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Abstract 
 
In this project I developed a device that depending on the different gestures made with the                
fingers on the apparel, it executes actions. This process is implemented with a piezoelectric              
sensor that collects the data generated from the vibration and later is sent by an Arduino to the                  
computer via the Serial port. Once the data is on the computer, it's being classified with a                 
machine learning algorithm and once the classification is done, depending on the result an              
action will be triggered. Those actions implemented, all together are capable of sending an              
e-mail written with voice typing without touching the keyboard, being it adequate for people with               
accessibility issues. 
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Resum 
 
En aquest projecte, he desenvolupat un dispositiu que en funció uns gests fets amb els dits                
sobre l'aparell, executa unes accions. Aquest procés està implementat mitjançant un sensor            
piezoelèctric que recull les dades generades per la vibració que són posteriorment enviades             
des d'un Arduino cap a l'ordinador mitjançant el port sèrie. Un cop al computador, aquestes               
dades són classificades mitjançant un algoritme de "Machine Learnign", i un cop la classificació              
està feta, depenent d'aquesta s'activarà una comanda o una altra. Les accions implementades,             
en conjunt, tenen el propòsit final de poder enviar un correu electrònic dictat per veu sense                
haver de tocar el teclat, per tant fent-lo adequat per a persones amb problemes d'accessibilitat. 
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Introduction 

Motivation  
 
I’m an engineering student that is passionate about technology development, real-world           
implementations and problem-solving. I’ve been especially interested in the world of “data            
gathering” part, what we call “sensors” and what we can do with them. In my current formation,                 
I’ve been learning a lot of different situations applied to design devices that manage data, in all                 
kind of approaches, from the bottom layer of the electronic design and wave propagations to the                
most application and top layer. IoT (internet of things) design and practical implementation is              
one of the fields I’m really looking to learn more and where I want to fully expand all my                   
professional career. The best way to do it, apart from studying, is getting involved in projects,                
not just theoretical studies.  
 
In my formation during the Erasmus, coursing Data Science Master lectures, I was introduced to               
an engineering branch that I was not familiar with, but yet is really close and necessary to what I                   
was doing. Once you have the data, what do you do? Here is where data processing tools like                  
Machine learning are used to process data, find patterns, classifications… 
  
So I decided to develop a project that can help me develop my experience working on IoT fields                  
plus applying the recently learned tools of Data Science. Why exactly this one? Apart from               
being a technological fan, I’m really into music and production, and when using software (which               
is full of commands and tools) with my instruments, it’s hard either to use a keyboard a mouse.                  
Then this idea came to my mind, and, if it’s usable on music production, why shouldn’t it be                  
used for all kinds of workflows? CAD, developing or just browsing the web. Or a device that is                  
capable of address the accessibility issues of people, such as the incapability to use a               
keyboard, blindness, or lack of knowledge in new technologies. 
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Scope 
 
The objective of this project is being able to design and implement a device that is capable of                  
detecting three “gestures” made with the tip of the fingers and trigger an “action”. The gestures                
are hitting the surface two times, scratch the surface and the last one hitting it three times but                  
faster. Those actions are made interacting with the device where the sensor receives the              
vibration made by the gesture, process the information on an Arduino, and via serial port               
transmit all the information to the computer. There, a classification algorithm detects the pattern              
and decides which gesture was the user trying to do. Once the classification is made, the                
program executes the action that the gesture was supposed to do.  
 
For this specific project, the actions that will be triggered, depending on the gestures order, are                
the following: 

- Open and close google docs 
- Toggle the “voice typing” tool 
- Send the text that was written on e-mail. 
- Open Gmail history with received/sent mails with this device 
- Close Gmail. 

 
Why these concrete actions? Because, although it can be used for making the workflows easier               
for some professionals, one of the uses that came to my mind, as I said earlier, is to help people                    
with accessibility problems. In this case, we are addressing the keyboard accessibility problem.  
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State of art 
Some projects that inspired me for making this work are the ones that are more related to IoT                  
classification. For example, this year, on the “internet of things” lectures, we had to choose from                
a pool of projects and develop them. I had a lot of inspiration from there, the possibilities the                  
project had and how to properly prepare to take on this kind of workflows. The project my group                  
chose was related to classification as well, but in another scope regarding the model, as it was                 
an artificial vision problem but thanks to my group companions and the teacher, I managed to                
finish and introduce myself to this world 
 
Regarding the part of analyzing the signal from sensors with Machine Learning, this has been               
also a common use of it. The fact that the internet of things industry is growing fast, the amount                   
of data that is being generated is escalating quickly. Machine learning algorithms are capable of               
synthesizing these large amounts of information and extracting a conclusion, that can be in the               
form of classification, regression, clustering, component and feature reduction… One of the            
inspiring projects that the teacher showed us was using accelerometers and gyroscopes to             
discern between a user that is running, walking, going upstairs or downstairs. 

Figure 1. Comparison of staying, walking, and jogging using accelerometer magnitude signals.[1] 

 
As we can see in Figure 1 there is quite a lot of difference in the tree states of the classification,                     
and with the proper use of classification techniques, a software app is capable of differentiating               
it. 
 
Regarding the analysis of the vibration as a user interface, there are some projects that are in                 
the consumer market right now. One of the recent launches is included in the iOs 14 operative                 
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system from Apple. When the user double-tap the back part of the phone, the OS makes a                 
screenshot. The approach of this application is slightly different, as iPhones don’t have a proper               
vibration sensor but rather an accelerometer and gyroscopes. This kind of components are             
capable of measuring the differences of inclination on the back cover made with the finger and                
also with Machine Learning algorithms trigger the action, in this case, doing a screenshot.              
Although this seems new technology in the mobile world, some android personalization layers             
have been doing this for a quite long time like Huawei [2].  
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Theoretical concepts 
 
In this document, we will talk about a plenty of different concepts that were being used or tested                  
during the design as well as the final implementation, so it’s important to give a small                
introduction and overview to them. 
 
First of all, what is the vibration we are referring to? 
 
We are talking about the vibration that a body with mass generates when it hits another body                 
with mass. Those vibrations are propagated on the matter in form of mechanical waves[3]. In               
the air, we perceive this vibration as “sound”, and if it’s a surface, as small oscillations in the                  
body. We want to read the information that the oscillations have, such as how hard was the                 
body hit, when or in which way.  
In the project, the first gesture consists in gently tapping the surface two times. This generates a                 
mechanical wave that propagates through the IVAD surface until it crashes into the sensor. This               
wave is going to be different to the one of the second gesture, that consist in scratch the                  
surface, which is going to generate much softer vibration but more equally distributed in time,               
and not two big peaks. 
 
Also, different kinds of surfaces have different characteristics regarding how vibration           
propagates in its interior. Later on, I’ll explain the difference between glass and wood, the two                
materials I tested on the development of this project. 
 
 
How do we gather this vibration information?  
 
We use a piezoelectric sensor, a component that generates an electrical charge when is under               
mechanical stress (like deformations, compression, force, or as in our case, vibration). This             
electrical charge depends directly on the amount of effort applied[4][5]. 
 
There are different piezoelectric sensors, depending on which magnitude the user wants to             
quantize and the most common ones are pressure sensors and acceleration sensors. The ones              
that we used are called “contact microphones” (also called electroacoustic piezoelectric           
transducer), because yes, this kind of sensors do the same as microphones, transform the air               
vibration into an electric signal, but as a difference that the piezoelectric contact microphones              
doesn’t detect the air vibrations and due to its shape, materials and characteristics are perfect               
for solids vibrations detecting. In fact, we can generate vibration (sound) if instead of reading the                
sensor, we send an electric signal with a continuous freqüency. 
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A piezoelectric sensor is made of two different parts: 

Figure 2. Picture of the piezoelectric used in the project 
 
As you can see in Figure x, there are two different surfaces: the outside metallic-yellow one, and                 
the grey one on the interior. The interior is made of ceramic and it’s positively charged while the                  
metallic one, made usually of brass or alloy is negatively charged. To make use of the electric                 
charge, two cables should be welded on the two surfaces. 
 
 
 
Once we have briefly explained what is our sensor, now we can talk about how we can read the                   
information the sensor provides us. We will use an Arduino UNO REF3[6], an electronic board               
equipped with a microprocessor, analogic inputs, digital inputs/outputs, serial communication,          
analogic to digital converter and much more. With this dispositive, we can load a program into                
the Atmel328p[7] microprocessor through the serial port, read the analogic port where we             
connect our sensor and send the information to the computer via the serial port. The information                
we receive from the sensors is in form of electrical signals, and once quantized and sampled on                 
the Arduino, it sends it in a numeric format. In this project, the use of the Arduino is quite limited                    
and only works as a bridge between the sensor and the computer. 
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What do we do with this information? 
 
