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Abstract

Tactile sensors have found application in many fields such as robotics, video

games, rehabilitation or health. In this study several prototypes of Pressure

Sensitive Mats (PSMs) have been manufactured. The mat size is 32x32 cm2

and the number of sensors is 16x16. The sensitive layer is based on Velostat, a

piezoresistive material which is readily available. Their low cost contrasts with

the high price of most commercial solutions, making them impractical for use in

hospitals, primary care centers or many research groups. Two applications of the

prototypes are shown in the document.

Our prototypes improve in several aspects a previous version manufactured

in our research group. They are manufactured using standard techniques for

Printed Circuit Boards, so that they are almost ready for mass production. Con-

cerning the Microcontroller (µC) based Data Acquisition System, up to 165 Hz

sampling frequency can be achieved, which is a value already suitable for many

studies. This improvement has been possible thanks to: i) A re-design of the data

transfer process, which is now in binary format; ii) A change from Bluetooth to

Universal Serial Bus; iii) Fast code execution using low level functions. Besides,

a fine tuning of the µC Analog to Digital Converter (ADC) has allowed its input

impedance to reach several MΩ, closer to an ideal value. In addition, this kind of

Resistive Sensor Arrays present crosstalk. In this thesis, a fast implementation

of an algorithm to eliminate it has been coded, achieving real time performance.

The uncertainty due to the algorithm has also been characterized. Moreover, the

sensor output conductance versus pressure is better understood now thanks to

a series of detailed experiments with a pneumatic platform. A joint model of

hysteresis (Modified Prandtl-Ishlinskii) and creep (as a sum of first order linear

time invariant systems) has been fitted to the data. The model explains the hys-

teresis and the temporal trend of the output, although there is a large variability

in the output as a function of time that the model still does not capture com-
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pletely. Two other piezoresistive materials have also been tested, showing higher

non linear effects than Velostat.

The first application concerns human balance studies in which the PSM has

been compared with a reference instrument, the Force Platform, in a set of exper-

iments with humans. The Center of Pressure trajectories from both instruments

are highly correlated, but it is evident that the mat provides a lower trajectory

spread. We have found that the measurement improves if crosstalk is removed

and if the sensor output model is taken into account. More specifically, the model

leads to up to a 37% improvement in trajectory distance depending on the kind of

experiment compared with a naive approach in which conductance and pressure

are supposed to be proportional. For the model to be practical, a scaling factor

is introduced to extrapolate the results obtained in the pneumatic platform for

a small-sized array to the large mat. In this regard, calibration of large mats

deserve further research. Increasing mat resolution has also been found to be an

aspect for future improvement.

The second application concerns posture monitoring. In particular, an ex-

ploratory study has been conducted to relate spine posture to the pressure on a

meditation cushion in sitting meditation. Interest in meditation has grown in re-

cent years and there is evidence that it has some health benefits. One key aspect

of meditation is uprightness, straightening the back. How to sit is very important

for novice practitioners. Wearing sensors is not very comfortable and practical,

so that we have studied whether or not the spine posture can be recovered from

pressure images, inspired by previous literature that performed similar analysis

for bedridden patients. A device based on five inertial sensors has been built as a

reference system to be attached to a set of volunteers in sitting meditation, while

a prototype of our PSM has been attached to the meditation cushions. Given

that we are working with pressure images and the inherent difficulty of the task, a

Machine Learning approach has been considered based on previous Deep Learn-

ing systems that work well for object recognition. The system has been adapted

in the form of a Convolutional Neural Network. It is able to predict back angles

rather well (R2 higher than 0.75) provided that data from the volunteer under

study is in the training set. However, the performance when this condition is not

fulfilled decreases dramatically. The role of sex, height or weight should be inves-

tigated in the future to overcome this problem and to make this system practical
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for everyday use. 1

1Note: “In reference to IEEE copyrighted material which is used with permission in this
thesis, the IEEE does not endorse any of University of Zaragoza products or services. In-
ternal or personal use of this material is permitted. If interested in reprinting/republishing
IEEE copyrighted material for advertising or promotional purposes or for creating new col-
lective works for resale or redistribution, please go to http://www.ieee.org/publications_

standards/publications/rights/rights_link.html to learn how to obtain a License from
RightsLink.” (see https://journals.ieeeauthorcenter.ieee.org/choose-a-publishing-

agreement/avoid-infringement-upon-ieee-copyright/, last access on April 2023)

http://www.ieee.org/publications_standards/publications/rights/rights_link.html
http://www.ieee.org/publications_standards/publications/rights/rights_link.html
https://journals.ieeeauthorcenter.ieee.org/choose-a-publishing-agreement/avoid-infringement-upon-ieee-copyright/
https://journals.ieeeauthorcenter.ieee.org/choose-a-publishing-agreement/avoid-infringement-upon-ieee-copyright/
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Resumen

Los sensores táctiles tienen aplicaciones en muchos campos tales como robótica,

videojuegos, rehabilitación o salud. En este estudio varios prototipos de Esterillas

Sensibles a la Presión (PSM por sus siglas en inglés) han sido fabricadas. El

tamaño de las esterillas es de 32x32 cm2 y el número de sensores es de 16x16. La

capa sensible a la presión está basada en Velostat, un material piezoresistivo que

se puede adquirir fácilmente. Su reducido precio contrasta con el alto coste de la

mayoría de soluciones comerciales, lo que las hace poco prácticas para su uso en

hospitales, centros de atención primaria o muchos grupos de investigación. En

esta tesis se muestran dos aplicaciones de los prototipos desarrollados.

Nuestros prototipos mejoran en diversos aspectos una versión previa fabricada

en nuestro grupo de investigación. Se fabrican empleando técnicas convencionales

mediante Placas de Circuito Impreso, de forma que están casi listos para la pro-

ducción en masa. Con respecto al Sistema de Adquisición de Datos basado en

Microcontrolador (µC), se ha conseguido alcanzar hasta 165 Hz de frecuencia de

muestreo, siendo un valor ya adecuado para muchos estudios. Esta mejora ha

sido posible gracias a: i) Un rediseño del proceso de transferencia de datos, el

cual ahora es en formato binario; ii) Un cambio de Bluetooth a USB; iii) Un

código de ejecución rápida utilizando funciones de bajo nivel. Además, un ajuste

fino del Conversor Analógico Digital del µC ha permitido que su impedancia

de entrada alcance varios MΩ, aproximándose al valor ideal. Además, este tipo

de matrices de sensores resistivos presenta diafonía (“crosstalk”). En esta tesis,

una implementación rápida de un algoritmo para eliminarlo ha sido codificada,

alcanzando la ejecución en tiempo real. La incertidumbre debida al algoritmo

también ha sido caracterizada. Asimismo, la conductancia de salida del sensor

frente a la presión ahora se comprende mejor gracias a una serie detallada de

experimentos con una plataforma neumática. Un modelo conjunto de histéresis

(Prandtl-Ishlinskii Modificado) y “creep” (como una suma de sistemas de primer
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orden lineales e invariantes en el tiempo) ha sido ajustado a los datos. El mod-

elo explica la histéresis y la tendencia temporal de la salida, aunque hay una

gran variabilidad en la salida como función del tiempo que el modelo todavía no

captura completamente. Otros dos materiales piezoresistivos también han sido

probados, mostrando mayores efectos no lineales que el Velostat.

La primera aplicación desarrollada en la tesis se refiere a estudios de estabili-

dad humana donde la PSM ha sido comparada con un instrumento de referencia,

la plataforma de fuerza, en un conjunto de experimentos con personas. Las trayec-

torias del Centro de Presión provenientes de ambos instrumentos están altamente

correladas, pero es evidente que la esterilla proporciona una amplitud inferior de

la trayectoria. Hemos descubierto que la medida mejora si el “crosstalk” es elimi-

nado y si el modelo de salida del sensor es tenido en cuenta. Más específicamente,

el modelo conduce hasta un 37% de mejora en la distancia entre trayectorias, de-

pendiendo del tipo de experimento, comparado con el planteamiento simplista

en el que conductancia y presión se suponen proporcionales. Para que el modelo

resulte práctico, un factor de escalado es introducido para extrapolar los resul-

tados obtenidos en la plataforma neumática con una matriz de tamaño reducido

a la esterilla de mayores dimensiones utilizada en las pruebas de estabilidad. En

este aspecto, la calibración de esterillas grandes merece investigación adicional.

Incrementar la resolución de la esterilla también ha mostrado ser un aspecto de

mejora futura.

La segunda aplicación se refiere a la monitorización de la postura. En partic-

ular, un estudio exploratorio se ha llevado a cabo para relacionar la postura de

la columna vertebral con la presión sobre un cojín de meditación en meditación

sedente. El interés en la meditación ha crecido en los últimos años y hay eviden-

cias de que aporta beneficios a la salud. Un aspecto clave en la meditación es

la verticalidad, manteniendo recta la espalda. Cómo sentarse es muy importante

para principiantes. Llevar sensores no es muy cómodo ni práctico, así que hemos

estudiado si la postura vertebral puede ser recuperada a partir de las imágenes de

presión, inspirados por la literatura previa que realizaba análisis similares para

pacientes encamados. Un dispositivo basado en cinco sensores inerciales ha sido

desarrollado como sistema de referencia, que se coloca en la espalda de un con-

junto de voluntarios durante la meditación sedente, mientras que un prototipo

de nuestra PSM ha sido acoplado al cojín de meditación. Dado que estamos

trabajando con imágenes de presión y la dificultad inherente a la tarea, se uti-
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lizan técnicas de Aprendizaje Automático, en concreto a partir de un sistema de

Aprendizaje Profundo que funcionaba bien en el reconocimiento de objetos. El

sistema ha sido adaptado en la forma de una Red Neuronal Convolucional y es

capaz de predecir los ángulos de la espalda bastante bien (R2 superior a 0.75)

para voluntarios cuyos datos se encuentran en el conjunto de entrenamiento. Sin

embargo, si esta condición no se cumple las prestaciones decrecen considerable-

mente. El rol del sexo, altura o peso debería ser investigado en el futuro para

afrontar este problema y hacer este sistema práctico para el uso diario. 2

2Nota: “In reference to IEEE copyrighted material which is used with permission in this
thesis, the IEEE does not endorse any of University of Zaragoza products or services. In-
ternal or personal use of this material is permitted. If interested in reprinting/republishing
IEEE copyrighted material for advertising or promotional purposes or for creating new col-
lective works for resale or redistribution, please go to http://www.ieee.org/publications_

standards/publications/rights/rights_link.html to learn how to obtain a License from
RightsLink.” (see https://journals.ieeeauthorcenter.ieee.org/choose-a-publishing-

agreement/avoid-infringement-upon-ieee-copyright/, último acceso en April de 2023)

http://www.ieee.org/publications_standards/publications/rights/rights_link.html
http://www.ieee.org/publications_standards/publications/rights/rights_link.html
https://journals.ieeeauthorcenter.ieee.org/choose-a-publishing-agreement/avoid-infringement-upon-ieee-copyright/
https://journals.ieeeauthorcenter.ieee.org/choose-a-publishing-agreement/avoid-infringement-upon-ieee-copyright/
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Chapter 1

Introduction

1.1 Context and motivation

I
n addition to facilitating our daily tasks, technology is also helpful to

improve our health. This improvement is present both in medical equip-

ment found in hospitals and in small devices of common use (thermome-

ters, pulsometers, oximeters, pedometers, ...). Nowadays, the technologies applied

to health are widely extended, having these sensoring functions embedded in our

smartphones and smartwatches [183]. These tools enable users to monitor their

health, allowing them to avoid risks and prevent diseases [30]. Besides, they also

increase their efficiency, accuracy and usability with research in this field.

In recent years there has been an increase in the presence of wearable devices

and smart fabrics [27]. Tactile sensors are among the sensors used in these devices.

Tactile sensors are those sensors capable of measuring the interaction that occurs

between the sensor and the environment by means of physical contact between

them [64].

These sensors allow measuring the force exerted on a contact surface, but there

are situations in which the pressure distribution on several points is the outcome

of interest. For this purpose, several tactile sensors are grouped into an array

structure. These devices are usually no more than 1 mm thick, with lengths that

can reach even meters (beds, walkways). In an array, each cell detects the normal

force exerted on its surface to obtain a pressure image of the entire assembly. In

this document the term cell will be used to name each of the units in an array of

sensors.

