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Abstract

In an industrial process exists several variables to be
monitored, in particular, temperature is a main variable for
many systems as a hydraulic circuit. Due to friction effects
and recirculation of the fluid, a temperature increasing is
noted causing some variations on physical properties of the
oil. In this work, the design and implementation of a low-cost
system is covered for data acquisition of the oil temperature
and advance time of the final actuator. This system is
composed by a minicomputer Raspberry Pi, a submersible
digital sensor and programming code in Python; the hydraulic
circuit is built with a hydraulic source equipment, a solenoid
valve, a double-acting cylinder and two limit switches. The
proposed approach is experimentally proved in a continuous
process with 200 iterations for the cylinder to advance and
retract, which results in a rising temperature. Furthermore,
with available data from the advance time, the effect caused
by the temperature on the advance velocity is observed by
means of plots of temperature and velocity from the low-cost
monitoring system.

Raspberry Pi, Temperature Digital Sensor, Velocity of a
Cylinder, Hydraulic Circuit

Resumen

En un proceso industrial existen variables de interés para ser
monitoreadas, particularmente la temperatura es fundamental
para distintos sistemas como un circuito hidraulico. Debido a
la friccion y la recirculacion del fluido se nota un incremento
de la temperatura, causando efectos sobre las propiedades
fisicas del aceite. En este trabajo se aborda el disefio e
implementacién de un sistema de bajo costo a través de una
minicomputadora Raspberry Pi, un sensor digital sumergible
y programacion en Python para la adquisicion de datos de la
temperatura del aceite que es usado en un circuito hidraulico,
el cual estd compuesto por un equipo de suministro de
potencia hidraulica, una electrovalvula, un cilindro de doble
efecto y dos sensores de limite de carrera. Se probd
experimentalmente el esquema propuesto en un proceso
continuo de 200 iteraciones de avance y retroceso del
actuador final, en donde se manifiesta un incremento de
temperatura del aceite. Méas aun, con los datos obtenidos del
tiempo de avance, se comprueba el efecto que causa la
temperatura del fluido en la velocidad de avance del cilindro
de doble efecto, como lo muestran las gréficas del
comportamiento de la temperatura y velocidad a partir del
sistema de monitoreo de bajo costo.

Raspberry Pi, Sensor Digital de Temperatura, Velocidad
de un Cilindro, Circuito Hidraulico
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Introduction

A hydraulic circuit is made up of various types
of elements that handle pressurised oil.
Generally speaking, we can identify those
elements that supply the hydraulic power, those
that capture information, control elements and,
finally, the output elements, which are the
actuators. Therefore, a hydraulic circuit can be
described as a set of a motor-pump unit, filters,
pressure regulating valve, relief valve, pressure
gauge, stroke limit sensors, directional control
valve, which depending on how it is activated,
can be considered a solenoid valve if it uses an
electromagnet to switch; finally, a double-acting
cylinder as an actuator.

The design of hydraulic circuits is a task
that allows the automation of industrial
processes, based on the displacement-phase
diagrams of the final actuators. However, it is
important to know the behaviour of certain
variables of interest such as oil temperature, due
to a potential risk of explosion if the oil rises to
a temperature that causes ignition in relation to
the working pressure.

In the industrial components market
there are sensors that allow temperature
monitoring, which are relatively expensive at
$2,500.00 MXN and require additional
components, resulting in a system that is difficult
to access for small and medium sized companies.

On the other hand, the use of frontier
computing adds benefits of agility, real-time
information processing and autonomy to create
value to manufacturing intelligence (Moreno
and Victoria, 2009). Thus, one of the most
important fronts that has been highlighted in
recent years within research and technological
development focuses on the use of new low-cost
technologies for industrial applications. For
example, regarding monitoring through a
commercially developed board, Othman et al.
(2017) implements a low-cost monitoring
system through a Raspberry Pi to understand the
performance of a low-scale solar PV system.
McBride and Courter (2019) use Raspberry Pi
minicomputers to monitor a flock of birds and
the environmental conditions of the site where
they are growing. Sowmya et al. (2020) build a
Raspberry Pi-based robotic car monitoring
system.

ISSN-2531-2189
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Dupont et al. (2018) design and
implement a photovoltaic water pumping
equipment monitoring system, where the
Raspberry Pi board is used to develop a Linux
embedded system. Hasan (2020) uses the
Raspberry Pi to monitor the variables of
temperature, humidity, pH and water level of a
crop field.

Therefore, in this work the main element
for the implementation of monitoring and
analysis is the minicomputer on Raspberry Pi
(RPi) board, which has the characteristic of
being low cost and small dimensions to be
considered as a border computing device, in
addition the DS18B20 temperature sensor is
used, which is capable of immersing in fluids
and stroke limit sensors. The Python
programming language is used to build a real-
time data acquisition system, which is stored in
the Raspberry Pi itself, enabling the possibility
of being analysed at a later stage of the
experiment.

The rest of the article is presented as
follows: section 1 details the methodology and
the main characteristics of the Raspberry Pi used
and the sensor; section 2 describes the procedure
for the characterisation of the DS18B20
temperature sensor as well as the main
characteristics of the sensor; section 3 shows the
results obtained from the experimental tests;
section 4 analyses the data and, finally, section 5
includes the conclusions of the work presented
and future work.

1. Metodology

The test bench used for the characterisation of
the temperature sensor is the one located at the
University of Guanajuato, Engineering Division,
Irapuato-Salamanca Campus, which is a
hydraulic circuit with the typical components
used in an industrial process, shown in Figure 1.

CERVANTES-ALVAREZ, Francisco Andrés, LOPEZ-OLMOS,
Fabrizio, TORRES-DEL CARMEN, Felipe de Jesis and CAPILLA-
GONZALEZ, Gustavo. Behavior analysis of a hydraulic circuit through
a low-cost data acquisition system. Journal of Mechanical Engineering.
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Figure 1 Test bench
Source Own Elaboration

In this process, a Raspberry Pi is used as
a means of data acquisition where the Python
programming language is used to obtain the
measurements made by the DS18B20
temperature sensor and the stroke limit sensors,
in order to be able to analyse the results obtained.
The main characteristics of both the Raspberry
Pi and the DS18B20 temperature sensor are
described below.

1.1 Raspberry Pi 2 model B
This model was launched in 2014 and is shown

in Figure 2, with 1GB of RAM. It includes 40
GPIO pins and four USB ports.

40 GPIO pins

DSI Connector

4 USB ports l A

3.5 mm jack port

Ethernet port _l
—

Figure 2 Parts of the RPi model 2B (Kumar and Pati,
2016)
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This model has the following
specifications:

- Processor: 900 MHz  Broadcom
BCM2836 quad core ARM quad core
Cortex-A7 quad core.

- GPU: Dual-core VideoCore IV with
Open GL ES 2.0 support, hardware
accelerated OpenVG up to 1080p30
H.264.

- RAM: 1GB SDRAM LPDDR2.

— WiFi connection: No WiFi connection.

- Serial communication ports: UART,
RXD and TXD (support 12C and SPI
protocols).

- ADC converter: It does not have its own
converter, so it is necessary to implement
an external one.

- Ethernet connection: This model reaches
a maximum speed of 100 Mbit/s.

- Operating system: Raspbian.