We need to classify if the signal we just received corresponds to the gestures 1, 2 or 3. In order                    
to do that, as humans, we would plot the representation of the signal, and depending on how                 
the wave looks, we would classify. The way a computer can classify is with algorithms, in this                  
case, of Machine Learning. Those algorithms are designed to learn through the experience, so              
given a dataset, they can learn the patterns and make decisions based on those experiences               
obtained from the dataset. Machine Learning is commonly seen as a subset of Artificial              
Intelligence[8] 
 
There are 3 types of approaches regarding how the algorithms are trained: 
 

1. Supervised learning algorithms: when elaborating the dataset, you also write the variable            
to predict. For example, if you want to classify people in gender given some              
characteristics about their lives, in the dataset you should state if he/she was male or               
female (output variable, the one to predict). The goal is to learn a general rule that maps                 
inputs to outputs, so given a person with certain characteristics can be classified in              
gender correctly.  
This kind of approach has a lot of known algorithms designed and researched and are               
the most common due to the high success you can get. 
 

2. Unsupervised learning algorithms: The variable to predict is not given in the dataset, so              
the output is not labelled. The idea here is to look for the structure of the data to extract                   
useful information such as patterns, or features. Not very good as an endpoint of              
prediction by itself. 
 

3. Reinforced learning algorithms: This kind of algorithms are a bit different. The key             
elements are the Agent and the Environment, and the training is done by rewarding the               
agent by a 3rd party viewer, so the algorithms seek to max the cumulative rewarding.  
 

And depending what is the purpose of the algorithm there are also some types. The most                
common are the following ones: 
 

- Regression: The output value to predict is a continuous number in a range. For example:               
given the specs of a computer, predict the price 

- Classification: The output is the label of the class which is a limited subset of values.                
This project is an example of classification, as we want to predict if the signal from the                 
vibration (input) correspond to the 1st, 2nd or 3rd gesture. 
 
 

What models were used in this project? 
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In this project, I tested diverse Classification supervised algorithms, and I’m going to introduce              
briefly the most successful ones (applied to this data). On the model part of the project, I will                  
explain more about how I used them.  
 
-SVC (Support Vector Machine Classifier)[10]: The objective of this algorithm is to find the best               
way to split different classes with a hyperplane. If our data has 2 features and we want to predict                   
a label, we say that we have a 2-dimensional data. So this scales for n-dimensional data. The                 
interesting part is when, in this 2-d scenario, the data is not separable with a simple straight line. 

Figure 3. Scatter plot with 2 classes and an attempt to separate them with SVC [9] 
 
As we can observe in the figure 3 there is a pattern but is impossible to make a proper                   
classification boundary. SVC manages to solve this classification problem raising the current            
data to a higher. 
dimension to see if there there is (in this case, would be 3-d) a plane that can split the classes                    
better. In Figure x below we can see an approximate visualization. 
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Figure 4. Visualization of the projection to a superior dimensional space [9] 
 
The plane that manages to separate the data here is quite clear in figure x but is not always like                    
that. To make this projection, the algorithm should test every point (n dimension n points) but                
due to the complexity of the computation, is not a good approach. There is what is called a                  
kernel trick [11], a method that uses a similarity function over pairs of data points in raw                 
representation. There are different types of kernels: radial-basis function, Polynomial kernel,           
neural tangent… but are out of the scope of this introduction to the algorithm.  
 
-Random forest. This is the parallel aggregation of the decision tree. The decision tree is a                
method that depends on the features, the data is being classified deeper and deeper until the                
last leave through all the conditions, where the prediction label is. 

Figure 5. A decision tree for the concept Play Badminton [12] 
 
In this case, the input are discrete features of 1 dimension, but can also be continuous data of                  
more dimensions.  
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Random forest algorithm logic resides on adding a number of trees (defined in the parameters),               
that make a classification. Then the average of those classifications is computed and the              
probability is returned. 

Figure 6. Random forest classification tree scheme [13] 
 
 
-Gradient boost is a type of algorithm that uses a combination of decision trees with weighted                
results that propagate thought the trees in series, not in parallel like the random forest. The                
result of the first tree affects the result to the second. 

Figure 7. Gradient boost scheme [14]  
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In Figure 7 we can see that in the first iteration of the gradient boost algorithm, the result of the                    
classification tree is 3 misclassified circles. The second iteration, the next tree is added with               
another condition, in this case, the red circles are well classified but the blue square is not so in                   
the last iteration, the algorithm classifies all the train data correctly. 
The algorithm keeps training forever to make the score as good as possible. It’s usually a very                 
good model in regards to accuracy. 
 
-Light GBM. This algorithm is an open-source distributed gradient boosting framework for            
machine learning originally developed by Microsoft. So it’s using the same procedure as             
gradient boost but packs some advantages (from the official documentation):  
 

“Faster training speed and higher efficiency, lower memory usage, better accuracy,           
support of parallel and GPU learning and Capable of handling large-scale data.” 

 
With LightGBM you can tune the training very deeply and also it’s more time-efficient in terms of                 
fitting and predict than other Gradient boost algorithms, although it depends on the data. [15] 
 
-Naive Bayes [16] is a group of supervised machine learning classification algorithms based on              
the statistical Bayes theorem . It is a simple classification technique but has high functionality.              1

They find use when the dimensionality of the inputs is high like text data, or our project which                  
has 12002 features. Can work even if the number of entries of the training data is small. One                  
assumption taken is the strong independence assumptions between the features. These           
classifiers assume that the value of a particular feature is independent of the value of any other                 
feature. 
 
From these assumptions, each feature counts the value it has for a given classification result.               
For example, if the sample number 24 has values around 5 when the output label is 1, then, on                   
the test set, if it sees a value of 24, it will have low probability. So when we have an array of                      
features with different values, we have to compute the Bayes theorem of all the components               
with the following scheme. 
 

( label1 | feature1, feature2… feature n) P  =  P (feature1)·P (feature2)...P (featuren)
P (feature1| label1) · P (feature2|label1) .... P (label1)  

 
Then after this is calculated, is tested with label2 and label3. The Label with the most probability                 
is the output class. 
 
The difference between the Bernoulli and the gaussian classifiers is the way it treats the               
features’ values. Bernoulli assumes that the data is going to be binary, and if not, it’s binarized                 
by a given threshold. The gaussian assumes that each value from the feature follows a normal                

1 Bayes theorem: Conditional probability is the likelihood of an outcome occurring, based on a previous                
outcome occurring. Expressed as P(A|B), probability of A given B. 
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distribution. Following the previous example, if the value was around 5, we would assume that               
there is a gaussian distribution with an average of 5 and a standard deviation of 4 (for                 
examples). So the count of probability takes into account if the value falls in the gaussian                
distribution or is a remote probability.  
 
And the last algorithm to explain it’s Component Reduction. This algorithm is not a classification               
one but rather a statistical analysis one. It’s a method for quantizing how important is a variable                 
for the given output. It’s calculated by the difference of the spread across the axis. To visualize                 
how it works I will use a 2D scenario.  

Figure 8. Scatter plot with principal component representation[17] 
 
On figure 8 we can see a spread of data. The green and red arrows represent what is called the                    
principal component. As we can see, the red is 3 times longer than the green. So regarding the                  
importance of the data, as the green vector data doesn’t change that much, so is less                
significative, and if we wanted to, we could project the green feature into the red one,                
transforming the data to 1 dimension. In this example, we have 2 dimensions but we can have                 
n-dimensional principal components. In our project, there are some features (samples) that the             
value doesn’t change a lot because is on a rest state, so if we do a PCA, all those useless                    
information is projected to other dimensions. It’s usually a good tool to use when you need to                 
use models that are susceptible to have problems with high dimensional data. 
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Developing phases of the project 
 
During the duration of the project, I’ve been organizing myself and the work in different phases                
in order to keep control of the progress and have a clear cut of what is working and what part is                     
not. The big two conceptual parts of the project were the Physical part and the Software part.                 
The first one captures everything related to the piezoelectric sensors, how do I make the               
adaptation of sensibility, the Arduino code, transmission, the case of the device... And the              
second is basically the data gathering, making the dataset, elaborate the classification and             
triggering the actions itself. The parts that will be explained in this section of the memory of the                  
project are the following: 
 

- Architecture design 
- Electronic design 
- Dispositive design 
- Elaborating the dataset 
- Classification model 
- Automatic gestures 

 
Regarding the software part, during the development, I used Git version control to have a track                
of the new features, changes and design. The project has two branches, one being the master                
branch were all the final modules and code is placed, and the one the consumer should clone to                  
run the device. The other one, Model testbench, is a support branch I created while I was                 
testing the Machine Learning models, and where I extracted, for example, the results to later on                
test the model.py module. 
 
On the annexe will be the full code with a link to the repository, a picture gallery of the prototype                    
and graphs from the input signal, and the reference prices used for calculations.  
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Architecture Design 
 
The final architecture of the project is the following. 

 
Figure 9. Diagram of the architecture 

 
As we can see in figure 9, there are two separate parts that are joined by the serial connection                   
from the USB. The part in the left is the physical device where the user interacts and makes the                   
gesture. This is the part where all the electronics are placed (sensor and Arduino). The sensor                
is connected to the Arduino, and this one is the bridge to the exterior of the physical device. On                   
the Arduino, as I’ll explain in the next part, there is a code loaded that sends everything it reads,                   
as transparent as possible and it’s always turn on. 
 
