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1. RESUMEN EN ESPAÑOL 
En el cuadro de este proyecto se va a realizar un simulador de una anestesia epidural para 
que estudiantes de medicina puedan practicar este tipo de operaciones de una forma segura 
sin que ningún paciente corra riesgo y que le permita tener al usuario del simulador el mayor 
realismo posible. 

A su vez, si este proyecto terminase siendo un éxito, este simulador podría abrir las puertas 
a simuladores para diferentes zonas del cuerpo. El cuerpo humano está estructurado en capas 
de tejidos, donde cada capa realiza una reacción diferente a los esfuerzos realizados. Por lo 
tanto, si este simulador demuestra ser viable, diferentes simuladores podrán ser creados 
basándose en una programación similar a la planteada aquí, como por ejemplo: cateterismo 
cardíaco, actuaciones sobre los ojos y el oído medio como son la efacoéresis o la 
estapedotomía. Todas las operaciones aquí mencionadas funcionan con métodos hápticos en 
las que en función de la presión es necesario poder identificar en que capa del tejido de la 
zona se está trabajando.  

1.1. INTRODUCCIÓN Y CONTEXTO MÉDICO: 

La anestesia epidural es una anestesia de carácter local que se puede realizar en distintos 
puntos de la columna vertebral y se considera una de las más arriesgadas y peligrosas debido 
a la delicadeza de la zona en donde se realiza. 

Para realizar este tipo de anestesia, son necesarios dos instrumentos: una aguja Tuohy, un 
catéter y una jeringuilla para estudiar el efecto de pérdida de resistencia.  

Antes de realizar la perforación, el médico debería realizar una palpación para identificar la 
zona en la que él desea realizar la penetración de la aguja. Tras esto la aguja Tuohy se pone 
en la jeringuilla y se inicia la operación. El doctor avanza hasta la zona deseada en la zona 
epidural. Cuando se llega, la jeringuilla se retira y la aguja junto al catéter se deja insertado, 
el cual se utiliza para canalizar la anestesia en la zona.  

Para saber en qué zona de la espalda se está, se utiliza el método de la perdida de resistencia, 
el cual se basa en el hecho de que cuando se cerca de la zona epidural, al hacer presión en el 
pistón de la jeringuilla para que el líquido salga esto requiere de una presión muy alta, pero 
cuando se está en la zona epidural la presión necesaria disminuye. Este método es un método 
háptico el cual requiere de una gran cantidad de ensayos para poder dominar su técnica.  

La espalda tiene diferentes zonas y cada una reproduce una respuesta háptica diferente en 
función de las características de ese tejido humano. Las más importantes son: capa de grasa, 
epidermis, ligamento amarillo y zona epidural, además de los huesos que conforman la 
columna vertebral. 

Es de extremada importancia que el médico que realiza este tipo de operaciones no sobrepase 
la zona epidural, ya que entramos en el sistema nervioso que está en esta zona del cuerpo 
humano pudiendo producir lesiones importantes o incluso daños irreversibles.  
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1.1.1. Proyecto: 

Como ya se ha indicado anteriormente, hay diferentes fuerzas y resistencias que se ejercen 
en la jeringuilla y en la aguja. Una correcta interpretación de estas respuestas producidas por 
el cuerpo humano son las que permiten al médico saber en qué zona de la espalda se 
encuentra, y por tanto el tener un simulador lo más realista posible permitirá un mayor 
aprendizaje favoreciendo la desaparición de los riesgos que hay en esta intervención. 

A día de hoy hay diferentes métodos para practicar esta anestesia: realizarla sobre el cuerpo 
de humanos o animales muertos, simuladores pasivos1 o simuladores activos2. Aunque los 
dos primeros son bastante utilizados los propios profesionales reconocen que el grado de 
realismo no es tan alto como ellos desearían, llevando a que sean necesarios hasta ochenta 
simulaciones antes de poder proceder con el primer caso real. Los simuladores activos a día 
de hoy no son más realistas que los ya presentados, aunque se está apostando fuertemente 
por ellos ya que se considera que si se desarrollan suficientemente y a la velocidad a la que 
avanza la tecnología, dentro de poco podrán otorgar un mayor realismo que los simuladores 
utilizados actualmente. 

El proyecto que se expone en este documento indaga en el desarrollo de un simulador activo 
el cual pueda llegar a ser usado por estudiantes de medicina.  

El proyecto general se divide en dos partes: el simulador que se encarga de representar los 
esfuerzos sufridos por la aguja Tuohy y el simulador que imita los esfuerzos recibidos en la 
jeringuilla. Debido a la gran dimensión de dicho proyecto, el estudio que realizo la persona 
que redacta este documento se centra  en la simulación de los esfuerzos de la jeringuilla.  

En este proyecto han trabajado hasta tres personas y se lleva desarrollando desde finales de 
2014 y se han podido acotar tres tareas: el simulador de la aguja, el programa de control para 
la simulación de la jeringuilla y la unión entre los diferentes sensores de la jeringuilla y el 
programa de control de la jeringuilla.  

1.1.2. Contexto de trabajo: 

Para el control de la jeringuilla se disponía del siguiente material: dos sensores de presión, 
un sensor se posición, un servomotor para regular un caudal de aire que se alojaba en las dos 
cámaras de aire de la herramienta que se utilizaba para simular la jeringuilla y un PC. 

Figure 1: Camino seguido por la punción epidural 
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Los sensores eran de carácter analógico: los sensores de presión podían producir hasta 4.5 
voltios y el de posición daba entre 0 y 10 voltios. El servomotor trabajaba entre -10 voltios 
y 10 voltios.  

 El PC contenía un Simulink el cual se nutría de los valores de los sensores para calcular el 
voltaje necesario a servir al servomotor y así poder simular la presión necesaria para poder 
mover el pistón de la jeringuilla en función de la capa de la espalda que se quiera simular.  

Lo que se requirió durante el desarrollo de este proyecto era estudiar una solución la cual 
pudiera enviar los datos de los sensores al PC y dar el voltaje necesario al servomotor con 
una frecuencia cercana a 1kHz.  

El sistema nervioso del cuerpo humano puede sentir y recibir señales a una frecuencia de en 
torno a 300Hz, por lo tanto, se requiere una velocidad similar a esta, aunque cuanto mayor 
sea la frecuencia, la fluidez y el realismo del simulador será mayor. 

Por otro lado, en dicho proyecto también se exigió una forma de poder simular distintas 
tipologías de cuerpos humanos. Es bien sabido que los cuerpos humanos no son todos 
iguales, muchos varían en función de la constitución, la capa de grasa del paciente, la edad 
y posibles enfermedades entre otros factores. Para poder trabajar con un simulador lo más 
realista posible también se quiso que se desarrollara una forma con la que el usuario pudiera 
cambiar los distintos parámetros del paciente, evitando de esta forma que no se entrenaran 
en repeticiones del mismo patrón de ensayo. 
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1.2.  SOLUCIONES PROPUESTAS: 

Debido a la libertad que se dio a la hora de poder confeccionar el proyecto, se propusieron 
dos opciones principales para el envío de la información entre los sensores y el PC con el 
Simulink: desarrollo de un circuito digital o uso de una Raspberry Pi. 

Ambas opciones se presentaron siendo elegida la opción de la Raspberry Pi, aunque también 
se desarrolló la opción del circuito digital con el fin de poder demostrar la viabilidad de la 
idea, aunque no se pasó de la fase de modelización.  

Respecto a la forma en la que se pudiera elegir el tipo de paciente en el que se pudiera realizar 
la simulación, se propuso la creación de una interfaz gráfica que permitiera la manipulación 
de los parámetros del simulador sin que el usuario requiriera de nociones de programación.  

1.2.1.1.  Circuito Digital 

La idea en la que se basaba el circuito digital era en una máquina de estados que regulase los 
distintos procesos que debían realizarse: la lectura de los tres sensores y poder reproducir el 
voltaje necesario para el servomotor. 

Para el desarrollo del circuito digital se utilizó el software ISE Design Suite 14.7, en el cual 
se programa lo que se desea que el circuito electrónico realice y el software realiza el montaje 
del circuito digital necesario para realizar dicha tarea. 

El circuito necesitaba seis entradas y cuatro salidas para poder trabajar correctamente:  

 

 

 

 

 

 

 

 

 

 

Las entradas son: clk que era el reloj que regulaba el funcionamiento del circuito, reset que 
se encargaba de reinicializar todo el proceso, los datos que venían de los conversores 
analógico- digitales y la información a enviar al servo, que provenía del PC con el que se 
comunicaba el circuito mediante el protocolo RS-232.  

En las salidas encontramos tres salidas que envían la información digital de los sensores a 
través del protocolo RS-232 al PC y después la última salida es la que hace referencia al 
conversor digital analógico, que permite dar el voltaje necesario al servomotor para asegurar 
el correcto funcionamiento del sistema.  

Figure 2: Entradas y salidas del circuito digital 



Resumen en español 

 

6 Escuela Técnica Superior de Ingenieros Industriales (UPM) 

 

Para la lectura de los sensores el circuito necesitaba de un conversor analógico-digital dado 
que los valores recibidos por parte de los sensores eran de carácter analógico y el circuito 
digital sólo puede trabajar en formato digital. 

Por lo tanto, era necesario incluir en el circuito digital una forma con la que se pudiera 
gestionar esta conversión en cada sensor. A su vez, estaba el mismo problema cuando era 
necesario dar un voltaje al servomotor. El servomotor también trabaja con valores analógicos 
y no digitales, como los que utilizan estos circuitos. Por lo tanto, también se requirió de un 
conversor digital-analógico para poder realizar una correcta comunicación con el 
servomotor. Se propuso un código para la interfaz entre el sensor y el ADC que se propuso 
utilizar, el AD4003, mientras que para el DAC se propuso DAC8775. 

Se llegó a elaborar el código para el AD4003 pero no para el DAC8775 dado que la idea fue 
desechada antes de continuar con el desarrollo de la propuesta dada la versatilidad del 
proyecto implementado mediante la Raspberry Pi.  

El código del AD4003 sí se llegó a diseñar. Este conversor enviaba los datos de forma serial 
y trabajada en complemento a dos con signo. El funcionamiento se basaba en una máquina 
de estados la cual primero leía la información, después la enviaba al protocolo RS-232 para 
que se enviara al PC, y después enviaba una señal que declaraba que había acabado su 
trabajo. Aquí se presenta un pequeño esquema del modelo de trabajo propuesto para el 
conversor ADC: 

 

 

 

 

 

 

 

 

 

 

 

La máquina de estados que regulaba todo el funcionamiento anterior era la siguiente:  

  

Figure 3: Máquina de estado del ADC 
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Como se puede observar, en función del estado en el que se estuviera, se activaría un proceso 
u otro en función de la salida ������ que tuviera el valor 1. Cuando el ������ valía uno, se 
iniciaba un proceso, y cunado este acababa se le enviaba un finish a la máquina de estados. 
Cuando esto pasaba, la máquina de estados pasaba al siguiente estado el cual convertía a 
cero el ������ anterior para parar su funcionamiento y le daba un valor de uno a un nuevo 
enable, de esta forma asegurando que siempre hubiera un proceso activo nuevo y que el 
anterior dejase de trabajar.  

Como mencionado anteriormente, el proyecto no se llegó a desarrollar más debido a que se 
prefirió antes la siguiente opción que se propuso. A pesar de que el circuito digital es uno de 
los métodos más rápidos, se prefirió la Raspberry Pi debido a que permitía integrar tanto la 
interfaz gráfica en ella y además se confiaba en que llegaría a los requisitos necesarios. A su 
vez, esta solución era la más cara de las dos. 

1.2.1.2. Raspberry Pi 

La Raspberry Pi es una marca de placas madre que permiten crear un mini PC a partir de los 
recursos básicos y a un muy bajo precio. Los recursos básicos necesarios son: una tarjeta 
SD, un teclado, un ratón y una pantalla de ordenador. Pero eso no es todo, porque además 
cuenta con una amplia gama de componentes que se pueden comprar para modificar sus 
prestaciones y por tanto incrementar su versátilidad.  

El modelo escogido dentro de la familia de placas fue la Raspberry Pi 3B, un modelo con 
cuatro núcleos, que opera a 1.2 GHz de velocidad, una memoria RAM de 1Gb y múltiples 
pins de entrada y salida digitales. Con estas características, podemos observar la gran 
potencia de la misma y las prestaciones que ofrece, se consideró que podía ser ideal para el 
desarrollo del proyecto encomendado. 

  

Figure 4: Máquina de estados que regula los diferentes procesos 
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Aun así, esta placa también tiene algunos problemas presentes en el circuito digital y es que 
la Raspberry Pi solo puede trabajar con información en formato digital y no en formato 
analógico, suponiendo esto un problema para la lectura datos de los sensores que trabajaban 
en formato analógico, como para poder controlar el servomotor dado que este también 
requería un voltaje analógico.  

 

 

 

 

 

 

 

 

 

 

 

Para solventar este problema se propuso utilizar una placa de conversión analógico digital y 
viceversa, la High Precision AD/DA Board, distribuida por la compañía Waveshare. Esta 
placa tiene como gran ventaja que está construida de tal forma que se puede enganchar a los 
puertos digitales de la Raspberry Pi y ya se puede utilizar para leer puertos analógicos.  

Esta placa contiene tanto un conversor analógico digital ADS1256 y un conversor digital 
analógico DAC8532. Gracias al primer conversor, se podía leer los datos de los ocho puertos 
de entrada analógicos que había en la placa y con el segundo era posible escribir cualquier 
voltaje entre un rango de 0 y 5 voltios.  

A pesar de que esto resolvía en parte nuestros problemas, seguía habiendo otros problemas, 
ya que el sensor de posición producía un voltaje que variaba entre los 0 y los 10 voltios, 
valor muy por encima del que podía ser leído por el ADS1256, que solo puede leer voltajes 
comprendidos entre los 0 y los 5 voltios.  

Figure 5: Raspberry Pi 3B 

Entradas y salidas analógicas 

Figure 6: High Precision AD-DA Board 
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A su vez, el servo necesitaba trabajar con un voltaje que variara entre los -10 voltios y los 
10 voltios.  

Por lo tanto, para poder utilizar esta placa, era necesario construir unos circuitos electrónicos 
que fueran capaces de ajustar dichos valores.  

Para la lectura de los sensores, se optó por un circuito basado en amplificadores 
operacionales que pudieran filtrar los valores de entrada dado que estos venían con mucho 
ruido. El esquema propuesto fue el siguiente: 

 

 

 

 

 

 

 

 

 

 

Este circuito da como función de transferencia: 

��
��

= 
�

� ⋅ �1 + � ⋅ � ⋅ ��

��
� ⋅ �1 + � ⋅ � ⋅ 
� ⋅ ��� 

Esto se obtiene si 
� = 
�. Con esta función de transferencia podemos ajustar el ancho de 
banda y la ganancia del circuito cuando el filtro no esta activo. La idea es que con 
2 y 
1 
se puedan regular las ganancias en la zona de paso bajo de todos los sensores, en el caso del 
sensor de posición se escogió una ganancia de ¼ mientras que en los sensores de posición 
se escogió una ganancia de valor unidad. Para escoger donde empezaba a actuar el filtro, los 
valores de �� y �� se podían regular para obtener el filtrado en la frecuencia deseada, que 
era en torno a 25 Hz. La gran ventaja de este circuito es que como se puede observar su 
función de transferencia es de grado 2, haciendo que la ganancia del filtro sea de -40 
dB/década, haciendo que la desaparición del ruido en altas frecuencias sea más rápida.  

A su vez, también había problemas con el servomotor. El servomotor trabajaba con un 
voltaje comprendido entre -10 voltios y 10 voltios. Pero, el DAC solo podía producir un 
voltaje que variaba entre 0 y 5 voltios. Por lo tanto, también era necesario crear otro circuito 
electrónico que fuese capaz de cambiar el rango de trabajo de la salida. Para ello se ideó otro 
circuito basado en amplificadores operacionales que pudiese amplificar la señal de salida y 
que además también la disminuyese. 

