side winds. On one hand, the influx of fresh air in the
corridor enhances fuel evaporation and combustion
intensity, thereby elevating the column's temperature.
Conversely, the entry of ambient air into the column exerts
a significant cooling effect. Moreover, high wind speeds
can induce robust convective heat transfer from the
column to its surroundings, further contributing to
temperature reduction through the wind's cooling effect.
The study findings suggest that variations in wind speed
do not significantly impact temperature changes in the
presence of released heat. This is attributed to the
heightened influence of released heat on inhibiting wind
cooling effects within this specific range of wind speed,
resulting in a lack of temperature decrease. Additionally,
the research outcomes indicate that released heat plays a
significant role in influencing temperature peaks. Toxic
gases are a primary factor contributing to fatalities in fires.
The presence of carbon monoxide is evenly dispersed
within staircases in correlation with external wind patterns.
When wind is present, smoke ascends at a slower rate, and
the airflow is impeded by the wind, leading to a rise in
carbon monoxide levels due to reduced air circulation
through the entrance door. In cases where the fire
originates near the door, restricting airflow through the
entrance directly impacts combustion efficiency, resulting
in heightened carbon monoxide production. Additionally,
as the staircase height increases, smoke concentration also
rises. Findings indicate that under constant heat release
conditions, carbon monoxide levels escalate with higher
external wind velocities.

4- Discussion

This study examined the dispersion of smoke, smoke
temperature, and fire behavior within a stairwell or shaft
of a high-rise building under the influence of ambient
lateral wind, and contrasted these findings with the
laboratory outcomes reported by Zhao et al. The
implications of this research are significant for engineers
and firefighters involved in the development of fire smoke
management systems and the evacuation of individuals
stranded in fires exacerbated by lateral wind effects. When
the external wind impacts the upper window of a staircase
or shaft, it results in a pressure drop. This causes smoke to
be drawn towards the staircase from the entrance door due
to the wind flow. Higher wind speeds and greater pressure
differentials accelerate the release of smoke. The reduced
pressure diminishes the amount of air entering through the
entrance door, leading to incomplete combustion.
Consequently, the concentration of hazardous carbon
monoxide gas rises. This heightened presence of toxic
gases poses a risk to individuals, necessitating a prompt
evacuation of the building.
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Abstract The complexity of the sea environment, external
disturbances and uncertainties in the system, as well as
the failure and saturation of the actuators, are effective
factors in the control of underwater vehicles. In this note,
to deal with the mentioned problems, a robust and
adaptive controller is proposed by combining the fast
terminal dynamic sliding mode controller and the radial
basis neural network. In the proposed approach, the
problem of actuator saturation is considered and its
stability is proved using Lyapunov theory. Fix-time
convergence, estimation and dealing with external
disturbances and uncertainties, active dealing with
actuator fault, elimination of chattering phenomenon, and
non-saturation of the actuator are the advantages of the
proposed controller. The designed controller is applied
on an autonomous underwater vehicle and the controller
parameters are optimized to achieve the least error in
tracking the reference trajectories as well as the shortest
convergence time. To evaluate the performance of the
proposed controller, it has been compared with a passive
fault control method and PID controller, which has shown
the superiority of the proposed control method in tracking
the desired trajectories, the amount of control effort,
dealing with actuators faults and external disturbances,
as well as convergence in less time.

Keywords Autonomous underwater vehicle, Adaptive
dynamic fast terminal sliding mode controller, neural
network, Fault tolerant control, Actuator saturation.

1. Introduction

The complexity of the sea environment, external
disturbances, system uncertainties, and actuator failures or
saturation pose significant challenges for the control of
autonomous underwater vehicles (AUVs) [1]. To address
these issues, this study proposes a robust and adaptive
controller that combines a fast terminal dynamic sliding
mode controller with a radial basis neural network. The

proposed approach considers actuator saturation and
proves stability using Lyapunov theory. It offers several
advantages, including fixed-time convergence, estimation
and handling of external disturbances and uncertainties,
active handling of actuator faults, elimination of chattering
phenomenon, and prevention of actuator saturation. The
controller is applied to an AUV, with optimized
parameters to minimize tracking error of reference
trajectories and achieve the shortest convergence time.
Performance evaluation against a passive fault control
method and PID controller demonstrates the superiority of
the proposed controller in accurately tracking desired
trajectories, reducing control effort, handling actuator
faults and external disturbances, and achieving faster
convergence. Overall, the proposed robust adaptive
controller effectively addresses key challenges faced in
AUV control by synergistically combining sliding mode
and neural network techniques.