On the other side, we have the codes that are running on python on the computer. The software                  
is organized into 4 different modules. The first one from left to right, is serial_read.py, as the                 
name says, is the one that handles the information coming from the serial port. This module has                 
a function to generate the dataset by calling to this module directly, called iterator, but also                
functions to be exported on other modules (model and main). Two of the most used functions                
are the wait_until_serial_port_is_available_and_connect and serial_signal_read.  
 
The second module is model.py. In this one, we encapsulate the training of the Sklearn module,                
the prediction function and the find peaks. It also features an evaluation function to do live                
testing and check the performance of the model with fresh data that is reading from the serial                 
port (using serial_read functions). The core of the module, the model, will be explained in its                
part of this memory. 
 
The third module is automatic_actions.py. It handles the actions to be done when a certain               
gesture is detected. In this module, we find the press_and_release functions, used to             
encapsulate the keyboard interactions that need to be done and the proper actions. These last               
ones are used in the main module. It also features a small test to check the functionality of the                   
gestures. 
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The last module is the main program, where everything is a group. It makes use of all the other                   
modules and does the functionality of the project. It consists of one function called run that                
makes an infinite loop, reading from the serial, predicting and doing the action detected. 
 
Apart from the modules that we can see on the diagram, we must not forget about two other                  
important ones: the dataset (called “dataset.csv”) and the model (called “model.joblib”). Is not             
mandatory to have both of it, but one is needed. If the dataset file exists but not the model one                    
(as it is on GitHub), the program will train and make the model file. If the dataset doesn’t exist                   
but the model one yes, the program will load the model from there and the dataset won’t be                  
needed.  
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Electronic design 
 
As we explained in the introductory part, the component that we are going to use is                
piezoelectric. This element, although is capable of generating an electronic pulse, has some             
properties that made it unsuitable for this kind of project as a standalone component. 
 
The first problem we encounter is the sensibility of the sensor itself. There are many types of                 
piezoelectrics regarding sensibility and size, after some research, I couldn’t find a one that was               
suitable for the project without a sensibility adaptation. The lightest touch in the table was also                
registered and caused a noisy signal. Another problem is the trigger time. When there is a hard                 
stroke in the piezoelectric, the sensor takes some time to restore the rest-point again. This was                
a problem in the tests I made because with this issue, the third gesture (hitting 3 times fast), was                   
only plotting the firsts hit clearly. 
 
To continue testing I found a commercial sensor with some adaptation circuit so I decided to                
test. Surprisingly, this sensor from the brand innovateking-EU[18] didn’t have any datasheet or             
documentation. It had some information details about the needed voltage and where to connect              
the piezoelectric but not much more. It had two pieces, the circuit and the piezoelectric. 

Figure 10. Innovateking vibration sensor circuit 
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As I had no information regarding this sensor I decided to do inverse engineering to discover                
how it performs. The two components that we can see in the middle of the board (Figure 10) are                   
smd components with a 105 and a W8. After some research, I discovered that the small 105                 2

box corresponds to a 1MΩ resistor and the W8 to a Zenner diode. Unfortunately, that is the only                  
information I had, as no serial numbers or similar were printed. The circuit implemented on the                
board is the following: 
 

 
 

Figure 11. Implementation of the sensor innovateking 
 
The function of the Zenner diodes is to act as a max voltage regulator. Piezoelectric sensors                
when hit with very strong force can produce a tension peak higher than the expected output                
being dangerous for the electronics.  
 
With this design, I was having good results in terms of piezoelectric dynamism, but lower               
outputs. This is great because the noisy vibrations were filtered a bit, but the peaks made from                 
the gestures weren’t that high. I decided to test an amplifying non-inverse circuit, made with               
op-amps, but the output was very dirty and sometimes saturating. If I wanted to filter this noise                 
with a capacitor, the result was that no signal was obtained, as the gestures are short but                 
intense signals, and were also filtered by the capacitor. So I decided to don’t use either op-amp                 
or capacitor and process later on the information with the software. 
 
Also, I checked to put extra resistance in parallel on what would be the charge between the                 
signal and the GND, and between the signal and the Arduino. After some benchmarks, I               
decided that the difference was not significative enough to add this resistor. 
 
This sensor was connected to an Arduino UNO REV3 board. The signal output from the sensor                
is connected to the analogic input and GND that is connected to GND from Arduino. This board,                 
as explained on the theoretical concepts is capable of reading an analogic signal because it has                

2 Surface mounted device are a type of integrated electronics that are mounted on the top of the board                   
and soldered on the same plane. 
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an analogic to digital converter. This analogic to digital converter (ADC) can be adjusted with               
the sample rate and depth precision that the user wants. I decided to use the least sample rate                  
as I could that I was still able to perceive the wave. I used the 10Khz sample rate and the signal                     
was perfectly readen. For precision, I used 10bit depth. So every steep on the ADC value is                 
going to be 5/1024 = 4.88mV 
 
To see and benchmark the sensor in the firsts stages, I was using a tool from the Arduino IDE                   
(on version 1.8.13) called a serial plotter, that just plots in real-time the value obtained from the                 
ADC. After some improvements in the python3 code from the computer, I started using the               
serial_read.py module to test it.  
The Arduino code performs a read on the Analog input and sends this byte read to the serial                  
port. It was developed with Arduino IDE environment, written on C but making use of high-level                
libraries of Arduino. The code is very simple and it’s as transparent as I could. This design                 
choice was for two reasons: 
 

1. From the point of view of programming, having to change the code only from the python3                
modules is much easier and can be extrapolated for other kinds of projects. If you               
condition all the python3 code to an already processed data from the Arduino, it will not                
work if you change the vibration sensor for another kind of sensor. 

2. From the point of view of adding new gestures, if I had added a threshold for filtering the                  
noise, for example, In the future if I wanted to implement another kind of gestures that                
require less force (like the second one), could be problematic as the thresholds             
sometimes wouldn’t be a pass. This is why I decided to implement the thresholds on the                
model part as an extra feature, as you will see in the corresponding part. 

 
Regarding the serial port, to send this information I used the following characteristics: 

- 8 bits and 1 stop bit. This means that every sample from the analogic data is stored ina                  
byte, and sent via serial port with a separation of 1bit. So for every sample, Arduino is                 
sending 9bits. 

- Baud rate of 115200 bits per second. Baud rate is the speed of transmission of the serial                 
channel, and it’s measured with bits per second. If I’m sending 115200 bits each              
second, this corresponds to 12800 samples each second. The sample rate I used is              
inferior to the baud rate, so the serial port has to wait until the ADC is ready to send the                    
information. I decided to use 115200 and not 9600 because otherwise, I would lose data. 
 

On the annexe, there are three graphs of the lectures of the 3 gestures (figures 37, 38 and 39) 
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Dispositive design 
Regarding the encapsulation of the physical dispositive, there were two main challenges: How             
should the sensor be placed, and what should be the surface material. After some testing with                
the serial plotter from the Arduino IDE, I discovered that to maximize the SNR (signal to noise                 
ratio), cleanness, accuracy and amplitude of the signal, the sensor should be faced to the               
surface where the gestures had to be done, but under it, not next to it. In the following                  
illustrations you will see both scenarios. 
 
 

Figure 13. Collocation of the sensor next to the hitting surface 
 
 

 
 

Figure 14. Collocation of the sensor under the hitting surface 
 
 
 

23 



IVAD Andreu Roca 

 
In the first scenario (figure 13), the piezoelectric is placed next to the point where the gestures                 
are made, but in the same face. The waves that this sensor positioning receive are weaker and                 
noisier, as the piezoelectric is receiving part of the bounces that the waves generate when they                
reach the bottom part of the surface, resulting in a suboptimal positioning. 
 
In the second scenario (figure 14), the piezoelectric is placed exactly under the surface facing               
the point where the fingertip touches. The signal is stronger and cleaner as the signal doesn’t                
bounce between the point on the surface and the point under where the sensor is. 
 
This discovery had several implications in the design phase, as at first, I wanted a sleek                
dispositive that could be incorporated in a normal desktop, using its wood as the surface of the                 
device. But after extensive testing, the usual desktops resulted very thick and the signal was not                
enough to pass thought all the material, so I decided that I had to make a dispositive that could                   
fit an Arduino Uno, a cable and have a small surface that would be the point where all the                   
gestures would happen. This raises the second question of this section, what should be the               
surface material?  
 
I tested two different kinds of materials, glass and wood. At first, I thought that, as the glass was                   
less noisy when you hit the surface, and denser, more vibrations would propagate in the interior                
of it, so I would receive a more clear signal. But the results stated the opposite, as the wood I                    
tested was lighter and slimmer than the glass, the vibrations reached the sensor almost 4 times                
stronger with the similar force required. Even taping with rigid objects didn’t make the glass               
shine versus the wood. This could be also because it had a bit more of room and the fit wasn’t                    
that high, so the contact of the wood to the aluminium frame could amplify the vibration                
generated. Also, the wood has texture on its surface, not like glass that is completely flat and                 
polished, so we are able to do gestures like scratching as we do on gesture number 2. 
 