1



2 Chapter 1. Introduction

Figure 1.1: Tactile sensor
sheet on a humans jaw.
Based on [105]

This type of devices has a wide range of applica-

tions. For instance, they are used to provide tactile

feedback to robotic arms, facilitating the manipu-

lation of objects [80]. They can also be used to

classify finger positions [128]. They are also used

in touch screens [246]. With respect to health ap-

plications, they have been used to monitor sleeping

[134] and to measure the pressure exerted on jaws

[105] (figure 1.1).

For some applications to measure pressure on

seats, beds or on the floor, the name mat is often

used, and the arrays are called Pressure Sensitive Mats (PSMs). Although there is

an increasing use of PSMs in last years with many applications [123], there are still

several problems that are currently being investigated. A major problem would

be the high cost of commercial solutions, although there are more affordable

alternatives like the prototypes shown in [230, 233]. Besides, PSMs have the

disadvantage of reduced measurement accuracy. This can affect its usability in

some situations and it is also present in commercial solutions, even though it is

more noticeable in more affordable devices [147, 167].

1.2 Goals

The overall objective of the thesis is to develop a low-cost PSM showing potential

applications in the field of healthcare. Specifically, we will look for applications

in two different contexts: stability characterization and posture monitoring. The

prototypes developed are based on standard technologies and commercial ma-

terials. As expected in these systems, pressure measurements are unreliable.

Therefore, we will try to overcome some of the limitations they present. This

leads us to set the following specific objectives:

− Prototypes: Improving a previous prototype developed in our research

group. This improvement refers to data acquisition (speed, reliability),

sensor response modeling to compensate for some non-linear effects as well

as the post-processing to recover each of the cell resistances that form the

array (numerical resolution of the crosstalk problem and measurement un-

certainty).
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− Human stability characterization: improving the measurement of the Center

of Pressure (CoP) in human balance tests.

− Posture monitoring: showing the relation between the pressure image on a

seat and the spine posture in sitting meditation. Modern Machine Learning

(ML) techniques will be used to discover that relation.

1.3 Contributions

The contributions of this thesis can be summarized as follows:

• The scanning frequency of the previous prototype has been increased from

10 Hz to a maximum of 165 Hz. This is relevant for balance studies. More-

over, new prototypes have been built using manufacturing processes more

suitable for mass production. Finally, it has been shown that the piezore-

sistive material used in our prototypes, Velostat, presents less non-linear

effects than other low-cost candidates. Its creep and hysteresis response

has been modeled. Up to our knowledge, this deep analysis and modeling

of Velostat is a novelty of our research.

• The post-processing required to remove crosstalk is much faster now. Par-

allel implementations of the algorithms developed in our group [150] have

been developed together with C versions. Thus, real-time operation is now

possible making our algorithms more useful.

• Uncertainty in the measurement after crosstalk removal has also been char-

acterized. Besides, it has been shown that the algorithms used in the post-

processing can be extended to other kind of circuits that are very common

in Resistive Sensor Arrays (RSAs). These are also novel ideas introduced

in our research.

• The CoP obtained from PSM has been compared with a reference instru-

ment, a Force Platform (FP). Several aspects have been found to be rele-

vant for improving the CoP trajectory. One of them is the compensation

for creep and hysteresis, which is a novelty of our study.

• ML techniques have been utilized to predict spine posture from the pressure

images obtained with a PSM on a meditation cushion. The results are
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good provided that the system has been trained with data that includes

the person who sits on the cushion, even though the spine is not in contact

with the PSM directly. This aspect is different from previous studies.

1.4 Structure of this document

Chapter 2 presents the prototype manufactured previously in the group. It was

used in the first set of experiments. Meanwhile, several improvements were im-

plemented. They include a faster and more reliable data transfer to the Personal

Computer (PC) via Universal Serial Bus (USB) and new versions of the PSM

based on flexible Printed Circuit Board (PCB). A comparison between several

low cost piezoresistive materials is also shown considering experiments related

to variability, drift, creep and hysteresis. A model of creep and hysteresis for

Velostat has been developed. On the other hand, the group had developed a

software solution for the crosstalk problem in RSAs, i.e., a post-processing after

a complete scan of the array. In this chapter, the uncertainty associated to this

procedure is shown. Moreover, an implementation to reduce the computing time

of the algorithm is shown.

Chapter 3 is devoted to balance studies focusing on CoP trajectories. The

experimental protocol and their evaluation are explained. An FP was used as a

reference instrument. Two set of experiments are described. The first one is a pre-

liminary study using the previous prototype limited to a low sampling frequency.

In the second one the CoP trajectory was captured with an improved prototype

(sampling frequency 100 Hz) and the measurement was further improved using

the compensation of hysteresis and creep.

Chapter 4 shows the application for posture measurement. Two different

devices were used in this study. On the one hand, a set of inertial sensors was

used to determine the posture of the spine. We have implemented a system

based on a previously published paper. On the other hand, one of our improved

prototypes was fixed on a meditation cushion to determine a pressure image. We

will describe the protocol in which volunteers adopt a meditation posture while

wearing the inertial sensors and sitting on the indicated cushion. We will develop

ML techniques to relate the pressure exerted on the seat to the posture of the

spine.

General conclusions of the thesis and future lines of research are considered
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in chapter 5.

A list of publications derived from the thesis, the proof of some equations,

some preliminary analyses that can be the seed of future studies, and supplemen-

tary materials are given in the appendices.

Given that several applications are developed in this thesis together with new

PSM designs, chapters 2, 3 and 4 include their own state of the art, focusing on

the concepts required in each chapter.
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Chapter 2

Prototype of a Pressure Sensitive

Mat

I
n this chapter the PSMs manufactured for this thesis are described.

We first review commercial products and academic studies related to

our prototypes, together with issues concerning non-linear effects of

piezoresistive materials and circuits used in Data Acquisition Systems (DAQs)

for RSAs. Then, the previous prototype developed in our group is presented.

This is the starting point of the thesis. Then, the new prototypes are presented

highlighting the improvements. Some aspects regarding the improved prototypes

require an explanation in detail due to their complexity, so that separate sections

are devoted to them.

2.1 State of the art

2.1.1 Commercial products

There are several companies that offer large area tactile sensors. For instance:

• Tekscan®: It is likely to be the company most cited in articles using tactile

sensors for health applications. It offers several products. Among them

there are several models of PSMs. The model Tekscan® 5315 with 2016

cells (1 cells/cm2, 42.67 cm x 48.87 cm)[2] cost €12,419 in 2019. It has

been used in studies like [32, 45].

• GAITRite®: Their products include Walkways devices, which are very long

7
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mats so that a person can walk on them, mainly in a straight line [216].

The Walkway with 18,432 cells (0.62 cells/cm2, 500 cm x 90 cm) is sold by

€6,000 [4].

• BodiTrak: It presents some PSM devices. Among them, we can find the

BodiTrak2 Lite with 1,024 cells (0.62 cells/cm2 45.72 cm x45.72 cm), which

is sold in [1] by €3,250. An example of one of its devices appears in [141].

• RSscan (Materialise Footscan®): The footscan® model is 0.5 m large with

4, 096 cells (2.58 cells/cm2 48.8 cm x 32.5 cm) [5]. There is no price avail-

able, although it should be similar to the previous ones in which contacting

the company is required to get a quota.

• SensingTex©: It is the most affordable one of the models we have found.

The Seating Mat has 256 cells (0.25 cells/cm2, 32 cm x 32 cm), with a cost

around €500 [21]. It has been used in [236]

2.1.2 Research studies

The previous commercial solutions present a high cost. For this reason, some

authors have opted to develop cheaper academic prototypes. Due to the high

quantity of sensors and materials that can be used for pressure sensing, our

search is focused on those with a piezoresistive principle of operation, which have

an electrical behavior that it is easier to model and generalize.

If we look for studies on piezoresistive materials, we can find different types

of works:

• Analyzing their use as components in fibers and textiles [37, 48, 100, 118,

132, 137, 162, 250, 251]

• Studying the behavior of materials as antennae [35, 99],

• Implementing sensors [51, 75, 101, 104, 193, 217, 219] for their characteri-

zation,

• Arranged in isolated sensor strips [220] or as an array of strips [98, 130,

135, 180]. In this case, uses are mainly medical: embedded into prosthetic

sockets for amputees [98], identifying knee joint motion patterns [130] or

designing and implementing gloves with sensors, in order to analyze ma-

nipulation and recognize hand gestures [135, 180].
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• In matrix form [74, 84, 127, 136, 150, 170, 210, 225]

Paying special attention to strip or matrix geometries, it can be indicated:

• In the strips, the size and number of sensors is variable:

– 6 modules of 47.5 mm (length), 30 mm (width) and 3 mm (thickness).

Jamming layers are also included with dimensions: 42.5 mm (length),

18 mm (width) and 0.2 mm (thickness) [220].

– 10 flexible sensors. Each sensing zone had the following dimensions:

50 mm long and 15 mm wide [130].

– 12 sensitive elements of Velostat with a diameter of 5 mm. Electrode

plates 2 mm in diameter were positioned 20 mm apart from one an-

other [98].

– Or a mix of sensors for a single device: five strips of 2 sensors of

Velostat (20x20 mm), and one 4x4 sensor matrix [135].

The matrix forms also vary in terms of number of sensors and size, but the

most usual sensor side is near 10 x 10 mm [74, 127, 225], although it is possible

to find larger (15x30 mm [84], 25x50 [136]) or lower dimensions (7x7 mm [210]).

Number of sensors is variable, from the smallest: 3x3 [225], 3x4 [84] to the

largest (16x16 [150] or 32x32 [210]), going through intermediate sizes 7x4 [136],

8x10 [127], 9x9 [100] or 10x14 [74].

Biggest mats present sizes of 320x320 mm (256 nodes [150]), 210x297 mm

(140 nodes [74]). Suprapto et al. [210] designed their 32x32 matrix (1024 nodes)

with cells of 7x7 mm sensor size and 10 mm distance between sensors.

As far as the manufacturing process is concerned, prototypes are normally

home made using different structures:

• Only one layer for electrodes and interconnections [84, 170].

• With different layers of materials. According to the description of the au-

thors (see figure 2.1):

– Three layers:

∗ Medrano et al. developed a mat of 2 outer layers of a flexible grid

printed with a 3D printer which conductive lines and a piezore-

sistive sheet of Velostat, placed in the middle [150].
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∗ Suprapto et al. used three main layers which were a top electrode,

Velostat, and bottom electrode respectively [210].

∗ Vehec et al. glued the Velostat on the bottom side of the top foil.

A separator foil was placed between the top and the bottom foil.

The bottom foil was made on polyester film (see figure 2.1), while

the top foil used polyimide film [225]

– Four layers: a) upper contact layer with horizontal sensor arrays b)

middle pressure-sensitive electrically resistive layer c) lower contact

layer with vertical sensor arrays and d) bottom protective and anti-

slippery layer [127]

– Five layers:

∗ Fajingbesi et al. design used: a) Bamboo substrate b) Column

electrode c) Velostat d) Row electrode e) Bamboo substrate [74],

∗ Liu et al. developed a mat with: The top and bottom laminating

layer, the Velostat sheet, and 2 bars of conductive fabric connec-

tors to other electronic components [136].

Analyzing the materials used, we often find low-cost pressure-sensitive materi-

als such as Velostat [51, 74, 75, 84, 98, 127, 135, 136, 147, 150, 180, 193, 210, 217,

219, 225] also known by its other commercial name, the Linqstat [51, 104, 225].

Other materials sensitive to pressure are EeonTex [75, 132], X-static [48], Elastane

[35, 118, 162, 220], Shieldex [37, 99, 100, 170] or Spandex [101, 130, 137, 250, 251].

2.1.3 Non-linear response of the materials

Academic prototypes are usually more affordable than commercial ones. This is

due to the use of low-cost materials. But these materials present strong non-ideal

responses, which make it difficult to obtain accurate measurements, and require

a processing step to try to recover values closer to the true pressure. In these

materials’ conductance (inverse of the resistance) is more or less proportional

to pressure. However, this is only a very crude approximation of the true con-

ductance vs. pressure curve. Several non linear effects are reviewed in the next

paragraphs. The output of the sensor is taken to be its conductance, g.

Before proceeding with the review of the main non-linear effects, it is impor-

tant to point out that a small sized array was built to characterize the sensor
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Figure 2.1: Decomposition of the layers according to some authors ([74, 136, 210,
225]).

response in this thesis. Thus, an output per cell was recorded. The discussion

below takes into account this fact when a quantitative value has to be obtained.