Por lo tanto, se propuso el siguiente circuito: 

  

Figure 7: Circuito electrónico para ajuste de sensores 
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Si con este circuito se cumple otra vez que 
� = 
�, usados para cambiar el signo del voltaje 
de salida del primer amplificador, se obtiene una función de transferencia igual a: 

�� = �� ⋅ 
�

�

− �� ⋅  1 + 
�

�

! 

La función de transferencia se desea que cumpla la siguiente regla:  

���"#$ = 4 ⋅ �&'( − 10 

Por lo tanto, 
�/
� = 4 y ��  es necesario que sea igual a 2 voltios. Para regular �� , es 
necesario el tercer amplificador operacional, que con ayuda de un divisor de tensiones es 
capaz de producir el voltaje deseado. Se parte de �(( igual a 15 voltios ya que esta va a ser 
la alimentación de saturación que se va a utilizar en los amplificadores, ahorrando de esta 
forma el uso de diversas fuentes de tensión. Para que se cumplan los requisitos expuestos, 
es necesario que las resistencias 
+ y 
, cumplan la siguiente relación: 


,

+ + 
,

= 2
15 

Por último, hay que destacar que el sistema operativo que se instaló en la Raspberry Pi fue 
Raspbian, dado que este es el sistema operativo más estable y utilizado en dichas placas. Si 
se observaba que el programa funcionaba correctamente en Raspbian, después se probarían 
otros sistemas operativos que, aunque menos utilizados y menos estables, son más rápidos 
ya que tienen menos tareas en segundo plano y menos funciones para favorecer que el resto 
de operaciones sean más rápidas, como es el caso del sistema operativo PiCore.  

 

 

Figure 8:Circuito electrónico para la regulación del servomotor 
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1.3. PROGRAMACIÓN RASPBERRY PI 

La Raspberry Pi funcionó gracias a que se programaron diferentes programas en el lenguaje 
C y C++. Se escogió el uso de estos lenguajes ya que son de los más veloces y permiten una 
rápida interacción con el hardware. Dado que el tiempo es nuestra única restricción, siempre 
se buscó la forma de hacer que toda la programación fuese lo más rápido y eficaz posible.  

Cabe destacar que todos los programas estaban actuando en un bucle infinito, ya que el 
simulador tiene que poder trabajar durante un tiempo indeterminado, hasta que se decida 
desconectar los equipos.  

1.3.1. Librerías importantes: 

Para el correcto desarrollo de los diferentes programas que se utilizaron, se crearon dos 
librerías de las cuales se utilizaron varias funciones suyas de manera reiterada en los distintos 
programas.  

La primera en crearse fue la función changetypes.h, la cual tenía distintas funciones 
que eran capaces de cambiar los números de formato float o int a tenerlos escritos en un 
vector de chars, formato necesario para el envío de información mediante el protocolo UDP. 
A su vez, también había funciones capaces de leer un vector de chars que contenía un número 
en formato ASCII y podía pasarlo a formato float. 

La segunda librería fue la addstringsv2.h, que se encargaba de unir diferentes vectores 
de chars en uno solo, para poder enviar los datos en un solo proceso en el protocolo UDP, 
ahorrando tiempo y problemas de sincronización entre los dos programas. También contaba 
con funciones para volver a separar el vector de chars en los correspondientes subvectores 
que lo habían formado en el otro programa. 

1.3.2. Programación interfaz gráfica: 

Como expuesto con anterioridad, se requería de una interfaz gráfica que fuese capaz de hacer 
que un usuario sin ningún conocimiento de programación fuese capaz de cambiar las 
características del simulador con el que se iban a realizar las simulaciones.  

La idea era simple, dentro de cuatro posibles categorías: paciente común, obeso, envejecido 
y libre, que se dieran unos parámetros que pudieran ser alterados. Aunque, en función del 
tipo de paciente había unos límites máximo y mínimo entre los que debían estar todos los 
parámetros. 

Cuando se seleccionaba el tipo de paciente, en cada parámetro se daban unos valores 
aleatorios que siempre estaban dentro del rango permitido dentro del tipo de paciente, pero 
que podían ser cambiados por el usuario. Una vez que el usuario elegía los parámetros, este 
podía presionar un botón de la interfaz para actualizar los parámetros. Si estos estaban dentro 
del rango, se actualizaban correctamente y si no aparecía un mensaje de error y se continuaba 
con los valores previos.  

Cuando los valores se actualizaban, estos se enviaban mediante un protocolo UDP a un 
ordenador que recogía los valores y cambiaba el código que regía los parámetros de la 
espalda que afectaban, en este caso, tanto a la jeringuilla como a la aguja Tuohy.  
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Como se puede observar, la interfaz era fácil de usar y con diferentes parámetros a cambiar: 
tanto de grosor de capas de tejido de la espalda para poder cambiar el código que regulaba 
el grosor de estas capas como de los esfuerzos que estas capas podían producir sobre la 
jeringuilla.  

 

1.3.3. Protocolo UDP 

Como expuesto anteriormente, era necesario encontrar una forma con la que enviar toda la 
información recogida por los sensores al PC con el Simulink y a su vez poder recoger el 
voltaje del servomotor para después poder regular las presiones en las cámaras de la 
jeringuilla.  

El protocolo UDP se basa en el envío de datagramas de información a través de sockets. La 
ventaja del protocolo UDP respecto a otros sistemas de envío de información es que es uno 
de los más rápidos. Pero, su principal desventaja, es que no se puede asegurar que los datos 
siempre vayan a llegar correctamente al otro lado. Esto no supone un problema para nuestro 
proyecto, ya que los datos se van a enviar de forma periódica y con una alta frecuencia, por 
lo que la falta de un dato no supone un problema para el desempeño de las labores de control 
ya que se enviará un dato seguidamente. 

También hay que tener en cuenta el hecho de que el proceso de lectura de un socket es 
bloqueante. Esto es un gran problema, ya que no se puede hacer una programación 
secuencial en la que se lean los sensores y después se envíen los datos, puesto que, si ocurre 
algún problema de escritura en alguno de los dos programas del protocolo, el otro se 
bloquearía impidiendo la ejecución de los otros pasos.  

También hay que tener en cuenta el hecho de que en este protocolo hay dos programas: uno 
que actúa como servidor y el otro como cliente. El cliente es el que busca la conexión con el 
servidor, mientras que el servidor acepta las conexiones que se le exijan. Pero, para la 

Figure 9: Interfaz gráfica desarrollada 
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conexión entre cliente y servidor también hay una distinción más: el servidor no necesita la 
dirección IP del servidor para conectarse, pero el cliente sí necesita la del servidor. 

Este último hecho fue vital a la hora de decidir si la Raspberry Pi era el servidor o el cliente, 
y es que, con cada inicio de la Raspberry Pi, su IP cambia, mientras que la IP de un ordenador 
normal no lo hace. Por este motivo, era inviable que el PC con el Simulink pudiese actuar 
como cliente, ya que sería necesario reprogramar cada vez que se quisiera arrancar el 
simulador la parte de la IP de la Raspberry Pi en el código del cliente. Por lo tanto, finalmente 
se decidió que la Raspberry Pi sería el cliente y el ordenador sería el servidor. 

Para concluir con este apartado cabe destacar que el programa se comunicaba con las 
variables del programa ADC y DAC, para poder tener los valores leídos de los sensores y 
ser capaz de enviarlos. Todo el envío de datos se hacía en un paso gracias al uso de las 
funciones de addstringsv2.h, que permitían unir todos los vectores más pequeños en 
uno solo, consiguiendo que el programa hiciera una escritura y una lectura en cada bucle. 

1.3.4. Programa conversor AD y DA 

El objetivo de este programa era simple: primero configurar el conversor analógico-digital 
de la High Precision AD-DA Board, y después entrar en un bucle sin fin que se dedicara a 
la conversión analógica digital de los sensores y después a la conversión digital-analógica 
del valor recibido el PC con el Simulink para poder enviar un voltaje específico al 
servomotor.  

Como se sabe, la información leída por los sensores debía enviarse al programa que se 
encargaba del control del protocolo UDP, a s vez también tenía que recibir del programa 
mencionado, la información correspondiente del voltaje para poder aplicarlo a conversor 
digital analógico.  

El algoritmo de este programa es el siguiente: 
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Figure 10:Algoritmo del programa ADC DAC 

  

1.3.5. Programación multitarea: 

Para poder abordar la confección del programa, se decidió crear un programa en multi tarea, 
es decir, que realizase diferentes tareas al mismo tiempo.  

Para ello, se decidió crear un programa que funcionase con distintos hilos: cada hilo 
contendría a uno de los programas presentados anteriormente y por lo tanto cada programa 
se ejecutaría a la vez.  
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Hay que recordar que la Raspberry Pi contiene cuatro núcleos y, por lo tanto, se pueden 
ejecutar hasta cuatro hilos al mismo tiempo. Aun así, esto no es muy recomendable dado que 
el sistema operativo también realiza procesos en un segundo plano y por lo que es 
recomendable dejar un núcleo libre para dichas tareas ya que si no esto puede hacer que el 
programa se ralentice o incluso se bloquee y cierre. 

El hecho de programar en multi tarea resolvía muchos problemas.  

El primero y el más evidente, es que podíamos evitar tener un programa que funcionase de 
forma secuencial. Al tener tres hilos, las tres tareas podían ejecutarse al mismo tiempo sin 
tener que esperar que una acabase para poder empezar la siguiente. Esto nos permitía 
disminuir drásticamente el tiempo necesario para enviar y recibir la información. 

El segundo problema que se pudo resolver fue el de la posibilidad de que el programa se 
bloquease si el protocolo UDP sufría algún problema de lectura o escritura y tardase más 
tiempo en ejecutarse. Dado que el programa se ejecutaría en un hilo independiente, si este 
hilo se bloqueaba, los otros hilos podrían continuar con su desempeño.  

Aun así, cabe destacar que las variables en cada hilo son propias e inaccesibles a otros hilos, 
pero se necesitaba que las tareas del protocolo UDP y del programa de lectura de sensores y 
de escritura en el servomotor tuvieran alguna forma de comunicarse para poder enviarse los 
diferentes datos. Para ello se usaron las tuberías, que permiten la lectura y escritura de 
vectores de char entre diferentes procesos para que tengan acceso a variables que puedan 
necesitar.  

Por lo tanto, un esquema que ejemplifique la estructura del programa final es la siguiente: 

 

 

  

  

 

 

 

 

 

Una vez se finalizó la programación multitarea y se comprobó su correcto funcionamiento, 
se decidió empezar a realizar diferentes pruebas para saber si se cumplían los requisitos ya 
presentados. 

 

 

 

 

 

Figure 11: Esquema de la programación multitarea mediante hilos 
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1.4. EXPERIMENTOS Y RESULTADOS: 

Como ya se ha presentado anteriormente, se requiere que el programa en funcionamiento 
multitarea sea capaz de procesar los datos y enviarlos al ordenador con el programa de 
control en un tiempo de alrededor de 1ms.  

Como explicado ya anteriormente, este resultado supondría el éxito absoluto del prototipo, 
pero valores cercanos a los 3ms serían valores que se podrían considerar aceptables.  

Sin embargo, si el tiempo se aleja de estos valores no se podrá considerar que la solución 
propuesta sea aceptable para ser incluida en el simulador final.  

Para realizar el experimento y comprobar los resultados se decidió que se mediría el tiempo 
necesario para hacer el bucle de lectura y escritura en el protocolo UDP 250 veces.  

Para medir el tiempo de la ejecución del bucle 250, lo que se hizo fue incluir una función 
que midiese la hora a la que el ordenador entraba al bucle y la hora a la que salía tras haberlo 
hecho el número de veces deseadas. Con la función utilizada para medir la hora, se podía 
conseguir con una precisión de microsegundos, lo cual nos permitía calcular con la suficiente 
rigurosidad el tiempo medio necesario en ms para realizar una vez el protocolo UDP, que es 
el que rige el envío de datos entre el programa de control y el de lectura de sensores. 

El motivo por el que se medía el tiempo en el que el bucle se realizaba 250 veces era para 
poder realizar la media del tiempo necesario para ejecutar el bucle y, por tanto, evitar 
cometer errores. 

Este procedimiento se haría después otras 10 veces para así asegurarnos que los datos son 
contrastados y disminuir las posibilidades de error.  

Después de realizar la experimentación se pudo observar que el procedimiento necesitaba 
de una media de 64.3 ms para enviar y recibir los datos del programa de control. 

Como se puede observar, este valor queda muy por encima del valor deseado, por lo que el 
prototipo ideado no podría ser utilizado en el simulador. 
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1.5. MEJORAS: 

A pesar de que el prototipo planteado no cumple los requisitos planteados, existen diferentes 
formas con las que se podría mejorar para poder encontrar una forma con la que poder 
confeccionar el simulador.  

La primera de ellas consiste en cambiar el sistema operativo que se implementó en la 
Raspberry Pi. Los programas y los experimentos se realizaron con el sistema operativo 
Raspbian, pero, como ya se indicó anteriormente, existen otros sistemas operativos que son 
más rápidos ya que estos ofrecen menos funciones en favor de ganar en velocidad, al tener 
menos tareas en segundo plano. Con el cambio de sistema operativo se cree que se podría 
mejorar el tiempo algunas milésimas de segundo, acercándonos al valor deseado. 

La segunda opción sería cambiar la configuración de la placa High Precision AD/DA Board, 
ya que se descubrió que cambiando algunos ajustes se podría hacer que esta realizara las 
conversiones analógico-digitales aún más rápidamente, fomentando que la velocidad total 
del programa se viera acelerada. Esto se debe a que al estar tanto el programa de la placa AD 
DA sincronizado con el programa del protocolo UDP, gracias a que la lectura de las tuberías 
es un proceso bloqueante, haciendo que estos se sincronicen. Por lo tanto, la mejora del 
tiempo de ejecución del programa de la placa de conversión analógico-digital y digital-
analógico supondría una mejora del tiempo de ejecución del protocolo UDP, disminuyendo 
el tiempo de ejecución.  

Una tercera opción de mejora sería cambiar el hardware por otro con mejores prestaciones. 
Dentro de la propia gama de placas Raspberry Pi, existen nuevas placas que tienen mejores 
prestaciones, como la Raspberry Pi 3B+, la cual trabaja con un procesador a 1.4 GHz. 
Aunque también se podría sondear el mercado en busca de marcas que propongan otros 
miniordenadores con mejores procesadores, aunque estos sean más caros que la Raspberry 
Pi. 

La tercera opción, la cual se probó con pequeñas pruebas, consistía en incluir el programa 
de control del Simulink en la placa de la Raspberry Pi.  

Como no se tenía acceso a dicho programa, lo que se hizo fue crear un simulacro: realizar 
un control del servomotor a partir de un control mediante PID. El control del PID se realizó 
en función de los valores leídos por la placa de los sensores. Tras esto, se calculó una 
consigna con la cual se regulaba el voltaje que sería enviado al servomotor. Cuando se probó 
este programa con las condiciones de la Raspberry Pi con las que se realizaron los 
experimentos anteriormente presentados, se llegaron a tiempos de ejecución de entorno a los 
5 ms. 

A pesar de que el programa introducido en la Raspberry Pi no era tan complejo como el 
incluido en el Simulink del PC que se basaba en el control por Backstepping, se puedo 
observar que la vía por la cual sería más probable llegar a los tiempos deseados sería 
incluyendo el programa de control en el código de la Raspberry Pi, dado que con esto se 
evitaría la necesidad del programa del protocolo UDP el cual era el que verdaderamente 
ralentizaba todo el proceso. 

Por último, es cierto que existen expertos que podrían depurar el código presentado y hacerlo 
algunos milisegundos más rápido. Lo cual, debido a que en este simulador cada milisegundo 
termina siendo crucial, podría significar la diferencia entre el éxito y el fracaso. 
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Por lo tanto, el autor de este texto considera que con la tecnología actual se podría realizar 
el simulador si se aplican todas las posibles mejores que acaban de ser expuestas. 
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1.6. COSTE Y TIEMPO: 

Tras haber realizado la elaboración del proyecto, se procedió con una estimación de los 
tiempos y costes necesarios para el desarrollo de esta propuesta. 