1.2 RPi configuration

As it is a minicomputer, the first configuration
carried out on the RPi was the installation of an
operating system. For this work, the operating
system recommended by the RPi organisation
was installed, which is called Rasbian, which is
a variation of Debian. This system works on the
basis of Linux and is also free to use. For this, it
was only necessary to boot a micro SD memory,
which also acts as the main hard disk of the RPi.
In this work, a 64 Gb SD memory is used. Once
the operating system is installed, we proceed to
install some tools that do not come by default in
Raspbian, such as Phyton and its IDLE Thonny.

1.2 Characteristics of the Temperature
Sensor DS18B20

To read the temperature of the system, we use
the DS18B20 sensor which is low cost (about
$45.50 MXN), capable of immersion in fluids
and is shown in Figure 3.

The sensor has the following features:

- Requires only one port pin for
communication

- Supply voltage range: 3.0V to 5.0vDC

- Measuring range: -55°C to 125°C

- 9 to 12 bit readings (configurable)

- Connection via One Wire protocol.

CERVANTES-ALVAREZ, Francisco Andrés, LOPEZ-OLMOS,
Fabrizio, TORRES-DEL CARMEN, Felipe de Jesis and CAPILLA-
GONZALEZ, Gustavo. Behavior analysis of a hydraulic circuit through
a low-cost data acquisition system. Journal of Mechanical Engineering.
2022
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Figure 3 Temperature sensor DS18B20
1.4 Stroke limit sensor

Low-cost limit switches are also mechanical
switches that are activated by means of a roller,
which is actuated through contact with the
cylinder. These limit switches can be positioned
at the start or end of the stroke of a hydraulic
cylinder or at any position the user deems
appropriate. In such a way that the distance
between the stroke limit sensors is considered
constant, therefore, and taking into account the
mathematical equation that defines the velocity,
which relates the change in the displacement
with respect to a change in the time in which it
is made, it is possible to measure the advance
speed of the cylinder if the reading of the
activation time between the sensor at the start of
the stroke and the one at the end of the stroke is
obtained.

In this way, the sensors are fixedly
positioned to keep the distance between them
constant and thus the change in the advance
displacement of the double-acting cylinder.

Validation of the DS18B20 sensor

The temperature sensor DS18B20 is
immersed in the oil tank to determine its
temperature during the process, while the stroke
limit sensors are positioned within the range of
the displacement of the double-acting cylinder,
maintaining a constant distance between them,
as shown in Figure 4.
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Figure 4 Hydraulic circuit assembled with the DS18B20
temperature sensor and limit sensors
Source: Own Elaboration

For the validation of the temperature
sensor, a Steren MUL-115 multimeter is used.
This multimeter has the characteristics of
measuring temperature in the range of -20 to
150°C+(3°C+1d)/150 to  1000°C%(3%+2d)
according to the data sheet provided by the
distributor.

For the measurement of the oil
temperature it was decided to place the sensor
inside the oil tank as well as the multimeter as
shown in Figure 5.

.‘f\»~ :

Figure 5 Measurement of the fluid inside the tank with the
multimeter
Source: Own Elaboration

CERVANTES-ALVAREZ, Francisco Andrés, LOPEZ-OLMOS,
Fabrizio, TORRES-DEL CARMEN, Felipe de Jesis and CAPILLA-
GONZALEZ, Gustavo. Behavior analysis of a hydraulic circuit through
a low-cost data acquisition system. Journal of Mechanical Engineering.
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It allows the temperature of the fluid to
be analysed before it is pumped into the system,
measuring the thermal equilibrium that is
reached when the oil re-enters the tank after the
process has been completed. The multimeter is
used to measure the temperature within the same
point in the tank as the temperature sensor,
however, the measurement obtained by the
multimeter only has integer values within the
range specified by the distributor data sheet. In
order to increase the fluid temperature more
rapidly, an electrical resistor is introduced into
the tank to heat the oil and take measurements
every 15 seconds for 5 minutes and thus, with a
total of 30 measurements, calibrate the
DS18B20 sensor through a linear regression
model.

Using the least squares regression
methodology, the following equations are
obtained:

£ _ XXiYi—NXmYy,
b=z (1)
a =20 2 Ym — Exm (2)

n

where X; are the values obtained from the
multimeter, y; are the values obtained from the
sensor, n is the number of data, Xm, ym are the
averages of the multimeter and sensor data,
respectively. This gives the linear regression
model described in equation:

y = a+ bx (3)

The results obtained by the DS18B20
temperature sensor and the Steren MUL-115
multimeter, before applying the linear
regression, are presented in Figure 1.

80
75
70
65
60
55
50
45

40
1 3 5 7 9 11 13 1517 19 21 23 25 27 29

Temperature °C

Test number
Multimeter Sensor
Graph 1 Temperature measurements, comparison

between multimeter and sensor
Source: Own Elaboration
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The results obtained with the
implementation of the linear regression equation
are shown in Figure 2.

85

80

75 y
70 e
65

60 ~

55

50 /_/

45 '

40

Temperature °C

o —

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29
Test number

Multimeter Sensor

Graph 2 Regression model on sensor measurements
Source: Own Elaboration

1.5 Circuit assembly RPi

For the assembly of the circuit with the RPi, the
pins shown in Table 1 were selected.

Pin Description

3V3 Power supply used throughout the RPi
circuit at 3.3 Volts DC

PIN Grounding throughout the RPi circuit

GROUND

GPIO 2 Connection to temperature sensor data
cable DS18B20

GPIO 6 Connection to the start of stroke sensor

GPIO 12 Connection to end-of-stroke sensor

Table 1 Description of the connections of the RPi
2. Experimental results

In the manufacturing laboratory of the Division
of Engineering of the Irapuato Salamanca
Campus of the University of Guanajuato there is
a hydraulic circuit test bench with which the
physical implementation of the proposed
approach was carried out in order to obtain
experimental results.

Hydraulic power supply equipment, a
double solenoid solenoid valve and a double
acting cylinder were used, interconnecting each
of the components through hydraulic hoses. As
part of the instrumentation, the DS18B20 sensor
submerged in the oil tank or reservoir and the
start and end of stroke roller sensors in the
cylinder stroke were used; all of them connected
to the RPi for the data acquisition system.

CERVANTES-ALVAREZ, Francisco Andrés, LOPEZ-OLMOS,
Fabrizio, TORRES-DEL CARMEN, Felipe de Jesis and CAPILLA-
GONZALEZ, Gustavo. Behavior analysis of a hydraulic circuit through
a low-cost data acquisition system. Journal of Mechanical Engineering.
2022
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The experimentation was done in a
continuous process with 200 iterations of
forward and reverse of the double-acting
cylinder. In  addition, 4  temperature
measurements were considered for each
advance. In total, 800 measurements were taken.
At each advance an average of the 4 respective
measurements was taken. The results of the oil
temperature during the 200 iterations are shown
in Figure 6.

Figure 6 Results obtained from the measurement of oil
temperature during 200 continuous iterations
Source: Own Elaboration

The advance time of the hydraulic
cylinder in each iteration was calculated as
follows. The RPi processor time is taken when
the activation of the start-of-stroke sensor is
detected and stored in a variable. When the
activation of the end-of-stroke sensor is
detected, the RPi time is taken again and stored
in another variable. A difference of the end-of-
stroke time minus the start-of-stroke time is
made to know the advance time. The results are
shown in Figure 7.

Figure 7 Hydraulic cylinder advance time for 200
continuous iterations
Source: Own Elaboration

The distance between the limit switches
IS a constant quantity with a value of 15.6 cm, as
shown in Figure 8.
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Figure 8 Fixed distance between the stroke limit sensors

It is possible to calculate the forward
speed, using the equation:

scrolling
©)

forward speed = ———
time of advance

The results of the 200 continuous
iterations are given in Figure 9.