2. Dynamic model of AUV

The dynamic model of the AUV in the earth-fixed frame
is helpful for reasons such as remaining the buoyancy and
gravitational vectors constant and presenting the trajectory
in the inertia frame. An inertial representation of the AUV
dynamics can be written as:

M@m)ij+ Cv,mn +Dv,mn+GMm) + 74 ()
= P’[77 +7,
Where  M(n) =] TM]? Cvim) =JT(Cv) -

M) ,Dvm =]""DMJ™  and G(n) =
J"Tg(m),t; =] T1q while J is the Jacobean matrix, and
Megxe, C(V)exs» D(V)exs and g(1)ex1 represent mass matrix
which consists of the rigid body and added mass terms, the
Coriolis and centrifugal matrix, the hydrodynamic
damping matrix, and the restoring forces and moments due
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to buoyancy and gravity, respectively. In addition, 7, is
the generalized forces/moment vector in the global-fixed
frame, P represents the effectiveness matrix of T, and 7,
is the unexpected bias faults.

In this study, each thruster has rotational capability, so it
corresponds  to  two  thrusters. Since f =
B[F,, Fy, F,, My, My, M, | where Fy, Fy, F;, My, My, and M,
represent the forces and moments along the surge, sway,
heave, roll, pitch, and yaw directions, respectively while f
denotes the thruster forces. If one thruster experiences a
physical failure, it becomes non-operational, and its
vertical and horizontal force components are reduced to
zero. To address this situation, the elimination of the
column method is used, where the motion control
equations are separated into horizontal and vertical modes.
The projection matrix '[B]' is divided into two parts: the
Horizontal Thrust Dynamics Matrix (HTDM) and the
Vertical Thrust Dynamics Matrix (VTDM).

3.Controller design

This section is dedicated to the design of the controller. To
design the fixed-time sliding mode-based neural network
controller, a base sliding surface (BSS) is defined as
follows:

s=¢é+ ae+ Ble|'sgn(e) 2)
€=1Mq—T"

Where , B, and y are positive constants. To enhance the
performance of the closed-loop system and establish a
hierarchical sliding surface, a dynamic sliding surface is
incorporated by introducing an additional dynamic
variable. This not only helps mitigate chattering associated
with conventional Sliding Mode Control (SMC) but also
enhances tracking precision. Specifically, the dynamic
second-order sliding surface (DSOSS) is defined as:

t

19=s+k2fs(r)dr 3)
0

Here, k, > 0. Next, the developed control law can be
expressed as:

T, = COWV)v+DW)v+gn) — F(Z) + Mg,
+ Aae
—M((yﬁ|e|7‘1~+ A+ a)é + AplelVsgn(e))

o (. p

k o k
- % oT? VoTo - %0‘0T0' 4)
e
b ”0'”(1 - -Qmax(/l))
T=T,+T1,
F(2)=WTE(2Z) + ¢
p=F-F

To guard against actuator faults, external disturbances,
and model uncertainties the following adaptation law
using radial-basis neural network is designed:

w=Qlloll — PW") (6))

Where Q and P are positive coefficients.
Lemma I: For any bounded initial state x(0), if there exists
a continuous and positive-definite Lyapunov function
V(x) , satisfying V(x) < —(aV<(x)+pVI(x))“ +n where
a, B, ¢, q and k are positive constants, ck < 1 and gk > 1,
then, the equilibrium point of the system x,(t) =

f(x,t),x(0) = x, is fixed-time stable. The convergence
1 1

akyk(1-ck) = B*x*(qk-1) where

time are expressed as T <

O<y<l1.

Theorem. Considering the dynamic model of the AUV (1),
the proposed control law in (4) and (5), fixed-time
trajectory tracking can be guaranteed by choosing
appropriate parameters and the convergence time is

derived as:
1 1

@(1—1)+5%(2—1) ©)

2M \2

T< Tmax =

Where 0 < = < 1, ky, and k,, are positive and constance.

Proof: To show the stability of the closed-loop system, the
following Lyapunov function can be defined:

V—1 TM+1~2 7
—20 I 2QW (7)

Differentiating eq. (7) with respect to time yields,

.7 1 —COv—=DW)v—-yg)
V=oMM (+(‘ra +1,)(1— A) + F(Z))
—Gy+(ypBlel” P+ A+ a)é + Aae ®)

+ABlel|Ysgn(e)) + %W\fv

Thus, through mathematical simplification and using

Lemma 1, we can conclude that the fixed convergence
time is as stated in the (6).
Remark 1: It is important to acknowledge that while the
maximum settling time of a system controlled by fixed-
time SMC is not affected by the initial states, establishing
a direct relationship between the settling time and system
parameters can be difficult. In certain situations, it may not
be possible to reduce the settling time below a certain fixed
constant, even by adjusting the system parameters.