El proyecto se realizó en seis etapas, todas ellas resumidas en el siguiente cuadro: 

Table 1: Tabla de tiempos 

 Stage Start Duration (h) Finish 

1 Initialization 26/2/2018 24 5/3/2018 

1.1 Acceptance 26/2/2018 3 26/2/2018 

1.2 Reading reports 27/2/2018 18 5/3/2018 

1.3 Installation 2/3/2018 3 2/3/2018 

2 Digital circuit 5/3/2018 32 19/3/2018 

2.1 Model planning 5/3/2018 6 7/3/2018 

2.2 Program development 7/3/2018 20 17/3/2018 

2.3 Software simulation 17/3/2018 5 18/3/2018 

2.4 Presentation 19/3/2018 1 19/3/2018 

3 Raspberry Pi 19/3/2018 14 26/3/2018 

3.1 Planning 19/3/2018 6 21/3/2018 

3.2 Hardware adjustments 21/3/2018 7 26/3/2018 

3.3 Presentation 26/3/2018 1 26/3/2018 

4 Programming 26/3/2018 181 29/6/2018 

4.1 GUI 26/3/2018 97 29/5/2018 

4.2 ADC and DAC program 16/4/2018 24 4/6/2018 

4.3 UDP protocol 30/4/2018 34 14/6/2018 

4.4 Multi-task program 22/6/2018 26 29/6/2018 

5 Tests 29/6/2018 21 3/7/2018 

5.1 Time tests 29/6/2018 17 2/7/2018 

5.2 Conclusion and analysis 2/7/2018 4 3/7/2018 

6 Report development 19/3/2018 80 19/7/2018 

 Total 26/2/2018 352 19/7/2018 
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Como se puede observar el tiempo total para el desarrollo de esta propuesta fue de 352 horas.  

A su vez, aquí se presenta el diagrama de Gantt el cual muestra cómo se distribuyeron los 
trabajos a lo largo de las semanas.  

 

 

 

  

 Respecto al coste del proyecto, se muestran unas tablas las cuales resumen los costes de los 
materiales y del personal de trabajo: 

  

Worker Salary Time in hours Cost 

1 Industrial 
Engineer just 
graduated 

16.1€/hour 352 5667,2€ 

Table 2:Coste trabajador 

Y el coste total resultante es: 

  

26/02/2018 26/03/2018 23/04/2018 21/05/2018 18/06/2018 16/07/2018

Report development

Conclusion and analysis

Time tests

Tests

Multi-task program

UDP protocol

ADC and DAC program

GUI

Programming

Presentation

Hardware adjustments

Planning

Raspberry Pi

Presentation

Software simulation

Program development

Model planning

Digital circuit

Installation

Reading reports

Acceptance

Initialization Gantt diagram
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Name Price (€) 

Labor salary 5667,2 

PC amortization 180 

Raspberry Pi amortization 15 

Screen, keyboard and mouse amortization 18.6 

Sensors, servo and syringe 185 

Total 6065,8 

Table 3: Tabla costes del proyecto 
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2. EXECUTIVE SUMMARY 
The use of simulators is a practice which is starting to be done in all the possible areas which 
need any type of skill which has to be trained. For example: there are airplane simulators, 
Formula1 car simulators and market simulators amongst others.  

The main advantage of the simulators is that the user can practice an indispensable skill 
which has to be acquired, but that in case of failure as the user is learning the skill practiced 
during the simulation, there are not consequences. 

In the medical area, there have always been different types of simulators, with different 
objectives as the medical area is one of the most critical ones., if the skill is not correctly 
learnt, the consequences can be fatal. 

This is why in the last couple of years, more and more medical simulators have started to 
develop, as they can be of great help for both the user and their future patients.  

In the project which it is going to be developed in this report, the objective was to be able to 
create a haptic simulator for the epidural anesthesia.  

The idea is that the simulator can correctly reproduce the different stiffnesses and forces 
exerted to the needle and syringe needed for this type of operations.  

But the main advantage of this simulator is that if the simulator works correctly, it would not 
only be an epidural simulator but there are lots of other operations which work with similar 
mechanics, so, this would mean that the development of simulators for these operations 
would be easier based on the one which it is going to be presented.  

The epidural simulator has two main parts: the simulation of the needle and the simulation 
of the syringe, as both tools are needed to this anesthesia, therefore forcing to develop two 
smaller simulators in one. 

In the context of this case study, it is going to be presented the work done to develop the 
syringe’s simulator. In the case of the syringe there are two parts: on one hand there was a 
PC which contained a Simulink that had the calculus to control the syringe, and on the other 
hand there were three sensors and one servo.  

The objective which was set was to be able to connect the sensors and the servo to the 
computer, so the control of the syringe could be done. In order to have the maximum realism 
the information needed to be sent from the sensors to the Simulink model and vice versa 
with a frequency of 1kHz. 

2.1. RASPBERRY PI: 

The proposed solution was a multi-task programming for the Raspberry Pi. The idea was to 
have three programs running at the same time. First, a program which could read the sensors’ 
values and afterwards send the correct voltage to the servo with the help of a digital to 
analogical converter.  

The second program in multi-task was the UDP protocol which had to send the sensors’ 
readings to the PC with the Simulink and afterwards receive the servo’s voltage and send it 
to the previously presented program. 
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The third program was a graphical user interface which was created so the user could change 
certain parameters from the simulator like the type of patient and certain parameter values.  

 

 

 

 

 

 

 

 

 

 

 

In order to communicate between the different threads, pipes were created so information 
could be passed between different process which needed communication between them, like 
the UDP protocol program and the ADC program. 

Once the program was proven to be functional and to do the required tasks, then the tests 
were started. 

The test consisted in measuring how much time it took for the boucle to 250 turns. In order 
to do this, it was measured the time difference before it started and once the program came 
out of the boucle. Then the time measured was divided by 250, as it was desired to know the 
average time of one boucle.  

Once this value was known, then the conclusions were able to be presented. 

Figure 12: Multi-thread schema 
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Key Words: 

Simulink: Software for visual programming that works over Matlab 

Raspberry Pi: Used to make reference to the Raspberry Pi 3B model  

 

 

 

 

Acronyms: 

PC: Personal computer 

ADC: Analog to digital converter 

DAC: Digital to analog converter 

GUI: Graphical User Interface 
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3. INTRODUCTION 

3.1. MEDICAL CONTEXT: 

The epidural anesthesia is a regional anesthesia that can be done in different parts of the 
vertebral column. In order to be able to do this type of intervention we need: a Tuohy needle, 
a catheter and a syringe of loss of resistance. The work of the doctor is to be able to identify 
after palpation where the puncture has to be done. After the area where the puncture will be 
done is found, a local anesthesia is done so the needle insertion can be done without any type 
of pain. 

Afterwards the Tuohy needle is placed on a syringe which is inserted in the aforementioned 
area. The doctor advances with the needle until he arrives to the epidural area. After being 
done, the syringe is retired and the needle with the catheter is left, used to inject the 
anesthesia into the patient’s body. 

To be able to detect the epidural space, a method which is commonly used is the loss of 
resistance method.  

In an area near the border of the epidural area, the stiffness felt once it was pressed over the 
piston of the syringe is very high, and very little liquid escapes from the syringe. On the 
other hand, once you are in the epidural area, the fluid leaves more easily the syringe and 
the stiffness felt on the piston is lower if compared with the previous area, giving its name 
to the method: loss of resistance. 

There are also different events which can be noticed by the doctor while proceeding with the 
intervention. As he cuts through the different biological layers of the back: fat layer, skin 
layer, yellow ligament and epidural layer as being the most important ones in this region, 
the forces which are exerted into the needle change as well as the stiffness when exerting 
pression over the syringe’s piston. Doctors use haptic indexes so he can know in which layer 
he is currently working in.  

It is extremely important to not surpass the epidural space during the intervention as you can 
severely injure the patient even risking to produce irreversible damages.   

 

 

 

 

 

 

 

 

 

 
Figure 13: Path of the needle during epidural anesthesia 
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3.2. PROJECT: 

As explained before, there are different stiffness and forces on the needle and syringe 
depending on the tissue layer where you are working in. As explained before, the method 
used to identify where is the needle is done by haptic methods. This method is not a trivial 
one, it is acquired after lots of practice and it can even be considered an art. This type of 
doctors must do lots of tests in order to be able to work with a real patient without risking 
the patient’s integrity.  

    There are different methods to practice and acquired a minimum level of skills: practicing 
with dead corpses of humans or animals, but experienced doctors acknowledge that the level 
of realism that these tests give to the user does not meet the desired level. So, in this project 
our objective is to be able to reproduce a realistic simulator which can meet the needs of the 
doctors via a medical robot.  

In this phase of the project, there was the need to reproduce the haptic responses of the 
syringe as you cut through the different layers of the body tissue to create a reliable 
simulator, so medicine students could do their firsts tests and trainings in a realistic way that 
could let them improve more efficiently. 

In this moment, there are two main types of simulators according to passive simulators and 
active simulators [14]. 

3.2.1. Passive simulators: 

According to Rolando Neri-Vela [13] the first passive simulators were developed in the third 
century before Christ when melons were used to practice some basic skills  

Figure 14: Sagittal cut of the vertebral spine 
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These were the first type of simulators that were used to practice epidural anesthesia. They 
are made of different materials and textiles so they can produce different efforts in the needle 
and syringe depending on the material’s characteristics. They are generally made of: plastic, 
rubber, PVC or sponge. The main advantage of these types of simulators is that they can 
truly represent the human’s body anatomy allowing doctors to even be able to practice the 
palpation procedure. As this type of simulators has evolved, they have even been able to 
proceed with simulations that vary depending of the position of the mannequin. With these 
type of simulations, different types of anesthesia can be practiced as they reproduce the 
human anatomy in a very realistic way.  

On the other hand, there are also various inconveniences. The biggest and most obvious one 
is that the mannequins deteriorate as more practices are done, due to the fact that the needle 
penetrates into the different layers and breaks the tissue that conforms the mannequin, if it 
is used frequently, it would have to be changed as the simulator would have lots of cavities, 
inducing into areas where the efforts would not be reproduce as you would be moving the 
needle through air.  

Also, the forces exerted into the needle do not always present the required value as they may 
be stronger or softer than skin or any other tissue level, inducing to big problems as this is 
one of the most common and necessary factors in haptic methods.  

Additionally, the mannequins only represent one type of patient: obese or regular or old, and 
each one has their own tissue thickness depending on his own physique. 

3.2.2. Active Simulators: 

As for this type of simulators, there are no mannequins and the human body is not necessarily 
needed to be present. They use different types of sensors and actuators in order to reproduce 
the stiffness and the forces over different types robots that can reproduce the desired efforts 
in parts of themselves. As most of them do not include a physical body, users are not able to 
practice palpation or the choosing of insertion of the needle in the patient.  

Also, lots of these simulators do not include the loss of resistance characteristic making them 
not as completely realistic as desired.   

As you can see there were given lots of possibilities as for force simulations and realism, but 
they are always lacking some key features, small details. These are not fundamental in order 
to provide a simulator but they become necessary if a great degree of realism is desired, so 
it can be provided a more in depth learning.  

The fact that this type of simulator is less developed is due to the fact that all the technology 
which is needed for this type of simulators is fairly new and needs more development and 
investigation if compared with the previous type of simulator. But needless to say, if this 
technology is investigated thoroughly, the quality of the simulators which can be produced 
and the degree of accuracy that they can have could easily surpass the one obtained with 
passive simulators. 

In our case the objective was to be able to come up with an active simulator that could let us 
simulate the forces exerted into the needle and the syringe whilst also simulating the loss of 
resistance factor, which is key to being able to identify the epidural area in the vertebral 
column.  
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3.2.3. Project requirements and context: 

As for this project, there are different parts: simulation of the forces on the needle, forces in 
the syringe’s piston, availability to choose the type of patient that the user wanted to practice 
with and the loss of resistance.  

In this case it is possible to work in two of these areas: the simulation of the forces in the 
syringe and designing a way so that the user can choose the type of patient and its 
characteristics. 

It is necessary to present the technology was already in the laboratory and that it had to be 
used in order to achieve the construction of this simulator.  

First of all, there was a Virtuouse 6D robot developed by the Haption enterprise, which is a 
haptic simulator which can reproduce different types of efforts thanks to internal motors. 
This robot has up to six freedom degrees: two of them between the base and the arm, one for 
rotation in the vertical axis and another one of rotation in the horizontal one. As for the 
robot’s arms, there are up to another four rotation points, which can let us place the robot in 
different positions, thus permitting us to place the robot as you want and practice different 
positions.  

The procedure with this robot is that you will have a syringe with a needle type object which 
is going to be grabbed by the user, so he can move it. The idea is that the robot can help to 
reproduce the forces which would be exerted into the needle in a real operation to our needle 
at the tip of the robot’s arm.  

Afterwards, it also had to be able to reproduce the forces in the syringe.  You had a syringe 
that could be attached to the tip of the robot’s arm and which was separated into two 
chambers thanks to a piston which was included inside it. Both of these chambers could be 
filled in with air. 

In order to be able to reproduce the syringe’s effort there was a servo that could choose the 
flow of air that would go to the two chambers of the syringe in order create a difference of 
pressure that would let us simulate the forces that had to be felt in the syringe when inside 
the patient.  

For the syringe there were also three sensors that could read: both pressures in the syringe, 
one for each chamber and one to read the position of the piston inside the syringe. With the 
information collected with these three sensors, it could be calculated the flow which was 
needed on each side of the chamber to be able to reproduce the desired force.  

To be able to calculate the flow to each chamber, there was a computer that contained a 
Simulink model. This model had inside a Backstepping control system which gave us the 
value of the voltage which had to be given to the servo in order to be able to regulate the 
flows of air into its chambers.  

Also, this PC contained the program which simulated the human body that it was going to 
be worked with: its position, size and the coordinates of it from the Virtuose 6D’s needle. 
The PC had a Windows operating system as the libraries to control our robot were also 
Windows based. 
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My main objective was to be able to find a way of communicating the sensors with the PC, 
the PC with the servo, so it could control the flow of air in the robot’s syringe and finding a 
way of being able to choose our patient’s characteristics, so this information could be sent 
to the program that controlled the positioning of the patient’s body, size and internal 
dimensions.  

Also, it is important to note that the Simulink was designed to work with information 
received with a period of about 1000Hz, so all the work had to be done in a small amount of 
time. This value was chosen to give the most realistic feeling to the simulator. Our nervous 
system works at about 300Hz, being this the minimum value accepted in order to have a 
Simulator. As said, this is the value our nervous system works with, but the faster it works, 
the more realistic feeling it gives to the user, meaning that the more measurements sent to 
the serov, the more natural and realistic it was going to be simulated.   

This could have been done with the help of a dSpace, and it was used in the earlier stages of 
the project when the Simulink model was being tested. But the main inconvenience of this 
instruments is its high price, around 1000 €. If this is added to the price of the Virtuouse 6D 
robot, the PC with all the models and calculus operations and the sensors, it would be very 
expensive, so the laboratory where this project was done wanted to find a way of being able 
to substitute the dSpace with a more economical idea that would not surpass 200€.  

3.2.4.  In depth of our technological apparatus: 

3.2.4.1. The Virtuouse 6D: 

As presented before, the Virtuouse 6D is a robot which has been specifically developed for 
medical aid, being used in: rehabilitation applications, medical manipulations and 
simulators.  

Its main advantage if compared with other robots in the market is its possibility of recreating 
high forces. As for peak forces during a translation movement it can produce up to 35N, 
whilst if you are looking forward for a continual force during a translation movement, you 
can have up to 9.5N of force. 

Also, as explained before you have a rotational movement, and even while you are producing 
this movement the Virtuouse 6D can give a peak moment of 3.1 Nm and a continuous 
moment of 1Nm.  