Once the two technical aspects were resolved, the final step was to determine the form and                
design of the device. The solution I got was this prototype, made by aluminium. It has 3 main                  
elements:  

- The bottom concave part, where all the electronic components are placed. It doesn’t             
have any vent except for the cable hole as it’s not needed for the power that Arduino is                  
using in this project. In the exterior part there is a cushioning pad to prevent the device                 
from sliding on the table (causing some resonant vibrations inside) and to absorb the hits               
that would go from the device to the exterior resulting in a cleaner signal.  

- The superior frame, that is screwed into the bottom part to fix the surface. It’s also made                 
of aluminium and I decided to include a slim silicone layer to avoid the bounces from the                 
wood to the metal. 

- The surface itself, made of the thin plywood sheet of 2mm. In the inferior part, the                
piezoelectric is fixed to it using adhesive tape and silicone. 

For pictures of the device check on annexe (Figures 31-36) 
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Those materials were recycled from old devices. The aluminium body was recycled from an old               
exterior lamp, the superior fitting was from a waterproof case from a pool, and the plywood                
surface was from the leftovers from a school project. In order to reproduce that on production, I                 
designed a sheet, made also with aluminium, that with minimal cuts and foldings can reproduce               
the shape. 
 

 
Figure 15 Flat representation of the body of the device. 

 
With this scalable footprint, cutting the grey shape and folding the peripheric wings, you get a 
similar body shape. Also, the used area is quite high from the total so the waste (non used 
surface) is minimal. To match the built device, the measures of the big square should be 30cm. 
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Figure 16. Simple multiview representation of the body once is cut and folded. 

 
On figure 16 we can see the different projections represented from the body. It’s a rather simple                 
design making it easy to reproduce and ensemble. 
 
For the fitting top part, an aluminium angle frame should be used to close the body. 
 
This device is a prototype. A final design should be much more slim and ergonomic, maybe with                 
curve surface to adjust to the hand. Another solution that could be great is to offer this solution                  
as an installation to the current workspace, embedding the prototype to the desk, so It would                
result in a flat, non-invasive approach. This option would require some calibration of the project               
and a different choose of sensors probably to adapt to the new material, and also, a workaround                 
to the fact that the device is wired for data transfer and energy. This is stated on the Continuity                   
part of this paper. 
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Elaborating dataset 
 
To collect the data, I decided to create a program in python3 called serial_read.py that was                
listening to serial Port, where the Arduino was located (/dev/ttyACM0 as default on Ubuntu              
operating system), sampling the information and writing into a CSV file. I decided to use this                
kind of file format because is quite standard in the data science world and was suitable with the                  
tools I was using to read it. The script facilitates the task of writing the CSV file and stating the                    
classification, as it haves 3 loops that iterate during the execution of it. The first one, integrated                 
as a function called serial_signal_read, reads the serial port, concretely 12K samples. The             
second loop, states how many repetitions for each gesture will be asked to store on the dataset.                 
And the third loop is an iterator that changes the gesture. With this third one, you can set to                   
register the number of gestures you desire. In the final design, I used 3 different gestures and a                  
dataset of 600 entries. 
 
The dataset has the following format: 
 

N of 
sample 

0 1 2  ... 11999 Threshold 
times pass 

Peaks 
count 

Classific
ation 

1 Values of ADC. int int [1,2,3] 

... 

600 Values of ADC. int int [1,2,3] 

Figure 17. Scheme of the dataset 
 
 
The data array is made of 12000 samples (the columns with the header 0,1,2,...11999) and is                
the serial port reading. The maximum theoretical value it can have is 1024 as the Arduino ADC                 
is used in 10bit depth precision, but the maximum practical value hitting the surface with a rigid                 
object as hard as I could (taking some care to don’t break it) is around 200. The usual values                   
are around 0-25 for gentle taps, and if you use the fingernail you can reach up to 60 in some                    
cases. 
 
The threshold times pass is a feature added in the latest part of the development of the project                  
in order to improve the model performance and accuracy. It counts the times that the data from                 
the serial port surpass a threshold which is not very high (around 10 for default). This feature is                  
calculated while iterating thought the lecture of the 12000 samples with a small comparator with               
hysteresis block of code. It’s done while reading, not after all the samples are stored.  
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The last feature is the peaks count. This variable counts the number of high altitude peaks in the                  
data. The raw signal coming from the serial port is not a clear and continuous step or “mountain”                  
but a peak with high fluctuation due to the small bounces of the piezoelectric and the surfaces.  
 
To compute this feature, at first, I designed a small state machine that was iterating through the                 
data list and search for a point that is higher than the previous and the next one, but this                   
approach generated more than 800 peaks, as I stated before, there are a lot of fluctuations and                 
was not a successful and interesting feature, because the difference of peaks between the              
gestures was minimum, if existent. Also, every sample I had to iterate through a 12000 element                
list.  
 
After some research, I found that SciPy, an extensive data science library had a toolbox               
specially designed for signal processing[19], where there are several functions and methods            
that facilitate tasks like filter design, convolution and spectral analysis. The function I was              
looking for, peak detection, was designed and could be adjusted with a high number of               
parameters. If you call the function with only the data where you want to look for peaks as input,                   
the results are exactly the same as done by hand, but after some tweaks, you can filter some of                   
the unwanted peaks detected.  
 

 peaks, _ =find_peaks(data, prominence=0.95 ,distance=250, threshold=3) 
 
The second parameter, prominence, is the main filter of this function and, as the documentation               
states: “The prominence of a peak measures how much a peak stands out from the surrounding                
baseline of the signal and is defined as the vertical distance between the peak and its lowest                 
contour line.”[20] So a value of 0.95 means that is higher than 95% of the surroundings. Using                 
this parameter only resulted in filtering the low noisy signals but still was catching the bounces                
from the peak, as in the high amplitude parts of the signal the fluctuations with minimal samples                 
of distance still meet the requirement. To solve it, the second parameter, distance (in number of                
samples), express what is the minimum distance for a peak to be detected, and as the bounces                 
that I wanted to filter were close together, this parameter filtered the problem. As I don’t want to                  
know where the peaks are, but just the number, this wasn’t a problem. But if otherwise, I would                  
need an exact point where the maximum peak is detected, this wouldn’t be a right approach as                 
the detection would trigger at the first point where the requirements meet, not the absolute               
maximum. This find_peaks function is encapsulated on the model.py module, the           
find_peaks_num function. 
 
This dataset generator was really important in the development of the project, as the dataset               
had to be re-done several times in order to try the hardware part changes and the classification                 
model. As I wanted to also have a script that listens and plots the signal from the serial port with                    
the window of 12000 samples, I thought that was a good idea to incorporate the plots on this                  
program, firstly to see and check how were the hardware and physical changes going, and               
second, to detect noisy and wrong entries in the dataset, so then I could manage to clean                 
without having to review the entire dataset once again. 
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Once the dataset was successfully generated, it was time for the data cleaning, as there were                
entries where the device was moved and captured interferences or the gesture wasn’t done in               
the correct time frame etc. On this dataset generator script, we could visualize this kind of                
signals so when I found these errors, I wrote the num of entry, and then I simply erased this                   
entry.  
 
A problem I faced while developing the model was that I had a very good score on the test                   
score (theoretical accuracy), but then, once the model was added to the code outside the               
testbench, it was not working as expected due an excessive amount of data cleaning that was                
made. The dataset captures imperfections from tapping stronger and softer, more spaced in             
time, etc, so cleaning the dataset that much caused the algorithm to be wrongly trained and was                 
not prepared to tolerate the real world imperfect data. 
 
On the annexe, there is a special part for the graphical representations of all the signals (figures                 
37-41) 
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Classification model 
The most complicated and challenging part of the project due to the nature of the data and the                  
lack of deep knowledge. The main tool I will be using, as I stated previously, is                
SkLean[21](“Scikit-learn”) on version 0.0. This python3 library contains algorithms and tools for            
data science processing and machine learning. The machine learning models that we are going              
to test are the “supervised learning - classification” ones. 
 
To have a fast way of testing the algorithms I used Jupyter Notebook[22], a common               
development tool that gives the possibility of running only the pieces of code you write inside a                 
cell. So I can write a cell for each algorithm and try them separately and see the results for each                    
one. The versions used are jupyter 1.0.0, jupyter-client 6.1.7, jupyter-console 6.2.0,           
jupyter-core4.6.3 and  
jupyter-kernel-gateway 2.4.3. 
 
I decided to try to test all the most relevant classifiers from Sklearn, plus some additions from                 
my personal experience that were usually successful. From that first list, the best resulting              
models were selected and further evaluated. Those best resulting models are the ones             
explained on the Theoretical concepts part of the project. 
 