4.Numerical Results and Discussions

To validate the effectiveness of the proposed control
framework, two experimental cases are conducted on an
underwater vehicle and compared against two controllers
from previous literature [2]. A 20% model inaccuracy is
introduced to account for uncertainties in the AUV
dynamics. The simulation results, showcased in Fig. 1 for
one state of the AUV system, clearly demonstrate that the
proposed controller outperforms the other methods in
mitigating the effects of actuator faults, external
disturbances, and model uncertainties. The proposed
approach exhibits superior compensation capabilities,
enabling more accurate and robust trajectory tracking
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performance under faulty actuator conditions and in the
presence of disturbances and uncertainties in the vehicle

model.
2.5

DeSired

= = = Proposed controller
_____ Controller of Ref.[2]

x (m)

0 20 40 60 80 100
1 (s)

Figure 1. Trajectory tracking of x position

To comprehensively evaluate the robustness and control
effectiveness of the proposed algorithm under varying
uncertainty conditions, a bar chart is presented depicting
the root-mean-square (RMS) of the tracking error. This bar
chart provides a clear visual overview comparing the
tracking performance of the proposed controller across
different percentages of system uncertainty.

35
[ Proposed controller
3L -ControllerofRef.[Z] i
o
25 L —
21 — 4
¢
& 15 | 1
1L 4
05 | ]
0
20% 25% 30%

uncertainty

Figure 2. RMS evaluation for designed controllers

5. Conclusion

This paper proposes a novel fixed-time fault tolerant
control strategy for autonomous underwater vehicles
(AUVs) by integrating radial basis function neural
networks and dynamic sliding mode control. The approach
provides reliability and robustness against actuator
failures, external disturbances, and uncertainties.
Simulation results demonstrate the proposed controller's
effectiveness in ensuring stable trajectory tracking
performance despite system faults and disturbances.
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Abstract The increasing use of compact heat exchangers,
which are both lighter and occupy less space than larger
exchangers, has made the study of such exchangers more
essential. The main aim of this article is to examine several
proposed models of this type of converter, incorporating
vortex generators with different geometries, in terms of
heat transfer rate and pressure drop. To achieve these
objectives, vortex generators with sinusoidal wave profiles
have been designed and analyzed under various angles of
attack and different lengths to determine the effects of
these geometric parameters on the heat transfer rate from
the tubes and the pressure drop along the converter. In this
study, hot air at a constant temperature of 350 K flows
inside the tubes, while cold air at a temperature of 300 K
flows through the shell of the heat exchanger. The problem
has been discretized in a steady-state 2D form for slow
fluid flow (Reynolds numbers ranging from 400 to 1000)
using the finite element method (FEM) and analyzed with
ANSYS Fluent commercial software. The results indicate
that sinusoidal vortex generators with an angle of attack
of 20 degrees and a length of 6 mm provide the most
favorable balance between heat transfer and pressure
drop among the studied configurations.

Keywords Heat transfer rate; Compact heat exchanger;
Sinusoidal vortex generators; London Goodness factor.

1. Introduction

Shell-and-tube heat exchangers are among the most widely
utilized equipment in the industry, and their optimal
performance is critically important. Over the years,
extensive research has been conducted on these heat
exchangers. In the past two decades, the introduction of
vortex generators has significantly enhanced heat
exchanger efficiency. Studies suggest that sinusoidal
vortex generators outperform flat ones in terms of
efficiency and overall performance.

The primary objective of this paper is to design and
identify the optimal configuration for a sinusoidal vortex
generator to achieve high heat transfer rates and minimal
pressure drops in a compact heat exchanger. To this end, a
sinusoidal wave design is applied to the vortex generators,
and their performance is examined across varying
amplitudes, angles of attack, and lengths.

2. Physical Situation

A compact shell-and-tube heat exchanger, whose
schematic is illustrated in Fig. 1, has been considered for
this study.

inlet OO0 0O outlef
_ _
'=‘>: O O O O '=‘>:
—0 O O O O| —e——>

Figure 1. Overall schematic of the compact shell and
tube heat exchanger without vortex generators.

This heat exchanger transfers heat from the hot fluid inside
the tubes (air at a constant temperature of 350 K) to the
cold fluid (air at a constant temperature of 300 K) flowing
through the shell. As a result, the air inside the tubes is
cooled. The fluids used in this study are assumed to be
incompressible, with constant thermodynamic properties.
The fluid flow regime in the shell of the heat exchanger is
considered laminar and steady due to the low inlet velocity
and the small cross-sectional area, resulting in low
Reynolds numbers.
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Designing Vortex Generators
In the design of these vortex generators, the thickness of

all generators is 0.2 mm, and they are designed according
to Eq. (1) weher values of A, d, and 6 are defined in Table
1. Fig. 2 shows the overall schematic of these generators.

2l
y = AVG).sin(

) @)

d(VG)

Figure 2. Specifications of the vortex generators with
a sinusoidal wave profile.

Table 1. Specifications of Eq. (1) related to the vortex

(6, 8, and 10 mm), and five amplitudes. This results in the
creation of 45 distinct models for this study. These models
are developed to investigate the effects of various attack
angles and lengths on key parameters such as the Nusselt
number, pressure drop, and the London Goodness Factor.

Governing Equations

In this study, the finite volume method (FVM) has been
employed to solve the governing equations and analyze the
system using ANSYS Fluent software.

Validation and Mesh Independence Study

To validate the accuracy of the study, a comparison of the
Nusselt number in the basic model (without vortex
generators) has been conducted using data from the
literature. It is worth mentioning that one of the reference
articles presents experimental results, while the other
provides numerical data. Figure 3a illustrates the
validation results.