Also, the robot contains a spring mechanism which can allow himself to support its own 
weight, allowing to improve the realism of the simulator as the user will not feel the weight 
of the whole robot. 

As for the tip of the robot’s arm, you have the possibility of replacing the tool which is 
attached on the tip, so different tools can be used depending on the robot’s expected use. In 
this case it was added a tool that could be used as a Tuohy needle and also a syringe that 
would act as the syringe used during the anesthetic activities. 

 

As it can be seen, the realism that this type of robot can give is very high, making it perfect 
for our project. 
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4. MAIN OBJECTIVES AND 
DIFFICULTIES: 

As it has presented before, the main objective of every simulator is to reproduce to the 
greatest degree of accuracy the process which they are trying to simulate in real life. 
Therefore, it can be found that in each simulator, the output that it will give to the user 
changes depending on the type of simulator he is using. 

This is key while developing the final product. In this case, it was trying to reproduce the 
efforts on the needle and the syringe to the greatest degree of accuracy and reproducing the 
syringe’s piston’s facility or difficulty to move depending on the layer you are supposed to 
be working on. 

Therefore, before starting to work on the project, several tests were done by other co-workers 
in the lab in order to know different aspects of the model you had to develop. Since none of 
them were doctors, the laboratory also had the help of some doctors in the area of epidural 
anesthesia from the Croix Rousse hospital in Lyon, which tested the prototype to help us do 
the final adjustments to the Simulink which contained the command laws to control the 
syringe’s functioning, so the realism could be as accurate as possible. 

As far as these different tests concern the objectives of my work in this project, the objective 
was to find a possible way of sending the sensor’s information to the PC with the Simulink 
in about a time lapse of 1ms or a value near it. This is because the more measures our 
Simulink model can receive in a same time lapse, the more voltage values could be sent to 
the servo, thus reducing the sense of artificiality of our simulator. After this is the objective 
of my project was clear: finding a way of reading the information of the three sensors and 
sending it to the PC with the Simulink in about 1ms for each sampling of the sensor’s. 
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5.  STRUCUTRE 
As presented before, there were two objectives demanded by the lab during my work in the 
project. The first one was finding a way of sending the information from the sensors to the 
PC with the Simulink and the second one was thinking of a way of providing the user a form 
of choosing the type of patient and its characteristics, so he could work within different 
environments. 

As for the way of proceeding to achieve this, there was no type of technical constraints but 
just one objective: sending all this information within 1ms. Due to this freedom, there were 
different ideas. For the data transmission two possibilities were presented: the first one was 
working with a digital circuit and a Xilinx FPGA and the second one was using a Raspberry 
Pi. Both of these methods needed of an analog to digital converter in order to be able to read 
the data from the sensors, due to the fact that both of them accept only digital values and our 
sensors provided analogical ones. 

As for the second objective, it was proposed to create a Graphical User Interface (GUI), 
which could let the user change the different parameters of the simulation in an easy, flexible, 
intuitive and clear way without needing to be able to code anything or understanding the 
coding behind the simulator. It is important to note that the target of this prototype are 
medicine apprentices, so their programming knowledge is expected to be null.  

In the next chapters the two ideas are going to be presented, its advantages and 
disadvantages, which one was chosen and why.
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6. DIGITAL CIRCUIT 
As our objective was to create an ADC and DAC converter and make it possible to send the 
information and also receive it from the PC with the Simulink in order to substitute the 
dSpace, one of the first ideas was to create a digital circuit.  

The main advantage of the digital circuits is that they are faster than microprocessors or 
computers, as their circuits are designed to do a specific function and they have not got to 
process, receive and send information throughout different memory sections. Also, as our 
circuit worked with the rising edges of a clock, which is an electrical signal which varies its 
value between 0 volts and a constant value above this, it could choose the frequency of the 
clock you worked with, letting us modify the speed of our circuit.  

6.1. LAYOUT: 

The circuit needed six entrances and four outputs, the entrances were two for our pressure 
sensors, one for the piston’s position sensor, the clock, a reset and an entrance for the 
information of coming from the PC. The output would have one output for the digital 
information that would have to be changed into voltage for the servo and the other three 
outputs were the output towards the PC.  

It is needed to be taken into account that the entrance of the servo information and the output 
of the sensors would be done via the same connection, an RS-232 connection. 

 

 

 

 

 

 

 

 

 

The process was very quick, thus not interfering with the time constraint our Simulink 
program imposed, so it was chosen that the four reading, operating and sending processes 
could be done in series: first each reading from our sensors and lastly, sending the 
information to the servo and when finished with the latter returning to the first one, making 
the process cyclical.  To coordinate this, there was going to be one function state machine 
that would manage each one of the four, enabling them one they had to read and operate and 
then disenabling them when the information had been sent. During the period of time when 
the processes were disenabled, no reading or operating would be done in these.   

The state machine also included a reset entrance that interrupted the current process, and 
made it go to the start of our cycle.  

Figure 15: Digital circuit inputs and outputs 



Sistema háptico para el entrenamiento de técnicas de anestesia epidural 

 

Sebastián Barbas Laina 37 

 

6.2. READING THE SENSORS: 

The reading of our sensors was one of the most crucial parts of the system, as they are needed 
to receive the information of our needle and syringe and precision was key so our Simulink 
program could be as accurate as possible so our servo would receive the voltage needed 
correctly without errors and give the most realistic feeling as to reproduce the procedure of 
practicing an anesthesia.  

As it was worked with a digital circuit, this could not directly receive the information of our 
sensors, as they gave an analogical voltage which varied in function of the type of sensor 
used and what it read. To be able to manipulate this voltage, the idea was to include ADCs 
that could let us make the voltage into a number that could be coded in binary, making our 
system able to interpret this type of information.  

As for the ADC, the ones used were the AD4003, which could receive a varying voltage that 
varied between -5 and 5 volts. As it is known, our position sensor could deliver an input 
voltage which varied between 0 and 10 volts, so an electronic circuit would have to be added 
that could link the output of the sensors and the entrance of its ADC, so it was chosen to 
work between 0 and 5 volts.  

The AD4003 received the entering voltage and transformed it into an information in signed 
point fixed binary. The coded number is delivered in serial form, so our digital circuit would 
have to take this into account in order to do the acquisition correctly. 

The reading would be done by sampling the analogical values that entered our circuit. The 
different reading and operating processes were enabled by our function state machine 
previously presented. 

 As for the readings, what would be modeling with the digital circuit would follow this 
scheme:  

 

 

 

 

 

And all this process was managed by a function state machine: 

 

 

 

 

 

 

 

 

Figure 16: ADC inputs and outputs 
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Figure 17: ADC function state machine 

 

The M_SCLK is the master clock which regulates the whole process, which is the same as 
the .�/ which appeared in the general circuit, same as with the reset input, which is used to 
restart the whole process. The data input was used to acquire all the serial values coming 
from the conversion and CNV is the enable input, if it is activated the conversion process 
starts and if it is equal to zero, it will be stopped.  

As for the outputs, there is the CS, which is needed so the ADC can start, so it is linked with 
the CNV, being the not of the latter. When CNV is one then CS is zero and the converter 
starts working, as stated in its datasheet. The vector is the final vector which contains all the 
data in one output which is sent to the RS-232 port. The SCLK is the clock which is needed 
in the AD4003. The SCLK is the same as the M_SCLK, so it works in the same way as the 
.�/ of the general circuit. So, depending on the period of the .�/, you can regulate the speed 
of the general process. The last output is the Done output, used to communicate with the 
general state machine. When a done arrives to it, it changes the enable of the ADC 
conversion and the next one starts.  

As you can see, the reading process is regulated by a counter, which diminished each time 
you received a value from the serial ADC. Once it arrived to zero, meaning the conversion 
had been done, it would go to the sending process, which passed the information via the RS-
232 protocol to the PC and afterwards it would move to the next state, the finish state, which 
sent the information via the done signal to the function state machine that regulated the 
reading processes. The Done signal worked as the finish of one of the reading processes, and 
once it was received by the state machine, it would pass to the next reading process of a 
sensor, which was regulated in the same way.  

After receiving the information, it had to be sent to the PC that had the Simulink and that 
needed of these values to do the different operations needed to calculate the forces that had 
to be exerted to our robotic arm.  

The medium chosen to do this was the RS-232 protocol, which needs a connector RS-232 in 
order to be plugged into our FPGA. On the other side, a USB connection would be used, as 
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the cable that is used for this protocol has on the other side a USB connector, so it can be 
plugged into a USB port.  

The data that was tried to be sent was the amount of 38.15 micro volts that were received at 
the ADC. This was done, so that during the reconversion of the bits sent at the PC, less time 
was spent during the reconversion of the information and the person programming the data 
reception at the PC did not have to worry about were the fixed point was supposed to be, he 
would just have to multiply the final number by the given factor. The size of the volt 
packages was chosen according to the sensibility of the ADC.  

Our circuit had a function state machine which managed the different processes, which were: 
receiving and sending the information from the first pressure sensor, afterwards doing the 
same with the second pressure sensor and the position sensor and finally receiving the data 
from our PC and sending it to a DAC so it could be received by the servo.  

 

 
Figure 18: Central machine state inputs and outputs 

 

 

Reading the data received, as previously presented, was enabled by our central state 
machine. The schema of the state machine was as it follows: 
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Figure 19: State machine managing the processes 

 

All the finish inputs were used to regulate which reading process for a sensor had to be 
done or if the DAC had to be done. Once the process changed, a new enable was set to one 
in order to start a process and the previous was set to zero, so it stopped.  

The reset was used to reset all the process if needed and the .�/ was used to regulate all the 
processes.  

In case of reading the position sensor, the final value would be multiplied by four, as there 
would be a digital circuit which would divide the sensor’s voltage by four, so the ADC could 
read it without the risk of breaking. Due to possible over voltages produced by noise factors 
if a factor of two was chosen the ADC could break as the maximum voltage accepted was 
of 5 volts. 

If it was reading the pressure sensor, no rescaling had to be done as the measurements were 
already lower than five volts having the maximum output possible being 4.5 volts.  

Afterwards, this data was sent to the RS-232 connector and be transmitted via this protocol 
to the PC that contained the Simulink in it.  
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6.3. CONCLUSIONS: 

This work was not tested even though the schema and the ADC, DAC and central state 
machine were coded. The idea was discarded as the Raspberry Pi solution was preferred by 
the tutors due to the polyvalence of this second option, even though it was slower than this 
option it was decided to stop working on this solution.  

Digital circuits are known to be the quickest at their work, they are programmed just to do 
their specified labor, making them more efficient. Also, their clock speed can be regulated 
by ourselves, making them work up to speeds of several megahertz, something that is not 
possible with other systems as they can only work with a clock that can have a period of a 
few megahertz. 

Even though they are this quick, they also have got some major disadvantages in comparison 
with other systems.  

First, a digital circuit can only implement basic schematics and data processing, when more 
complex activities are needed it may not be possible to be implemented in these types of 
circuits, or it may become very difficult. For example, while the Raspberry Pi offered the 
option of programming a GUI, with digital electronics this is directly impossible, reducing 
the range of options given by this idea. 

Also, when designing it, if a common FPGA is used, you need to keep in mind that the 
number of components in this type of cards are limited and the more complex the circuit 
becomes, the more possible it is that the card can not support it as it runs out of components 
to use for the circuit. This is a great draw back of this idea in comparison with others that 
were presented, like the Raspberry Pi, as the latter does not need to use digital components: 
the microchip that they include is enough to do several of the operations that are needed to 
be done for the system. 

In addition, FPGAs are more expensive than other ideas that have got a reprogrammable 
basis like the FPGAs. For example, a Raspberry Pi or an Arduino can cost up to 30€ 
depending on the model and its characteristics, while a FPGA that it needs with a RS-232 
port can cost around twice the Raspberry Pi price. For example, the Basys 3 Artix-7 FPGA 
costs 149$ according to the official distributors’ website. This FPGA does not include an 
RS-232 port, so an add-on plug should also be bought so it could be compatible with the 
circuit desires. This add-on costs 14.99$, making the cost of a functional board that 
accomplishes to fulfill the needs of 163.99$, making it more expensive than a Raspberry Pi. 

 

Furthermore, its biggest disadvantage when compared with the Raspberry Pi solution is that 
the latter has got the possibility of giving us more flexibility when working with the 
prototype. Even though, while working on the project the idea was only to send the different 
sensor values to the PC with the Simulink, it is true that the Simulink project could be coded 
in C language and be implemented in the Raspberry Pi, making two big changes in the 
prototype. First, there would not be the need to send the information to the PC with a suitable 
protocol, the data could be read directly form a memory address, making it even more 
quicker and easier to be implemented. Secondly, as there would not be a PC in the prototype, 
the cost of it would be drastically be reduced, making it even more affordable. 
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During the project, the idea of including the Simulink to the Raspberry Pi was one of the 
greatest factors that made us choose this solution in detriment of the digital circuit, even 
though the last one was faster than the final option chosen.  
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7. RASPBERRY PI 
The final option chosen was the Raspberry Pi 3. Raspberry Pi are a family of single board 

computers developed by the Raspberry Pi Foundation. These single board computers have 
not got included peripherals such as keyboards or mice or cases. But, in fact, it does include 
some peripherals which are essential. Some of these are: one USB port, one Ethernet port 
and GPIO pins, which will be needed for the signal inputs and outputs. Raspberry Pi 3 
includes: a CPU of 1.2GHz 64-bit quad-core ARM v8, 4 USB 2.0 ports, 1Gb SDRAM 
memory, MicroSD card reading port, Ethernet access via USB, 17 in/out digital pins. To 
make it work, it needs 4 watts, 800 mA and 5 volts.  

Due to the needs and having the Simulink sampling time being the biggest constraint to 
be fulfilled, the Raspberry Pi 3B was chosen, which works at 1.2GHz and includes a RAM 
memory of 1GB and the operating system can be saved in SD cards.  

But, this option has also got some of flaws and inconveniences that had to be improved 
so this solution could be viable. The first one is that the Raspberry Pi does not include 
analogical input pins, so an ADC and DAC had to be added so it was possible to read the 
values from the sensors and work with them. Also, the last problem was that these boards 
could not operate above 3.3 volts, even though the digital pins are protected against 5 volts. 
This was a big problem as both of the pressure sensors worked between 0.5 and 4.5 volts 
and the servo and position sensor between 0 and 10 volts.   

As seen, some previous work had to be done in order to operate and make the choice 
useful for the project. Different options were proposed to be able to operate them. It is 
important to note that some of these adjustments were needed so the reading could be done 
and to adjust values so the DAC and ADC could correctly work.   

7.1. CONVERSION OF DIGITAL PINS INTO ANALOGICAL: 

All of the sensors and actuators work with an analogical voltage. The main problem is 
that Raspberry Pi does not have analogical pins and only digital ones, making it the biggest 
inconvenience in comparison with an Arduino.  

To solve this problem an ADC and a DAC had to be implemented so the values of the 
sensors and actuators could be read and sent. There were different ideas proposed and finally 
one was chosen. 

The first one was using an Arduino to send the information read. The idea was to take 
advantage of the analogical pins of the Arduino and sending the information of the data 
received through its digital pins to the digital pins in binary format.  

This idea was quickly abandoned. If a signal had to be sent via an Arduino, it would be 
very high time consuming as Arduino would have to read the analogical information, then 
convert it into a binary code and send it throughout its digital output pins, that would have 
to be connected to the digital pins of the Raspberry Pi. After all this process, it would have 
to decode this information and send it to the PC and then do the inverse process, receive the 
information form the PC, then send it to the Arduino. Arduino is way slower than the 
Raspberry Pi and even more than an electrical circuit, so if this option would have been 
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chosen, the time constraint imposed by the model would have not been met, so this idea was 
shelved. 

The next option was to buy the ADC, as there are lots of these that are compatible with 
the Raspberry Pi and that have got special libraries so that the information send can be 
received with just one function. The best option found was the MCP3008. MCP3008 is a 10 
bit analog to digital converter that can receive analog signals that go up to 5 volts. The output 
signal from the digital codification is up to 4.1 volts. Even though it is supposed that the 
maximum recommended voltage is of 3.3 volts, it is known that the pins of the Raspberry 

Pi are protected against 5 volts in case there was an overvoltage in the entrance pins.  