One problem with these materials is the lack of repeatability [124]. By lack of

repeatability we mean the difference in sensor output between experiments carried

out under the same conditions. In the case of pressure sensors, it corresponds

to the difference between the values measured when the same pressure is exerted

under similar conditions.

To test the repeatability of a pressure sensor, cycles with the same pressure

values are usually applied to the sensor, and the results obtained in each cycle

are compared [92, 249]. In an ideal condition, the same value is obtained at the

sensor output in all cycles. But in the real case, small variations occur between

measurements. These variations are higher in the case of using low-cost materials.

In order to quantify this variation, we use the Standard Deviation (SD). This

parameter can be normalized by dividing it by the mean of the values obtained
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in the cycles. The result is the Coefficient of Variation (CV) [92].

In this thesis, a set of consecutive load/unload cycles has been applied to

characterize variability. For each cycle, the average of the last part of the sensor

output has been obtained under the load condition. Thus, a value per cycle and

per cell is obtained, and from them the CV squared is obtained according to the

following equation(2.1):

V ariability(g) = CV 2 =
(std(ḡ[te −∆t : te]cycle,cell))

2

(mean(ḡ[te −∆t) : te]cycle,cell))
2 (2.1)

where g refers to the sensor output, the bar over, ḡ, indicates average and ∆t is

the time in which the average is taken. This time is taken just before the end

time, te, of the load pulse (i.e., g values are averaged from te −∆t to te for each

pulse and for each cell).

It is worthy pointing out that a value per cell and pulse is obtained, and then

the SD is calculated over that set of values. Thus, the variance calculated in

the numerator of equation 2.1 includes two sources: the difference with respect

to the cycle number and the differences coming from cell variability. From a

practical point of view, we think that it is more relevant to get this more complete

variability in order to compare materials for real use.

Another non-ideal behavior affecting the pressure measurement is drift. In this

document the notation of [164] is adopted so that creep and drift do not refer to

the same phenomenon. Drift corresponds to the high frequency fluctuations that

occur in the value obtained from a measurement. These fluctuations are seen

in the repeated variation of the measured value in short periods of time when

maintaining the same pressure applied on the sensor.

To measure drift, a pressure value is applied and kept constant over a period

of time. In order to be able to measure the fluctuations, a set of non-overlapping

short time windows of the sensor output are first extracted. Since the windows

are short the influence of other non linear effects on the drift measurement is

reduced. For a given window, the fluctuation has a quantitative value obtained

after calculating the measurement SD in that window. This value is denoted as

σwindow,cell because there is value per cell and per short window. To obtain the

final drift, the average of the window fluctuations is computed and normalized

by dividing by the average measured conductance according to equation 2.2 in a
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similar way to [165]:

Drift(g) =
mean(σwindow,cell)

gmean

(2.2)

where the mean is taken over both windows and cells.

Yet another non-ideal behavior is creep [24, 124, 164, 165, 231]. Creep refers

to the continuous change effect that a measurement suffers, as its value continues

to increase over time when a constant force is applied.

For creep characterization in pressure sensors, a constant pressure is applied

for an intermediate to long period of time. The slope of the measured conductance

is quantified and then normalized with respect to the average of the conductance

over that time period [238]. Thus, we have characterized it using equation 2.3.

Creep(g) =

∣

∣slope(g[(te −∆T/2) : te])
∣

∣

ḡ[(te −∆T/2) : te]
(2.3)

where g is the sensor output, the bar over, ḡ, refers to the average, and the

calculation is done from the time te − ∆T/2 to te, being te the end time of the

constant pressure period and ∆T its total width. The first half of the load pulse

is discarded to avoid short term effects. The slope is obtained by fitting a line

in the selected window. Given that there are several cells in the matrix, a creep

value is first obtained for each cell and then the final creep that we will show is

the average over cells.

Finally, hysteresis [125, 156, 184] is another typical non-linear effect that ap-

pears in piezoresistive materials. A piezoresistive sensor with hysteresis shows

different output depending on the previous pressure trajectory to which it has

been subjected. Thus, if the pressure increases from a minimum value to a max-

imum value and then decreases from the maximum to the minimum, the sensor

output does not follow the same path. The trajectory for increasing pressures

is below the trajectory associated to decreasing pressures. A hysteresis cycle is

then formed. In order to characterize this phenomenon, known upward and down-

ward pressures are usually applied repeatedly [156, 197]. In our case, the cycles

averaged over cells are first obtained. Then a quantitative value of hysteresis is

calculated as the maximum difference between the two paths of the sensor output

normalized by the full scale output following this equation.

Hysteresis(g) =
max

(∣

∣gup − gdown

∣

∣

)

max(g)−min(g)
(2.4)
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where g is the average (over cells) output and gup and gdown refer to the averaged

(over cells) output with increasing and decreasing pressures respectively.

Modeling and compensating for hysteresis and creep

In the previous subsection, simple parameters were defined to characterize non-

linear effects. However, more refined models of these effects are required if one

wants to get rid of them.

In this subsection, some relevant previous studies that try to compensate for

creep and hysteresis are reviewed. In the field of piezoelectric actuators this

type of compensation is commonly considered [90, 190]. A model of the hys-

teresis and dynamic behavior of the actuator is needed in order to carry out

such a compensation. Once the model is known, the simplest control strat-

egy is a feedforward operation in which the inverse model is in series with the

piezo-actuated stage [90, 120]. Thus, in the context of piezoactuators, if a given

output is desired, yd, and the system has a model y = M([u]), the desired tra-

jectory yd is first passed through the inverse model to get a control input, u, (in

the digital control side), and then the piezoactuator physical behavior recovers

yd = M([u]) = M(M−1([yd])). Following this approach the influence of creep and

hysteresis can be minimized.

These ideas can be borrowed from the piezoactuated stages literature and

applied to the current context of tactile sensors. If the sensor response is known,

schematically as y = M([x]), then the inverse model can be used to recover the

input for a given output time series, see figure 2.2. For piezoresistive sensors,

it is considered that y is the conductance and x is the applied pressure. The

behavior of these materials show strong effects depending on the previous value

of pressures, so that the value of y depends on all the previous values of x, which

is often represented by brackets [x].

In this way, several authors have considered hysteresis compensation in tactile

sensors as in [198]: the sensor output was modeled with a Generalized Prandt-

Ishlinskii model achieving an error reduction from 7.20% to 1.51% in the pressure

estimated by the sensor for an input range of 206 kPa. In [60] the model con-

sidered was a Preisach hysteresis model for a silicon piezoresistive sensor and a

large error decrease was also found. A specific hysteresis model for a piezoresis-

tive sensor on a PCB was developed in [196]. Moreover, finding a different model

for each cell in the 16x16 matrix was found to improve the resulting pressure
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Figure 2.2: Recovering pressure from conductance in a piezoresistive sensor.

images dramatically. Thus, not only non-linear sensor response was reduced but

also mismatching between different cells. In [122] a piezoresistive sensor was used

in a system to estimate the rotation angle of a wrist. The error in the angle

was shown to decrease when the hysteresis was compensated, in this case with a

Modified Prandtl-Ishlinskii (MPI) model. Concerning creep, it was corrected in a

plantar pressure measurement system [34]. The system was based on boots with

a commercial system in which capacitive sensors are integrated into the insoles.

Creep was modeled with a second order polynomial over time. Therefore, the

total output had an increase over time and the increasing percentage was used

to correct the output of each sensor. The corrected force under several parts of

the feet was in agreement with previous values reported in fatigue studies. In a

foam with optical pressure sensors developed by Chacko et al. [56], the strain

was modeled as a constant term and an exponential term. It was shown that this

model was better than power law time dependent functions.

2.1.4 Data acquisition circuits

This subsection is largely based on our article [149] from which several excerpts

are extracted (© 2022 IEEE).

Basic circuit: the crosstalk problem

When a large set of sensitive cells are placed in an array it is not practical to set

individual lines for each one. To limit the number of connections, a single cell of

the array is conventionally addressed using a row-column selection device (analog

Multiplexer (mux)/Demultiplexer (demux)). The most basic circuit is shown in

figure 2.3. The mux/demux selects a cell and the resistance is connected to a
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voltage divider circuit whose output voltage is measured by an Analog to Digital

Converter (ADC) (in the figure the ADC and the mux/demux control lines are

integrated in a Microcontroller (µC)).

Figure 2.3: Schematic view of a basic reading circuit for resistive sensor arrays.

However, the basic data acquisition configuration suffers from the problem of

crosstalk [200, 239]: when a cell is addressed the current not only flows through it

but also through other elements because row and column connections are shared.

This alters largely the measurement. For PSMs the crosstalk is visually very

apparent since there seems to be pressure exerted on regions where there are no

objects on them. This is why this effect is sometimes called ghost or phantom

effect. An example is shown in figure 2.4, in which row 3 is connected to Vref

via a resistor and column A to ground. Thus, a voltage divider circuit is formed

with the aim of measuring r3A from the value of the voltage at node 3 (row 3

would be connected to the ADC). However, the current not only flows through

r3A and there are many paths for it as the one shown in red. In fact, the quantity

that can be measured is not r3A but the equivalent resistance between nodes 3

and A, which we indicate as R3A. In this document we use the notation rip/gip
to refer to the resistance/conductance of a single cell located at row i column p,

and Rip/Gip for the equivalent resistance/conductance between the same pair of

nodes.

Circuits for solving the crosstalk problem

Several solutions have been proposed to solve the crosstalk problem partially or

completely. They have been reviewed in [239]. For instance the Inserting Diode
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Figure 2.4: Example of a 3x3 RSA: cell 3A is being addressed. The red line shows
one of the current paths that do not pass through r3A ([149] © 2022 IEEE).

Method [206, 239] proposes inserting a diode in series with every sensitive cell.

Thus, parasitic currents are blocked by the unidirectional conductivity of diodes.

Other more refined strategies using operational amplifiers have also been con-

sidered. The role of rows and columns could be interchanged but we consider in

this document that, generally speaking, the scanning is performed by powering a

row and then reading the columns at once (parallel readout mode) or sequentially

(single readout mode). The matrix size is denoted as NR×NC . Thus, in parallel

readout mode a single row is addressed each time and all the columns are read in

parallel. In a typical configuration [119], the selected row is connected to a given

voltage, Vref , and all the others to ground. The columns are connected to an

Operational Amplifier (OA) with a negative feedback resistor whose value can be

set to provide the desired output range for an expected input range of sensor resis-

tances. The negative OA node acts as a virtual ground. Therefore, non-scanned

cells are connected between ground and virtual ground and there is no current

flowing on them. This is the basis of Zero Potential Method (ZPM). For ideal

components, a ZPM circuit eliminates the primary crosstalk in the array. Buffers

or switches can be used to select rows, sometimes together with voltage followers.

In turn, every column needs an OA and the corresponding ADC. The combina-

tion of capacitive feedback and an Field Programmable Gate Array (FPGA) is an
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alternative to perform several conversions simultaneously [169]. However, if the

components are not ideal there is still some remaining crosstalk. The non ideal

behavior includes: output resistance of buffer or switches, offset voltage, bias cur-

rent, and finite gain of OAs. These issues were addressed in [96],[94]: by adding

a row and a column with known resistors, it is shown that the cell resistances can

be obtained from a combination of measured output voltages that eliminates the

effect of non ideal components. The disadvantage of parallel readout methods is

the number of components required to implement them: buffer or switches, each

one with its own control line, and the number of OAs and ADCs. Thus, the size

and complexity of the circuit can become large. Power can also be an issue, not

only because of the power required by the components, but also because cell re-

sistances are connected between Vref and ground in the typical configurations, so

that the current is limited only by their value and the resistance of the buffer or

switch. An additional limiting resistance per row could be set to reduce power.

However, if the designer has no constraints on power, size, cost and space, a

parallel readout mode is the best solution, achieving also the highest sampling

rate.