Figure 9 Results of the feed rate of the hydraulic cylinder
during 200 continuous iterations
Source: Own Elaboration

3. Analysis of the data obtained

The oil temperature increased during the 200
continuous forward and reverse iterations of the
double-acting cylinder, probably due to the
effects of friction and fluid recirculation. It is
important to note that no heating devices were
used during the experimental tests. Also, no
components were used to cool the oil during its
flow through the hydraulic circuit.

The oil used in the hydraulic circuit is
synthetic oil for automatic transmission, which
has the physical properties given in Table 2.

Property ' Value

Viscosity @ 100°C, cSt 7.5
Viscosity @ 40°C, cSt 34.0
Pour point, °C -60
Flash point, °C 249

Table 2 Properties of synthetic oil used in the hydraulic
circuit
Source: Own Elaboration
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It is understood that increasing
temperature affects the viscosity of the oil.
Moreover, according to Wang (2014), the
increase in temperature causes the fluid to flow
faster. Therefore, the velocity is increased, as
proven by the results of the forward speed of the
hydraulic cylinder.

The analysis carried out shows that it is
important to consider the effects of temperature
on the oil in a hydraulic circuit when it is
necessary to maintain the advance speed or,
directly related, the advance time of the final
actuator. Since, in sequential industrial
automation processes, the times in each of the
stages of the process are important to keep fixed.
Therefore, the relevance of heat exchangers in
the oil recirculation path in a hydraulic circuit
and the continuous monitoring of the
temperature as a variable of great interest for the
correct operation of the industrial process.

Conclusions

It has been possible to build a low-cost data
acquisition system using an RPi minicomputer,
in addition to obtaining a characterisation of the
DS18B20 temperature sensor with a percentage
error between the regression model and the
readings obtained by the temperature sensor of
+1.8%. The advance time of the double-acting
cylinder in a real hydraulic circuit is also
monitored.

The experimental tests yield relevant
data to understand the behaviour of the fluid in a
continuous process of several iterations. The
analysis of the data demonstrates the importance
of oil cooling for sequential automation
applications where constant cylinder advance
times are guaranteed.

Future work will consider including a
larger number of sensors to measure other
variables of interest that are related to the change
in fluid properties such as flow rate.
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Abstract

The last rotor blades of the steam turbines in
their low pressure section, work the steam with
humidity. The combination of its high velocities
with the existence of liquid microparticles
presents a repeated impact on its surface, which
will cause losses in the aerodynamic
characteristics in the passage section, affecting
its performance. This study evaluates the
influence exerted by different physical
parameters, such as the frequency of impacts,
size of the drops that cause damage, impulse
pressure, etc., on the erosion shown by the blades
in the last stage of the low pressure section in a
steam turbine under operating conditions equal
to design.

Steam Turbine, Erosion, Droplets

Resumen

Los ultimos alabes rotores de las turbinas de
vapor en su seccion de baja presion, trabajan el
vapor con humedad. La combinacion de sus altas
velocidades con la existencia de microparticulas
liquidas presenta un impacto repetido sobre su
superficie, lo que causard pérdidas en las
caracteristicas aerodinamicas en la seccion de
paso, afectando su rendimiento. En este estudio
se evalta la influencia que ejercen diferentes
parametros fisicos, como la frecuencia de
impactos, dimension de las gotas que causan
dafio, presion de impulso, etc., sobre la erosién
que demuestran los alabes en el Gltimo paso de
la seccién de baja presion en una turbina de
vapor en condiciones de operacion iguales a las
de disefio.

Turbina de Vapor, Erosion, Gotas
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Introduction

The determination of the different parameters
that influence erosion in steam turbines is carried
out to learn more about the cause that causes
their wear, and to have more information about
the problems of mechanical erosion. The
dependence of the erosion of the blades on the
variables of the steam is complicated, due to the
microparticles of liquid and the different
operating conditions that must be maintained.
The analyzed turbine has a power of 300 MW,
operating at 3600 rpm.

1. Moisture Formation

A characteristic singularity of steam expansion
in some turbine elements is the fact that during
the transition from one-phase to two-phase
region of state in converging (accelerating)
flows with high velocities and large gradients
absolute values of pressure, the variation of the
thermodynamic parameters occurs so fast that
the condensation equilibrium process does not
take place. The steam temperature turns out to be
below the corresponding saturation temperature
(supercooling, see fig. 1).

&

Figure 1 Determination of the equilibrium state of
supercooling of steam from the h, s diagram

Upon reaching maximum local
supercooling, the vapor spontaneously passes to
a state that is close to equilibrium. The new
phase arises in the form of very small droplets
that are the condensation nuclei. In the process
of expansion on these nuclei, condensation of the
surrounding vapor takes place. The emergence
of the new phase occurs as a result of the
collision of molecules.
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During the chaotic movement there are
always molecules with velocities and energies
that differ from the average values, leaving the
limits of an aggregation state. The deviations of
very small drops (composed of several
molecules) are unstable, and only germs, whose
dimension exceeds the critical one, are viable.
Further growth of the new phase takes place on
these stable formations called condensation
nuclei. The magnitude of the radius of the critical
germ (Troyanovsky, 1987), suitable for further
growth, is determined from the equilibrium
condition of the biphasic medium: steam and
water droplets. The increase in supercooling of
the steam leads to a reduction in the critical
radius of the seed and to an intensification of the
nuclei formation process. The number of nuclei
that arise begins to be considerable that an
impetuous condensation of steam begins on
them. In the center of the vortices that break off
from the trailing edge of the rotor blade profile
there is a zone of low temperature. The
supercooled vapor, upon reaching this zone,
intensely condenses, and the drops that form are
expelled from the vortex to the core of the flow.

The humidity at the entrance of the
crown has different concentration and different
degree of dispersion, while the velocities of the
humidity droplets differ from the velocity of the
vapor, both for their magnitude and for their
direction. The trajectories of the moisture
droplets (see fig. 2) can be different, losing their
stability and breaking up. The small droplets
follow the streamlines of the main flow; its
velocity by magnitude and direction differs little
from that of steam.

b) ¢)

Figure 2. Trajectory of the water drops in the channel of
the stator blade crown. a, drops of different dimensions at
the entrance: I, with dy =2um; II, with dy =20.m ; III,

with d, =2004m; b, drops of equal dimensions at the
entrance with d, =10xm; c, drops of equal dimensions at
the entrance with d, <Z1.m (Schegliaiev)
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An important characteristic of the
biphasic medium is the slip coefficient
(Troyanovsky, 1987), that is, the ratio between
the velocities of the liquid phase (moisture
particles) and that of the vapor phase. If the
drops are larger, the slip coefficient will be
lower. Due to this sliding between the phases,
the mechanical action of large droplets in the
vapor flow is of great importance.

In the low pressure section, a decrease in
quality occurs, beginning with values without
greater risk, until reaching a very low quality of
86% in the last step, which indicates a clear
considerable presence of moisture. The blades,
when working with this wet steam, suffer the
constant action of the collision of the liquid
particles, as a result of which wear (erosion) is
possible on their surface, and also on other
elements of the turbine. The considerable
humidity of the steam, in combination with the
speeds of the blades, especially the last, is a
factor that influences the manifestation of
erosion problems.