The MCP3008 has also got its own library that can be used with the Raspberry Pi and 
that contains both Python and C operability, although as it will be shown and argument in 
this paper, the programming in the Raspberry Pi was done in C language, making it more 
affordable the reading and sending information to these pins.  

Even though MCP3008 was a very valuable idea, the final choice was the High-Precision 
AD/DA Board produced by Waveshare. The main advantage of this option in comparison 
with the MCP3008 chip was the latter needed wiring and use of boards whilst the first one 
can be directly connected to the Raspberry Pi’s pins without wiring, making the solution 
more portable, operable and compact, easing its use.  

This precision board contains one ADC, the ADS1256, which is a 24 bit converter which 
operates in the range of 0 to 5 volts inputs. The board can read up to 8 entrance sensors, and 
through this converter, it can read all of them and send the information to the Raspberry Pi. 

Also, this precision board contains one DAC which is the DAC8532. This converter has a 
16 bits precision and works between 0 and 5 volts.  

Both of the previous paragraphs are extremely important as all of the inputs and outputs 
needed of an electronical circuit which adjusted correctly the voltage value so it could meet 
the needs of the servo without compromising the integrity of the board due to the higher 
voltage values delivered by the sensors.  

Now, what it had to be checked was how the information could be collected and which 
libraries could be used to collect the information from the different pins.  The library chosen 
was the bcm2835.h library. With the help of this library, the company Waveshare provided 
a code with different functions which could be used to program, read and write in the ADC 
and the DAC had different commands in case it was desired to read the ADC or write in the 
DAC. The board contained eight voltage inputs which could be read and two outputs for the 
ADC to deliver a voltage.  

 

7.2. CONNECTION WITH THE COMPUTER: 

As with the previous ideas, there had always been the same problem: finding a fast-
enough way of sending the information from the Raspberry Pi to the computer.  

Several ideas were proposed, like doing a serial connection, an RS-212 communication 
and others. All had the same problem: being too slow for the time constraint and not being 
able to meet the needs. Also, the idea of saving all the sent data in a text script was shelved 
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as the reading and writing in these was too slow and could also arrive to coordination 
problems as there could be moments where there could be a writing process and a reading 
demand was sent, concluding in incompatibilities. So, another option had to be chosen 

The option selected was doing a UDP connection. UDP has got four sections, besides the 
data section. Of these, there are two who are always necessary to include and two that are 
optional and added so there is backup information to know if the information has been 
correctly delivered. The two compulsory sections are: the destiny IP and the message length. 
The two which are optional are: IP of the origin of the data and a verification addition. The 
destiny IP is coded in 16 bits, leaving us 65535 IP ports.  

Even though there is no control and security implemented in this type of connection, its 
greatest advantage is that it does not a produce a big charge in the connection as it is very 
simple and using simple headings, leaving us to a faster connection and data sending. 

Also, there are different libraries that can be used to code in C to send the information in 
an easy way without needing to code the protocol. The name of the library that includes this 
protocol in C is <winsock.h> if Windows is being used, or socket.h if Linux is used. 

7.3. PROGRAMMING: 

For the programming, as the biggest constraint is sending the new data in time for   the 
Simulink to be able to process it, so it was recommended to work in a multi task environment 
and if possible trying to be in real time processing. 

These systems use scheduling, as they usually need to drive different processes they have 
these scheduling, so they can manage the different tasks. The schedule can be done according 
to different criteria: in order of importance or priority, first attending the ones with the 
nearest deadline, attending the one with shortest work time. There are lots of different criteria 
depending on the needs of the user, as well as doing time-sharing, where all the processes 
have got the same amount of execution time, independently of the process it is. 

It was decided to use this operating system so it could do three different processes at the 
same time. The first process consisted in receiving the data from the sensors via the pins, 
analyzing and modifying it, saving and sending it. The second process was the same as the 
first one: data was received but this time via the UDP connection, it was analyzed and 
modified, stored and then send out to the actuators. The final process was a GUI that was 
added in order to change the values of the thickness of the different layers of tissues that are 
present on the back. This was very important as the doctors that were going to use this 
simulator would want to practice with different types of patients, each one with different 
tissues characteristics, depending on their complexion. The need of a GUI was because the 
people that would end up manipulating the simulator did not have the programming 
knowledge to change the different parameters by themselves, so the GUI was added to make 
it more easy and flexible for them.  

The biggest disadvantage of these two processes was the possibility of ending one process 
while it was trying to write one data, so afterwards the next process could not read as the 
other process had the resource blocked.  

For the programming, the language used was C. Even though Raspberry Pi promotes the 
use of Python, this idea was discarded as this language is slower than C and C is also 
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supported by the Raspberry Pi. The greatest advantage of C is that it is one of the lightest 
and quickest coding programs as it does not have lots of background programming, making 
it the best option for the project, as it had to send all the information in the amount of time 
required.   

The library chosen for the access to the different pin ports was wiringPi. This library was 
created by specifically to have access to the different ports in the Raspberry Pi, so reading 
and writing in the pins could be done in a simple way. 

7.4. OVERVOLTAGE  

As mentioned before, the servo and the sensors worked at a voltage range superior to the 
voltage accepted by the ADC MCP3008. The voltage range of the measurements varied 
between 0 and 10 volts, while it is recommended not to introduce a voltage higher than 5 
volts into the ADC. To make it functional, different options were proposed that would let us 
change the input voltage.  

The modus operandi chosen was to divide all the input voltages that surpassed the 5 volts as 
its maximum given voltage by four, leaving the voltage’s range varying between: 0 and 2.5 
volts for the position and servo, pressure sensors would not need to have the voltage adjusted. 
The advantage of this division is that the number four can be easily coded in binary number 
and without any rounding errors, making it easier and reducing the error when reconverting 
the numerical signal received when the calculus had to be done. Also, the limit values can 
be coded easily as 0.5 can be coded with just one bit in fixed point binary. This is important, 
as for the syringe it is very possible that the piston is going to be frequently at any of both 
of the ends during the tests, simulations and use, so not committing an error at these points 
would be useful.   

To solve the overvoltage problems, two main options where proposed: an electrical circuit 
using amplifiers and a buck circuit.  

7.4.1. Buck converter: 

The buck converter is a commonly used circuit in electronics that is considered a step-down 
converter, as it diminishes the output voltage in comparison with the input one. This 
converter functions with a switch, a diode, an inductance and a capacity. 

The way this circuit functions depends thoroughly on the switch and the commutations in 
the switch between on and off. The switch commutations are controlled so that they happen 
regularly and for the same amount of time in one period. This commutation ration can be 
calculated being:  

0 = 1$2
3  

Being 3 the period and 1$2 the amount of time which the switch lets the current pass through 
in one period.  

The hypothesis for the calculus of the different elements, currents and voltages are: being in 
a stable regime, the voltage in the output charge is going to be constant and that all of the 
components are perfect and ideal.  
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As for the output voltage in the charge, considering the previous hypothesis and all the 
elements are perfect it is found that: �� =  0�52 , being �52  the input voltage and ��  the 
voltage that comes out.  

If at start the switch closed, the diode will not let the current pass through it, leaving us the 
voltage at the inductance: 

�� = �52 − �6 = � ⋅ 78�
71  

If considering �52 and �� constant, if an integration is done, it is found the following relation: 

                                                     ∆8�� = �:;<=:>
� � ⋅ 0 ⋅ 3                                              (2.3) 

So, energy is going to be stored in the inductance. When the switch opens, then the diodes 
lets the current pass through. Now, the inductor needs to have the opposite voltage from the 
output source. So, what it happens now is that the inductor has to go back to the current at 
the start of the period, so it can be at a stable regime. So, the current at this second part is: 

                                                 ∆8�� = − �:>
� � ⋅ �1 − 0� ⋅ 3                                      (2.4) 

                                                           ∆8�� = −∆8��                                                    (2.5) 

If the previous equation (2.5) is resolved with (2.4) and (2.3), it is found that: 

�6 =  0 ⋅ �52 

The circuit would look like:  

  

 

 

 

 

 

 

The two phases, depending of whether the switch is on or off would let the current flow as 
shown below: 

  

Figure 20: Buck converter 



Sistema háptico para el entrenamiento de técnicas de anestesia epidural 

 

Sebastián Barbas Laina 49 

 

 

 

 

 

 

 

 

 

 

The biggest problem with this type of circuit is that this circuit works well for a constant 
input voltage. When it starts, it takes some milliseconds until the output value stabilizes. 
This would not be a problem if it had a constant input, but in case the voltage was changing 
constantly, so the system would always be with a bit of retard. Also, even if the voltage 
source is constant, there will be variations in the output voltage, making it difficult to do a 
reconstruction of the real input value. 

All the simulations that are going to be shown are done with an L=2.5e-3H, an R=20Ω and 
a C=1uF. The simulations gave us the following current out of the charge and the voltage 
out of the charge: 

 

 

 

 

 

 

 

 

 

 

 

 

  In a simulation done this is what would happen if the input voltage varied as a straight line:  

 

 

 

 

 

Figure 21: Upper schema for the phase 1 
and lower one for the phase 2 

Figure 22 Output voltage when voltage source is equal to 1 Volt and its output current 
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As it can be seen, this type of circuit cannot be used in the system as it will not give us a 
steady, well defined output, so the model was discarded as all the voltage values given by 
the sensors would be constantly varying throughout its use. 

7.4.2. Amplifiers: 

The second option was to use amplifiers. The main advantage of these type of components 
is that it can act quickly and very precisely when working with varying sources. Another 
advantage is that these components are cheap and that their implementation into a circuit is 
fairly simple.  

Figure 23 Voltage into our circuit 

Figure 24 Left: Output voltage, right: output current 
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In the circuit, the first amplifier makes an inverter circuit that also diminishes the voltage by 
a factor of 4. The second amplifier is also an inverter, the only difference is that this ne does 
not rescale the voltage, it just changes its sign. With this, it is possible vary the voltage range 
from a 0 to 10 volt range to a 0 to 2.5 volt range in the position sensor. In the pressure sensor, 
the voltage range varies from a 0.5 to 4.5, but the ADC should be able to handle these types 
of input voltage as its maximum analog pin input voltage is of 5.66 volts, so there should be 
no problem as to burning the chip, making us to reduce costs in the electronics of the sensors 
as no amplifiers would have to be added to the entrance of the board.  

The circuit montage is as it follows: 

 

 

 

 

 

 

 

 

 

 

It is important to note that there are two relationships that have to be followed so the circuit 
can work as desired. The first one is: 


�

�

= 4 

The second one is that 
� 	 
�.  

The factor of 4 was used because even though the pins of the ADC should be able to handle 
up to 5.66 volts, in case there was an over voltage and there was noise in the output of the 
circuit, it was possible to have the pins near the limit, so for security reasons, it was chosen 
to have the input at a maximum of 2.5 bolts, so it would not break the converter.  

If a simulation is done for a straight line between 10 and 0 for the input voltage, it is found 
this as the output. 

  

Figure 25 Amplifier circuit for input sensors. 

Vout 

Vin 
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The main advantage of this circuit in comparison with the buck converter is that the output 
voltage has the same form as the input voltage. For us, this is really helpful as it makes the 
conversion proportional, it is only needed to multiply the value received in the pins by a 
constant that could be chosen by the association and the relation of the resistances.  

For the output digital pin that was turned into an analogical information, there are going to 
do a circuit with the same schema, but this time changing the 
� 
�⁄  relationship, searching 
that it becomes 0.25. If this is done and simulated it is find: 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26 In red our voltage output and in blue our input 
voltage 

Figure 27 Voltage input and output for our exit amplifier circuit 
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So, as it can be seen this circuit has various advantages: it makes it easy to reconstruct the 
signal, it changes to the expected value very quickly so it commits less error and does not 
induce a retard in the system, it is a very simple and small circuit that can be made by 
ourselves and amplifiers are cheap, thus making its building affordable and usable.  

The only problems there can be are that they usually induce noise in the output signal as in 
reality these systems are not perfect. There is also the risk of having the amplifier saturated. 
This happens when the output voltage is higher than the voltage used to make the amplifiers 
work. Generally, they work at about 15V, so in theory there will not have any problem to 
nourish the actuators with the desired voltage. 

Due to all these arguments, it was decided to use this last type of electrical circuit to adjust 
the voltages needed.   

 

7.4.3. Noise reducing circuits: 

The sensors delivered some noise after reading the values of pressure and position. In order 
to make the simulator as precise as possible, it was decided to add a filtered electronical 
circuit which could filter all the noise which was above 25Hz.  

Due to these demands the electronical circuits were modified to be able to include filters, 
which could modify the bandwidth of the inputs. 

The electronical circuit proposed was: 

 

 

 

 

 

 

 

 

 

Where the first amplifier was used to act as the filter and the second one was used to inverse 
the final voltage output.  

As for the first amplifier the equation which regulate the functioning are: 

@� 	 
� + � ⋅ � ⋅ �� 

@� 	 
�
1 + � ⋅ � ⋅ 
� ⋅ ��

 

With these impedances it can be calculated the current through the negative recirculation 
and the output voltage.  

�� 	 8� ⋅ @� 

Figure 28: Electronical circuit for sensors 
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−�� 	 8� ⋅ @� 

Thus making: 

8� 	 ��

� + � ⋅ � ⋅ ��

 

��
��

	 −
�

� ⋅ �1 + � ⋅ � ∗ ��

��
� ⋅ (1 + � ⋅ � ⋅ 
� ⋅ ��) 

The second amplifier follows the next equation: 

��
��

	 −
�

�

 

So, if the last amplifier had 
� 	 
� , then the second amplifier would only reverse the 
voltage output. If both amplifiers worked jointly, then the final transfer function would be: 

��
��

	 
�

� ⋅ �1 + � ⋅ � ⋅ ��

��
� ⋅ (1 + � ⋅ � ⋅ 
� ⋅ ��) 

As explained before, the bandwidth had to be of 25Hz. So 
�/�� and 1/(
� ⋅ ��) had to be 
both equal to 2 ⋅ B ⋅ C with C being equal to 25. 

Also, the gain could be changed with the values of 
� and 
� in the non-filtered area. As 
explained, the position sensor needed a gain of 0.25, whilst the pressure sensors did not need 
to have the gain changed. So, to change this, 
�/
� had to be equal to 0.25 if it was for the 
position sensor’s circuit or equal to one if it was for the pressure sensors’ circuit.  

With this schematic, the bode diagram of the pressure sensor would be:  

 

 

 

 

 

 

 

 

 

 

 

 

The filter would work with -40dB/dec, making it very performant and the gain in the 
bandwidth is equal to 0dB, meaning it is the same as the initial value. 

Figure 29: Bode diagram of the electronical circuit of the pressure 
sensor's circuits 
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As for the bode diagram for the position circuit, it was obtained: 

 

 

 

 

 

 

 

 

 

 

 

In this case, the filter part is the same as before, but in this case the bandwidth value is 
different with a value of about -12 dB, meaning that the overall gain is of 1/4 adjusting as 
desired. 

7.4.4. Servo circuit: 

As for the servo, the DAC converter could deliver an output voltage range between 0 and 5 
volts, while the servo functioned between -10 and 10 volts. In order to do this adjustment, 
another completely different electronical circuit had to be created. This circuit had two 
different jobs: one to add an offset to the output voltage and the second one was to amplify 
this whole output. 

The confectioned circuit was: 
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Figure 30: Bode diagram of the position sensors’ circuit 

Figure 31: Servo's electronical circuit 
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The input came through the 
� resistance and the output was after the second amplifier, after 
the 
�  resistance. It is of great importance to note that the amplifier connected to the 
resistance 
+ and 
, which produced the voltage �� was used to produce the offset needed 
to regulate the output voltage.  