The algorithms that I tested at first were the following.  

-Linear SVC 
-SVC 
-K Neighbours classifier 
-Ensemble methods 
-Naybe Bayes methods 
-Logistic regression 
-LightGBM 
-Dimensionality Reduction 

 
In every machine learning project, the first thing you need to do is load the dataset. For this, I                   
used Pandas (version 1.1.1), a data analysis library that handles the creation of DataFrames, a               
structure that is very easy to use when reading from CSV files or to give as a parameter of a                    
model as it’s fully compatible with NumPy and SkLearn, the two other big libraries that I used. 
 
Once the dataset is stored on a variable, it’s wise to separate the features (X) and the output                  
label (y). In our case, the features were the signal array made of 12000 samples, the                
threshold_times_pass int, and the peaks_number int. The output label, was the gesture done.             
With this X an y, we perform a train and test split. This method is done to evaluate how the                    
model performs with the data that is not included in the training. In this project, I used a split of                    
70% of train data, 30% of test data. With this scheme, the objective of the model is to maximize                   
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the accuracy obtained in the test data, as calculated on the train data may be misleading, as it                  
may cause overfitting. 
 
 

 
Figure 18. Classification boundaries with underfitting, appropriate fitting and overfitting[23] 

 
In figure 18 we can see different types of classifications, being the first one the less accurate,                 
because is not capable of separating the two labels (rounds and crosses), and the last one                
being perfect as it can separate each case perfectly. The truth is that the last graph is overfitted                  
to the train data, but not flexible enough to adapt to the fresh one, so it’s unusable. On the                   
training score, the accuracy is going to be close to 100% but on test data, is going to have very                    
bad accuracy. The overfitting usually occurs when the model that is being trained is to complex                
for the data. 
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Figure 19. Extreme example of a good regression model vs overfitting model.  

 

As a simple example representation (Figure 19) if you want to fit 3 points on a regression, you                  
can use a straight line, or a parabola and those points will fit well (with some minimal error). If a                    
new point appears, the chances are that the error of this new point is low (if the nature of the                    
data is correlated). But, if we decide to fit those 3 points with a model of order 200 (a function                    
like this x200+x199...x0), the points will be perfectly fit with an error of 0, but the new point error can                    
be quite drastic. 

 
Figure 20. Values of train set error vs test set errors when underfitting, appropriate fitting and overfitting[24] 
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To know if our model is overfitting, we have to evaluate the model with the test data. As we can                    
see on figure x, the test data error increases when the model is not generalizing enough for new                  
data, so the goal of all the models tested on this project is to minimize the test error, and once                    
the first selection is done by simple accuracy, then all the kinds of scores like precision, recall                 
and f1-score are evaluated for more success in the implementation of the model. 
 
To start the training of a model on Sklearn, first, we need to create a model instance and assign                   
it to a variable. Then, we need to call the fit method, and in the end, to evaluate it, the scoring                     
method. The schema is the following. 
 

Model_variable = Model_one( parameters of the model ) 
Model_variable.fit(X_train, y_train) 
Model_variable.score(X_test, y_test) 
 

To obtain good results, the parameters of the model are crucial. Those are model-specific and               
every algorithm has its own. To know how to use and how to choose a starting point, you have                   
to know the nature of the data and the limitations of the model. As an example, there are                  
models that don’t care about how large are the numbers, like Random forest, but there are                
others that is very important to use smaller values a centred around 0, like SVC. In our case,                  
this example was not relevant as our data was normalized in the data collection part. 
 

 
Figure 21. Random Forest classifier parameters from the SkLearn documentation [25 ] 

 
On figure X we can see the parameters of the RandomForestClassifier as an example. Those               
parameters define how deep the trees are going to be, number of leaves, number of trees…                
The implications of those parameters regarding the classification are explained. 
 
To have a clear organization on what to test, I designed the following pattern: 
 

- Test the model with some light tunning 
- Test the model with dimensionality reduction 
- Test the model with hard tunning of the parameters and cross-validation. 

 
This path is designed in this way, because the last step, the hard tunning of the parameters, is                  
time demanding. The first step, as we saw previously, is to use the fit and score methods and to                   
see what parameters are more important, or if there are parameters that change drastically how               
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the model works (for example, the kernel parameter of the SVC, or the solver logistic regression                
classifier).  
 
The second step is to use some sort of dimensionality reduction, like Principal Component              
Analysis[26]. This algorithm finds what are the features that are important for the prediction and,               
depending on the parameters, erases the others. An important thing to take into account is that                
this algorithm has two important methods: fit, and transform. The first one just computes the               
function but doesn’t change the data, and the second is used to apply this function. To do this                  
correctly, the fitting only has to be on the train split of the data, and the transform has to be                    
applied to both train and test. This is because, in a real application, the training is done with the                   
data from the dataset, and every new data that you want to predict you have to just transform.                  
This algorithm can receive differents parameters like the number of features you want to keep,               
or the variance explained. This last one is the one I chose to use in all scenarios, as it filters the                     
features that aren’t relevant. The coding schema would be something like this 

 
component_reduction=PCA(0.95) 
X_train_PCA=component_reduction.fit_transform(X_train) 
X_test_PCA=component_reduction.transform(X_test) 
model_variable=Model().fit(X_train_PCA, y_train) 

 
Some models score better when the number of features is not that high because they don’t                
overfit or the prediction time is faster, but if the prediction doesn’t get better, it’s not worth to use                   
it as the transform time adds up and sometimes don’t compensate the prediction time of the                
algorithm. Also it adds complexity to the design, as the trained PCA needs to be also stored in a                   
file to persist it. 
 
And lastly, the third step is to do deep research of the parameters. To do that, you can do it                    
manually but is time intensive and you have to keep control of the results and parameters                
already tested. The solution to this is a tool called GridSearch[27], from Sklearn, that evaluates               
combinations of parameters and saves the best resulting combination. This function, to be even              
more rigorous uses a validation system to compute the accuracy score called Cross-Validation             
(CV). This method consists of splitting the dataset in a number of folds (given as a parameter)                 
and do a train and score with every iteration. This approach is overall more representative, as                
you make sure the train split and test split are biased.  
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Figure 22. Representations of cross-validation splits 

 
In figure 22 we can see how the iterations and the evaluations of test vs train data are done.                   
After all the results are obtained, we can take the parameters of the object and see which is the                   
best performing combination of parameters, and also, what was its accuracy. 
 
This process combination cross-validation with grid search takes very long time do finish, but              
you don’t need to stay focused on this and the results are saved. Some cells did take over 10h                   
to finish because there were over 60 combinations. 
 
To implement this, the first step is to choose the model, and a parameter matrix. Then the cross                  
validation grid search function is called, with the model and the matrix as a parameters,  
 

model_var = Model() 
params=([{'param_name1': [list of parameter values ], 'parameter_name2': 
[‘characteristic’', 'characteristic']} … ) 
 
gs=GridSearchCV(model_var,params).fit(X_train,y_train) 
gs.best_score_, gs.best_estimator_, gs.best_params_ 

 
In this example every value will be tested with every character, so we have n1·n2 different                
scenarios. If we wanted to test more different parameters, n1·n2·n3, and so on. The number of                
combinations scales pretty quickly, and with the extra check of cross-validation, the time it takes               
can be very high. The gs.best_score, estimator and params are to return the most successful               
combination. 
 
Once all the classification models were tested, as you can check on the Model_tesbench.ipybn              
notebook, I took the best resulting models to evaluate them further. The 6 resulting models,               
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already explained how they work internally on the theoretical introduction, were placed on a new               
notebook where I can compare them with more details. The notebook is called             
Final_models.ipybn.  Those models with the selected parameters are the following: 
 

- SVC_classifier = SVC(random_state=1, kernel='rbf', C=80, gamma=0.0001in) 
- GradientBoost_classifier=GradientBoostingClassifier().fit(X_train, y_train) 
- RandomForest_classifier=RandomForestClassifier().fit(X_train, y_train) 
- LGBM_classifier= lgb.LGBMClassifier 

(num_leaves=40,learning_rate=0.001,n_estimators=1000,max_depth=5) 
- NaybeBayesBernoulli_classifier=BernoulliNB(alpha=0.075, binarize=0, fit_prior=True) 
- NaybeBayesGaussian_classifier=GaussianNB().fit(X_train, y_train) 

 
On these models, I decided to calculate the scores of precision, recall, f1-score and support.               
This is because the score function from Sklearn only calculates if the label is correctly predicted,                
or not, so it’s a basic accuracy score. Imagine the following scenario, a score of 80% on the test                   
set, but when evaluated on live, the result is the following probabilities to pertinence to each                
class: [0.31, 0,31, 0,35]. The result from the prediction function would be “3”, but as we can see                  
it’s a very close result, so the model is not classifying with confidence, so when new data                 
appears this model could perform bad, and it’s a misleading score and gives false assumptions               
about how a model performs. Those calculated scores have diverse meanings and            
interpretation: 
 

- Precision: is the ratio of true positives to the sum of true and false positives. Said                
another way, what percentage of positives is really positive.  