On the other hand, if the readout mode is single, the number of components is

reduced at the expense of increasing the scanning time. For a selected row, each

column must be selected too in this mode. The Voltage Feedback Method (VFM)

and the ZPM are among the most popular approaches. There are several variants,

but the basic circuits are shown in figures 2.5a and 2.5b respectively [95, 239]. The

VFM [240] tries to set the same voltage level in the terminals of cells in the rows

that are not being addressed. In this way, no current will flow through them and

the primary crosstalk is eliminated. An OA together with a voltage divider circuit

sets the same voltage at the input of non addressed rows as in the output of the

selected column. The current in the non-selected columns of the selected row is

diverted through the OA. Again, the non ideal behavior of components generates

relevant errors. Thus, some modifications have been proposed like the Improved

Isolated Drive Feedback Circuit with Compensation (IIDFCC) [241]: a suitable

selection of resistor values in the voltage divider circuit (the average value of the

internal mux resistances) has been shown to greatly reduce the crosstalk effect

due to the switch internal resistances. With respect to ZPM, it can be adapted

to single mode readout, see figure 2.5b. Each column requires a switch that can

connect either to ground or to the OA. If the components were ideal this solution
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would remove crosstalk. However, the non ideal behavior is often relevant and

large errors can appear. Hidalgo et al. [138] proposed a modification called Quasi

Zero Potential Method (QZPM) in which row and column switches connect either

to ground or to the so-called connecting node, which in turn connects to an OA

configured as an inverter amplifier. In QZPM the RSA is in fact powered only

through the voltage at the positive input of the OA, which establishes the same

potential (ideally) at the negative input node. It is shown that the cell resistances

can be deduced taking into account the effect of the internal switch resistance, Rm,

after an extended set of measurements has been performed: either row-column

pairs (NR · NC measurements), a single column (NC measurements), a single

row (NR measurements), or pairs of columns (NC · (NC − 1)/2 measurements)

are connected to the connecting node. In comparison with the traditional ZPM

method, the scanning time is larger but ZPM cannot cope with non ideal switches,

Rm ̸= 0, which give rise to errors.

Post-processing solutions to crosstalk: Inverse of Equivalent Conduc-

tance Method

The crosstalk problem can also be addressed by means of a post-processing of

a pressure image. In [243] a smoothing algorithm based on Gibbs sampling was

proposed. It tended to bring values of suspicious pixels close to the average of

the neighbor sites. However, this algorithm only tackled mechanical coupling and

not the coupling between separated sites. Cheng et al. [58] used a large mat for

activity recognition. A crosstalk effect was acknowledged and a kind of image

processing algorithm was proposed. However, neither the crosstalk origin nor the

details of the algorithm were discussed in length.

An algorithm based on a circuit analysis of the kind circuit shown in figure

2.3 has been proposed in our group [149, 150]. It is called Inverse of Equivalent

Conductance Method (IECM). As stated above, the basic circuit shown in fig-

ure 2.4 allows measuring the equivalent resistance between the selected row and

column pair, not the desired cell resistance. Thus, the problem is to find the cell

resistances, which are the quantities we are interested in, from the set of equiva-

lent resistances after a scan of the whole array, which are the quantities that can

be obtained in the measurement. This can be stated as an optimization problem.

For the sake of clarity, the IECM approach [150] is outlined in this subsection.

The notation used through the document is also introduced.
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Figure 2.5: (a) Circuit configuration of VFM for a 3x3 array. Cell 1B is being
addressed; (b) Circuit configuration of ZPM for a 3x3 array. Cell 1B is being
addressed.

From a formal point of view, the equivalent conductance between nodes 3 and

A can be found by solving the circuit of figure 2.6 in which a current is injected

between them. Given that there is a different circuit for each row-column pair,

we introduce the following notation: Vip,j refers to the voltage at node j in the

circuit used to find the equivalent resistance value between row i and column p.

Once the circuit is solved, the equivalent conductance is G3A =
Iref

V3A,A−V3A,3
or, in

general:

Gip =
Iref

Vip,p − Vip,i

(2.5)

Iref is just a multiplicative constant in the circuit solution that can be set to

1 in the implementation.

Without loss of generality, we consider row 1 as ground. The circuit for row

i and column p can be solved using Kirchhoff’s laws that lead to a linear matrix
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Figure 2.6: Theoretical circuit to determine the equivalent resistance between
row 3 and column A in a 3x3 array ([149] © 2022 IEEE).

equation:

CVip = Iip (2.6)

where the matrix C has physical dimension of conductance, and the notation Vip

refers to the voltage solution in vector form and Iip to the current injected in

vector form.

For instance in the circuit shown in figure 2.6, the nodes are ordered as: 2, 3,

A, B, C. Thus, the matrix C is:

C =

















g2, 0 −g2A −g2B −g2C

0 g3, −g3A −g3B −g3C

−g2A −g3A g,A 0 0

−g2B −g3B 0 g,B 0

−g2C −g3C 0 0 g,C

















(2.7)

where the shorthand notations gi, =
∑

p gip and g,p =
∑

i gip have been used. For

instance: g3, = g3A + g3B + g3C .

Finally, the vector I3A would be I3A = (0,−Iref , Iref , 0, 0)
T .

It should be noted that the matrix C does not depend on the row-column pair
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under consideration in equation 2.6. It is the corresponding intensity vector, Iip,

the quantity that reflects the row-column nodes connected by the current source.

Therefore, if the cell conductances are known, the equivalent conductances

can be found with the following steps for each row-column pair:

• Solving the circuit to find the equivalent resistance value of the row-column

pair under consideration (similar to figure 2.6).

• Applying equation 2.5.

The general relation between those two sets of conductances is represented in

a short notation as G = F(g) and each component is denoted as Gip = Fip(g).

In [150] a software solution is proposed. It aims to invert the relation, that is,

formally to do the following operation:

g = F−1(G) (2.8)

In [150] several numerical algorithms have been proposed to solve this inverse

relation. The most useful ones are the following:

• A least-squares approach. The elements of g can be found by minimizing

the following cost function:

∥Gexp − F(g)∥2 =
∑

i,p

∥Gexp,ip − Fip(g)∥
2 (2.9)

The cell conductances are also subjected to an additional constraint 0 ≤ gip.

In equation 2.9, Gexp,ip are the quantities measured after a complete scan

of the RSA.

The least-squares Least Squares (LSQR) approach is the most accurate

one, although it is slow in general. A standard numeric package was used

(scipy.optimize.least_squares [226]) in the Python implementation.

• A fixed point formulation of equation 2.8 is also possible. The conductances

are iteratively found using this equation [150]:

gn+1 = gn + β(Gexp − F(gn)) (2.10)
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where β is a damping factor that has to be chosen to balance speed and

convergence.

Fixed point iterations are faster and for many practical purposes the accu-

racy is enough.

Comparison and selection of methods

In the mat prototypes presented in this document, the basic data acquisition

circuit has been implemented, see figure 2.3. Crosstalk is removed in a post-

processing step with IECM. In this subsection, it is argued why this choice is

reasonable.

Contrary to most previous studies, IECM provides a software solution to the

problem of crosstalk. The key point to apply IECM is to be able to measure the

equivalent resistance of an RSA when a row-column pair is selected. In the circuit

shown in figure 2.4 a voltage divider circuit is used, but a configuration with an

OA is also possible. For the purpose of the current discussion, we focus on the

voltage divider option. With respect to previous studies the configuration belongs

to the group of single mode readout circuits. Table 2.1 presents a summary of

characteristics of state-of-the-art methods. The voltage divider limits the current

in the circuit, which is important in portable devices. This is in contrast to the

original ZPM and VFM methods, or parallel readout methods [96]. With respect

to QZPM, the proposed circuit has simpler and smaller components and less PCB

paths. For instance, column selection requires an NC : 1 mux with their log2(NC)

control lines, while in QZPM NC analog switches are required, each one with

its own control line. The switches are commonly named as single pole double

throw switches or 2 : 1 mux. A similar consideration could be done for the rows.

Thus, the proposed configuration is a minimal hardware solution. As for the

manufacturing requirements of the acquisition circuit, it would allow reducing as

much as possible the requirement of components and minimizing the number of

control lines required. Even low-end µCs are likely to have the required number

of digital outputs. All together, this would lead to a data acquisition system of

minimal cost and space. Besides, QZPM requires extra measurements compared

with the traditional NR ·NC readings and makes the system slower.

Thus, IECM allows keeping the circuit to its minimum complexity and cost,

with a reduced power consumption. Given that low-cost is a requirement of

the prototypes, in this thesis IECM and the basic circuit configuration are used.
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Besides, it is worth indicating the relevance of the IECM drawbacks. In this thesis,

it will be shown that the large resistance values cannot be recovered with accuracy.

However, they correspond to lower values of pressure with no influence on a CoP

for instance. Thus, the main drawback is not relevant. The post-processing

time required is neither an issue since real-time results are not required in this

thesis, because we are not developing a commercial product. Anyway, it will be

shown that real-time could be achieved when the algorithms are implemented

in C. Besides, the non-ideal behavior of mux/demux characterized by their non-

zero internal resistance is also easily addressed in our prototype by means of a

previous calibration step. This is possible because the DAQ system is always

an independent box that is plugged into a connector of the mat. Thus, the

calibration is carried out following several steps. If the mat is not connected,

the configuration is equivalent to an array of infinite resistances. Furthermore, if

the mat is not connected but a pair row-column is short-circuited with a cable

this is equivalent to setting a single cell with zero resistance while the others are

infinite. In this case, if a reading of the DAQ is carried out, the internal resistance

of the mux/demux can be deduced. The value can be subtracted later once it is

known. Thus, the calibration proceeds by short-circuiting sequentially all row-

column pairs and obtaining the internal resistance of the mux/demux channels

(in fact, it has been checked that all the channels have the same value for practical

purposes). Anyway, for future applications, ZPM or QZPM are not completely

discarded since their hardware requirements are not very high. A deep analysis

of economic costs should be performed1.

Given said that, optimization approaches can be useful for other circuits. In

appendix C it is shown that IECM has the potential to be adapted to QZPM in

a general framework of optimization methods. QZPM assumes that the switch

resistance is known, while they can be estimated by the algorithm too if the

adapted IECM is utilized. This shows that this kind of methods are worth to be

studied for dealing with crosstalk in RSAs.

1In [72] the cost of a ZPM circuit was estimated to be €18 higher than the basic circuit used
in this thesis for a 16x16 array
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Table 2.1: Comparison of methods [149] © 2022 IEEE.

Method Readout Time
Readout
Mode

#
OA

Selection Components # Control Lines Current

IIDFCC [241] 2 · (NR · NC) Single 1 NR + NC (2:1 MUX) NR + NC Vref/R′

QZPM [138] NC · (NR + (NC + 1)/2) + NR Single 1 NR + NC (2:1 MUX) NR + NC < Vref/R
proposed NR · NC Single 0 1 (NR:1 MUX) + 1 (NC :1 MUX) log2(NR · NC) < Vref/R

Improved ZPM-I [96] NR+1 Parallel NC+1 NR+1 Buffer NR+1 Vref/R′

Improved ZPM-II [96] NR+2 Parallel NC+1 NR+1 Buffer NR+1 Vref/R′

R is a known resistor set by the designer that limits the current and R′ is the series between the output resistance of the buffer and the equivalent
resistance of the RSA.
R′ can be low, so that power can be high in the first and in the last 2 methods presented in the table. Buffer role can also be played by switches or 2:1
MUX.

2.2 PSM Prototypes

2.2.1 Previous prototype

A first prototype of PSM was developed previously in our group. It consists of

three layers (see figure 2.7). The first layer is made of an insulating material

Thermoplastic Polyurethane (TPU) [12]. It serves as a mechanical base and was

built using a 3D printer. Adhesive copper tape, 7 mm width, is used to build

horizontal lines on one side of the TPU layer.

The second layer is in fact composed of three sheets of Velostat. This is the

material sensitive to pressure. The sheets cover the whole area.

The third layer is just similar to the first one but rotated 90◦. In this way the

copper lines are vertical and orthogonal to the lines in the first layer.

Either regular tape or Kapton® is used in the common areas that are out of

the main array to avoid short circuits between copper lines. The last part of the

lines is open to solder cables.

Crossing points between the copper lines in the first and the third layers are

associated to the sensitive cells of the PSM. Each one has a sensitive area of 7

mm x 7 mm. The mat size is 32 cm x 32 cm and there are 16 copper tracks

in each side, so that a matrix of 16x16 cells is formed. Thus, the resolution is

0.25 cells/cm2.