The geometric parameters of the turbine
have a direct influence on the level of erosion,
since the design of the blades (height, chord,
pitch, entry and exit angles of the profile,
warping angle, etc.) directly affects the
velocities that operate in the turbomachine.

Special care must be taken in condensing
turbines, in the blades that are in the sections of
increasing humidity, because, in unfavorable
conditions of water content, peripheral speed
and geometric configuration, the water droplets
that are formed erode the moving blades,
wearing away the metal of the leading edges.
The water deposited on the stator blades is
entrained by the steam flow towards the trailing
edge, where it collects to form large droplets.
When released from the trailing edge, these
droplets, which are about 1 mm in diameter,
break up to form smaller droplets (Heinz, 1996).
The rotor blades collide with the small droplets
and the resulting impact dislodges material from
them.

There are many relationships to be able
to determine the factors that act on the erosional
wear of the leading edges of the blades, so the
evaluation of the influence of the different
thermodynamic and design parameters can help
to understand its causes and to have more precise
information about this technological problem.
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2. Analysis of Conditions of the Low Pressure
Section

Next, relationships are indicated in calculation
of the parameters present in mechanical erosion.
As mentioned above, the critical seed is capable
of increasing the growth of the liquid phase in
the vapor flow, only being affected by local
supercooling. Thus, according to the pressure
and temperature conditions in the 5th stage of the
low pressure section, it is observed that the
supercooling is 28 K, as seen in fig. 1. Being the
radius of the critical germ, it can be calculated
from the following equation:

re = ZGTS , (1)
LATp

where 9 is the coefficient of surface
tension, L is the latent heat of phase transitions,

Pia js the density of the liquid phase, Ts is the
local saturation temperature in the 5th stage and
T is the temperature in the 5th stage. From (1),
the value of the critical radius is rx=3578x10*

m, from which the subsequent growth of the
phase begins.

Macrodisperse moisture (Troyanovsky,
1987), whose approximate equation is:

A=0.072,,,K,, (0.5-0.094In p,) 2)

it is the moisture that moves with great
slip with respect to the vapor phase. The
diameter of the droplets exceeds the diameter of
the particles d_;, moving in the accelerated flow

with sliding v=c/c¢’<0.8.

Starting from the pressure in front of the
5th stage, from the value of the improvement

constant of the fixed part k_, and from Zy,

number of the stage counting by the one in which
the humidity was formed, it was possible to
determine that the macrodisperse humidity has a
value of 0.2015, which indicates that while
decreasing A, the pressure increases.

The slip coefficient (Troyanovsky, 1987)
is obtained through the blade geometry design
data, as shown below:

u per
v=15-10"p, P“Jw(l_pper) : (3)
sena,

per
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where x . =u_, /c,, isthe velocity ratio,
Py 1S the degree of reaction near the periphery

of the stage, ¢ is the velocity coefficient, 5

is the axial distance between the stator and rotor
blades, p, is the pressure in the axial set (in kPa

), Uper is the circular velocity, « is the stator

blade outlet angle, where the index "per" refers
to the peripheral section. From the
characteristics of the stator blade 980BE17° and
rotor blade 1182GAX in the 5th stage of the low
pressure turbine, it is possible to find the
velocities ratio x,, Wwhich is approximately

0.8115, with a degree of reaction in the periphery
of 0.67 based on the hub/tip ratio, according to
radial balance theory (Zurita, 1996). Therefore,
from (3), the slip coefficient is v=0.747,
indicates that the droplets are of regular size,
with a diameter that can be d

crit *

The velocity w,,. (Troyanovsky, 1987)

is the relative velocity of the moisture droplets,
which becomes the impact velocity at the contact
of the drop against the peripheral zone of the
rotor blades, this being:

: Vi (l-p,.) 2vpcosa, 4
(Wl per)2 :uﬁer 1+ Xz o 1«1_pper ( )

per per

and according to the data obtained, and
from the design data it can be seen that
W ~290m/s is a lower value, but it will

per
influence the different stages of contact
velocities of the droplet against the blade
surface.

The impulse pressure is the local pressure
growth during the impact of an (isolated) droplet
against the hard surface of the blade, and
according to the following equation
(Troyanovsky, 1987), the impulse pressure will
be equal to the Zhukovsky equation:

Ap=awpy,, (6)

where a' is the velocity of propagation
of the shock wave in the liquid (in a first
approximation it can be accepted equal to the
speed of sound propagation in the liquid), is the
impact velocity of the drop against the surface
and p,, is the density of the liquid.
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According to the nominal value of the
pressure in the 5th stage, the velocity a' is about
425 m/s, therefore, the impulse pressure will be
equal to Ap ~120.5 MPa. At considerable impact

velocities, the driving pressure of the droplet can
exceed the metal yield strength and produce
residual deformation at the surface. However, it
has been experimentally determined that even at
lower impact velocities erosional wear occurs,
due to fatigue rupture of the surface layers by the
action of multiple droplet impacts. Under the
action of the impacts delivered, an accumulation
of damage takes place on the surface layer that
becomes fatigue cracks, which serve as stress
concentrators and subsequently lead to the
destruction of isolated areas and the
deterioration of the metal of the blades

It remains to be noted that the impulse
pressure may also depend on a series of
additional factors, such as the elasticity of the
metal, the shape of the drop, the surface of the
metal, etc. The physical parameters proposed
here are formed by semi-empirical equations,
obtained experimentally. The mean radius of
macrodisperse moisture droplets (Troyanovsky,
1987) can be calculated from the mean
dimension of macrodisperse moisture droplets
using the critical Weber number as the stability
characteristic:

We=d(c)?/ov, (7)

And being We = 15 critical, we then
have:

_ 150\/1 150-0’X;2)er (8)

2012 B 2(02 (1_pper)u;2)er

got —

From the data already calculated it is
found that the average dimension of the drops is
lo =4um, therefore it is observed that its

diameter is very large, and its trajectory deviates
a little from the current lines, as can be seen in
fig. 2. The volume of macrodisperse moisture
droplets (Troyanovsky, 1987) is obtained from a
simple equation:

A
Vgot = ? IFg3ot ' (9)

being its volume Vv, ~2.68x10™* um.
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The consumption of the liquid phase in
the peripheral zone (Troyanovsky, 1987) can be
calculated from the relationship:

. u 1-
AG =0,Alz,, L =0,z P TP (10)
v, X per v

This equation includes design data, since
it is necessary to know o, which is the throat of

the stator blade, 1, the length of the stator blade,

Z,. is the number of stator blades. For the

turbine in question, the consumption of the
liquid phase in the 5th stage was  AG' =707.7
mq/s. The number of large drops per unit of time
(Troyanovsky, 1987) is obtained from:

Z,=AGAvIV,

got !

(11)

this being of a value of z  =3.9747x10"

drops/s. The number of drops that have impacted
the rotor blade surface only once (Troyanovsky,
1987) is calculated using the expression:

2, =lb,z, I7-ry, (12)

At this point the geometric data of the
rotor blade is needed: chord b, , length 1, and the
number of blades in the crown of the 5th stage
and with the data obtained previously, it is
observed that z,, =1.25x10* drops.