- Recall the ratio of true positives to the sum of true positives and false negatives. Said                
another way for all actually positive instances, what per cent was classified correctly. 

- F1: is the weighted mean of precision and recall. The values also go from 1 being the                 
best, to 0. Can be interpreted of the percentage of positive predictions where right.              
Usually considered the most meaningful score to evaluate a model 

- Support is the number of actual occurrences of the class in the specified dataset. 
 
To print those errors, I used a Sklearn function called classification_report, that calculates those              
scores for each class, and prints a table. 
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Figure 23. Models’ score generated with classification_report function 

 
On figure 23 we can see the scoring of the models from the Final_models.ipybn all together.                
The first thing that we can see here, regarding the scoring, in which one is scoring the best in                   
f1-score, the overall most valuable metric. Ordered from higher f1score to less: 
 

1. SVC [28] 
2. Naybe bayes Bernoulli [29] 
3. Random Forest [25] 
4. Gradient boost [30] 
5. Naybe bayes gaussian [31] 
6. Light GBM [15] 

 
The others score, although they are important as well, can be ignored as they have the same                 
value. This is because the dataset is quite well balanced, taking a look at the support column to                  
see the num of entries for each class on the test split, there are 65, 50 and 56 for class 1,2 and                      
3 respectively. But this isn’t enough to give a clear conclusion, because the top 2 for example,                 
have the same f1-score, but if we take a look on the 3 first row that score regarding each class,                    
SVC performs more regularly than Naybe Bayes Bernouilly, that hits a 96 on the 3rd class but a                  
91 on the first one, that is also the one with the more entries. So a good approach is to print the                      
confusion matrix of each model, to see the misclassifications of each class. To do so, I used a                  
function from Sklearn called plot_confusion_matrix. First I plotted the test results, and then the              
general results with the full dataset.  
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Figure 24. SVC and Gradient Boost confusion matrix from test split 

 
On figure 24, we can see that svc classifies the first label with 2 errors on the second label and                    
3 on the third. This means that the label should be 1, but the model predicted 2 times label 2,                    
and 3 times label 3. Looking at the columns we can see that one time was classified as 1 being                    
label 2, and 1 time was being classified as 1 being label 3.  
 
Comparing the first one with the next one, we can see that the 3rd label on Gradient boost is                   
more complicated to classify that on SVC, especially the class 3 being classified as 2. 
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Figure 25 Random forest and LGBM confusion matrix form the test split 

 
In this comparison on figure 25, we can see that both of these models have the same issue as                   
gradient boost, classifying as 2 the class 3. This time the issue is more accentuated, especially                
on lightGBM. Radom forest overall seems to score quite well, but light GBM has also the issue                 
of misclassifying the class 1 as 3. 
 
 

 
Figure 26. Naybe Bayes Bernoulli and gaussian confusion matrix from the test split. 

 
On this comparison on figure 26 between both Naybe Bayes, we can see that Bernoully scores                
much better than gaussian, as we saw on the scoring table. The Gaussian misclassifies the 3rd                
label as 1, and have some other misclassifications all around. Bernoulli’s problem is with              
classifying 1 as 2 but is not concerning. Overall is a pretty good model to take into account. 
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The results of the confusion matrix plot from the full set are quite similar, so no new conclusions                  
can be extracted from there. The only remarkable thing is that there are much fewer errors in                 
percentage in comparison to the test set. 
All those plots test are on the GitHub repository on the file final_models.ipynb that can be found                 
on the annexe. 
 
The last thing to analyze before start doing the model.py module is the time it takes to do the                   
prediction. Is not the biggest concern because the commands that the project use are quite slow                
to execute, but if there was a 2-3 second to predict the test set, this would be concerning. 

Figure 27. Time required for predicting the test set for each model. 
 
As we can see here on figure 27, the slowest model to predict the whole test set is SVC, with a                     
time of 833ms, so it’s averaging 4.62ms for each sample as the test split has 180 entries, so the                   
time will not be a concerning factor on the final dressing. 
 
After the analysis, I decided to test the two best scoring models, the SVC and the Bernoulli                 
Naybe Bayes and start implementing the module where the functions predict and the train will               
be. The implementation of the functions is the same for both models I want to try, but just                  
changing the line where the model is trained. 
 
The first function of the module is train_model. It has some parameters for testing purposes and                
flexibility. The first and second one, are mandatory and are the path where the dataset is, and                 
the second is the path where the model will be stored on. So the dataset path acts as an Input                    
and the model one as an output. 
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The functions use pandas, as in the Jupyternotebook to read from the dataset file. Once the                
dataset is detected, the model is trained. In order to save from execution to execution of the                 
program, you need to make it persistent and save it to a file. There are two options of                  
addressing this, using pickle, or joblib. Sklearn documentation recommends using joblib: 

 
“In the specific case of the scikit, it may be more interesting to use joblib’s replacement                
of pickle (joblib.dump & joblib.load), which is more efficient on objects that carry large              
numpy arrays internally as is often the case for fitted scikit-learn estimators, but can only               
pickle to the disk and not to a string” [32] 

 
The function returns the model as well, to make the final program easier as It won’t need to                  
write to a file and then read from the file but just take the returning model instance. 
 
The next function from the module is the encapsulation of find_peaks from scipy, that I already                
explained how it works previously. It also returns the number of peaks instead of the position of                 
them. 
 
The predict function comes next and takes the data and the model as inputs. This function uses                 
the predict_probability function from the model and not the predict, because this last one gives               
the resulting class, losing the probabilities which is useful information used later on. The              
approach is the following, calculate the probabilities, return the maximum one from the list and               
the index of it plus one, which is the class number (list index go from 0 to 2, and class labels                     
from 1 to 3). 
 
The last function is a loop designed to test if the model that was chosen is working good with                   
new inputs. The function makes use of wait_until_serial_port_is_available_and_connect and         
serial_signal_read from the serial_read.py module. It reads from the serial port 15 times and               
prints the predicted output after every gesture. 
 
With this last function, I decided to test both finalist models to see if there was a significative                  
difference on the scoring. The result was that both models were performing well, but the SVC                
was more flexible with how the gestures were made (the frequency of the hits, the force…).                
Also, the probability was more consistent, so I decided to use SVC for the final model. From 20                  
test, 18 were correctly classified, so the project has over 90% of good classifications.  
 
The only problem detected regarding the classification is when sometimes a hit in the surface of                
the table or in the cable etc, triggers the predict function. In order to solve this, I decided to use                    
a threshold on the main.py module. At the moment is set to 0.70 of confidence, so if the output                   
prediction doesn’t pass this threshold, the gesture will be dismissed. Obviously can cause false              
negatives (gestures made that are not classified good enough) but in this application is more               
critical to do extra gestures (false positives), than detecting less correct gestures (false             
negatives). This is because the nature of the device, a vibration sensor can receive dirty data                
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from hits on the table, dropping things, relocating it, etc. Even with the cushioning pads is not                 
immune to external stimulus. 
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Automated actions 
 
The tasks that the device is automating are the following: 
-Open google docs URL. If you have google chrome open, a new tab will appear, and if there                  
was no google chrome window, it will open one. In order to do that, the session has to be                   
already open on the browser, otherwise, a login screen would appear. For security reasons,              
Google doesn’t allow automatic completion of login credentials.  
 
-Once you are on google docs, toggle the voice typing tool. It’s mandatory to use google chrome                 
for this option, that is why is a requirement on the project.  
 
-Last option is sending the body text from the google docs on email. To do that, there is a                   
hard-coded variable, that can be changed before the execution of the program, to specify the               
email where to send the text. Otherwise, as default, is set to an account created exclusively for                 
this project. To execute this last action, the script must copy all the text and copy it (done with                   
ctrl+a, crtl+c) open Gmail (on the write new email URL), with the same procedure as in the first                  
action, and paste to the correct window. The page takes some time to load, and this is an issue                   
as the only way to address this with the tools I used is to make a sleep of some seconds.  
 
For implementing this I used python3 with the modules of Pynput and Web browser but those                
weren’t the first options neither the most complete. At first, I was going to use the keyboard[33]                 
module for addressing the keystrokes, because it works at a higher level and can receive as an                 
input a combination up to 3 keys. The problem is that due to the way it’s implemented, there is a                    
function that raises an error if you are not running the program as root, which is problematic for                  
my design. Also, as in the same program I have to access to google chrome, is not a good idea                    
from the point of view of security to run it as root. I also tried to remove this function from the                     
keyboard module source code but wasn’t successful. 
 
The final approach I used was, as I commented before, using Pynput (version 1.7.1)[34]              
module. This one works at a lower level but can handle the shortcuts properly. With it, you have                  
to control the press and the release, and when you want to execute a shortcut, the first key you                   
press is the last you release, so it’s a stack approach. Also, it’s wise in case you need to press a                     
character key, to press it the last, just in case the program doesn’t print it as it will remain                   
pressed until you do the release. Different functions were implemented in order to encapsulate              
those actions at a higher level, as you would to with the keyboard module. 
 