The computational domain for this problem has been
meshed using the ANSYS Meshing module. Given the
relatively simple geometry of the model, an unstructured
mesh with tetrahedral elements has been employed for

generators.
6 (Degree) 20 30 40
AVG) -1 -0.5 0 05 1
d(VG) (mm) 6 8 10

By observing Table 1, vortex generators are designed
with three attack angles (20°, 30°, and 40°), three lengths

analysis. As depicted in Figure 3b, the number of elements
has been systematically varied to study its effect on the
Nusselt number. Computational cells were increased until
no significant change in the variable was observed.
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Figure 3. a) Validation results, b) Results of mesh independence study.
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3. Results and Discussions
After examining the graphs, contours, and obtained results,
it can be confidently stated that the calculated and precise
use of vortex generators can significantly enhance heat
transfer rates and reduce pressure drop. Obtained
important findings of this paper are summarized as
follows:

1- Regarding heat transfer rates from the tubes, it can be
observed that when using vortex generators in the heat
exchanger, priority should be given to using generators
with the last tubes. This is because the fluid flow is
deflected after colliding with the first tube, and the heat
transfer gradually decreases along the length of the
exchanger and in the subsequent tubes. Additionally,
using larger attack angles and lengths contributes to
increasing heat transfer rates to a greater extent.

2- Concerning the pressure drop in the heat exchanger, it

can be noted that unlike the previous case, using
smaller attack angles and lengths leads to a reduction
in pressure drop. Therefore, if the goal is to minimize
this parameter, the use of these factors is
recommended.

3- In the examination of the London Goodness Factor,

which is a parameter for the overall performance of the
exchanger, it should be noted that mathematically, the
designs leading to higher London Goodness Factor
exhibit better performance and are more suitable
choices for selection. The obtained numerical results
are depicted for Nusselt number in different attack
angles and lengths given in Fig. 4.
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Abstract In this research, copper sheets were joined using
the friction stir welding method under various welding
conditions, including different rotational and translational
tool speeds, as well as one-pass and two-pass welding
processes. Helium gas was used as a protective atmosphere
during welding. Blowing helium gas over the welds and
welding tools prevented air from contacting them, thereby
avoiding the adverse effects of air exposure. Due to the
softness of copper and the thinness of the sheets, J-integral
samples were used in this study instead of critical stress
intensity factor (KIC) samples. The J-integral values were
measured using compact tension (C(T)) specimens. The
results demonstrated that the recrystallization
phenomenon in the stir zone led to significant
improvements in fracture toughness and Vickers hardness,
increasing them by 41.49% and 52.85%, respectively,
compared to the base metal. However, the annealing
phenomenon in the heat-affected zone resulted in the
degradation of microstructural and mechanical properties.
Specifically, Vickers hardness, ultimate strength, and
fracture toughness decreased by 28.57%, 33.90%, and
10.98%, respectively, compared to the base metal.
Furthermore, the findings indicated that achieving
superior weld quality is more feasible at lower
temperatures with fewer welding passes. This approach
minimizes heat transfer to the workpiece, thereby
preserving its mechanical and microstructural integrity.

Keywords: Friction stir welding; Helium shielding gas;

Mechanical properties; Welding parameters; J-Integral.

1- Introduction

Recently, with the increasing use of copper and its alloys
as structural materials in various industrial applications,
the demand for effective welding methods has grown
significantly. As a result, copper was chosen as the focus
of the present study.

In this study, copper sheets were welded using the friction
stir welding method under varying conditions, including
different rotational and traverse tool speeds and varying
numbers of welding passes. To prevent oxidation during
welding, helium gas was used as a protective atmosphere.
Subsequently, the welds produced under these different
conditions were evaluated for their tensile properties,
Vickers hardness, fracture toughness, and microstructural
characteristics.

2- Materials and methods

Copper plates with dimensions of 50 mm x 110 mm were
cut from a larger sheet with a thickness of 5 mm, oriented
perpendicular to the rolling direction. Both halves were
sanded and polished to prepare the surfaces for welding.
The copper plates, along with the die and its accessories,
are shown in Fig. 1.

As illustrated in Fig. 1, a protective gas was blown over
the welding area and tool during the welding process using
a gas hose to prevent oxidation. In this study, pure helium
gas was employed as the shielding gas to protect the
welding area and tools from oxidation. For welding the
copper sheets, rotational speeds of 550 rpm and 850 rpm
were used, along with traverse speeds of 50 mm/min and
100 mm/min, and one-pass and two-pass welding
processes were performed.