The number of drops that have hit the
surface of the stator blade only once is obtained
from its geometric data: chord b,, length 1., the

number of blades in the stator of the 5th stage,
and Z g is calculated the same as (12) and it is

determined that z,, =1.537x10" drops; in other

words, a greater number of drops due to the
greater area covered by the stator blades in this
special case of the steam turbine. For the
calculation of the contact stain velocities of the
drop against the surface, and the beginning and
duration of extension of the deformed droplet
against the surface can be obtained through a
particular analysis (Scheglidiev, 1985). First
moment of time z,, when the drop comes into

contact with the surface NN only at the point Ay
does a shock wave arise that propagates in the
drop with a velocity a'. Simultaneously, the
expansion of the stain (in the plane) of contact of
the drop in the region of point A; takes place.
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The velocity ¢, with which the points

on the circumference of the contact stain move
along the impact surface from the point A:
(Schegliaiev, 1985), is equal to:

r
Cg = WQT"t : (13)

where W is the impact speed of the drop;
I 1S the radius of the drop; r is the radius of

current.

Figura 3 Diagram of the impact of the drop against a flat

hard surface NN. drop outlines; -----------
shockwave borders; A1; A2Az; AsAs; AsAg; borders of the
contact staint with the contact surface respectively at the

time points 7,,7,,75,7,; Iy, drop radius; I current

radius of contact stain; r; maximum radius of the contact

spot that corresponds to the moment 7, of the beginning
of the extension (Scheglidiev, 1985).

In the initial period, being small the
values of the radius r, the velocity c, exceeds

the speed of propagation of the shock wave a'.
In this case the particles on the surface of the
drop come into contact with the impact plane NN
faster than the propagation of the disturbance
inside the drop. In fig. 3 the moment of time z,

is shown by the points Az which are boundaries
of the contact stain. Meanwhile, the shock wave
shown by dashed line 2 does not go outside the
boundaries of this stain. Only in time z,, when

the velocity ¢, =a’, The extension of the drop

along the impact surface begins. The boundaries
of the contact stain at this point in time are
designated by points As, and the shock wave by
dashed line 3.
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The posterior extension of the drop
(7, > 75) shown with the help of dots A4. The

maximum radius of the contact stain r, which
corresponds to the moment z, of the beginning

of the extension (Heinz, 1996), is determined
with:

A . ; , (14)

While the duration of the time interval in
the action period in which the elastic
deformation of the drop takes place
(Schegliaiev, 1985), can be calculated by means
of the equation:

Wr
— got ) 15
2@ (15)

T3~ 1T

The time in which the impulse acts (
7, —17,), IS proportional to the impact velocity

and the size of the drop. Therefore, according to
the above analysis, it can find the contact stain
velocity c, from (13), for radii smaller than the

maximum radius, as explained, due to the initial
period, and calculating with starting radii of
r, =0.1zm, ym, 2pm , then, it have to:

m

m
r,=Imm = ¢ =1160;,

m
r,=2nmm = CB=580?.

To determine the extension of the drop
along the contact surface r, , as mentioned above,

it arises only when the velocity ¢, =a’ starts the
extension of the drop along the impact surface.

Therefore, from (13) it have:

U
rext = rgot c (: a') ’ (16)
B

Then, r,, =2.725:m .

The maximum radius r, of the stain
corresponds to the moment z, of the beginning

of the extension. From (14) we find that r® =
2.725 pm. For the calculation of the time interval
T the magnitude of all the necessary variables is
already available.
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Therefore,

W-r,,
Fenon=g (17)

Then, the time interval in which the
deformation of the drop takes place is
r=0.32x10"s . The time is very small, relatively,
since the time of a drop of 100 pm is
approximately r=(1..1.5)x10° s. The impact
frequency (Troyanovsky, 1987) is determined by
the equation:

0.7 2 1— 3/2V
n, =01 220e Y A P )TV s (18)

3 per
b,z 0XpeL

The frequency of impacts will depend, in
addition to physical and design variables, on the
quality of the steam in the stage, with humidity
in the last stage being approximately 14%, and
v being the specific volume of saturated steam
in the 5th stage; and with the magnitudes already
calculated, n, ~ 136,400 drops/s are found.

Y ———
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- ' -
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Figura 4 Erosion of the leading edges of the blades as a
function of time: 1 — for the last stage of the turbine; 2 —
for the penultimate stage; 3 — for the third stage counting
from the start [3]

Although the velocity with which the
blade mass is reduced does not remain constant
over time, the average relative velocity of
destruction by erosion is found to be equal to the
decrease in volume suffered by the blade
material in a unit of time, with with respect to the
initial volume, being the destruction of the metal
by fatigue, as a result of the action of the impact
of the drops and of quadratic dependence
between the deformation and the impulse
pressure during the impact of the drops. It is
determined (Troyanovsky, 1987) as:
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m=k(Ap)?n, = 3.36 x 10 m?s, (19) [4] Introduccién al Disefio Aerodindmico de

where k is the constant that determines
the value of the equation, since k is a function of
all the properties of the metal of the blades or of
the protective layer on the surface of the last one,
being, therefore, different for each turbine
section, and the type of turbine being analyzed
in the calculations.

It is possible, however, to calculate the
level of erosion from a graph shown in fig. 4,
which relates the operating time against wear
caused by erosion on the blade, from the selected
stage, observing regular measurements of Jp =
18 mm on the leading edge of the peripheral zone
in the last stage of the low pressure section, over
100,000 hours of average work, locating an
erosive level of grade I1l, estimated for review.

Conclusions

According to the flow conditions and the type of
design of the outlet stage of the low pressure
section of a 300 MW turbine: 136,400 droplets/s
of 4um radius impacting at 425 m/s on the
leading edge of the the rotor blades, determined
a wear of 18 mm depth, which is confirmed with
the mass loss records of the blades. These
parameters influenced the mechanical type
erosion, and lead to the investigation of the
prevention of the erosion of the blades in the low
pressure section or, at least, to control it, since
for the field of research and experimentation It is
necessary to have a better understanding of the
role played by variables at the micro level, as
well as macroscopic ones, that cause the origin
of humidity.
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Abstract

The unconfined compressive strength of soils is
closely related to the shear strength that soil particles
show in a material sample subjected to stress states
where there are no lateral restrictions to stabilize the
geotechnical structure. It is known that the resistance
of a soil depends on its density and the type of soil.
In engineering practice, it is highly desirable to have
information in the form of empirical relationships
that correlate readily and cheaply obtainable data for
soil strength. This article presents an experimental
study on materials subjected to compression without
confinement and that leads to an empirical proposal
that relates the density of a soil with the relationship
it exhibits to simple compression.

Simple compression, Empirical relations, Density

Resumen

La resistencia a la compresiéon no confinada de los
suelos estd intimamente relacionada con la
resistencia al esfuerzo cortante que ofrecen las
particulas de suelo en una muestra de material sujeta
a estados de esfuerzo donde no existen restricciones
laterales que estabilicen la estructura geotécnica. Es
reconocido gue la resistencia de un suelo depende de
su densidad y del tipo de suelo. En la préctica
ingenieril es altamente deseable contar con
informacién en forma de relaciones empiricas que
correlacionen datos obtenibles de manera rapida y
econOmica para obtener la resistencia del suelo. En
este articulo se presenta un estudio experimental
sobre materiales sometidos a compresion sin
confinamiento y que derivan en una propuesta
empirica que relaciona la densidad de un suelo con la
relacién que exhibe a la compresion simple.

Compresion Simple, Relacion empirica, Densidad
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Introduction

Shear resistance is the fundamental property of
soils that is taken into account when designing
any geotechnical structure (Rojas et al., 2011).
A typical experimental observation of soils as
construction materials, is that the strength to
shear stresses of these materials depends on the
confinement stress to which they are subjected
(Alonso et al., 1990).