Copper lines are soldered to a female connector in which the DAQ circuit can

be plugged. The DAQ system is inside a Polylactic Acid (PLA) box which has

also been built with a 3D printer. The circuit is similar to many previous studies

[129, 244] and its schematic is presented in figure 2.8. It is a circuit based on

a pair of mux / demux to select row or columns (section 2.1.4), in which two

muxs [9] 16:1 have been used: One is used for row selection the other for column

selection. The selected row is connected to the reference voltage (Vref ) through
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(a) First Layer (b) Velostat and First layer

(c) Rows and columns with
Kapton®

(d) Positioning of last layer (e) PSM

(f) Flexing PSM

Figure 2.7: Prototype of PSM: (a) First layer of the PSM; (b) First layer with
unfolded sheet of Velostat; (c) Inclusion of the insulator; (d) Positioning of the
last layer; (e) Fully mounted PSM; (f) Flexing of the PSM.

a resistor Ro = 2.2kΩ. A voltage divider circuit between the sensor array and

Ro is formed and the middle point is connected to an ADC, see figure 2.3. The

ADC is integrated into an STM32F103C8T6 µC [18], which is also used to control

muxs. The ADC has 12 bits resolution. It turned out that the mux resistance and

the ADC input resistance were far from ideal. They were estimated for each box

independently (typical values RADC = 123kΩ and Rmux = 145Ω). The µC is also

connected to a Bluetooth module that sends data to a PC in text format. In the

PC side a program written in Processing was developed to receive data, storing in

and visualizing data as images for debugging purposes. Bluetooth transmission

is the bottleneck of the system that limits the data transfer and therefore the

sampling frequency of the PSM. The whole PSM is scanned at 10 Hz (in the test

we performed the maximum value that can be reached was about 15 Hz).

Since this first prototype was based on a flexible base, it can be adapted to
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Figure 2.8: Schematic of the DAQ of the PSM

any irregular surface. It can also be folded for transportation.

Velostat costs less than €5/m2, about €4.20/m2, and the estimated cost of

the materials used for manufacturing the PSM is around €100.

2.2.2 Improved prototype

The previous prototype has a very low cost because it is based on low cost mate-

rials and manufactured in our own laboratory. However, its size is larger than the

printing area of our 3D printer. So each support, in the first and third layers, has

to be printed in four pieces independently and then glued together afterwards.

Adding copper lines (adhesive copper tape) has to be done manually too. This

is a tedious procedure, hard to be redone if some mistake happens. Due to these

reasons, a new version of the prototype was built. In the new prototype, the

materials cost is higher, but the work force required is decreased considerably.

The process can be automatized and parallelized.

In the new prototype, flexible PCB based on Kapton® [111] are used instead

of the flexible TPU layers manufactured with a 3D printer. In this way, the copper
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lines and the electrodes are integrated in the same PCB. It is possible to test

several electrode variants. An alternative was based on circular electrode shapes,

shown in figure 2.9b. In this case, the structure has also three layers as in the

previous prototype figure 2.9d. Sensitive units are formed in the crossing points

of vertical and horizontal lines. A single Velostat sheet is included in the middle

of two flexible PCBs. Thus, the electrode itself (plain variant) is a sandwich

structure made of copper-Velostat-copper. This is the same as in the previous

prototype except that the electrode shape is circular and the lines can be placed

with higher accuracy in the PCB design software. Another alternative is based on

an interdigital electrode shape (interdigital variant, figures 2.9a and 2.9c). In this

case the two terminals of each sensitive cell are integrated into a single flexible

PCB. A single sheet of Velostat is placed on top of it. The advantage of this

configuration is that it requires only a PCB, and thus the cost can be reduced

from €280 to €200. The interdigital electrode presents a higher resistance under

the same pressure, which seems reasonable because the contact area of the plain

electrode is clearly higher. A view of the PSM with a protection fabric is shown

in figure 2.9e.

PCBs were manufactured by an external commercial company. Thus, in the

new prototype cells are homogeneous and copies could be manufactured easily

for mass production.

Flexible PCBs cannot be folded as much as the TPU based PSMs, but they

can still be rolled up and adapted to irregular surfaces. In addition, they are

lighter.

Improving the DAQ circuit.

DAQ circuit was also improved. In the first version, the µC was programmed us-

ing the Integrated Development Environment (IDE) STM32CubeIDE [17], which

allows debugging code and uses a Hardware Abstraction Layer (HAL) to facilitate

programming µCs. However, an external programmer is required (see appendix

E). The official programmer is rather expensive [16] although there are cheaper

non official versions (€3, [115]).

The popular STM32F103C8T6 development board known as BluePill [115]

was used in our prototypes. It has several peripheral devices. The board can be

programmed using the programmer pins, connecting them to the pins of Serial

Wire Debug (SWD).
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(a) Interdigital electrode
of PSM (b) Plain electrode of PSM

(c) Interdigital electrode in
a manufactured PSM

(d) manufactured PSM with
plain electrode

(e) PSM covered by fabric

Figure 2.9: Prototype of PSM: (a) Interdigital electrode of PSM; (b) Plain elec-
trode of PSM; (c) PSM with unfolded sheet of Velostat and interdigital electrode;
(d) PSM with plain electrode made of Kapton®; (e) Kapton® PSM covered by
a fabric.

However, during the µC programming process, the STM32CubeIDE was not

always able to send information correctly both under Windows or Linux operating

systems. Moreover, STM32CubeIDE requires the generation of a project file with

a configuration for each application. This makes working with files very annoying.

Besides, data transfer under Linux was often blocked. This prevented the use

of Linux for some parts of the development even though the frameworks were

supposed to be available for all the operating systems.

Therefore, we opted to install the Arduino bootloader in the development

board. In this way the Arduino IDE could be used to program it. This IDE has

also some very useful basic functions [7].

Programming the µC with the Arduino bootloader can be performed with the

FTDI232 module (USB to Serial UART) [13]. The board also presents a USB

module that can be utilized for data communication. The integrated USB can
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also be used to program the board. Installing the bootloader was first required,

see appendix E. In this way, the programmer is only needed in the first step to

upload the bootloader. Afterwards, new programs can be uploaded to the board

with a direct connection to a PC with a USB cable.

In the first prototype, data were sent as text strings. Given that a 12 bit

ADC can reach a value of 4095 (a four digit number) each cell could imply the

transmission of up to 40 bits including the digits and a separator character. This

was improved by sending data in binary format. In this way each of the 4096 levels

of the ADC can be sent with two characters (char in C) [7], so that only 16 bits per

cell were sent. In our case, the data was sent in a little-endian codification because

the family of µC works with this format, although their utilization depends on

the compiler optimization. The code 2.1 shows the binary sending process.

1 void send_msg(uint16_t ∗cell_v){

2 // Send data in binary

3 setPin(debugPin);

4 Serial . flush () ;

5 Serial .write(INIT);

6 Serial .write(INIT);

7

8 for( int ii =0;ii<N_CELLS;ii++){

9 Serial .write(lowByte(cell_v[ii ]) ) ;

10 Serial .write(highByte(cell_v[ii ]) ) ;

11 }

12

13 #if(USE_VERIF)

14 calc_n_send_verif(cell_v, &verif_val);

15 #endif

16 clrPin(debugPin);

17 }

Code 2.1: Sending data in binary. INIT refers to an initialization char.

Reliability is increased by reducing the frame length, because sending fewer

characters per pressure image reduces the possibility of failure. Besides, especial

characters like tabs, spaces, or line feeds are eliminated; they could give rise

to some problems with some codifications. To check the transmission of a full

pressure image, an additional signature is sent, like a kind of parity (Code 2.1). If

the signature is not right, the PC stores -1 as the values of ADC reading values.

Thus, erroneous pressure images can be detected in the post-processing and data

sampling can be preserved.
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1 void calc_n_send_verif(uint16_t ∗cells_v, uint16_t ∗verif){

2 ∗ verif = 0;

3 for( int i=0; i<N_CELLS; i++){

4 ∗ verif = ∗verif + cells_v[i ];

5 }

6 ∗ verif = ∗verif % ADC_MVAL;

7

8 //Send

9 Serial .write(lowByte(∗verif)) ;

10 Serial .write(highByte(∗verif)) ;

11 }

Code 2.2: Calculation and sending verification bytes

Data transmission is no more implemented via a Bluetooth connection. In-

stead, a USB cable is used in the improved prototype version although the Blue-

tooth module is still available. This solution allows increasing the data transmis-

sion rates from 115200 bits/s (Bluetooth) to 1 Mbit/s (USB). These numbers are

stable transmission rates, not maximal values.

Concerning the PSM, sending data via USB in binary format enables a full

scan of it to be sent at 75 Hz, while with the Bluetooth module only 15 Hz could

be reached in our tests.

In addition, controlling the mux is now more efficient. A set of agile macros

has been coded to set digital levels. They do not perform some checks as the

popular digitalWrite () function in Arduino does, following [143]. The function

that updates the mux control lines checks them at the bit level and updates the

µC ports (code 2.3). Since this function is called many times, its improvement

has also a great influence in the maximum scanning frequency.

1 // Set Clear and Toggle digital ports

2 //We can add the port C with another if; in our case not necessary

3 #define setPin(b) ( (b)<16 ? GPIOA_BASE−>BSRR |=(1<<(b)) : GPIOB_BASE−>

BSRR |=(1<<(b−16)) )

4 #define clrPin(b) ( (b)<16 ? GPIOA_BASE−>BRR |=(1<<(b)) : GPIOB_BASE−>BRR

|=(1<<(b−16)) )

5 #define tglPin(b) ( (b)<16 ? GPIOA_BASE−>ODR ^=(1<<(b)) : GPIOB_BASE−>

ODR ^=(1<<(b−16)) )

6 //Port C b>31

7 #define setPinC(b) GPIOC_BASE−>BSRR |=(1<<(b−19))

8 #define clrPinC(b) GPIOC_BASE−>BRR |=(1<<(b−19))

9

10 int row_Pins[N_ROW_MuxPins] = {PB12, PB13, PB14, PB15}; // From LSB to MSB
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11 int col_Pins[N_COL_MuxPins] = {PA15, PB3, PB4, PB5}; // From LSB to MSB

12

13 // Set MUX

14 void set_Mux(int ∗pins_vec, unsigned short dec_val, byte n_bits){

15 unsigned short highPinsA=0, lowPinsA=0, highPinsB=0, lowPinsB = 0;

16 for(byte i_mux=0; i_mux<n_bits; i_mux++){

17 if (pins_vec[i_mux]<16){

18 highPinsA += (bitRead(dec_val, i_mux)) << (pins_vec[i_mux]) ;

19 lowPinsA += (not bitRead(dec_val, i_mux)) << (pins_vec[i_mux]);

20 }else{

21 highPinsB += (bitRead(dec_val, i_mux)) << (pins_vec[i_mux]−16) ;

22 lowPinsB += (not bitRead(dec_val, i_mux)) << (pins_vec[i_mux]−16);

23 }

24 }

25 GPIOA_BASE−>BSRR |= highPinsA;

26 GPIOA_BASE−>BRR |= lowPinsA;

27 GPIOB_BASE−>BSRR |= highPinsB;

28 GPIOB_BASE−>BRR |= lowPinsB;

29 }

Code 2.3: Setting of Mux control lines

Another improvement is related to time management. The sampling period

is now guaranteed by means of timer controlled by an Interrupt Request (IRQ).

In the previous prototype, the sampling period was rather low, 10 Hz, so it was

not necessary to control the sampling event with high accuracy. The interruption

has been configured at a low level, leading to a more agile execution [8, 10]. High

level functions of Arduino have been avoided to remove unnecessary overhead.

Inside the interruption routine, a complete scan of the PSM is carried out, i.e.,

selecting the 256 cells and reading their values.

It is worth highlighting that the µC has a default 72 MHz working clock

frequency, but this value had to be lowered to 48 MHz to send data via USB. If

not, IRQ from USB can interfere with the timer IRQ. The most accurate timer

of the µC has been selected, Timer2. It enables reaching the desired frequencies

without truncation. The timer configuration is presented in 2.4.