To determine the grain size in the three welding
zones—the Stirring Zone (SZ), Thermo-Mechanically
Affected Zone (TMAZ), and Heat-Affected Zone
(HAZ)—the welded copper plates were sectioned
perpendicular to the welding direction. After undergoing
the etching process, the three welding zones were
identified using an optical microscope. Additionally,
Vickers hardness and fracture toughness were measured
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for the different zones produced during welding. The
tensile properties of the welds were also evaluated. 120
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Figure. 2: Copper plates and die and its accessories

Figure 1: Copper plates and die and its accessories
Table 1: Grains size and their changes relative to the base metal for the HAZ and the

SZ for different welding conditions
HAZ SZ

Welding Conditions  Change relative to BM (%)  Grains size (um)  Change relative to BM (%)  Grains size (um)

W. Con.1 17.8 17.9+1.2 -67.8 4.9+0.32
W. Con.2 8.6 16.5+0.7 -77.6 3.4+0.15
W. Con.3 42.8 21.7£1.9 -25.0 11.4+0.84
W. Con.4 36.8 20.8+1.7 -82.2 2.7+0.08

BM - 15.2+0.8 - 15.2+0.8

Table 2: The maximum values of the elastic loads and the values obtained for J,. and K .

HAZ Sz
Welding P, (N) Jo(KIM?) K, (MPaJm) P, (N) Jo(KIM?) K, (MPaJm)
Conditions
W. Con.1 987+49 3.16 20.51 1237452 4.96 25.71
W. Con.1 1017473 3.35 21.13 1335121 5.77 27.74
W. Con.1 932453 2.81 19.37 1113475 4.01 23.13
W. Con.1 976461 3.08 20.28 14824127 7.11 30.79
BM 1047+88 3.55 21.67 1047+88 3.55 21.76

3. Results and Discussion
The grain sizes of the HAZ and SZ are presented in Table
1. The values in this table can be explained by considering
the heat transfer rates under various welding conditions.
Specifically, a decrease in the rotational speed of the tool
reduces the rate of heat transfer to the welded samples,
while a reduction in the traverse speed of the tool
increases the heat transfer rate to the samples. These
relationships justify the observed grain size variations
under different welding conditions.

Based on Vickers microhardness measurements, the
data obtained are presented in Fig. 2. This figure indicates
that, in general, the Vickers hardness values of the welds

decrease as the heat transfer rate to the samples increases
under different welding conditions. Consequently, the
minimum hardness is observed in welding mode 3, where
the rotational speed of the tool is 850 rpm, resulting in
significant heat transfer to the welding plate. This trend is
consistent across all three welding zones.

The true stress-strain curves of the base metal and the
sheets joined under different welding conditions were
also determined in this research. After conducting the
tensile tests, it was observed that all the tensile test
samples prepared from the welded sheets fractured in the
heat-affected zone (HAZ). This indicates that the heat-
affected area is the weakest region in the weld.
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All the C(T) samples were subjected to tension using
a 2.5-ton Zwick tensile machine, and their force-
displacement diagrams were obtained. Based on these
graphs, the maximum elastic load values were
determined. Subsequently, the JJJ-integral values for
different welding conditions in the HAZ and the stir zone
(SZ) were calculated and are presented in Table 2. This
table shows that, across all welding conditions, the
fracture toughness of the HAZ is lower than that of the
base metal, whereas the fracture toughness of the SZ is
higher than that of the base metal. For example, in W.
Con. 3, the fracture toughness of the HAZ decreased by
10.98%, while in W. Con. 4, the fracture toughness of the
SZ increased by 41.49% compared to the base metal.

4. Conclusions

In this study, copper plates were joined using the friction
stir welding process under various welding parameters
with helium shielding gas. The objective was to
investigate the mechanical properties of the welds,
including microhardness, tensile properties, fracture
toughness, and their microstructure. Based on the
findings, the following conclusions were drawn:

1. Improvement in SZ properties: The friction stir
welding process improved the mechanical properties
in the SZ. The increase in grain boundaries and
reduction of stress concentration effects significantly
enhanced fracture toughness in the SZ. For instance,
in W. Con. 4, with two welding passes, fracture
toughness increased by 41.49% compared to the base
metal.

2. Effect of welding passes: Increasing the number of
welding passes enhanced the mechanical properties in
the SZ but degraded the properties in the HAZ, which
is the weakest region of the weld. To achieve better
mechanical properties, it is recommended to perform
the welding process under conditions that minimize
heat transfer to the workpiece rather than increasing
the number of welding passes.

3. Recrystallization and grain refinement: The
recrystallization phenomenon led to significant grain
refinement in the SZ, thereby improving its
mechanical properties. For example, in W. Con. 4,
with two welding passes, Vickers hardness in the SZ
increased by 52.85% compared to the base metal.
Conversely, the annealing phenomenon in the HAZ
reduced both microstructural and mechanical
properties. In W. Con. 3, for instance, Vickers
hardness in the HAZ decreased by 28.57%, ultimate
strength by 33.9%, and fracture toughness by 10.98%
compared to the base metal.