The servo worked between -10 and 10 volts, but the DAC worked between 0 and 5 volts. 
So, the formulae which led to the desired voltage starting with the servo’s one was: 

���"#$  	 4 ⋅ �&'( − 10 

So, it was needed to adjust the different resistances of the circuit shown to arrive to the same 
formula. 

First, there is: 

�� − �� 	 8� ⋅ 
� 

 

So, it can be affirmed that: 

8� 	 �� − ��

�

 

As for the output voltage of the first amplifier, it is obtained: 

�� − ��DE� 	 8� ⋅ 
� 

If a simple substitution and rearrangement is done, it is obtained that the final output voltage 
is: 

�'$F 	 −�� ⋅ 
�

�

+ �� ⋅   1 + 
�

�

! 

As it can be seen the 
�/
� can only have a positive value, leading to a negative overall 
value. To change this, the second amplifier was added to change the sign of the whole 
equation and therefore, the output voltage. To do this 
� needed to have the same value as 

�. After this, it is proven that the final equation of the circuit was: 

�� 	 �� ⋅ 
�

�

− �� ⋅  1 + 
�

�

! 

To have this equation being the same as the desired one, 
�/
� had to be equal to four. After 
imposing this, then �� ⋅ (1 + 
�/
�) had to be equal to 10. So, �� had to be equal to 2V. 

To regulate this, the third amplifier was added. The idea was to use it to directly impose the 
desired constant value without worrying about other voltages which could affect the final 
output. The �� value comes from a voltage divisor done in that circuit, obtaining: 

�� 	 �(( ⋅ 
,

+ + 
,

 

 

It was chosen to use �((  as the source of tension because it was also used to give the 
alimentation to the amplifiers, therefore, saving having to use an extra source of tension. So 
it can found that the final relationship between resistances was: 
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,

+ + 
,

	 2
15 

Once done this, the simulation gave us the desired outputs: 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 32: Input and output of the servo's electronical circuit 
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8. PROGRAM FOR THE CONTROL 
OF THE ROBOT 

8.1. MULTI-TASK PROGRAMMING 

As seen before, the program had to be capable of working and doing different tasks which 
are: managing the graphical interface, doing the acquisition of data from the ADC converter, 
sending the data to the PC which contains the Simulink. The biggest problem is that the 
process that sends data to the PC, is a blocking process, if the demand of connection is not 
listened, the process blocks, preventing the Raspberry Pi from managing the other processes 
that had to be done. Also, the graphical interface program had to be executed once it had 
triggered the main program, as it could not introduce its code it, or a function that could start 
its functioning. 

In order to be able to solve the aforementioned problems, a multi-task programming had to 
be done in order to be able to have the different programs running at the same time. There 
would be four different sub-processes triggered from the main program: 

1. The first one would execute the graphical interface, with the help of the execl 
linux’s command. This command executed the executable of the graphical 
interface that had already been created. This interface had included in its code a 
form of communicating with other sub-processes created so the data recollected 
from it could be sent to the computer with the Simulink, which needed this 
information in order to be able to work correctly and process the correct data that 
had to be sent to the servo. 

2. The second sub-process was in charge of doing the reading of the data sent by the 
graphical interface. 

3. The second third one, had to read the data that was being treated by the ADC 
converter and it also had to be able to send the information to the DAC so the 
servo could work with the desired voltage. 

4. The final process had to send the information read in the ADC from the Raspberry 

Pi to the PC with the Simulink and it also had to receive the servo’s voltage from 
the PC to the Raspberry Pi. 

As it can be seen, there were different types of processes which had to be managed correctly 
and in a minimum space of time, so a multi-process programming had to be done. If one 
process blocked the others, it would not be able to fulfill the robot’s needs so it would not 
work correctly.  

To be able to create these different processes, the fork() function was used to create the 
different sub-processes. According to Ken Thompson and Dennis Ritchie from their paper 
SYS FORK(II), a fork function is “the only way new processes are created. The new 
process’s core image is a copy of that of the caller of fork; the only distinction is the return 
location and the fact that r0 in the old process contains the process ID of the new process.” 
As it can be seen, when doing this process, it would have the same processes being done, so 
flags were created to allow and prohibit the different child processes created to do the same 
tasks, leaving the others unattended.  
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The variables of each child are not shared and belong exclusively to each child, so unless 
they were available to all the processes, when one variable was changed in one child process, 
the others one would not have the variables’ values changed inducing an error here. To solve 
this problem, the function mmap was proposed, to allow the variables to be global to all the 
different father and child processes. The only problem found was that these variables cannot 
be modified by two programs at the same time and as lots of the programs needed to check 
their value repeatedly, this issue could induce to a collapsing of the program.  

What it was chosen was to use pipes in order to communicate two processes. Pipes are 
connections that can be done via two processes. It can write char strings into them, and one 
the other process reads the value of the pipe, the content is erased from the pipe. This way, 
it could send information from one process to the other without running into the 
aforementioned problems.  

So, a basic schema of the main program was: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In order to accomplish this schema, a fork would be done at the start of the program inside 
a switch. If the value of the fork() was zero, then it would be with the child process, that 

Figure 33: Schema of the fork program 
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would go to the case were his value was zero. Inside this case, another fork() would be 
done in order to create another subprocess. Just after it, a condition would be set: whether 
the return value was zero or not. If it was zero (child process), one task was executed, but if 
the return value from the fork was different from zero, it would go to the else condition 
which had another task.  

The same was done with the father process, there was another fork done inside the default 
condition of the switch. Inside the default another fork() would be done and the same 
schema would be followed as with the first child process, thus forcing us to execute two 
different processes.  

 

 

8.2. THREADS: 

The fork programming gave us some problems when executing the final program as it was 
received a segmentation fault error. Finding this error was more complicated with the fork 
programming as its more legible and is easier to program in it.  

The idea of using threads is that it can create the number of threads that we want to work at 
the same time. So in this case, the idea is that each process presented previously will be ran 
in one independent thread. 

With threads, it was a normal program and afterwards the threads were created with the 
function pthread_create. According to the man7 page, the pthread_create starts 
a new thread in its calling process which can be terminated if: pthread_exit is called, 
arriving to the end of the calling routine, it is cancelled or if an exit is called.  

In the calling of this function, it is needed to set as parameters: the name of the function 
which has to be called and executed in that thread, a variable of type pthread_t and one 
flag and one argument. The argument is used to work with it in the routine, although in the 
case which was set to NULL, meaning we do not use it, and for the flag, it is used to set the 
attributes of the thread. If NULL is used in the flag, the thread is executed with its normal 
attributes. We need one variable for each thread, so in the final case we will create three 
pthread_variables that will be used to call each function: reading and setting the AD and DA 
converter, the UDP protocol to send the data and the graphical user interface.  

The thread programming was based on the pthread.h library.  

The variables created in the main program will not be accessible to each thread, and the 
variables created in each function are not going to be common between them. The only 
variables which were accessible in all the threads were the global variables created to access 
to the different pipes and be able to read and write them. To be able to share them pipes were 
created to communicate the variables between threads.  

The pipes will be created in the main program before creating the different threads. As 
previously said, the variables used to access these pipes are going to be global so every 
thread can have access to them. 

So, the basic schema of the final program was: 
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8.3. IMPORTANT LIBRARIES: 

 

Throughout the whole project there were several communication processes: sockets for the 
communication between the Raspberry Pi and the PC that had the Simulink in it, and 
different ways of communication between the different subprocess so that the information 
could be visible for all of them.  

Therefore, different libraries were created to approach the different issues that appeared. 
Some of the functions created already exist in standard libraries, but it was decided to create 
these libraries as they would be faster and fulfill the requirements in a more precise way. 
Also, as these libraries were created, it was possible to modify them in case it was wanted a 
different execution. 

8.3.1. Changetypes.h  

There were several communication processes that could only handle char strings: sockets 
and pipes. The biggest problem was that most of the information acquired in the processes 
was not string or char type, but double or float. So, in order to make possible the 
communication, these numbers had to be changed into a char format and vice versa, that is 
why the functions passtochar, passtofloat, passfromint, passtocharpos 
and passtocharpress were created. They were all in the header file called 
changetypes.h which is called and made reference throughout different programs that 
were use. This is due to the need of these functions in lots of different areas. 

The first function in this program was the passtochar function. Pass to char is called by: 

GD87 E�HH1D.ℎ�J(C�D�1 �KL, .ℎ�J ∗  �JJ�NJ�1) 

Figure 35: Schema of the multi-thread process 
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The first parameter of the function is a type float, which is the number that is needed to be 
converted to char type. The second parameter is the address of the char vector where it is 
wanted to allocate the number that we want to change of type. This function reads the number 
and makes it into char type, but in the end, it is imposed to only have one decimal numbers. 
By writing the ‘\0’ char that signalizes to the compilers the end of the string, being just one 
position behind the point character.  

The next function that is presented in this program is the passtofloat function. This 
function is called: 

C�D�1 E�HH1DC�D�1(.ℎ�J ∗ .) 

In this case, the function returns a float value, which is the float value of the number that is 
coded in ASCII in the string of chars. The only parameter have in the function is a pointer 
to char. This pointer signalizes the first position of the vector that has the value in ASCII 
and that has to be reinterpreted into float number.  

Also, there is the passfromint function. This function does the same as the 
passtochar function, just that this time with an int number, making it easier, faster and 
with the correct parameters: 

GD87 E�HHCJDL8�1(8�1 �KL, .ℎ�J ∗ �JJ�NJ�1) 

The fourth function created was passtocharpos. This function was specifically created 
in order to pass the position values from the sensors into a char vector. The position values, 
once converted from voltage into position in meters, needed a four-decimal precision. So, 
this function would do the same as the passtochar, but, in this case it would cut the 
vector at the fifth value after the point. 

                                         
GD87 E�HH1D.ℎ�JEDH(C�D�1 �KL, .ℎ�J ∗  �JJ�NJ�1) 

The last function in this library was the passtocharpress. This function worked with 
the Pascal value of the pressure once the voltage conversion from volts to Pascals was done. 
It is important to note that with this function it did not want any type of decimal precision, 
even though the parameter num may contained them. In order to operate in this function, it 
did a cast from float to int and afterwards it worked in the same way as the passfromint 
function. 

     

8.3.2. Parameterlimits.h: 

The other important header file is the parameterlimits.h, which contains all the 
graphical interface parameter’s minimum and maximum values which are accepted by the 
type of patient. This is important as these values are used to announce the errors in the 
graphical interface when the parameter values are set in case they are do not respect their 
limits.  

8.3.3. Addstrings2.h: 

Addstrings2.h was created to solve all the possible synchronization issues it could ran 
into when doing the read and write processes throughout the programs. When a reading 
process is occurring, the task executing it blocks, while when doing a writing task, the 
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process writes and then continues proceeds with the next task.  The main issue with 
synchronization is that if one program does lets say three writing processes consecutively, 
and the other process reads the three, but takes too much time to read the first one, for the 
next reading function he may be reading the third data sent as it has blocked for too much 
time during the reading process and the sending process does not stops.  

Therefore, there was an idea: adding all the strings into one big char vector so it could just 
send all the data in one operation. There are four functions in this library: 
addstringsGUIv2, addstringsADCv2, separatestringsGUIv2 and 
separatestringsADCv2.  

The idea of the addstrings functions is to get all the char vectors and place them together 
following a codification chosen. The idea was to get the first char string which contained a 
value in char format, and place it in the first position, afterwards put a space ASCII character 
separating the first value and the second value, and after this space place the second char 
vector and continue with this system until we place all the char vectors wanted: 

 

 
Figure 36: Coding system of smaller information char vectors 

 

This is what the function does. We measured the maximum size the vector would need to 
have in order to be able to contain all the values of all the char vectors in case they had to 
contain the greatest value size. Therefore, the char vector which had to include all the other 
char vectors had a fixed size depending on the previous value calculated. Obviously, the 
smaller char vectors will not always have their greatest value, so what it was decided was to 
add all the vectors following the previous schema, and after adding the last one, we did a 
padding: adding ASCII spaces until we arrived to the maximum size of the char vector which 
had to be send. With this procedure, we ensure to have a fixed size to send thus being able 
to use the functions to send and receive information via UDP protocol which need to know 
the size of the datagram they are going to send and receive. 

  There are two functions two add strings functions, one to add the values of the ADC 
converter and another one for the values of the graphical user interface.     

The addstringsGUIv2 function got all the values that came from the graphical user 
interface and added them. Its call is: 

GD87 �77H1J8�OHPQRG2(.ℎ�J ∗ 1D_H��7, .ℎ�J ∗ H/8�_EJDC, .ℎ�J ∗ E�J8_EJDC, .ℎ�J 
∗ �C_N��_G�J, .ℎ�J ∗ �C_8�1�J_G�J, .ℎ�J ∗ �C_N��_��, .ℎ�J 
∗ �C_8�1�J_��) 

The first parameter is the char vector that we sent via the UDP protocol, and the next 
parameters were the different values that were recuperated from the GUI that the user could 
manually change.  
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The addstringsADCv2 function received all the values from the sensors in char mode and 
proceeded with the coding system preciously presented.  

GD87 �77H1J8�OHTU�G2(.ℎ�J ∗ 1D_H��7, .ℎ�J ∗ EJ�HH1, .ℎ�J ∗ EJ�HH2, .ℎ�J ∗ EDH)  

Also, two functions were created so the receiving system could decode the information. 
Therefore, we had two functions: separatestringGUIv2 and 
separatestringsADCv2. Both of them received the same parameters as their 
predecessors and separated the bigger string into the smaller ones as we knew that the strings 
were separated by just one space ASCII character, so each time we found one, we changed 
and started filling the next vector. Also, as we knew the order that we used to add the strings 
we could knew the order of vector filling.  

   

8.4. GRAPHICAL INTERFACE: 

8.4.1. Introduction: 

As we know, there are different patients each one with their own characteristics. The model 
had to have a way of being able of choosing the different characteristics we wanted to work 
with. Depending on the type of patient, the thickness of the skin layer can change, the 
thickness of the peridural layer could also change, the effort exerted by the yellow ligament 
to the syringe or the needle could change and the intraspinal effort exerted into the syringe 
or the needle could also change. All these changes depended on the type of patient we were 
working with. 

The patients were grouped into four types: classic, obese, calcified and custom. The first one 
was the classical patient, someone who had no bone problems and whose different tissue 
layers were inside a considered range. The obese patients had as a big characteristic that his 
tissue layers were thicker, as they have more fat, thickening these. The third option, the 
calcified one, was someone who was more aged than the previous ones, so the effort exerted 
by his bones to the systems should be different as to the ones exerted by the bones of a 
younger person. Lastly, the custom patient is not a regular patient, is one that can have 
different and more uncommon disorders that would alter the range of the different variables 
we have just presented.  

Also, inside these categories, we have also got differences. In order to be able to treat all of 
them, a graphical interface was created so the doctor that would be practicing with the robot 
could choose the specific characteristic he wanted to work with.    

The idea of the graphical interface was that the doctor would first choose the type of patient 
he wanted to work with. This was done with the help of a combo box that had the four 
different types of patient, and we would also randomly offer him some values for the 
different variables so he could practice without falling into the same pattern of patient. The 
interface would show him which were the range limits of the different variables, in case he 
wanted to change the values that we had offered him, which would change according to the 
type of patient initially chosen by the doctor.   

When all the variables were set, he would only have to click the actualize button. Once this 
was done, all the information of the variables was sent from the child process which had 
started the graphical interface to another process which was set to read the values of these 
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variables. This was done, because afterwards, these values were sent to the PC which had 
the Simulink and which needed these so it could correctly calculate the different efforts and 
signals that had to be sent into the servo.  

8.4.2. Programming: 

In order to program the graphical interface, we decided to use the wxWidgets library. This 
library was chosen for several reasons. The first one was the fact that it was a C++ based 
library, making the code and programs more efficient and faster making it easier for us to 
run the process simultaneously with the other subprocesses, without requiring a great 
quantity of RAM or CPU memory, which would make the process slower and preventing us 
to fulfill the different time constraints.  