1 void config_timer2(void) {

2 //timer 2 setup

3 TIMER2_BASE−>PSC = 8000; //48MHz/8000=6000 Hz

4 TIMER2_BASE−>ARR = 40−1; //6000/40=150Hz

5 TIMER2_BASE−>CNT = 0; //Clear Counter

6 timer_attach_interrupt(TIMER2, 0, handler_tim2); //Handler of timer 2
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7 TIMER2_BASE−>CR1 |= 0x0001; //Enable timer 2

8 }

9

10 //timer 2 interrupt

11 void handler_tim2(void){

12 GPIOC_BASE−>ODR ^= 0x2000; //toggle PC13 (LED) 1<<13=1∗2∗∗13=8192=0

x2000

13 read_cells(cell_val) ;

14 send_flag=1;

15 }

Code 2.4: Timer Interruption Configuration and Handler

ADC configuration was another issue to be refined. This device can work

with increased or decreased conversion times, but a lower conversion time should

imply a lower input impedance too. Nonetheless, in the previous prototype it was

tested that the input impedance was rather low despite the fact that the HAL

default configuration was set for high conversion times (low conversion rates).

Thus, to increase the conversion speed the ADC has been configured as shown in

code 2.5. The configuration is based on low level functions that do not perform

so many checks and the sampling time is set to 13.5 ADC clock cycles.

1 const int8_t analogPin = PA0;

2 uint16_t adcValue;

3

4 void config_ADCs(void){

5 rcc_set_prescaler(RCC_PRESCALER_ADC, RCC_ADCPRE_PCLK_DIV_4);

6 int pinMapADCin = PIN_MAP[analogPin].adc_channel;

7 //adc_set_sample_rate(ADC1, ADC_SMPR_1_5); //ADC_SMPR_1_5 = 0,58uS/

sample. Faster but Rin low.

8 adc_set_sample_rate(ADC1, ADC_SMPR_13_5); //ADC_SMPR_13_5 = 1.08uS,

Rin>10Kohm

9 adc_set_reg_seqlen(ADC1, 1);

10 ADC1−>regs−>SQR3 = pinMapADCin;

11 ADC1−>regs−>CR2 |= ADC_CR2_SWSTART;

12 }

13

14 void read_cells(uint16_t ∗c_val){

15 // Scaning of rows

16 for(unsigned short i_row=0; i_row<N_ROWS; i_row++){

17 set_Mux3(row_Pins, N_ROWS−i_row−1, N_ROW_MuxPins);

18 // Scaning of cols

19 for(unsigned short i_col=0; i_col<N_COLS; i_col++){



34 Chapter 2. Prototype of a Pressure Sensitive Mat

20 set_Mux3(col_Pins, i_col, N_COL_MuxPins);

21 delay_us(1);

22 setPin(debugPin2);

23

24 adcValue=ADC1−>regs−>DR;

25 ADC1−>regs−>CR2 |= ADC_CR2_SWSTART;

26 while((ADC1−>regs−>SR & ADC_SR_EOC) == 0){;}

27 adcValue=ADC1−>regs−>DR;

28

29 c_val[i_col+i_row∗N_COLS] = adcValue;//analogRead(analogPin);

30 clrPin(debugPin2);

31 }

32 }

33 }

Code 2.5: ADC Configuration and Usage

Taking into account all the previous improvements, the PSM sampling fre-

quency has been increased from 10 Hz in the previous prototype (maximum of

15 Hz) to 100 Hz in the new prototype (165 Hz maximum). Moreover, the ADC

input resistance is now about 6.9MΩ, which is ideal for practical purposes in our

application.

Fast IECM implementation: Python and C

The post-processing required to remove crosstalk, IECM, was first implemented

in Python [150], as explained in section 2.1.4. For real circuits with noise it was

verified that a LSQR approach or a fixed point iterative solutions (equation 2.8)

were suitable.

The LSQR approach was implemented with the Scipy library [226], (section

2.1.4). The library function can perform the optimization with constraints and

a given numerical error can be set as input parameter for termination. The

constraints were used to force the conductance to be positive quantities. On the

other hand, fixed point iterations were implemented with our own code.

The fixed point equations are clearly faster than the LSQR, but even in this

case, with about 1 min per volunteer and 100 pressure images per second, the

post-processing of a balance experiment can take a non negligible amount of

time. Increasing processing speed was a very beneficial goal. The Python module

devoted to multiprocessing [76] was selected to implement a parallel version of the

IECM method. It is more convenient than the Python threading module because
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it implements a true parallel execution in the Central Processing Unit (CPU)

and creates new copies of the variables allocating memory for them. Thus, each

subprocess can modify the variables in an independent way and there is no need

to synchronize parallel executions of the code. The process management is carried

out by means of a Pool object. In this way, when a set of pressure images has to

be post-processed, each subprocess is in charge of processing only some of them,

executing the same code. Incoming images are assigned to different subprocesses.

Using this parallelization technique allows decreasing a lot of computing times,

but it is still an annoying process if a large quantity of data is to be processed

(for instance from several volunteers in a balance test experiment).

To further speed processing times, a C implementation has been developed,

both in sequential and parallel versions. The GSL library was used to perform

matrix operations and to perform least square optimization [73]. The fixed point

algorithm was translated to C. Since it was implemented with our own code, the

results are exactly the same as in the Python version. However, the least square

optimization was not exactly the same because input parameters and perhaps

internal details of GSL implementation are different from those of the Python

version. For fair comparison, the number of iterations in the GSL implementation

was set to reduce the ghost effect to the same levels as in the Python LSQR

implementation using some of our test images. Besides, in GSL it was not possible

to include constraints. Instead, forcing conductances to be positive was achieved

by using their logarithm in the minimization. In this way, the conductance value

comes from an exponential operation of an optimized parameter. Therefore, they

are never negative.

The parallel C implementation is shown in figure 2.10. It is based on a pool of

processing threads. The main program is in charge of capturing data and sending

them to a queue. Each time a new frame arrives, it adds the new frame to the

queue and sends a signal to the pool of threads. If one of the threads is not

busy, it removes the frame from the queue and process it to remove crosstalk.

After processing it sends the processed frame to the output queue. In figure it is

considered that another single thread can remove the processed frames from the

output queue for storing it or perform some fast operation like calculating a center

of pressure, while for visualization many of the frames could be just discarded.

The implementation follows the ideas of producer/consumer models and a thread

pool and it uses mutex and conditional variables following parallel programming
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Table 2.2: Processing speed (in fps)

Language Python C
Method

LSQR Serial 0.042 1.285
LSQR Parallel (4 Threads) 0.055 4.831
Fixed Point Serial 6.061 76.923
Fixed Point Parallel (4 Threads) 8.264 294.118

techniques to share data between threads and synchronize them [163].

Figure 2.10: Schematic view of the parallel C implementation of IECM.

Processing times of different implementations can be seen in table 2.2, mea-

sured as frames per second. The programs were run in an Intel® Core™ i7-8700

CPU @ 3.20GHz. It is worth highlighting that the faster implementation is far

faster than the current best sampling frequency of the PSM, with a factor almost

two between them. Thus, real time processing is possible. The programs used

four threads/subprocesses because most computers now posses at least such a

number of physical cores.

Other improvements

Our current knowledge about PSMs have led to further enhancements of the

previous prototype. They concern a far better characterization and modeling of
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the sensor response to pressure and an estimation of the uncertainty measurement

provided by the PSM. Nonetheless, they require a deeper analysis and more

formal mathematical background. Therefore, we have decided to present them in

separate subsections to explain them in detail.

2.2.3 Summary table of PSM prototypes.

To sum up, the characteristics of the three PSM prototypes that have been used

in the thesis are shown in table 2.3. The name will be used as a reference in the

document. 3D_Velo3_Blue and Kdigit_Velo_100 were used in balance tests,

while Kplain_Velo_150 was used in the posture monitoring experiments.

Table 2.3: Summary of prototipes used in the thesis. No layers refers to the
number of layers of piezoresistive material.

Identifying name electrode type material communication freq no layers PCB type

3D_Velo3_Blue plain Velostat Bluetooth 10 Hz 3 ABS 3D
Kplain_Velo_150 plain Velostat USB 150 Hz 1 Kapton®

Kdigit_Velo_100 interdigital Velostat USB 100 Hz 1 Kapton®

2.3 Uncertainty characterization in IECM.

Ideally, any measurement should provide not only a single value but also its un-

certainty, i.e. an interval in which the true value of the physical magnitude is

likely to be found [25, 26, 33]. This uncertainty might not be always presented,

but a professional equipment should provide it. Being able to estimate the uncer-

tainty of our PSM prototype is also an improvement over our previous studies.

However, this topic deserves further explanations so that this specific subsection

is devoted to it.

In this thesis, an analysis of the uncertainty associated to IECM has been

developed. There are good reasons to carry out such analysis. Formally, the rela-

tion between the cell conductances and the measured (equivalent) conductances

is shown in equation 2.8, g = F−1(G). If the measured conductances have some

uncertainty, then the solutions found in this equation have also an uncertainty.

Given that a rather complex algorithm is required to find g coming from a large
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set of experimental measurements, it is worth studying whether the values ob-

tained are reliable or not. In this section, this question is going to be answered.

This section is largely based on our article [149] from which several excerpts are

extracted (© 2022 IEEE).

2.3.1 Propagating uncertainty

From a technical point of view, the problem we are dealing with is that of prop-

agating uncertainty. For small and uncorrelated uncertainties, the law of propa-

gation of uncertainty [25] can be set as:

σgjq =

√

√

√

√

∑

i,p

(

∂gjq
∂Gip

)2

σ2
Gip

(2.11)

where the symbol σx is used for the standard deviation of a given quantity x, as

a measure of its uncertainty.

The key quantities that have to be obtained to calculate the influence on g

are the partial derivatives:

∂gjq
∂Gip

(2.12)

We have not obtained directly ∂gjq
∂Gip

. However, in the appendix C it is shown

that:

∂Gip

∂gjq
=

(Vip,j − Vip,q)
2

(Vip,p − Vip,i)
2 (2.13)

The indices (i, p) or (j, q) refer to the physical row-column position in an RSA

(the voltage notation has been explained in section 2.1.4). For the purpose of the

next reasoning, it is convenient to see g or G as single vectors, flattening the

physical indices into a single mathematical index. Therefore, we represent the

set of partial derivatives as ∂G
∂g

, which can be seen as a matrix. For instance, in

a 16x16 RSA, there are 256 cell conductances and 256 equivalent conductances.

Thus, the matrix ∂G
∂g

is a 256x256 matrix representing the partial derivatives of

each equivalent conductance with respect to each cell conductance. Following the

theory of partial derivatives, the required quantities, ∂g

∂G
, can be obtained as:
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∂g

∂G
=

(

∂G

∂g

)

−1

(2.14)

To sum up, the partial derivatives required in equation 2.11 can be obtained by

first calculating the set of partial derivatives in equation 2.13, and then obtaining

the inverse matrix, equation 2.14. It should be highlighted that all the voltages

required in equation 2.13 are obtained when running IECM. Equation 2.11 also

requires the quantities σGip
. In this document, we refer to them as the noise

model. They represent the noise of the measurement system.

If the uncertainties are not small, simulation is required to quantify the confi-

dence interval for any given quantity [25]. The circuit has to be solved for different

values of G inside an interval, and the set of outcomes, g, can be characterized

statistically by an SD for instance or any other parameter.

In the next subsections, results concerning uncertainty will be given in two

different contexts: one with simulated values and the other one with values mea-

sured from a real RSA.

2.3.2 Experiments with simulated noise

The starting point of these simulations is a known value of an RSA (g). Then G

is calculated. Afterwards, we proceed by adding noise to G and using IECM to

find g with a least-squares approach. This has been repeated 1, 000 times so that

a value of standard deviation for each cell can be obtained [26]. These standard

deviations can be compared with those obtained from the law of propagation

of uncertainty. The general procedure carried out in this section is graphically

explained in figure 2.11.

Although this subsection is entitled as “simulated noise”, the noise model and

some of the initial g are close to true values since they are taken from experiments

(see section 2.3.3). More specifically, the noise model corresponds to a gaussian

distribution with relative standard deviation as shown in figure 2.12. In the figure

the points correspond to measured noise in a real DAQ system for some known

values of resistance. For intermediate values, linear interpolation has been used.

In the first case we present, the initial value of g is a set of 16x16 conduc-

tances randomly selected between 1e − 5 and 1e − 2 S, which correspond to

resistances in the range 100Ω to 100 kΩ. Figure 2.13 shows the relative noise

figure for both, the simulations and the uncertainty propagation equation 2.11.
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Figure 2.11: Schematic view of the process to obtain uncertainty from simulations,
σ′

g, and the comparison with uncertainty propagation equation, σg ([149] © 2022
IEEE).
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Figure 2.12: Relative standard deviation of the noise model used ([149] © 2022
IEEE).