4. Importance of tool parameters: The rotational and
traverse speeds of the welding tool are critical factors
influencing the microstructural and mechanical
properties of the welds. These parameters determine
the amount of heat transferred to the workpiece,
thereby impacting the characteristics of the weld. For
example, in W. Con. 3, the high rotational speed of

the tool caused grain growth in the HAZ by 42.8%
compared to the base metal, whereas in W. Con. 2, the
grain growth was only 8.6%.
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Abstract The dynamic response of a natural laminar flow airfoil
undergoing harmonic small-amplitude pitching oscillations is
investigated using Large-eddy simulations with a chord-based
Reynolds number of Re = 750;000. Throughout the pitch cycles,
large changes in the transition point are seen as well as trailing-
edge separation. This leads to a nonlinear response of the
aerodynamic forces. Although the nature of the flow is highly
nonlinear, the development of the boundary layer over the airfoil
surface can be modeled using a simple phase-lag concept which
suggests a quasi-steady evolution of the boundary layer. Based
on this phase-lag assumption, a simple new empirical model is
developed which agrees very well with the measured
experimental data. With the aid of this model, the primary source
of non-linearities in the unsteady aerodynamic forces is
identified to be the quasi-steady term, which can be evaluated
from the static airfoil characteristics. The strength of this
remains unchanged with the variation of reduced frequency, but
the harmonic term's strength, which models the unsteady effects,
increases with increasing frequency.

Key words: laminar flow, large eddy simulation, pitching
oscillation, unsteady response

1. Introduction

The main characteristic of classical theories in unsteady
aerodynamics of airfoils is the assumption of linearity.
Recent experiments on wings with laminar flow in the
transonic and subsonic regime show the nonlinear
behavior of aerodynamic forces in particular ranges of the
angle of attack for simple harmonic pitching oscillation,
which is attributed to the free displacement of the
transition location on the suction side of the airfoil. In
static tests in the same range of angle of attack, the slope
of the normal force coefficient in terms of the angle of
attack also shows a strong deviation from the linear
behavior. The boundary layer role on the wing is ignored
in classical theories because of the assumption of inviscid
flow, which is unsuitable for unsteady airfoils. The current
research aims to investigate the behavior of the unsteady
laminar boundary layer during the low-amplitude pitching
oscillation. The focus is on understanding the unsteady
changes of the laminar to turbulent transition location and
its role in determining the nonlinear response of unsteady
forces. The investigation is carried out on a natural laminar

airfoil ED36F128.

2. The Unsteady Response

First, the range of desired parameters for numerical
simulation should be determined. The static response
curve obtained by the experiments and the XFOIL tool in

Re, =7.5x10° is linear in the range of a <3 and in

a =34, the static coefficients deviate from the linear
trend and the C, decreases with the increase of o . In the

same interval, a drastic change is seen in the curve slope
of the transition position.

For the dynamic motion, LES numerical simulation was
performed by Nek5000 open-source code on a structured
grid. For pitching oscillation, the motion equation is
a(t) = a, +Aasin(o(t—t,)+o,) where, o,=34 |,
Ao=1 and k=wb/U_ =04 . Results show that the

temporal changes of the lift coefficient, the pitching
moment coefficient, and the drag coefficient are almost
periodic. The deviation of the curves from the pure
sinusoidal form represents the non-linear behavior in the
aerodynamic response.

The transition position variation versus the instantaneous
angle of attack is shown in Fig. 1 (right). It shows the
asymmetric states of the flow between the pitching motion
in the upstroke and downstroke phases. This graph can be
transformed using the concept of phase lag in which the
boundary layer development is examined in terms of the
effective angle of attack o, . It has a difference in phase

with the instantaneous o , which means that the boundary
layer adapts to the change of the flowfield in a quasi-steady
mode, but with a delay compared to the motion of the
airfoil.  Its equation can be considered as
o, () = o, +Aasin(o(t —t,) + @, +¢,,) Where ¢, is the
phase lag between the effective and instantaneous angles
of attack. Figure 1 (left) shows the variation of the
transition point in terms of the effective angle of attack
calculated where the phase lag is ¢,,, =-1.06 . The closed

loop appearing in X, /c—o. plane becomes roughly a
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single line when displayed in x, /c—o, plane. Therefore,

the hysteresis-type behavior observed with respect to o
can be almost completely explained by the concept of
phase lag, and hysteresis is almost absent in the plane with
phase lag x, /c—a,. Also, the changes with respectto o,
are in good agreement with the XFOIL results for the static

transition graph (black line).
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Fig. 1: Variations of the transition position calculated by the
empirical model: right) versus the instantaneous angle of attack,
left) versus the effective angle of attack.

3. Unsteady Empirical Model

Considering the relationship between the unsteady
boundary layer evolution and the dynamics of the phase
lag, an empirical model is constructed in which the
aerodynamic forces are divided into two components
representing dynamic effects and quasi-steady effects. To
account for the nonlinear behavior, it is assumed that the
boundary layer grows in a quasi-steady process (but with
a phase lag) during the pitching cycle. The amount of the
quasi-steady component should be calculated using an
experimentally extracted static curve. It is assumed that the
nonlinear behavior in unsteady aerodynamic forces is
completely due to the quasi-steady term and all dynamic
effects can be modeled by a linear harmonic term. The

empirical model is C,(t) = A,sin(wt+0)+C{™ (y(t)) ,
where y(t) = a, + Aasin (ot — g, ) . The model includes

three parameters that are independent and must be
determined: A, represents the strength of the fully

k=005%

harmonic dynamic term, phase lag/lead 0 of the harmonic
term, and ¢,,, denotes the phase lag associated with the

quasi-steady term.