The second advantage was that it was a cross-platform and open-source library, so the 
programming was very similar whether it was used to develop in Windows, Linux or Mac 
OS X. This was of great help as most all the computers in the laboratory only ran Windows 
operating systems, and the Raspberry Pi worked with a Linux based operating system.  

The third advantage is that PiCore also accepted this library, which was the operating system 
and it had a wxWidgets as a plug-in to it.   

The final advantage is that it is a well known and used library with a big community of users, 
so in case we ran into any type of problem, help could be demanded and with the possibility 
of having it answered.  

As for the programming, the GUI had two frames: a first one which had a photo of the 
Ampère laboratory were the work was done and the second one had all the areas of the 
simulation which could be adjusted by the user. To move from the first frame to the second 
one, we had the button “Aller au Affichage”, which hid the first frame and showed the second 
one.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 37: First frame 
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Once the button “Aller au Affichage” was pushed, it would go to the second frame of the 
interface. In this frame there would have the different options of the variables of the interface 
that could be changed. As soon as it was chosen the type of patient we wanted to work with, 
several labels would appear under each variable box indicating the range of values accepted 
according to the type of patient chosen. Also, as mentioned before, some values would 
appear in the variable’s boxes, so the doctor could practice with an unknown patient that he 
did not have to be forcefully used to.  

Once the variables were set, if the button “Afficher” was clicked, the data would be checked 
and if the variables were under the correct range, they would start to be sent to the different 
to the main program which had a subprocess waiting for the interface to send data to him. In 
case the data was not set inside the allowed range, a message box would appear telling us 
that the data was not correct, and the data would not be send until it was not inside the correct 
values. The data was not sent regularly, but in undetermined moments, so there had to be a 
program that would always be waiting for the interface to send the information.  

Also, there was an “Enregistrer” button which was used to save some data. While I worked 
in this project, this was developed as they did not know yet which values they wanted to 
save. The idea is that with this saved data the experts can tell the apprentices where they can 
improve and some errors they have committed during their simulation according with the 
values it had saved.  I was told to create a button because in further approaches and 
developments they would decide and code it themselves. 

Figure 39: Second frame 
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As for the data sending, a pipe was used that would be used as a communication bridge 
between the graphical interface and the subprocess that was created to read all the 
information that could be sent by the interface. The idea of the pipe is that only one string of 
char characters can be placed inside the tube and once the information in the tube is read, 
the information is erased. To create the pipe, it was used the function: 

1K��J8� 	 L/�D7(VWXY
Z_3QYZ
RT, [_R
Q[
| [_R]Q[
|[_R^R^W, 0) 

   With NOMBRE_TUBERIA being the path were the filesystem of the pipe would be 
created, defined as: 

#define NOMBRE_TUBERIA “/tmp/tubería” 

As for the other entrances of the function, they are used to set the type of filesystem and 
node that we want to use. The fact that it used the 0 and the S_IFIFO are to make sure that 
the type of file that it was created was a pipe file. While S_IRUSR and S_IWUSR are used 
to allow reading and writing in the file.  

To read and write in this pipe, it would use the functions read and write. While read is a 
blocking function, that blocks the program until something is read, write just blocks the 
program until it has written all in the pipe. In order to not ran into synchronization issues, it 
used the addstrings library so it could send all the information in one package.  

This interfaced was first tested in a Windows environment with more than satisfying results, 
the problem arrived when trying to implement it in the Raspberry Pi. 

When the interface was executed in the Raspberry Pi, the first page showed up successfully, 
but when the button “Aller au Affichage” was clicked and the second page had to show up, 
there appeared some problems. The first one was that some text labels had to show up did 
not do it. The idea of considering it a coding error was quickly discarded as there were some 
other labels that appeared on the screen. Each label was an object coming from the same 
class, so the fact that some printed and others did not, prove that it is not a coding problem, 
as all of them were coded in the same way, just changing their text, position and size. Also, 
there were problems when choosing the type of patient you could work with. There was a 
combo box which could let us choose if the patient was obese, average, calcified or if it 
wanted to give him his own properties. When the interface was ran in a windows based 
operating system, it worked fine, but in the Raspberry Pi, certain issues were found when 
choosing the type of patient as the interface closed independently.  

8.4.3. GUI with QTCreator: 

As it has just been presented, there were several non-obvious errors with the GUI with the 
wxWidgets library. So, it was decided to recreate the same interface but using this time 
the QTCreator library and IDE. One of its greatest advantages is that it is a cross-platform 
library: meaning that it can be ran either in Windows or Linux operating systems.  

QTCreator belongs to the QT company which has been over the last 25 years developing 
tools, so they can be ran by todays technologies in the easiest and most efficient way 
possible. As for QTCreator, its development started in 2007, so it is very tested environment 
to work with. Also, the community using it is in a worldwide scale, so in case it ran into 
difficult problems that we could not solve, it would be easier to find someone who could 
know how to solve the issue.  
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The idea was to redo the exact same interface with the same labels and ways of manipulating 
it. 

 

 

 

 

    

 

 

 

 

 

 

 

 

As you can see in this interface, it was included a box where the IP of the Raspberry Pi had 
to be included. This was done in case it needed its IP for any other task. It is important to 
note that the IP of the Raspberry Pi changed with each booting of the Pi. Therefore, you 
cannot know previously to its booting the value it will acquire. So, it would be needed that 
the user added manually its IP before going to the next frame. In case this box was not filled 
and the “Aller au Affichage” button was clicked, a message box appear telling us that it is 
needed to fill this box.  

 

 

 

 

 

 

 

 

 

When the IP box was filled and the “Aller au Affichage” button was clicked, it went to the 
next frame:  

 

 

 

Figure 40: Fist window of the QTCreator library 

Figure 41: Message Box asking to fill the IP box
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As it can be seen, the second frame looks the same as the previous interface in the 
wxWidgets library, except for the slider, which was used to configure the loss of 
resistance.  

This was not added because in they did not know how they wanted to control that 
characteristic or even if they wanted the user to control it.  

8.4.4. More problems and final interface: 

Afterwards, when the interface was tested in the Raspberry Pi it was found that there were 
some issues when clicking the “Aller au Affichage” was clicked, the interface sometimes 
gave errors as it took too much time to go from one window to the next, sometimes it freezed 
and afterwards it functioned well and other times, it bugged, collapsed and closed. But there 
were also times when it worked correctly.  

In order to be able to solve these problems which occurred sometimes, it decided to add 
some final changes. First of all, removing the first window, and directly working with the 
second one. The first one was a more informational, and decorative one. With this change, 
it did not diminish in possibilities as it conserved the most important characteristics in the 
interface.  

Also, when tested the interface with the tube, in a simple interchange of information, the 
tube worked correctly, but it ran into problems when testing it in the final program. As seen 
before in the fork scheme, there were four processes running at the same time. As mentioned 
before, there were some issues when working with the processes in parallel as the Raspberry 

Pi has only four cores, so when using this program, all the cores where used. The problem 
was that the CPU saturated, leading to bugs and having the interface working slower than 
expected if not collapsing.  

Figure 42: Second frame of the Graphical User Interface 
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As you have seen, there was a process which was only used to read the information of the 
interface and sending it to the other PC which needed the information via an UDP protocol. 
So, if it was accomplished to make the interface do the UDP protocol directly with the other 
PC without needing of a process acting as an intermediate, it could save one process, 
therefore using only three cores when working with the multi-task program and solving the 
problems before mentioned.   

8.5. ADC PROGRAM: 

8.5.1. Configuration: 

The second program created had to be able to read the information coming from the sensors 
and adjusting the final voltage value into the physical parameter they were measuring. Also, 
it needed to take into account the changes in the input values produced by the electronical 
circuits that were used to adjust the voltage, so the Raspberry Pi ADC could read the values 
without breaking. According to the data sheet given by the distributer of the ADC digital 
circuit, Waveshare, the maximum voltage range for the analogical to digital circuit is from 
0 volts to 5 volts, and for the digital to analogical conversion, the voltage range is also from 
0 to 5 volts. 

The program layout was very simple. It is important to note the fact that Waveshare provided 
special functions which could be used to configure the converter, read from the analogical 
ports and write in the digital to analogical ports.  

The ADC program is one of the final three programs that ran in multi-task programming, 
although the configuration of the AD and DA converters are done in the main program before 
starting the three different threads.  

There were two variables of the converter which could be configurated. One was the gain 
and the other one was the number of samples per seconds. The first one changes the value 
read and multiplies it by a factor if desired. In this case it was decided to use a factor of one. 
This value was chosen because all the different voltage inputs were not modified with the 
same gain by the electronical circuits. This value affected all the inputs in the same way, so 
it was chosen to better use a gain of one and change the value read once it was in the program 
after doing each reading.   

The second parameter changed the number of samples per seconds that had to be done by 
the analogical to digital converter. Therefore, as it was wanted to send data each 1ms, it 
needed to have a reading each 1ms, so the configuration of 1000SPS was chosen, offered by 
the board.  

Both of these variables were set inside a struct, called g_tADS1256, set via the 
ADS1256_CfgADC function, which needs two values as parameters, the first one the gain 
and the second one the samplings per second.  

To finish the configuration method, there had to be chosen whether it was wanted to use 
differential channels or single ended channels. The first one, reads the values of two 
channels, subtracts one from the other and reads the output value of this subtraction. The 
latter reads the value of each input and does a subtraction with a virtual mass. Therefore, the 
voltage value given by the input is the value read. Given the schema of the electronical circuit 
and the way the sensors give the values, each circuit delivers one value that needs to be read 
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and sent. So, it was needed to use the second option of port reading. This is done by using 
the function ADS1256_StartScan, which asks just for one parameter. If the parameter 
is one, the differential channel method is chosen and if it was given a zero value,  the second 
method was chosen, the single ended input. 

8.5.2. Reading and writing: 

Once done all the configuration, the reading from the ADC and the writing to the DAC. This 
process is looped inside one of the threads. What you do is to declare all of the variables it 
needs and then go to the reading and writing.  

Inside the loop, first you do a boucle while the analog-to-digital converter is working and 
reading. Once this is done you read from the channels. The first channel is for the position 
sensor and the second and third channels are for the pressure channels. 

The position channel as seen before is divided by four by the electronical circuit. According 
to the datasheet of the sensor, the output voltage delivered varies from 0 volts to 10 volts. 
The correlation between the position in cm and the voltage was a linear one varying from: 0 
volts being -2.5 cm and 10 volts being 2.5 cm. If the voltage read was the result of dividing 
by four the real value, it would have a linear variation from: 0 volts -2.5 cm to 2.5 volts being 
2.5 cm. The correlation between the sensor voltage and the position is: 

� 	 2 ⋅ EDH + 5 

With � being the voltage produced by the sensor and EDH the position in centimeters of the 
piston measured by the sensor. As it is known, the voltage received by the board is divided 
by four. So, if you multiply the received voltage by two, afterwards you would have as 
equation: 

�′ 	 EDH + 2.5 

With EDH having the same values and range as before. But, the value needed by the Simulink 
PC needed the position in meters, so it divided the value of the position in centimeters by 
one hundred. Once this is done, it used the passtocharpos to make the value a char 
vector, so it could write it in the tube so the UDP thread could send it.  

For the second and third channels, it read the data of the pressure sensors. As explained 
before, and in the previous chapters, the voltage read from the sensors is just filtered to 
reduce the noise level, but its gain is one, so the value read is the same as the value given by 
the sensor. Therefore, the conversion from volts into pressure in bar was the one given by 
the datasheet: 

� 	 0.4 ⋅ EJ�HH + 0.533 

The voltage value is also linear. Therefore, once it read the data, it changed the voltage into 
bar pressure and afterwards into Pascals, as it was the measuring desired. Afterwards the 
passtocharpress function was used and this char vector was written in the tube.  

This scheme was used with both pressure sensors. Once read all the analogical to digital 
conversions, it read the tube coming from the UDP thread, which contained the value which 
had to be given to the servo. The servo operating voltage range values was from -10 volts to 
10 volts. The problem is that the digital to analog converter works between 0 and 5 volts, so 
it needed to change this value before sending it to the converter. The electronical circuit 
which was attached to the DAC would afterwards rearrange the voltage into its desired range 
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value. Therefore, it divided the read vale by four and added 2.5 to the read having a voltage 
span of 0 volts to 5 volts. 

The schema of this task would be: 

 
Figure 43: Algorithm of the ADC and DAC program 
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8.6. UDP PROGRAM: 

8.6.1. Introduction to UDP programming 

UDP protocol is based in socket connections. Sockets are connections where two different 
programs can read and write information written by each other. There are several function 
to read and write in sockets, but the most common ones are: read, write, sendto and 
recvfrom. It is important to note that the two first ones can only be used in linux based 
systems and the two last ones can be used by any operating system. 

There are two types of sockets, ones oriented towards connections, and the others non-
oriented towards connections. Depending on the type of socket used, it will have either a 
TCP protocol, connection oriented, or a UDP protocol, the other case.   

If you are in oriented towards connection sockets, data will only be sent when both of the 
programs are connected, meaning that every data will arrive correctly to the other side. If 
you are in the second case, it is not necessary that both programs are connected, data can be 
sent in any moment and it is not important that data may not arrive to the other side or that 
it may not be read, if the other program is doing another task different to reading data.  

Therefore, the program is going to be a UDP protocol based program. Data will be sent 
regularly, but it is not going to be needed that both programs are connected in order to be 
able to send data. This protocol was chosen in detriment to the TCP protocol, because data 
will be regularly send, but it is needed that the process is fast enough as there is a very strong 
time constraint. If the UDP is used, you can send data more quickly and if one data is not 
received on the other side, it is not going to be a great problem as you are sending information 
very readily, so using a previous value would not be a great inconvenience. 

8.6.2.  Declaration of sockets: 

As previously depicted, sockets are the basis of the protocol, you need to create and connect 
them in order to be able to send information from one user to another. But, the creation 
structure changes depending on whether the program is the client or the server. 

The client is the program which searches the server and asks him for connection, while the 
server is the program which accepts the connection, so the sockets can be connected between 
each one.  

As each program is different, each declaration of variables is different. The main difference 
between the client program and the server program is that the first program needs of the IPv4 
direction of the server to be able to connect with its socket, while the second one does not 
need to know the IPv4 of the client, you can make him connect to any interface which wants 
to connect with him. 

Th fact that at least the client needs to know the IPv4 of the server was of great importance 
to the program development. As previously presented, the Raspberry Pi changes its IP each 
time it is booted, while the PC has one IP which does not change. If you wanted to set the 
PC as the client, you would have a big problem: as the IP of the Raspberry Pi changes, you 
would need the user to have some basic knowledge of programming, so he could access via 
the terminal of the Pi to the IP configuration, and change the program so the PC could 
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correctly connect with the Pi. But, if the Pi was set to be the client, the IP of the PC could be 
set previously in the Pi’s program and it would not need to change the program each time 
the simulator was started.  

Therefore, once stated which program will act as client and which one will act as server, you 
have to declare and give value to the variables which are needed to develop this protocol.  

There are two main variables, one of type int and another one is a struct sockaddr_in, 
which belongs to the library sys/socket.h 

The int variable is sued to describe the socket you are going to work with. To create a socket, 
there is a function in the socket.h library which creates it when you proceed to call it. 
This function is: 

int socket(int 7DL�8�, int 1NE�, int EJD1D.D�);  
The domain parameter makes reference to the address domain you are going to work with, 
in the case, it is going to be the AF_INET. If you use the AF_INET, you can choose the 
networks which are going to accept the connection request. Afterwards, you have the type, 
which is used to specify the type of socket it is going to create. In this case, it was used the 
SOCK_DGRAM defined value, which means that it is going to work with datagrams, in 
connectionless-mode, meaning, in a UDP protocol mode. Lastly, you have the protocol, 
which it is going to use the IPPROTO_UDP, which is going to be used to set it for a UDP 
protocol. 

The return value is an int which it is going to use it to find the socket and use it to write in 
it. 