For lower conductances, the uncertainty propagation equation tends to overesti-

mate the simulation, while for higher conductances, it gives the same results as

the simulations with overlapping points in the figure. This behavior can be ex-

plained because equation 2.11 is not exact and comes from a linear approximation

[25, 113]. Thus, it is not surprising that it deviates from true values in the range

in which uncertainty is larger. In addition, the relative uncertainty increases for

low values of conductance, which are not reliable. It is not hard to imagine sit-
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uations in which this can happen. For instance, let us consider a 2x2 array (like

in figure 2.14a) composed of 10 kΩ in cell (1, A) and three 100Ω resistors in the

other three cells. In this case, the equivalent resistance between nodes 1 and A is

easily obtained as a parallel combination of 10 kΩ and 300Ω (see figure 2.14b),

which is roughly 300Ω. For any other row-column pair the equivalent resistance

would be the parallel combination of 100Ω and 10, 200Ω using a similar reason-

ing. That value is about 100Ω. Therefore, the largest resistor has little influence

on the measurements and thus it is harder to be recovered from them.

10 5 10 4 10 3 10 2

g (S)

10 1

100

101

102

g/g

Figure 2.13: Relative uncertainty as a function of conductance for a random
array of conductances. Squares represent the values from uncertainty propagation
equation, circles from simulation ([149] © 2022 IEEE).

In the second case, the values of g come from the measurements of a Velostat-

based PSM, our fist prototype, with a person standing on it [150]. Figure 2.15

shows the conductance map and the results of the uncertainty estimation. In

this case the uncertainty propagation equation and the simulation give almost

the same results, even though the former shows a tendency to overestimate un-

certainty values in the very low conductance range. Low conductances are not

reliable at all, while for conductances above a value about 1e− 4 the uncertainty

is less than 10 % (in other words, resistances lower than a few kΩ can be recovered

with that precision).

In the third case, the values of g come from the same PSM with a person
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Figure 2.14: a) Example of a 2x2 array; b) The equivalent resistor seen from
nodes (1, A) ([149] © 2022 IEEE).

in semi-tandem stance. In this case, the values of conductance before processing

showed a clear ghost effect, while after the processing there is almost no pressure

in the top right part, shown in figure 2.16a, where no foot is in contact with the

mat. The results are similar to the previous case but with some minor differences:

The spread of the values seems larger in this case and the tendency for uncertainty

overestimation of equation 2.11 is even more clear.

2.3.3 Noise in a real RSA

In this case, we built a PCB with a female socket to plug resistors, see figure

2.17. The connections reproduced a 6x6 RSA. The PCB has also a connector

to plug our DAQ system developed for our PSMs, based on the circuit shown in

figure 2.3. Although the circuit is built for a 16x16 array, there is no problem if

a smaller RSA is plugged. The rest of the captured RSA values, indices from 7

to 16, appear to be as infinite resistances. Thus, the pressure images can be just

cropped to the relevant 6x6 area.

The first step was to determine the noise model. For that purpose, a known

single test resistor was placed in a cell and the rest of connections were left open.

In this way, an ideal situation was achieved: measuring the equivalent resistance

was the same as measuring the cell resistance, all other being infinite. Then, we

acquired data for about 30 s (300 samples) and extracted the standard deviation.

An example of the voltage values measured for a test resistor of 1 kΩ is presented

in figure 2.18. Discrete jumps are clearly seen, corresponding to changes in the
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Figure 2.15: Conductance map of a PSM (person in standing position, top fig-
ure), and relative uncertainty (bottom figure). Squares represent the values from
uncertainty propagation equation, circles from simulation ([149] © 2022 IEEE).

ADC readings of a few units. The global results are shown in table 2.4 for each

value of resistance. It can be seen that the noise is almost constant, around ±1

mV. This corresponds to about ±1.24 LSB in the system. Therefore, it seems

that the intrinsic quantification error is a large portion of the uncertainty in the

system. It is likely that the noise would be larger in another environment but,

given that our system is composed of a simple PCB and that it was not tested
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Figure 2.16: Conductance map of a PSM (person in semi tandem, top figure),
and relative uncertainty (bottom figure). Squares represent the values from un-
certainty propagation equation, circles from simulation ([149] © 2022 IEEE).

in a noisy environment, the measured noise may be lower than the typical value

found on µC applications. The results presented in figure 2.12 are derived from

the values in table 2.4 just by expressing them in relative terms.

Once determined the noise model, we measured the noise with different con-

figuration of the 6x6 RSA using resistors of 100 Ω, 1 kΩ, 10 kΩ and 100 kΩ. The

procedure to obtain the experimental uncertainty and the estimation obtained
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(b) 6x6 PCB (c) 6x6 circuit

Figure 2.17: PCB employed to measure the noise in the system: (a) Schematic of
the prototyping board to plug a 6x6 resistor array; (b) PCB layout of the same
board; (c) Manufactured PCB with resistors and the DAQ box plugged.

from the uncertainty propagation equation is very similar to the one shown in

figure 2.11. The difference is that instead of adding noise in the computer to an
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Figure 2.18: Measured voltage for a test resistor of 1 kΩ showing the noise level
in the system ([149] © 2022 IEEE).

Table 2.4: Measured voltage noise level for various test resistors and the asso-
ciated uncertainty in the conductance deduced from the voltage divider circuit.
The noise is characterized in terms of standard deviations (σv for voltage, σg for
conductance) [149] © 2022 IEEE.

Resistance Ω σv (mV) σg (S)
100 1.0 7.7e-5

1,000 0.9 1.3e-6
10e3 1.1 2.4e-7
100e3 1.1 1.6e-7
220e3 1.1 1.6e-7

initial G, in this section we just took several measurements of the same configu-

ration in static conditions (about 30 s, 300 samples), getting several G values and

then several values of g using IECM. In this way the experimental uncertainty

could be determined. On the other hand, from a value of G (in fact, we took the

median), we derived g = F−1(G) using IECM and the derivatives ∂g

∂G
, from which

uncertainty propagation can be applied to obtain the expected uncertainty.

Two different configurations were tested. In the first configuration, the re-

sistors were randomly selected, see figure 2.19a. In the second configuration we

tested a case with a strong ghost effect, in which three corners are filled with 100

Ω resistor and the rest with higher values (illustrated in figure 2.20a). The gen-

eral trend of the results is similar to the cases shown in section 2.3.2. However, a

graph like figures 2.15b and 2.16b is not very helpful because the points overlap

due to the presence of a discrete set of resistance values. Therefore, in this sec-

tion, we represent only bar plots showing the cell values that can be determined
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with a relative precision better or close to 10%. They correspond to 100 Ω and 1

kΩ resistors. The bar plots in figures 2.19b and 2.20b show the value of conduc-

tance and the relative uncertainty obtained from the measurements and from the

uncertainty propagation equation. In general, they agree reasonably well with

some tendency to overestimation for 1 kΩ resistors (1e − 3 S conductance) and

underestimation for 100 Ω resistors (1e − 2 S conductance) in the case in which

there is strong ghost effect.

2.3.4 Conclusions

In this section we have proven an equation to find the sensitivity of cell con-

ductances g with respect to equivalent conductance measurements G in an RSA

when using IECM to eliminate the crosstalk problem. This leads to the possibil-

ity of estimating the uncertainty using the law of uncertainty propagation. We

have tested this with simulated and real RSA. The uncertainty propagated is

very close to the simulated and experimental ones for low values of resistance,

which are the ones that can be obtained with a reasonable reliability. For higher

resistances, the propagation equation tends to overestimate the uncertainty, but

the main outcome is clear: they cannot be obtained reliably.

IECM is a software solution to the problem of crosstalk in RSAs. It has an ad-

vantage in terms of reduction of electronic components, which is very important

for large arrays. A consequence of the results of this section is that the largest

resistance values cannot be obtained in this way reliably, while the lowest resis-

tance values present far less uncertainty. The importance of this characteristic of

IECM depends on the application. For a PSM, the uncertainty in large values of

resistance (low values of conductance) does not imply too much change in terms

of pressure exerted on the mat. This is due to the approximate proportional-

ity between conductance and pressure in many sensitive materials. It would be

rather irrelevant to find a center of pressure or an object shape. Nevertheless,

this might not be the case for other sensors that are based on an RSA model.

With the extension of IECM proposed in this section, it can detect the situations

in which the results are not reliable.
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Figure 2.19: a) Conductance map of a 6x6 RSA with random resistances and b)
relative uncertainty of the highest conductance cells (bottom), in which dark blue
is the experimental uncertainty and the light blue the value obtained from the
uncertainty propagation equation. Labels in x-axis represent the conductance in
S of the corresponding cells [149] © 2022 IEEE.

2.4 Characterizing and comparing piezoresistive

materials

Although Velostat is likely to be the most popular low cost piezoresistive material,

there are other alternatives available in the market. Thus, a possible improvement
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Figure 2.20: a) Conductance map of a 6x6 RSA that would show strong ghost
effect if not corrected and b) relative uncertainty of the highest conductance cells
(bottom), in which dark blue is the experimental uncertainty and the light blue
the value obtained from the uncertainty propagation equation. Labels in x-axis
represent the conductance in S of the corresponding cells [149] © 2022 IEEE.

option was to select a material whose response to pressure had less non-linear

effects, see section 2.1.2. The experiments and selection requires a more lengthy

discussion. This is why a specific section has been devoted to this topic.

Three materials have been selected for a controlled experiment in which a

small-sized array is subjected to a set of pressure patterns: Velostat [6], EeonTex

[70] and Ex-static [11].
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2.4.1 Experimental set-up

The controlled experiments were performed in a pneumatic platform by researchers

of the Electronics Department, University of Malaga, who are collaborating with

our group in the study. The commercial device has been described in [53, 197]. It

allows applying a uniform pressure on a surface. It is a Tekscan® PB100E with

a Pneumax 171E2N.T.D.0009 regulator. It has an active area of 127 mm x 311

mm with a maximum thickness of the samples of 1.55 m. The applied pressures

go from 0 to 100 PSI (680.47 kPa) with a resolution of 1% of the span.

Three PCBs have been developed, each one for a different material (see figure

2.21). They include 10 interdigital electrodes. A simplified DAQ circuit was

developed for them. It is based on an ATMEGA4809 µC in the Arduino Board

Nano Every, see schematic on figure 2.22. The µC is in charge of multiplexing

the 10 sensors. The mux output is connected to a voltage divider circuit. The

voltage is measured by the µC ADC. In this case each sensor has a different line

(ground is common) so there is no crosstalk.

The system is connected to a PC via USB, which also powers the circuits.

Sending data is started from the computer side by sending an ’s’ char (start)

in utf-8 codification. Then acquisition starts and a LED in the board blinks.

Reading the 10 sensors values and sending their data from the board to the PC

in text format is done every 500 ms. The acquisition ends when the PC sends an

’f’ (finish) char to the board.

2.4.2 Protocol

Material characterization was carried out by repeatedly applying load and unload

cycles, which have been classified into three kinds of tests: fast cyclic tests, long

tests and hysteresis tests. The experiments allow quantifying non linear effects,

as explained in section 2.1.3. Nonetheless, it should be pointed out that it is very

difficult to design experiments in which a single non-linear effect is observed and

the others are ruled out. For instance, creep can last for hours or days and it is

not practical to perform such long cycles in which even the pneumatic platform

is not able to keep the same pressure level. Thus, in all the experiments all the

non-linear effects are present to a greater or lesser extent.

The main goal of the fast cyclic test is to characterize repeatability. Pressure

is applied for two minutes, then the material is free from pressure for the next
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(a) Velostat PCB (b) EeonTex PCB (c) Ex-static PCB

(d) Back of PCB (e) Design of DAQ Box (f) DAQ system connected
with Box

Figure 2.21: PCBs and DAQ used for comparing the materials: (a) Velostat PCB;
(b) Eeontex PCB; (c) Ex-static PCB; (d) Back part of the PCBs; (e) OpenScad
box design for the DAQ; (f) DAQ system connected inside PLA Box.

two minutes. These load/unload process is repeated 20 times (illustrated in figure

2.23).

The set of load/unload cycles has been carried out for two different pressures,

5 psi (34.47 kPa) and 15 psi (103.42 kPa). The material was kept uncompressed

for a minimum period of 80 min between the application of 5 and 15 psi cycles

in order to try to make independent measures. Each PCB with its own sensitive

material was subjected to the same test procedure.