Figure 2 shows the least-squares fit of the empirical
model to the experimental results obtained at
Re, =1.0x10°, mean angle of attack o, =3.8", pitch

amplitude Aac=1, and various reduced frequencies (k).
The dots show the experimental data and the lines show
the model’s least squares fit. The model has been
examined with various combinations of reduced
frequencies and mean angles of attack and a good match is
observed for all investigated cases, even for a few cases
with a relatively large reduced frequency, k =0.4. But for
high frequencies, the contribution of the harmonic term is
dominant and the relative nonlinear behavior becomes
weak.

4.Conclusion

For a natural laminar airfoil, simulations of unsteady flow
revealed a nonlinear behavior for the aerodynamic
coefficients, while the development of the unsteady
boundary layer caused substantial changes in the transition
location. Using the simple concept of phase lag, the
temporal variation of the transition can be associated with
the static transition location curve. It means that the
evolution of the boundary layer in time can be assumed to
have a quasi-steady nature. An unsteady empirical model
was introduced based on this concept to interpret the
nonlinear behavior seen in the unsteady response of a
laminar airfoil. The empirical model is in good agreement
with experimental data for several different reduced
frequencies and shows that for low-amplitude pitching
oscillations, the main source of nonlinear behavior in
unsteady aerodynamic coefficients originates from the
quasi-steady term, which can be evaluated from the static
airfoil characteristics. The strength of the quasi-steady
term remains constant with reduced frequency changes,
but the harmonic term that models the unsteady effects
increases with the increase of the reduced frequency.

Fig. 2: Least-squares fitting of the unsteady empirical model to the data of experiment at Re=1.0x10°.
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Abstract This study investigates the dynamics of planar
open-loop robotic systems with n-link elastic arms
connected via revolute joints, focusing on multiple
collision phenomena. The equations of motion are derived
using the recursive Gibbs-Appell algorithm, and collision-
contact dynamics are modeled with a regulated approach.
Transverse vibrations of the links are modeled using the
Timoshenko beam theory, incorporating structural
damping and air resistance for improved accuracy. The
joints are assumed to be frictionless and backlash-free,
while friction forces are considered at ground contact
points. The system operates in two phases: flight and
collision. During collisions, viscoelastic forces introduce
stiff differential equations, requiring special handling due
to the short collision duration. Accurate detection of
collision onset and termination is achieved using a novel
computational algorithm. To validate the model, the
dynamic behavior of a three-link robotic system is
simulated. Four distinct mode shapes are used to analyze
their effects on the elastic deformation of the links. A
comparative analysis highlights the influence of mode
shapes on system behavior, demonstrating the
framework's precision and efficiency in modeling and
simulation.

Key words: Mode shape, Gibbs-Appell, Friction, Elastic
robot, Contact forces

1-Introduction

Flexible robots have garnered increased attention in
research and development due to their numerous
advantages, such as being lighter, consuming less energy,
and performing more complex tasks. This paper
investigates and simulates the contact and friction forces
in flexible robotic arms. The primary objective of this
research is to model and analyze the contact-impact
phenomenon in robotic systems with flexible links. By
employing precise modeling and analyzing dynamic

forces, this study aims to optimize the movement and
control of these robots.

This article highlights the importance of the relative
indentation of two bodies in calculating contact force in
continuous models and examines the impact of various
parameters such as surface geometry, stiffness, adhesion,
and slipperiness on the magnitude of collision forces.
Several studies on collision models and the effects of
friction in multi-body systems are reviewed. Zheng and
Zheng studied the impact of joint clearance in 3-RRR and
4-RRR mechanisms. Li et al. proposed a method for
generating practical paths in robotic systems, and Yang et
al. derived the dynamic model of mechanisms with
clearance. Finally, Shafei and Shafei conducted dynamic
modeling of robotic systems in contact with the
environment.

2. Dynamic Motion Equations

The dynamic motion equations of robotic systems are
derived using the recursive Gibbs-Appell algorithm and a
regularized approach to model the contact-impact
phenomenon. These equations incorporate various forces,
such as contact forces and frictional forces, at points where
the links collide with the ground. To enhance modeling
accuracy, the transverse vibrations of the links are
calculated using Timoshenko beam theory, considering
both structural and air damping effects. This modeling
enables precise prediction of the robot’s dynamic behavior
under diverse conditions (Fig. 1).