To represent this property, the usual
convention in soil mechanics is to express the
vertical compression stresses with the notation
oy, as well as the horizontal compression
stresses with the notation oz. Therefore, the
shear stress resistance for a soil sample subjected
to a horizontal confining stress o5 is expressed
by Equation (1):

T=o03tan¢ + ¢ )

Where T is the shear strength exhibited
by the soil, ¢ is the friction angle and c is known
as cohesion, which is a parameter that depends
on moisture conditions.

Under field conditions in which
geotechnical structures are not confined, the
condition o5 = 0 is met. This state of stress is
known as "unconfined" and is present in a
variety of geotechnical schemes. Such is the case
of vertical cuts in excavations without casings or
lateral retention structures. In such a case, the
strength of the structure made with soil will
depend exclusively on the strength to shear
stress quantified as cohesion (Lu et al., 2017):

T=c (2)

Therefore,  Equation (2) allows
identifying the shear strength of soils under
unconfined conditions. As can be seen in the
Mohr's circle corresponding to the stress state in
unconfined compression conditions (Figure 1),
this implies that the shear strength in
“unconfined” conditions can be evaluated as T =
¢ = 0,/2. Inthis case, the stress o, is known as
the deviator stress g and has the same value as
0.
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Figure 1 Mohr’s circle corresponding to an unconfined
stress state

It is fundamental to recognize the role
that soil density plays in the value that Equation
(2) takes. Experimental reports on laboratory
soils make it possible to identify that the
parameters to describe shear strength of the soils
(Equation (1)) is a function of the density of the
materials (Rojas et al., 2017). Laboratory tests
reported by Futai and Almeida (2005) evaluate
the strength parameters of a soil deposit at
different depths of a residual soil. Here the
different values of ¢ and c¢ parameters for
different densities are exhibited. That is, as
confirmed by the more agglutinated the soil
particles are, the greater the strength to shear
stress.

In practical geotechnical engineering, the
use of empirical relationships is recurrent to
expedite the proposed solutions to a given
problem. These solutions, despite being highly
dependent on the type of test and the material to
be used, allow the test results to be initially used
in immediate applications without the need to
resort to an exhaustive experimentation
campaign.

This paper presents the relationship
between the density and the strength to simple
compression that a silty sand material exhibit.
Such relationship has been extensively
recognized in several research papers such as
Sun et al. (2007). The subsequent section
describes the triaxial compression equipment
used for the evaluation of the mechanical
properties of the soils that were selected for
analysis. Moreover, the way in which they were
selected and subjected to simple compression
efforts is explained.

RUIZ-CHAVEZ, Felipe de Jesus, GUTIERREZ-VILLALOBOS, José
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Triaxial compression device used in this study

The triaxial compression equipment used in the
development of the research is a Triaxial Press
with analog triaxial configuration (Figure 2). It
is made up of a load frame that is made up of a
robust two-column structure, ensuring rigidity
for a maximum capacity of 5.1 tons, with a
maximum loading speed of 9mm per minute and
a maximum deformation of 90mm. It is added
with a cell that confines the soil samples within
a controlled space. Axial strains are measured
with a potentiometric displacement transducer.
The force P is transmitted through an external
load cell with a capacity of 5.1 tons to apply a
vertical axial force g = P/A to a cylindrical soil
sample and produce unit strains € = Al/lo; A is
the cross-sectional area to which the stresses q
are applied, Al are the strains in the direction of
application of q, and lo is the initial length of the
soil sample.

Figure 2 TRIAX 28-WF-4001 Triaxial Press with analog
triaxial configuration

The cell and the transducer send signals
that are continuously automatically interpreted
and recorded, allowing to track the evolution of
the axial stress vs. axial deformation.

Classification of the soil used for the
investigation

The soil is a highly compressible silt, classified
with the notation MH (according to the Unified
Soil Classification System (SUCS) (Braja M.
Das, 2010)).
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Different tests were carried out with
different moisture contents, it is sought that the
cylindrical soil sample is uniform and that it
allows its placement in the compression
equipment. From the moisture content variation
tests, it is concluded that the best workability
results from considering a moisture content of
15%, since in this way the expected
manageability and homogeneity conditions are
met. Figure 3 shows the material under various
moisture conditions.

Figure 1 Upper: MH1 with a 15% moisture content.
Central: MH1 with a 20% moisture content. Lower: MH1
with a 30% moisture content.

RUIZ-CHAVEZ, Felipe de Jesls, GUTIERREZ-VILLALOBOS, José
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Fabrication of cylindrical soil samples

It is proposed to study the behavior to
unconfined compression under increasing
densities 13 kN/m?3, 15 kN/m? and 17 kN/m?, all
of them under a moisture content of 15%. It
should be noted that it was not possible to
produce material samples at densities lower than
13 kN/m?3 since the structure and integrity of the
soil cylinder were compromised since the
sample was too fragile. The cylindrical soil
specimens were fabricated using the static
compaction process by layers, controlling the
speed of application of the load (0.5 millimeters
per minute) in the triaxial compression device.

This allowed the repeatability of the
process thus ruling out uncertainties inherent to
manual compaction. The strain rate was
established considering that the material will be
subject to undrained conditions.

The final cylindrical specimens are 9.5
centimeters high and appertain a diameter of 5
centimeters. The cylindrical mold meets the
necessary dimensions, with an internal diameter
of 5 cm and a height of 10 cm, which must be
greater than the height of the soil cylinder in
order to apply pressure and provide density.
proposal (Figure 4).

Figure 2 Soil sample after compaction in the used mold

Figure 5 shows the triaxial compression
device with the specimen in position before
applying the deformation loads.

ISSN-2531-2189
ECORFAN® Al rights reserved

December, 2022 Vol.6 No.18 15-20

Figure 3 A soil sample placed in position in the triaxial
compression device

Study of unconfined strength

Figure 6 shows the cylindrical samples after
failure, that is, once the shear strength has been
reached under unconfined compression
conditions. It can be noted that there is a tilted
failure in each one of them, which confirms the
results reported by Lu et al., (2009) in the sense
that the strength to shear stress evaluated under
unconfined conditions implies the mobilization
of shear stress producing a defined failure zone
associated to them.

RUIZ-CHAVEZ, Felipe de Jesls, GUTIERREZ-VILLALOBOS, José
Marcelino and ARROYO, Hiram. Characterization of the relationship soil
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Figure 4 Soil samples at different densities g driven to
failure. Upper: g = 13 kN/m3; Central: g = 15 kN/m?3;
Right: g = 17 KN/m®

Figure 7, Figure 8 and Figure 9 show the
mechanical behavior to strength of samples at
different densities. To sequences can be
distinguished (solid line and dotted line) which
show the evolution of the deformations for two
identical samples under the same densities. This
was done in order to corroborating the results
obtained for a sample. It can be seen that in
general the two series of values coincide.
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Figure 5 Deviator stress-axial strain relationship for
compacted soil samples to y = 13 kN/m3
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Figure 6 Deviator stress-axial strain relationship for
compacted soil samples to y = 15 kN/m3
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Figura 7 Relacion esfuerzo desviador-deformacion axial
para muestras de suelo compactado ay = 17 kN/m3

Figure 10 shows the relationship between
density and the maximum deviator stress that
was sustained. The best fit was retrieved by
linear regression, where a clear correlation can
be seen between density and unconfined
compressive strength, whose equation depicts an
exponential nature g = C;e®. It is important to
highlight that the tendency of the strength to
unconfined compression to decrease, leads to the
inference that the material will endure, under the
present moisture conditions, shear stresses at
densities lower than 7.5 KN/m®,
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This coincides with the impediment (in
the manufacturing stage of cylindrical soil
samples), of fabricating cylindrical samples at
densities lower than 10 kN/m3. On the other
hand, there is a rapid growth of strength with
density.