Regarding the navigation on the web, at first, I started using Webdriver from Selenium(version              
3.141.0)[35]. This one’s usually used for testing the front end and do web-scraping and it’s very                3

useful as you can, for example, wait until the page loads, navigate through Gmail contacts etc.                
The problem is that Webdriver doesn’t open a new tab on existing google chrome, but a                

3 Web-scraping: extracting and fetching data from the web 
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“testing” google chrome, and this causes problems. At first, I thought that this could be done                
with Selenium initiating a session with loaded credentials, but google doesn’t want scripts to log               
in automatically for security reasons [36]. 
 
The solution was to use Webbrowser and just use it for opening the tabs, with the proper URL                  
endpoint. For example, for opening a new document on google docs, if you are using google                
chrome, you can just type docs.new and it will open a blank document. Otherwise would be                
impossible to point to a document as every account and every document has its own URL                
identifier. For the Gmail approach, to open the write new email you have to put “compose=new”                
as a parameter in the URL. Then to switch from the email destination to subject to the body, you                   
can use the tab key using the pynput functions previously described. 
 
Once I had the three actions implemented I realized that the order of execution was crucial, as If                  
you do the third gesture at the start may cause a program exit (because the second keyboard                 
shortcut is ctrl+C), So I added some control flags and a few related functionalities and               
conditions. 
 
-To send the mail (action 3), you first need to open google docs (google_docs open=true). 
 
This new scenario caused the 3 gesture to be useless until the other two were made, so I                  
decided to create a new possible path for the user: 
 
-If you do the 3 gesture without doing the 1st one, you will open Gmail with the list of                   
“automatic_mail” that are received/send on this account. Also will actualize the gmail_open flag             
to true 
-If you have this tab open, doing the gesture 1 will close it and clean the state gmail_open.  
-Gesture 2 does nothing if it’s not on goodle_docs_open. 
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Figure 28. Representation of the different states of the module 
 

 
 
In this diagram (figure 28), you can see all the expected state changes. As you can see, the                  
gesture 2 doesn’t affect the path of the execution and only works if we are on Docs state. Note                   
that the gesture will take effect and do what is programmed even if the current tab is not the                   
google docs one. So if there is a page that ctrl+shift+s is used, action 2 will trigger. 
 
In this design there are a few vulnerabilities: 

- If the user decides to change the current tab to a new one while doing the gestures’                 
path. Algotuht the states will be on Gmail open or google docs open, the commands will                
not do the proper actions. For example, if we go for the Gmail state, we change the tab                  
and we open a new one, and then we do the gesture 1, the Gmail web will remain open                   
and the page that will be closed would be the one the user decided to open, but the state                   
would change. 

 
- The terminal window may be closed when using the third gesture as it makes use of                

ctrl+c. Please, once the program is running, minimize the window. 
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User manual 

Installation and usage 
 
In order to make this project work, the end-user has to use a supported Ubuntu distribution and                 
have google chrome (v62 or superior) installed. It’s also mandatory that before the usage of the                
program, the user login to Gmail and google docs beforehand, or the login screen will be asked                 
while executing the actions. 
The installation of the requirements and the running of the project is done via a terminal. 
The first step is to download the repository from the GitHub. For this, you will need to have git                   
installed and updated. Using the following command for installation: 
 

sudo apt update 
sudo apt install git  

 
Once installed, use it to download the project from the git repository. 
 
 git clone https://github.com/AndreuRoca/IVAD 
 
The next step is to execute the installation file. This may take a few minutes. It installs the                  
python3 dependencies to the version the project was developed with, and puts the user to the                
dialout and input group (to be able to use the serial port, and keyboard inputs respectively) 
 
To execute the installation file you first need to give execution permission. Also, it’s important to                
execute the installation script as a normal user, otherwise, the installations of the dependencies              
of python3 won’t be available if the user isn’t root.  
 

sudo chmod a+x installation 
./installation 

 
When everything is successfully installed, you can plug the decide itself. To see if it’s properly                
connected you can run this command: 
 

ls /dev/ttyACM* 
 
The default port is ttyACM0. If it appears here is a good sign. 
The last part is just to run the program. 
 

python3 main.py 
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From now, the program will print on the terminal the process that is being executed (for                
example, the model training, waiting for serial connection... And once everything is set up, the               
user can start doing the gestures: 
 
-The first gesture is hitting two times the surface. With the same frequency as you would knock                 
a door. Recommended doing with the 2nd finger. 
-The second gesture is a soft hit with a one-second scratch with the nails. Recommend doing it                 
with the 2nd, 3rd and 4th finger all together 
-The third gesture is a fast-succession of three hits. Recommend doing it 4th 3rd and 2nd                
fingers one after one fast. 
 
The first time the user starts with the program, maybe the commands will not trigger as precisely                 
as it should. This is maybe because the gestures are not being done clearly, so it’s advised to                  
learn how to use it by running the following command, where the user can test if the gesture that                   
is doing matches the one printed in the screen. 
 

python3 model.py 
 
Also, if the user keeps having troubles or the gestures are too difficult for him, a new dataset                  
with different gestures can be easily done, but the success of the resulting classification is not                
guaranteed. To do so, the user has to delete both model and dataset files, and run serial_read 
 

python3 serial_read.py 
 
Every time the user makes a gesture, it will be plotted and, when the pop-up window of the                  
graph is closed, the user can add a new entry. The default configuration is 3 gestures, 100                 
entries. 
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Troubleshooting 
 
The device is plugged but it’s not being recognized. 
 
This problem can happen if the user didn’t refresh the session of the bash when installing. To                 
check it, make sure the logged user is in the dialout group by doing the following command: 
 

groups 
 
If in the list, the dialout group appears and the problem persists, maybe the operative system                
uses a non-default port for the Arduino. To check where is it: 
 

ls /dev/ | grep ttyACM 
 
This command will list all the possible ports for Arduino. If the ACM1 appears when the device is                  
connected, and the 0 is not there, then you should change this path in the line 28 of                  
serial_ready.py module in the function wait_untill_serial_port_is_avaialable_and_connec(). 
 
 
 
The program is not training the model. It says “Training unavailable, dataset missing or              
wrong path” 
 
Make sure the dataset name remains the same as when the project was downloaded              
“dataset.csv”, and in the same folder. 
 
 
When I do the third gesture trying to copy the docs body text I stop the program 
 
To avoid this, the focus of the screen should be on the docs web page, not on the terminal. 
 
 
The gesture 3 and 1 are being misclassified always 
 
This could be because you are not doing the 3rd fast enough or the 1st slow enough. The main                   
difference of those gestures is the frequency and the number of peaks, but if the force is not                  
strong enough it may not count as a peak. Try also hitting a bit harder. 
 
 
The voice typing from the google docs doesn’t trigger. 
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Make sure to use a recent version of google chrome newer than stated before. Also, make sure                 
the google docs is on the focus of the screen. 
 
 
The voice typing is triggered but not recording or other issues 
 
This service is from google (a third party from the project point of view). I recommend checking                 
the troubleshooting page of google docs.  
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Economic cost 
 
Given the components and materials used in this prototype, we can calculate the unitary price of                
it and estimate how much would be the cost for a larger amount of dispositives. The economic                 
cost is subdivided in two parts, the material cost, and the development plus manufacture cost.               
This economic cost assumes that the user already has a compatible computer. 
 
The prices that I take into account are the commercial ones, not the price it cost to me to                   
develop the prototype. As I stated on the developing phases of the project, all structural               
materials were recycled in my case. Prices from [9-Oct-2020], for comercial links and retailers              
check on annex. 
 
The price of Arduino UNO REV3 is from the official store. May be bought from 3rd parties                 
cheaper but no warranty that the full dispositive will have the same functionality. 
  

Cost of the materials  

Name Units Unitary price (€)  Total price (€) 

Sensor 1 2.75 2.75 

USB type B cable 1 5.06 5.06 

0.5cm Screw Bolts 4 0.05 0.20 

Arduino UNO REV3  1 20 20 

Cushioning pads 2 1.80 1.80 

Plywood 2mm panel 10x10cms 0.0013€/cm2 0.13 

Aluminium Sheet 30x30cm 0.00265€/cm2 2.385 

Aluminium Equal Angle 40cms 0.027€/cm 1.08 

Silicone glue 5ml 1.85€ (280g) 0.03 

Total 33.435 
Figure 29. Table of material cost 
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The price of manufacture and development includes 3 different expenses. The enginyering            
hours, include the research, design, software developing and quality assurance tests. The price             
was taken from linkedin portal the median price from an software junior engineer and junior data                
scientist in Barcelona on date 7-October.  
 
The cutting expense includes the price for cutting the board and the aluminium sheet and the                
wood. The hour price is more expensive as it uses power tools. The last expense, assembling,                
includes manual montage with glueing, placing, and functional test the final dispositive. 
 