Afterwards it is needed to fill the struct variable. There are different variables inside the 
struct which need to be set in order to know the IP of the server and the port where the other 
socket and the communication is going to take place. There is: the sin_family, which is 
also going to be AF_INET, like the socket, a sin_port, which is going to set the port 
where the communication is going to be done and finally, there is another struct inside this 
struct which is sin_addr and inside it is needed to fill the s_addr which will contain the 
IP of the server it is wanted to communicate with. If you are in the server, instead of giving 
the IP of the client you have to add INADDR_ANY, which basically lets the server 
communicate with any type of interface which tries to connect with it. 

After setting all the data you have to proceed to connect both sides of the protocol. If you 
are in the client side, you need to use the connect function, which needs as parameters the 
number of the socket, and the struct previously filled which contains all the information 
about the server side, its IP and the port where the communication is going to take place. 
This function connects with the socket on the other side. But, if you are in the server side, 
you need to use the function bind, which assigns a socket created by the server with a local 
address in a port.  

When both sides connect and bind, then it can start sending information via this protocol. In 
the program, data was sent and also received in a constant form, so everything was inside a 
while boucle which did not end (while(1)). In the program it was first sent information from 
the client to the server and then vice versa.  

In order to send information, there was the function: 
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ssize_t sendto(int socket, const void *message, size_t length, 

       int flags, const struct sockaddr *dest_addr, 

       socklen_t dest_len); 

This function sends an information via a socket. It is important to know whether it is a 
connectionless mode connection or not. If it is the first, the function will be send via the 
address given by the sockaddr parameter, if not, this parameter will not be used. 

The parameter socket demands the integer which represents the socket, previously given by 
the return of the function socket. Afterwards you need to give them the pointer to the vector 
of chars, so they can pass the whole message. Also, it is needed to give the size of the 
message in bytes, if not you would have errors. The flags are used to specify the type of 
message which is going to be delivered, the dest_addr parameter has inside the IP number 
and the port where you are going to work and the last parameter is the length in bytes of the 
dest_addr variable. 

To receive information, you have the function: 

ssize_t recvfrom(int socket, void *restrict buffer, size_t length, 

       int flags, struct sockaddr *restrict address, 

       socklen_t *restrict address_len) 

With the first parameter being the value of the socket the buffer where you store the message, 
the length being the length of the message in bytes, the flags to define the type of message 
being received, the parameter address will store the information from the sending address 
and the address_len stores the length of the address variable.  

This last function is extremely important, it changed the way it was programmed the UDP 
program. As it has been presented, only the client had the IP value of the server, but the latter 
did not have the IP of the client. To send information from the server to the client it was 
needed the address information of the client, but as presented previously, the IP of the 
Raspberry Pi changes with each booting. Therefore, as you have seen, the recvfrom 
function does not only receive the message sent, but it also collects the address values from 
the sender interface and stores them in the address parameter. So, if you first send a message 
from the client to the server, afterwards, thanks to this function, you would be able to send 
information in the other sense due to the fact that the recvfrom function stores the, for us, 
unknown values of the IP. 

8.6.3. Program: 

Now that it has presented all of the main formulas and understood how they work, it can be 
presented how the program was developed.  

Client: 

First of all,  the information was read from all of the pipes which contained the values from 
the sensor’s given via the ADC program. Once read all the pipes, then it was proceeded with 
the addstringsADCv2, in order to be able to send all the information with one function 
instead of using several of them and exposing ourselves into possible desynchronizations of 
data. As the sum of all the data was small enough to be sent with one sendto function, as it 
did not have more than 37 bytes, it was decided to add all the information.  
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After sending the information to the server, then it received the information which contained 
the voltage value which had to be sent to the servo to be able to rearrange the air fluxes. This 
information was sent via another pipe, and afterwards the program, as it was inside an infinite 
while loop, it would start again. 

Server: 

The server program used, was also inside a while(1) loop. This program first received the 
ADC char vector via the socket and afterwards it used the separatestringsADCv2 
function so it would have all the values inside its correct vectors. After this, the program sent 
the servo value to the client, and then proceeded with the passtofloat function to change 
each vector produced from the separatestringsADCv2, into a float value, which could be 
worked with in the Simulink model. 
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9. TESTS AND RESULTS 
Once presented how the programs were thought, planned, structured it was proceeded with 
the testing parts. First of all, all the programs which had to be executed in each thread were 
individually tested to check they worked correctly and that they could accomplish a simple 
task by themselves.  

On one side, there was the UDP protocol which was tested that it could do a boucle and send 
a simple message between two computers. Once this was accomplished, then this program 
was added to its thread. 

Afterwards, the ADC and DAC program was tested. To test it, the AD/DA board was 
connected to a source of tension and the program was executed. The program printed the 
value read from this source, and as the value of the tension was varied between different 
values, and it was checked that the value printed by the program was correct. 

As for the GUI, it was tested that it could let the user choose different values and send the 
information via a UDP protocol to another computer once the values chosen were correct 
depending on the type of patient chosen.  

Once all of them were correct and some final adjustments were done, the tests on the multi-
task program started. 

9.1. TESTS 

To test the final program what it was done was to execute the final executable and measure 
how much it took to do one boucle of the sending and receiving data between the Raspberry 

Pi and the PC with the Simulink.  

In order to be able to test it, another program was needed in a Windows ran PC which 
contained a UDP protocol which could also read and send information to the Raspberry Pi.  

So, the program created had to be able to read the data sent via the Raspberry Pi and then 
send an ASCII string of characters which changed with each boucle, and check that both of 
them received and sent the correct values.  

It was not used the PC with the Simulink as there was no access to it, so the experimentation 
part was not as reliable and precise as it would have been desired, although it could give us 
a general idea as to how much time it could take the program to run.  

In order to measure the time, what it was decided to do was to do the boucle of the data 
sending and receiving 250 times. After it finished the boucle, when the time was measured, 
then it was divided by 250 arriving to a quite accurate approximation of how much time it 
takes to do this boucle one time.  

It was chosen this method as it would be more accurate than just measuring the boucle once. 

Afterwards, this experiment was repeated ten times, leaving us a good amount of data in 
order to determinate whether the solution offered was good enough for the simulator or not.  

9.1.1. Measuring of time:  

To measure the time, it was decided to measure it in the PC ran by Windows as the functions 
available to measure time in that operating systems are more precise than on the Linux side.  
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To measure the time, the function gettimeofday. This function gave to a struct the time 
of the day up to the precision of microseconds. So, what it was done to measure the execution 
time was to use the function before entering the boucle and use it again just after exiting 
from it. Once done this then both times of the day were subtracted, divided by 250 and 
printed on the screen. The times were noted and then, a final conclusion was thought.  

 The average measured values after the different tests were: 

TEST NUMBER TIME IN MS 

1 64 

2 67 

3 68 

4 63 

5 61 

6 65 

7 66 

8 64 

9 62 

10 63 

AVERAGE TIME: 64.3 

Table 4: Test results 

 As it can be seen, the average time of one boucle of sending and receiving information needs 
about 64 ms.  

9.2. CONCLUSIONS: 

The most desired and the main objective was to be able to send the information in a time 
span of 1ms, if this was obtained it could have considered the project a great success. But, if 
this was not achieved an acceptable time would have been of about 3ms. 

As it can be seen, the measured time was way above the time lapse which could be accepted, 
thus confirming that this idea could not be used to control the syringe with the requirements 
demanded.  
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10. IMPROVEMENTS  
Even though the project’s needs were not achieved, there are several ways it can be improved 
to be able to arrive to better timings.  

The first option was to change the operating system that ran the Raspberry Pi. The operating 
system chosen to test the program was Raspbian, due to the fact that it is the most stable 
option available for Raspberry Pi. But, even though it is the most stable option, there are 
other operating systems which are less stable but have major improvements in speed when 
compared with the Raspbian operating system. One of them was the PiCore operating 
system. It is well known to be faster than Raspbian as it does not include several secondary 
processes which ran in Raspbian, making it faster and so, helping the program to ran in less 
time. 

The second option is to change the configuration of the ADC. It was checked that the board 
could be programmed and configured so the time needed to do all the conversions could be 
decreased, so trying to depurate the program for the reading of the sensors could save some 
time.  

Also, another possible option is to change of Raspberry Pi model or use another type of 
mother board. There is a newer model, the Raspberry Pi 3B+ which rans at 1.4GHz, while 
the model in the lab arrived to 1.2GHz. If this is not enough, the market of the small 
computers, such as the Raspberry Pi is quickly expanding, due to the popularity gained by 
this brand. So, as more companies are starting to produce these types of computers, there 
may be one which could produce faster operating systems, improving the performance of 
the final program.  

The final possibility was to introduce the Simulink code into the Raspberry Pi. The model 
in the lab had up to 1Gb of RAM memory, leaving enough space to work with the code of 
the model. This idea was tested by adding a very simple model which ran a discrete PID 
process control, to check how much time it would take the system to do all the calculus. This 
small program had the same threads as the previous ones, but instead of including an UDP 
protocol, it had the PID program to do the calculus depending on the values read by the ADC 
program. When this was tested, the average time recorded was of about 5ms per cycle. 
According to this value, if the previous improvements documented in the aforementioned 
paragraphs were implemented, then it is quite possible that a time lapse of around 1ms could 
be achieved. Making this option the most realistic way as to being able to control the syringe 
with the desired objectives. 

Also, it is important to add that there are coding experts which could depurate even more the 
code proposed, making them some milliseconds faster, which could be decisive to the future 
of this project.  

So, although the results were not the desired ones, there are several ways of improving the 
solution, and the writer of this article strongly believes that the arrival of a solution to the 
problem presented throughout this article could be achieved with today’s technology.   
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11. ECONOMICAL AND 
TEMPORAL ANALYSIS 

In this chapter a detailed description of the time needed to produce this prototype is going to 
be presented, also an economical estimation of the project realization. 

In the next pages the chapter is going to be divided in two parts: the time analysis and the 
cost analysis of the project.  

11.1. TIME ANALYSIS: 

The time structure is going to be presented in chronological order of the development. There 
are six different stages: 

11.1.1. Reading previous reports: 

This was the first stage approached once the project was chosen. Due to the complexity and 
the dimensions of the simulator and the project, the simulator had been divided into three 
projects each one with its own report which had its own developments: the needle simulation, 
the syringe Simulink control model and the connection between the syringe’s control model 
and the sensors.  

So, during this process, there were two reports which were read in order to be able to 
understand the complexity of the simulator, the needs and objectives and the general 
structure of the work. 

11.1.2. Digital circuit: 

The first idea presented was the digital circuit idea. Some circuit design was developed 
thanks to the ISE Design Suite 14.7 Software. During this part, a solution was proposed with 
this method and it was also proven the possibility of arriving to results and showing the 
viability of this option.  

11.1.3. Raspberry Pi and adjustments: 

When the Rasspberry Pi was also proven to be able to be a possible solution and the idea 
was accepted by the tutors of the project, then research started as to how it was possible to 
adjust the hardware in order to meet the needs of the project. 

During this stage of the investigation all the electronical circuits were developed, the AD 
DA board was chosen, the programming language was selected, the structure was thought, 
and the operating systems were chosen. 

11.1.4. Programming: 

This was the longest stage, the development of the actual and final program. Once all the 
code was demonstrated it worked and that it was what it was desired, the multi-task 
programming started. 

This stage was considered to be finished when all the codes needed for the testing part were 
finished and worked correctly. 
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11.1.5. Testing and conclusions: 

This was the shortest stage of the work, due to the easiness of the tests and the facility of 
being able to decide whether the final prototype met the needs of the simulator or not.  

Also, the small test of the calculus of commands in the Raspberry Pi was included in this 
stage, although overall, the time invested in this stage was not too big. 

11.1.6. Writing the report: 

This stage is the most difficult to quantify in time. Due to the fact that the report was written 
throughout the whole process so it did not became too difficult when finished the project, 
the timing required is very approximate.  

Although, it is very important to note that during the last two weeks of the project the report 
was structured as demanded by the university and finished. 

11.2. GANTT DIAGRAM: 

 

 

 

 

The next chart shows the different stages, the dates of them and the time they required 

26/02/2018 26/03/2018 23/04/2018 21/05/2018 18/06/2018 16/07/2018

Report development

Conclusion and analysis

Time tests

Tests

Multi-task program

UDP protocol

ADC and DAC program

GUI

Programming

Presentation

Hardware adjustments

Planning

Raspberry Pi

Presentation

Software simulation

Program development

Model planning

Digital circuit

Installation

Reading reports

Acceptance

Initialization Gantt diagram
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 Stage Start Duration 
(h) 

Finish 

1 Initialization 26/2/2018 24 5/3/2018 

1.1 Acceptance 26/2/2018 3 26/2/2018 

1.2 Reading reports 27/2/2018 18 5/3/2018 

1.3 Installation 2/3/2018 3 2/3/2018 

2 Digital circuit 5/3/2018 32 19/3/2018 

2.1 Model planning 5/3/2018 6 7/3/2018 

2.2 Program development 7/3/2018 20 17/3/2018 

2.3 Software simulation 17/3/2018 5 18/3/2018 

2.4 Presentation 19/3/2018 1 19/3/2018 

3 Raspberry Pi 19/3/2018 14 26/3/2018 

3.1 Planning 19/3/2018 6 21/3/2018 

3.2 Hardware adjustments 21/3/2018 7 26/3/2018 

3.3 Presentation 26/3/2018 1 26/3/2018 

4 Programming 26/3/2018 181 29/6/2018 

4.1 GUI 26/3/2018 97 29/5/2018 

4.2 ADC and DAC program 16/4/2018 24 4/6/2018 

4.3 UDP protocol 30/4/2018 34 14/6/2018 

4.4 Multi-task program 22/6/2018 26 29/6/2018 

5 Tests 29/6/2018 21 3/7/2018 

5.1 Time tests 29/6/2018 17 2/7/2018 

5.2 Conclusion and analysis 2/7/2018 4 3/7/2018 

6 Report development 19/3/2018 80 19/7/2018 

 Total 26/2/2018 352 19/7/2018 

Table 5: Time spend on each stage 
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The project was done in 143 days, estimating a time work of 304 hours 

11.3. ECONOMICAL COST OF THE PROJECT: 

In order to provide the most realistic economical budget, it is needed to take into account the 
addition of both the salary of a worker as well as the equipment needed to develop the 
project. 

11.3.1. Labor cost: 

In order to proceed with the calculus of the salary of the workforce needed, it is going to be 
considered that there was only one worker, although this is not strictly accurate, as there was 
help from other people who helped with research and knowledge throughout different stages 
of the development of the project. 

It is estimated that the salary of an engineer recently graduated is about 16.1€/hour, leaving 
us a total cost of: 

 

Worker Salary Time in hours Cost 

1 Industrial 
Engineer just 
graduated 

16.1€/hour 352 5667.2€ 

Table 6: Workforce salary 

11.3.2. Equipment cost: 

As for the equipment, there were the Raspberry Pi which costed about 75€ and which was 
expected to live up to 5 years, leaving an amortization of 15€. Also, the need of a screen, 
mouse and keyboard which can cost around 130€ and they were expected to last 7 years, 
giving us an amortization of 18.57€.  

There was also the PC which contained the Simulink which costed about 900€ and was 
expected to last also 5 years, leaving an amortization of 180€. 

The sensors’ cost added up to 55€ for the three of them and the servo which was about 30€.  

Also, it is needed to be taken into account the cost of the syringe which was controlled by 
the simulator. The syringe costed about 100€. 

The cost of the Virtuouse 6D was not included as it is used to simulate the needle of the 
epidural anesthesia and not the syringe simulator. If the total cost of the development of the 
whole simulator is desired, then more workforce cost and equipment would have to be added.  

The software used during the work here presented was free, as Linux is a free software 
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. 

11.4. TOTAL COST: 

The total cost of the project is estimated to be: 

Name Price (€) 

Labor salary 5667.2 

PC amortization 180 

Raspberry Pi amortization 15 

Screen, keyboard and mouse amortization 18.6 

Sensors, servo and syringe 185 

Total 6065,8 

Table 7: Final cost 
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