2
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3 q = 0.00010.5507g
(5]

1= 15
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Figura 8 Graphical relationship between soil density and
the maximum deviator stress sustained by the samples

Acknowledgement

No funding was required for the present project.
Test results were obtained at the soil mechanics
laboratory at the University of Guanajuato —
Campus Celaya-Salvatierra.

Conclusions

A semi-empirical correlation has been
established to relate the density of a silty soil,
with its strength in unconfined conditions at
constant moisture. This result makes it possible
to predict the strength in practical scenarios
where geotechnical structures will be subject to
unconfined conditions under different densities.
The process of fabrication allowed corroborating
the results for densities lower than 10 kN/m?, for
which it was not possible to carve the cylindrical
soil specimens.

The physical nature of the failure zones
in the samples evidences through inclined
cracks, the mobilization of shear strength and the
consequent strength to these mechanical stresses
observed in the soil cylinders that reached the
maximum deviator stress.

Future work should consider the
behavior of these materials under densities
greater than 17 kN/m? and at different moisture
contents to corroborate the empirical law of
variation of material resistance with density.
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This empirical law must therefore be
calibrated for empirical applications where at
least two series of tests must be conducted to
calibrate the constants C; and C, of the linear
regression model applicable to these materials.
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Abstract

The article presented below shows the process
carried out for the elaboration of a splint prototype
and the techniques used for its elaboration, the design
is carried out with the solidworks software, the
designs with the most optimal forms that confer a
greater resistance are analyzed. to the prototype, the
configuration of the laminating software and the
correct orientation for its manufacture are shown. A
review of the optimal materials for its manufacture is
made, such as PLA, PETG and ABS. For the printing
of the prototype, an Ender 3 pro model 3D printing
machine will be used, while the Simplify 3D program
will be used for the configuration of the printer,
which will allow us to configure temperature
parameters, such as the extruder temperature,
temperature of bed, layer height, printing speed,
filling percentage among others.

Splint, Design, ABS, 3D printing

Resumen

El articulo presentado a continuacién muestra el
proceso llevado a cabo para la elaboraciéon de un
prototipo de férula y las técnicas empleadas para su
elaboracion, el disefio se realiza con el software
solidworks, se analizan los disefios con las formas
mas optimas que confieran una mayor resistencia al
prototipo, se muestra la configuraciéon del software
de laminado y la orientacion correcta para su
fabricacion. Se hace un repaso de los materiales
Optimos para su fabricacion, como es PLA, PETG y
ABS. Para la impresién del prototipo se empleara una
maquina de impresion 3D modelo Ender 3 pro
mientras que para la configuracion de la impresora se
hara uso de el programa Simplify 3D, el cual nos
permitird configurar parametros de temperatura,
como la temperatura de extrusor, temperatura de
cama, altura de capa, velocidad de impresion,
porcentaje de relleno entre otros.

Férula, Disefio, ABS, Impresion 3D
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Introduction

A splint is an equipment that is incorporated
externally to the body and provides containment,
postural correction or deviation, as appropriate.
It keeps the body segments in physiological
position to perform activities, i.e. aligned, and at
the same time allows control of the patient's
involuntary movements. [9]

Many of the models that are on sale are
not considered entirely practical due to their
structure because they tend to be heavy,
uncomfortable or very invasive, and many
prostheses are rejected because they do not have
an aesthetic that the patient considers acceptable

[1].

Currently there are different types of
injuries, the most common are fractures and/or
dislocations. However, the clinical and
rehabilitation methods to treat these types of
problems have not changed much.

Currently, with the development of new
technologies we seek to provide solutions,
making use of design software, additive
technology equipment, lamination software, 3D
scanners, electronics and stress simulation
software for the study of materials. This project
focuses on the design and development of splints
and prostheses that facilitate the user a
comfortable rehabilitation without having to
limit their mobility.

The variable designs of 3D printed
splints allow the establishment of a series of very
diverse objectives that help to improve the
quality of life of people [4].

Method

Conventional splints, especially those made of
plaster, are the most used for the treatment of
injuries due to their low cost, but they have a
main problem since the user loses strength,
mobility and muscle reduction, because they are
completely sealed and without ventilation. For
the user it tends to be annoying to use this type
of splints, since they generate a higher body
temperature, sweating and itching in the affected
area, having also a greater care in contact with
water.
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Figure 1 Conventional plaster ferrule
Source: Ortholnfo (October 2022)

The digitized splinting process is
promising for the benefit of both clinicians and
their patients, provided that future research and
investment can overcome the current limitations
[5]. For the realization of this work we seek to
make an optimal design to subsequently 3D print
it by previously making an analysis of the most
suitable materials and analyze and the properties
of each of them.

The wuse of additive technology
commonly known as 3D printing is not new, but
it is only now that with the cheapening of this
technology is seeking to provide solutions to
problems in different areas ranging from
engineering, architecture, medicine etc.

3D printing as a clinical practice is too
rare to study and there are no specialized tools
for clinical manufacturing practices [3].
Although it is known that 3D printing has been
with us for more than 35 years, many are
unaware of its use and how interesting this
technology can be to find solutions to everyday
problems.

Materials

In the market there are several types of plastic
materials to be used in the world of 3D printing,
among them are the following:

- Pla

- Petg

- Abs

- Nylon

- Carbon Fiber
- Tpu

Each of these materials has particular
characteristics, such as:

LICONA-GONZALEZ, Marlon, IBARRA-ROBLES, Gabriel Ted,
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- Flexibility

- Durability

- Chemical Resistance

- Resistance to high temperatures
- Rigidity

For this work, three materials are
contemplated, Petg, Abs and Pla: Petg, Abs and
Pla, however, ABS confers a higher resistance in
terms of stresses such as bending and torsion,
these stresses are key for the application of the
splint.

SolidWorks software will be used for the
development of the splint prototype. We will
work together with a physiotherapist specialist to
evaluate the preliminary design to ensure that it
does not affect the strength of the splint once
printed and that it has sufficient ventilation for
the user.

The design takes into account three
variables for the thickness of the splint ranging
from 2mm, 3mm, 4mm, for the first design and
printing test will be made three bracelets which
are intended to analyze the strength of the
material which in this case will be ABS, the
length of the bracelets is 10cm with a crescent of
12.5cm.

Figure 2 2 mm thick bracelet
Source: Author's contribution (October 2022)

For this first bracelet design a rounding
will be applied on the 4 corners with a radius of
20mm.
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Figure 3 Rounding applied
Source: Author's contribution (October 2022)

Shapes will be inserted to cut-extrude
giving only measurements to the holes that will
be used as fasteners, subsequently cut and
extruded.

Figure 4 2mm bracelet with extruded shapes
Source: Author contribution (October 2022)

In order to know what would be the ideal
thickness, the three bracelets were printed,
taking into account the following parameters to
configure in the 3D printer:

- Layer height

- Filling percentage
- Temperature

- Speed

- Addition

Based on the above mentioned points, the
parameters are as follows:

Parameter Indicator

Layer height 0.2mm
Percentage of filler | 100%
Temperature 235°C
Speed 60 mm/s
Addendum Balsa

Table 1 Printing Parameters
Source: Author's contribution (October 2022)
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Once the designs have been finalized and
the optimal printing parameters have been
analyzed, we proceed to the configuration of the
stl, using the Simplify 3D program.