Cost of manufacture and development 

Name Approx time Hour price (€) Price (€) 

Engineering development 200 h 13 2600 

Cutting  15mins 30 10 

Assembling 40mins 10 10 

Total 2620 
Figure 30. Table of manufacture and development cost 

 
The prototype price, adds up to 2653.44€. This price is very high, but when the number of                 
dispositives increases, the engineering development cost remains constant. So calculating the           
unit price in function of the number of dispositives follows the following function: 
 

nitP rice U = nunits
 (33,435+20)·nunits + 2600   

 
For 200 units, the price would be 66.44€ assuming that the price for each unit remains the same                  
and there isn’t any discount for bigger purchases. 
 
An expensive price for the functionality the device offers, but as I said earlier, this project is a                  
prototype and has a lot of aspects to enhance that can cut commercialization costs. In the                
following part of the project memory, some of the possible continuation paths will be explained.  
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Continuity 
 
This project can be further escalated with the already existing code (with fewer modifications) to               
add extra features. For example, a step up would be to add more gestures to be detected. In                  
order to do this, the dataset should be extended (at least 200 entries for each new gesture) and                  
all the models should be re-evaluated. Also should be taken into consideration that a bigger               
model may take longer times to predict.  
 
Also, you could design some sort of desktop app where the user can interact and change the                 
actions, and add new gestures on the go, and then re-train the model. Also, a good and                 
common approach is to register and save the gestures that the user made to re-train the model                 
once a week for example with new data that would make better training and adapt to the way                  
the user interacts with the device getting a better precision. The dataset is made by the creator                 
of the program, so the gestures that I did may differ to the ones that the end-user is going to do. 
 
With a few more modifications, for example, is the design of the dispositive and the electronic                
part, the device could send the data via Wifi or Bluetooth what would make it wireless and more                  
portable and suitable for example, for a desktop. This modification would require more study, as               
the wireless transmission may cause to lose some transmission rate and a way to power the                
Arduino, for example, a battery. Regarding also to the hardware part, a PCB could be designed                4

with the microprocessor of the Arduino, an analogic to digital converter, the sensor and the               
serial port, reducing the form factor and the price, as the PCB would be cheaper than the official                  
Arduino UNO. 
 
Another change that would be quite design-changing would be to train the model locally on the                
Arduino and send just the resulting command. This result would send just a character stating               
the gesture done to the computer as a result of the model but no processing (apart from a filter                   
and the proper action) would be done on the computer. This approach was taken into               
consideration during the design phase, but due the low support of machine learning algorithms              
in the Arduino, and the lack of deep knowledge about the computation mathematics of the               
algorithms and how to implement it in a low-level environment, this design prototype was              
dismissed. In the latest part of the project, Arduino released the portenta shield[37], an add-on               
to the board that is designed for image and voice recognition, as it features an architecture                
capable of run embedded machine learning and deep learning algorithms, an already            
implemented microphone and an ultra-sensitive cam. This would help to run the project locally              
on the Arduino and the data from the piezoelectric could be also compared with the one coming                 
from the microphones for extra features when training the model. 
 
 

4 Printed Circuit Board. Embedded electronical circuit  
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Conclusions 
 
This project is based on a simple idea but the development of it was quite complex. At first, the                   
project was not very well designed and the scope was not clear where should it end. The                 
objectives of the project were satisfied in the end, as we can send using the gestures a mail                  
without touching anything on the keyboard, with a theoretical accuracy of almost 93% and              
practical accuracy of over 90%, but I would say that the project could be further expanded with                 
fewer modifications on the model. As a final product, the balance of the price for functionality is                 
not very good, but as a prototype that can be the precedent to further projects or ampliations, I                  
think that is a good base to start. As a good general conclusion, more time was required. 
 
The phase I got more problems with, as I stated several times during the development of this                 
paper was the model. Although I knew how the algorithm works, due the complexity of the data                 
on the firsts stages, until the physical device was not successfully built and endded, the model                
was very changing depending on the environment. If I registered the dataset with a surface and                
then evaluated on another, the results were massively changing, so part of the focus was to                
finish the physical part as soon as possible to be consistent with the testing and the results. 
 
The automated actions and the serial parts were not difficult at all. It was not the first time I was                    
doing a serial agent to read the data from it, and I was quite happy about how flexible the                   
module ended being. Regarding the automated actions part, I’m happy because I could             
implement it quite simply using a mix of keyboard shortcuts and opening tabs, but is not the                 
most robust approach. I couldn’t code a way of waiting until the page is loaded completely so I                  
had to use timeouts, a very poor design and user experience. If I had to continue developing the                  
project I would emphasize on this part a lot more. With 3 gestures a better design could be                  
done, with combinations of gestures, for example, or more generic and Operative-System            
related actions. I was so focused on achieving a good classification that this part, which is the                 
objective of the project, felt into a second plane and it feels rushed in comparison of the rest of                   
the project. 
 
And lastly, the electronic design. I had a clear idea that I wanted to use piezoelectrics as It                  
wasn’t my first project with them and I already knew how they work. The challenging part, when                 
testing the different options, was to give a clear cut on which one was performing better. I                 
couldn’t run the model_tesbench for all the sensor in every position as it’s a script that takes                 
very long, plus each sensor gathers data in a different way that maybe had to be cleaned in a                   
certain way. I’m not very happy with the approach I followed, as it was pseudoscientific and not                 
evaluated with proper scientific methods, but in the end, the result was quite successful. The               
sensor was collecting smaller amplitude data, but better defined and less noisy. 
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Apart from that, the thing I’m most pleased about is the autonomous learning I’ve done during                
this project. Apart from a few design questions and organizational details, I managed to develop               
it all on my own with minimum external help. The concepts that I already knew helped a lot to                   
know where to start, but resulted insufficient, as this wasn’t a school exercise where you have a                 
clear question that you need to answer and the result can be easily evaluated. “What is                
considered a good result” was my common approach to solve the adversities of the problems.               
Also, as much as I could, I followed the most rigorous approach to elaborate decisions. The                
knowledge learnt from this development is also a part that I’m very happy about. It was part of                  
the objective of the project to know how to apply the data science in a real scenario outside the                   
Jupyter Notebook. This project made me realize what are my best features as an engineer, but                
also the ones that I need to keep working further.  
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Annexes 

Code 
Release version: commit f923cde326ee584987a38bd560d9f92b5df9125f 
https://github.com/AndreuRoca/IVAD 
 
serial_read.py 
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model.py 
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automatic_actions.py 
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main.py 
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Final_models.ipynb 
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installation 
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Commercial links and price references 
 

Element Shop Link 

Arduino Uno Ref3 Arduino store here 

Usb type B cable Amazon here 

Plywood Kitronik here 

Aluminium sheets 1stchoice metals here 

Aluminium angle frame 1stchoice metals here 

Bolts Garcia subministros industriales here 

Sensors Amazon  here 

Silicone Amazon here 
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https://store.arduino.cc/arduino-uno-rev3
https://www.amazon.com/AmazonBasics-USB-2-0-Cable-Male/dp/B00NH11KIK?th=1
https://kitronik.co.uk/products/3262-2mm-ceiba-plywood-600-x-400mm
https://www.1stchoicemetals.co.uk/product/2mm-3/
https://www.1stchoicemetals.co.uk/product/2-x-2-x-316-50-8mm-x-50-8mm-x-4-76mm/
https://todoparalaindustria.com/tornilleria/5605-tornillo-allen-c-arandela-iso-7380-2-a-2-6x25.html?gclid=Cj0KCQjw2or8BRCNARIsAC_ppyZ0TPRlDPIZKe3KfTx0hs-f7eRk362R5Ko9isaAzU_Kd7LSAw4Bx2saAoQ0EALw_wcB
https://www.amazon.es/Innovateking-EU-anal%C3%B3gico-cer%C3%A1mica-piezoel%C3%A9ctrico-vibraci%C3%B3n/dp/B07KT4HC4G/ref=sr_1_1?__mk_es_ES=%C3%85M%C3%85%C5%BD%C3%95%C3%91&dchild=1&keywords=piezoelectric+sensor&qid=1602491687&sr=8-1
https://www.amazon.es/Fischer-Silicona-Acetica-Translucida-98646/dp/B00UCEBGKM/ref=sr_1_9?__mk_es_ES=%C3%85M%C3%85%C5%BD%C3%95%C3%91&dchild=1&keywords=silicone&qid=1602491707&sr=8-9
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Photo galery 
Dispositive: 

 
Figure 31. Top view of the device 
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Figure 32. Side view of the device 
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Figure 33. Perspective view of the device 
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Figure 34. Top view of the device with USB cable 
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Figure 35. Device parts  
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Figure 36. Arduino and sensor  
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Graphical representations of the input signals: 

Figure 37. Gesture 1 represented 
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Figure 38. Gesture 2 represented. 

 
Figure 39. Gesture 3 represented. 
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Figure 40. Close view of peaks.  

 
 
 
 

 
Figure 41. Close view of peaks 
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