In this article, the system’s differential equations
include Gibbs acceleration, elastic potential energy, and
energy dissipated due to structural and air damping. These
equations are formulated in two phases: motion suspended
in the air and motion involving ground contact. During the
flight phase, only gravitational force is considered as an
external force, and the equations are expressed in inverse
and direct dynamic forms. The system’s total inertia matrix
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and the vector of remaining dynamic terms are key
components of these equations, calculated using the
recursive Gibbs-Appell algorithm.

Figure 1. A chain of flexible free-falling links

3. System Motion Phases

The system’s motion consists of two phases: flight and
collision. In the flight phase, the robot moves freely
without any contact with the ground. Conversely, in the
collision phase, contact occurs between the robot’s links
and the ground. During this phase, the system’s differential
equations include viscoelastic forces, which require
special computational measures due to the brief duration

of the collision. To precisely control the moment of
collision and the exit from it, a specific computational
algorithm has been employed, enabling a smooth transition
between the two phases with high accuracy (Fig. 2).

The system begins its motion in the flight phase;

therefore, the equations for this phase are derived first. In
the flight phase, apart from the gravitational force, the
effects of strain potential energy and energy dissipation
factors (including air damping and structural damping) are
included on the left side of the equation. No other external
forces act on the system, and thus, the right side of the
equation equals zero. This equation represents the inverse
dynamics form of the system under study.
In the collision phase, it is assumed that the robotic system
contacts the ground only at the extremities of its links. In
this phase, the system experiences vertical forces from
impact and frictional forces due to contact between the
links and the ground. Consequently, in this phase, the
generalized forces resulting from these two forces replace
the UjU_jUj terms in the equation.

To solve the differential equations of motion, an
algorithm based on the Runge-Kutta-Fehlberg (RK45)
method has been developed. This algorithm allows the
time step to be automatically adjusted during the impact
period, minimizing numerical error while meeting the
desired accuracy. In simulations, accurately determining
the moment of impact is of paramount importance. Failure
to accurately identify the impact moment disrupts the
energy balance in the system, leading to unrealistic results.
To address this challenge, a computational algorithm has
been proposed to precisely detect the moment of impact.

Figure 2. Falling three-link elastic robot
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Figure 3. Schematic figure of mode shapes used in simulation

4-Contact Force

In this research, the mathematical modeling of the impact-
contact phenomenon has been carried out using a
regularized method. The contact force is expressed as a
function of the relative indentation of two bodies and its
derivative. There are different models for calculating the
contact force, with variations in how this force is
computed. Initial models like Hertz’s model and
contemporary models based on the Hunt-Crossley model
have been developed. These models allow us to calculate
the contact force between the robot’s links and the ground
with greater accuracy.

5-Friction Force

Friction, as a critical factor influencing the system, can
cause energy dissipation, noise, vibration, and changes in
system parameters. Friction models are categorized into
static and dynamic types. Dynamic models better describe
the system’s transient state and include an additional
variable for modeling the friction force. In this paper, the
friction force resulting from sliding and sticking at the
contact points for flexible robotic arms has been modeled
and simulated. This modeling enables us to examine the
impact of friction force on the robot’s dynamic behavior
with greater precision.

6-Simulation and Results

To demonstrate the efficiency and accuracy of the
developed program, computer simulations were conducted
to study the dynamic behaviour of a three-link robotic
system. These simulations allow us to investigate various
effects, including the elastic deformations of the links.

Four different mode shapes were used for this purpose, and
their results were compared. This comparison indicates
that the choice of different mode shapes significantly
impacts the system’s dynamic behavior. To maintain the
symmetry of the system, various boundary conditions,
including simple and clamped supports, have been
selected. The simulation results show that the system
experiences different displacements and oscillations under
these various boundary conditions. The joint displacement
diagrams clearly illustrate these changes in different
directions, showing that the amplitude of vibrations and
the frequency of oscillations differ for various mode
shapes. For instance, in the boundary conditions cc-cc-cc
and sc-cc-cs, the oscillation amplitudes are lower and the
vibration frequencies are higher compared to the boundary
conditions cs-ss-s¢ and ss-ss-ss. Furthermore, by
examining the system’s energy error percentage diagrams,
it is observed that the more constrained the system is, the
lower the computational error and the better the symmetry
is preserved. These results indicate that the choice of
boundary conditions and mode shapes has a direct impact
on the dynamic behavior of the system and can be utilized
to optimize the performance of robots under different
conditions.
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Figure 4. System energy error percentage in terms of time

7-Conclusion

The dynamic modeling of a two-dimensional open-chain
robotic system with n elastic links in the flight and
collision phases has been performed using the recursive
Gibbs-Appell method. The vibrations of the links have
been estimated using the assumed mode method based on
Timoshenko beam theory. A specific computational
algorithm has been used to precisely control the entry and
exit of the collision phase. The conducted simulations
demonstrate that the choice of different mode shapes
significantly impacts the system’s dynamic behavior.
These results indicate that by optimizing the mode shapes,
the dynamic performance of flexible robots can be
enhanced, making them ready for more complex tasks.
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