Figure 5 Simplify 3D interface
Source: Author's contribution (October 2022)

Each of the parameters must be entered
manually to the laminator, it should be taken into
account that if one of the parameters that were
set were to change in the laminator, this could
cause problems and cause the part once printed
to have imperfections and its mechanical
properties to decrease. Once the parameters are
configured, we proceed to run a simulation of the
print in the Simplify 3D program in order to
know the following data:

Tipo de Funcionalidad
Travel
Quter Perimeter
Inner Perimeter
External Single Extrusion
Internal Single Extrusion
izap Fil
Solid Layer
Infil
Bridge
Support
Dense Suppork
Raft
SkirtyBrim
Frime Pillar
Ooze Shield

Figure 6 Laminator Color Code
Source: Author's contribution (October 2022)

The simulation run in the laminator
shows how the part will be laminated depending
on the orientation given, thanks to this we will
have an approximate of the time used for
printing, as well as the length of the filament
needed and its weight.
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Figure 7 Bracelet Printing Simulation.
Source: Author's contribution (October 2022)

This first bracelet, which has a thickness
of 2mm will have a printing time of 2hr 22 min,
this time and other data vary depending on the
thickness of each one of them, below is a table
with the different values obtained in the
simulation.

Thickness Weather Filament length Weight

in meters
2mm 2hr 22 min 10.2m
3mm 3hr 05 min 124 m| 14.99gr
4mm 3hr 58 min 141m| 16.42¢r

Table 2 Values Obtained in the Simulation
Source: Author's contribution (October 2022)

Once each of the parameters are
configured, we proceed to laminate the part, for
this work we will use an Ender 3 PRO 3D
printer, which has a printing area of 230mm Xx
230mm x 250mm, these parts will be printed
taking into account the parameters presented in
Table 1.

Figure 8 Printing of the 2mm cuff on Ender 3 PRO printer
Source: Author's contribution (October 2022)

With the three bracelets printed, we
proceed to analyze each one in terms of its
resistance and the flexibility needed to open the
bracelet so that it can fit correctly in the shape of
the forearm.
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Figure 9 Bracelets of Different Thicknesses
Source: Author's contribution (October 2022)

The cuff with the best results in terms of
sufficient opening flexibility was the 3 mm cuff.
The following table shows the problems detected
in the other cuffs according to the manual
bending and compression tests.

2mm Excessive flexibility and easy breakage
bracelet
4mm Lack of flexibility, a greater force is required

bracelet | for opening, which may lead to deformation
in the medium term.

Table 3 Problems by Bracelet
Source: Author's contribution (October 2022)

Having already determined the optimal
thickness, we proceed to the complete design of
the forearm splint, this design will take into
account the thickness of 3mm and the shapes
will be circular, following the same pattern as the
bracelets, the splint will have a height of 20cm.

==
Figure 10 Version 1 splint with circular patterns
Source: Author's contribution (October 2022)

With the design of the first version we
proceed to laminate the splint in the Simplify
program, the approximate time for the printing
of the splint is 6 hr 30 min.
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Figure 11 Simulated lamination of Ferrule Version 1
Source: Author's contribution (October 2022)

The configuration used for the ferrule
lamination is as follows:

Parameter Indicator

Layer height 0.15mm
Percentage of filler | 100%
Temperature 235°C
Speed 50 mm/s
Addendum Balsa

Table 4 Impression Parameters Splint V1
Source: Author's contribution (October 2022)

With these parameters we proceed to
print this first version of the splint which has as
main purpose, to evaluate the design and
ergonomics, the total printing time for this
version of the splint was 8 hr 23 min,

Problem presented in Version 1

The main problem detected in this first version
is the weight which is 200gr, the second problem
presented are the shapes of the splint, which are
circular and there is not enough space between
each one of them which presents the
inconvenience that the circles are joined and
these minimize its resistance, the third problem
are the spaces to secure the splint to the forearm,
these spaces are very thin and presented
breakages when the securing tapes were placed.

Figure 12 Splint Version 1 Printed
Source: Author's contribution (October 2022)
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Figure 13 Ferrule Version 1 problems presented
Source: Author's contribution (October 2022)

After this first version and having
obtained the first results, a second version of the
splint is analyzed and designed, where the aim is
to reduce the weight and improve the patterns of
the splint, as well as to increase its resistance.

It should never be forgotten that it is the
model that is studied and analyzed, and not the
real system. From this it is taken into account
that the model has to reproduce the behavior of
the system in those aspects that are relevant [2].
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Figure 14 Ferrule Design Version 2
Source: Author's contribution (October 2022)

In order to perform the tests to the design
of the splint, the Von Mises analysis was
performed with the purpose of demonstrating the
stress to which the splint will be subjected with
a load of 6N, in this way it can be determined
which area of the part is susceptible to suffer a
permanent deformation without being able to
recover its original shape, complementing this
analysis with the displacement and unit
deformation analysis.
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Figure 15 Von Mises analysis
Source: Author's contribution (October 2022)

A displacement analysis was performed
with the main objective of showing how many
millimeters the splint can be displaced when it is
subjected to a load of 6N, resulting in a
displacement of 1.891e +00 as shown in Figure
16. This displacement would take place in the
lower part of the splint, which is the part most
exposed to stress since people regularly rest this
part of the body on an object.

Figure 16 Von Mises analysis
Source: Author's contribution (October 2022)

The design was optimized by reducing
the mass percentage by 40% (Figure 17) with
respect to the mass of the design in Figure 10,
resulting in the optimized design in Figure 18.

-
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Figure 17 Generative design reducing 40% of the mass
Source: Author's contribution (October 2022)
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Figure 18 Final result of Version 2 splint for impression
Source: Author's contribution (October 2022)

Once the design is concluded and having
simulated the different tests, we proceed to the
printing of the version 2 splint, for this version
the same parameters of table 4 will be used since
these presented optimal results for version 1. The
approximate printing time for version 2 is 5
hours and 23 minutes with an approximate
weight of 53.35 gr, which shows a considerable
decrease with respect to the previous design.

Figure 19 Simulation of Splint Printing Version 2
Source: Author's contribution (October 2022)

Once the printer was configured, we
proceeded to print the part, the actual printing
time was 5 hours 20 minutes.

Figure 20 Splint Version 2 Printed
Source: Author's contribution (October 2022)
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Once the splint is printed, it is placed, and
then it will be analyzed with a physiotherapist to
evaluate the ergonomics and possible
improvements that the splint could have. This
work is the first part of three that are scheduled,
it is intended to improve the design in the future
having already obtained results with a patient,
among the future improvements is the placement
of electronic devices that can stimulate the
patient so that he does not lose mobility. All this
will be published in subsequent works.

Conclusion

Designing and manufacturing a piece that is
going to be wused for the recovery or
rehabilitation of a person is a great challenge
because it involves an adequate selection of
materials, an optimized design that will lead to
greater comfort. This first prototype gives us an
idea of what can be improved in terms of design
and the most appropriate parameters. Likewise,
thanks to these tests we are taking into account
the implementation of electronic devices that
favor the rehabilitation of the user in a much
shorter time.
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