The long test tries to characterize creep and drift. A staircase of pressure

values is applied to the PCB. Each step lasts 25 min. The system starts from 0

psi, then goes up to 5 psi, 15 psi, 30 psi and then down to 15 psi, 5 psi and 0 psi

as shown in figure 2.24.

The hysteresis tests include two different applied pressure series, one with

descendent maximum values and the other with ascendant minimum values. In
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Figure 2.22: Schematic of the DAQ system used for the material characterization.

2 min 2 min 2 min 2 min 2 min 2 min 2 min 2 min 2 min

1 CYCLE

Figure 2.23: Fast ciclic pressure pulses.
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Figure 2.24: Long time applied pressure.

both cases the system starts from 0 psi and changes in steps of 2 psi up to the

maximum value of the cycle. Each step lasts 6 s to allow pressure to become

stable. In the descendent cycles, each cycle reaches a maximum value 4 psi lower
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than the previous one. In the ascendant cycles, the minimum of the cycle is 4

psi higher each time, although the system always return to zero pressure after

performing a hysteresis cycle in the upper part of the conductance vs. pressure

diagram.

In other words, the set of applied pressures is the following:

1. Descendent hysteresis tests:

0 → 32 → 0 → 28 → 0 → 24 → 0 → 20 → 0 → 16 → 0 → 12 → 0 → 8 →

0 → 4 → 0

2. Ascendant hysteresis tests:

0 → 32 → 4 → 32 → 0 → 32 → 8 → 32 → 0 → 32 → 12 → 32 → 0 → 32

→ 16 → 32 → 0 → 32 → 20 → 32 → 0 → 32 → 24 → 32 → 0 → 32 → 28

→ 32 → 0

The process is better understood with the help of figures 2.25 and 2.26.

6 seg

2 PSI

0 PSI

32 PSI

28 PSI

1 cycle

24 PSI

Figure 2.25: Pressure applied in descendent hysteresis tests.
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2 PSI

32 PSI
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  4 PSI
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32 PSI

0 PSI

32 PSI

  8 PSI

0 PSI

32 PSI

1 cycle

Figure 2.26: Pressure applied in ascendant hysteresis tests.

The set of descendent/ascendant hysteresis cycles were repeated ten times.

When quantifying hysteresis with a single value, the repetitions were averaged in

order to reduce the influence of other effects.
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The maximum value of pressure in the experiments is 32 psi. This value is

higher than values reported in the literature for pressure exerted when standing

on a single leg, which will be the worst situation considered in this thesis. No

more than 20 psi have been found for peak values in previous studies [89, 191, 210]

2.4.3 Results and material selection

The numerical characterization of variability follows equation 2.1 using data from

the fast cyclic tests, with ∆t = 30 s in this case (the total pulse time is 2 min).

For an ideal material, the outputs of all the cycles and of all the cells should be

the same, which is not the case in this experiment.

With respect to variability, EeonTex and Velostat behave much better than

Ex-static, see table 2.5. EeonTex and Velostat present very similar values at 5 psi

but differ clearly at 15 psi, in which EeonTex outstands. The general aspect of

sensor output as a function of the sample is shown in figure 2.27. It is noticeable

that the two sources of variability, pulse repetition and cell, cannot be neglected

and both contribute to the final result shown in table 2.5. If the pulse repetitions

are also averaged, like in figure 2.28, it is again clear that Ex-static is the worse

material.

Table 2.5: Variability of the materials. The best value is highlighted in bold.

Pressure 15 PSI 5 PSI Mean
Material

EeonTex 0.067 0.103 0.085
Ex-Static 0.152 0.217 0.185
Velostat 0.123 0.094 0.108

Long tests are used to calculate creep and drift. Creep is calculated using

equation 2.3. Each load value was kept constant for 25 min, so that ∆T = 25

min in the equation.

In figures 2.29 and 2.30 the sensor output as a function of sample number is

shown (full test or high pressure part respectively). Creep and drift effects are

noticeable. Creep is higher in EeonTex as can be deduced from table 2.6 and

figure 2.31. The behavior of Ex-static and Velostat is more similar, but Ex-static

has a large creep variation depending on the applied pressure, see figure 2.31. At

first, one could think that this effect can be neglected because the values shown
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Figure 2.27: Output of fast cyclic test (lines represent average over cells, shadow
part the associated SD): (a) Velostat; (b) Eeontex; (c) Ex-static.
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Figure 2.28: Response to step pulse. The lines show average over cells and over
pulses and the shadow the associated SD: (a) 5 PSI; (b) 15 PSI.

are very low. However, it has to be taken into account that the effect is shown per

second. But creep can last for hours and it can be relevant for some experiments.

The creep has also an asymmetric behavior very noticeable in Velostat. When
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Figure 2.29: Creep response by material (averaged over cells). For comparison
purposes the measurements have been normalized.

6000 8000 10000 12000 14000
samples

0.6

0.7

0.8

0.9

1.0

co
nd

uc
ta

nc
e

Response to Maintained Pressure Steps
Velostat
EeonTex
Ex-Static

Figure 2.30: Top part of the Creep response by material (averaged over cells).
For comparison purposes the measurements have been normalized.

the sensor has been subjected to a pressure and the load is decreased, creep is

far lower. For instance in table 2.6 the creep values before and after 30 psi has

been reached are very different, far lower in the second part of the experiment
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(see values at 15 psi on the left or on the right of 30 psi in table 2.6). This has

been found in the literature previously and can also be related to the fact that

creep in tactile sensors can sometimes be reduced if a pre-load step is performed

[53, 235].

Table 2.6: Creep values (in s-1). The best value is highlighted in bold.

Creep
Pressure 2) 5 PSI 3) 15 PSI 4) 30 PSI 5) 15 PSI 6) 5 PSI
Material

EeonTex 2.61e-05 2.85e-05 2.63e-05 2.37e-05 2.98e-05
Ex-Static 3.30e-05 4.42e-06 1.30e-05 2.17e-06 1.32e-05
Velostat 1.76e-05 1.45e-05 1.84e-05 1.53e-06 2.37e-06
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Figure 2.31: Overall effect of the creep averaged for all applied pressures and
cells. Bars show the associated SD.

Concerning drift, it is also obtained from the long tests. For each value of the

applied pressure, the first half part is discarded to remove short term effects that

follows the change in applied pressure. Then, drift is calculated as explained in

the paragraph above equation 2.2. The window size that we have taken is 30 s,

which is the same window duration as in the variability experiment.



58 Chapter 2. Prototype of a Pressure Sensitive Mat

Comparing the materials, Ex-static and Velostat show much less drift than

EeonTex. Overall, the best behavior with respect to drift corresponds to Velostat,

see table 2.7 and figure 2.32. Even though the values are lower than 1%, for

EeonTex they are noticeable even visually, shown in figure 2.30. Thus, EeonTex

is the worse concerning both drift and creep.

Table 2.7: Drift values. The best value is highlighted in bold.

Drift
Pressure 2) 5 PSI 3) 15 PSI 4) 30 PSI 5) 15 PSI 6) 5 PSI
Material

EeonTex 1.05e-02 7.31e-03 6.84e-03 6.53e-03 9.14e-03
Ex-Static 2.59e-03 1.41e-03 8.66e-04 9.60e-04 2.15e-03
Velostat 1.42e-03 9.22e-04 8.71e-04 9.18e-04 6.70e-04
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Figure 2.32: Overall effect of the drift averaged over cells and pressures. Bars
show the associated SD.

With respect to hysteresis, it is visually very apparent as shown in figure

2.33. Velostat is the material that presents less hysteresis. The numerical results

confirm this visual evaluation, see tables 2.8 and 2.9. In average, table 2.10, the

hysteresis value of Velostat is about 33% less than the other two materials, which

are very close. For the ascendant cycles and high pressures, the hysteresis values
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might be very high, but this is because they are divided by a low number, see

equation 2.4, so that small experimental errors may have a large impact.

Table 2.8: Hysteresis of the ascendant cycles. The best value is highlighted in
bold.

Cycle 0) 4 PSI 1) 8 PSI 2) 12 PSI 3) 16 PSI 4) 20 PSI 5) 24 PSI 6) 28 PSI
Material

EeonTex 0.254 0.214 0.192 0.269 0.430 0.560 0.662
Ex-Static 0.263 0.341 0.369 0.333 0.375 0.435 0.550
Velostat 0.121 0.110 0.114 0.121 0.209 0.469 0.785

Table 2.9: Hysteresis of the descendent cycles. The best value is highlighted in
bold.

Cycle 0) 4 PSI 1) 8 PSI 2) 12 PSI 3) 16 PSI 4) 20 PSI 5) 24 PSI 6) 28 PSI 7) 32 PSI
Material

EeonTex 0.170 0.201 0.213 0.204 0.200 0.189 0.188 0.187
Ex-Static 0.075 0.167 0.222 0.226 0.230 0.223 0.223 0.234
Velostat 0.081 0.107 0.110 0.107 0.104 0.101 0.104 0.127

Table 2.10: Average hysteresis of the materials. The best value is highlighted in
bold.

Material EeonTex Ex-Static Velostat

Hysteresis 0.276 0.284 0.185

A radar chart with all the non-linear effects considered has been created, see

figure 2.34. In this radar chart the effect of creep has been multiplied by a time

of 25 min, which is the period of the load condition in long tests. Besides, none

of the experiments with volunteers in this thesis will last longer than that period.

In this way all the axes are relative measures and the comparison between them

is meaningful.

Hysteresis, variability and creep are the non-linear effects that affect these

materials to a larger extent. These effects must be taken into account in the

selection of sensitive materials, especially in the case of instrumentation devices.

In an overall view of the analysis, Velostat would be our choice for the design of
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PSM among the materials considered in this thesis because it has the lower value

of hysteresis, creep and drift. Eeontex is the most repeatable, but it is also the

most vulnerable to drift and creep. Ex-static presents a high value of hysteresis

as does EeonTex, as well as a high variability.

Variability

Creep

Drift

Hysteresis

0.05
0.10
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EeonTex
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Velostat

Figure 2.34: Radar chart of the considered non-linear effects in the materials

2.5 Modeling creep and hysteresis in Velostat

Modeling some non-linear effects opens the possibility of compensating for them

to obtain a more accurate measurement, thus improving our previous prototypes.

However, there is a rather complex mathematical machinery to model creep and

hysteresis, so that a specific section is devoted to present the models and the

parameters found for Velostat. The data from the hysteresis tests are used in

this section because they already show a change with time (repetition), which

indicates not only hysteresis but also creep.
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2.5.1 Selected models

Hysteresis

In this study an MPI model [91] has been selected to fit the hysteresis in Velostat.

It is a phenomenological model based on the concept of operators [90]. There are

several reasons for that choice: the inverse model is analytical and the equations

can be found in the literature [91]; asymmetric hysteresis is very common in

piezoelectric and piezoresistive materials and this model can deal with it; finally,

the number of free parameters is relatively small, which is very suitable to find

them in optimization processes.

The basic concept for reproducing a hysteresis output is the play operator.

In this document we consider the variant adapted for positive signals, the One-

Side Play (OSP) operator. Let p(t) be the input signal (pressure) for t in [0, tM ].

The signal is supposed to be monotone in a set of subintervals, [ti, ti+1], with

0 < t1 < t2 < · · · < tM . Then an OSP operator with threshold r provides an

output, yr(t), given by the following equation:

yr(0) = Fr[p](0) = fr(p(0), 0)

yr(t) = Fr[p](t) = fr(p(t), yr(ti)) (2.15)

for ti < t ≤ ti+1, with

fr(x, y) = max(x− r,min(x, y)) (2.16)

A weighted sum of OSP operators is taken to provide the desired sensor output

with hysteresis, gh (conductance). Moreover, a polynomial term is added to model

asymmetric hysteresis:

gh(t) = a1 p(t) + a2 p
2(t) + a3p

3(t) +
N
∑

i=1

biFri [p](t) (2.17)

The authors of the original paper [91] considered only odd polynomials. How-

ever, the fit quality without the second order term was clearly worse with our

data, so that we have decided to include it.

The number of OSP operators has been set to N = 6 with equally distributed

thresholds defined as ri = (i−1)/N (assuming that the input is normalized). This
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or similar numbers are typical in previous studies. To reduce the parameters of

the model, the weights are not independent but follow an equation that is also

found in the literature [197]:

bi = ρ e(−τ ri) (2.18)

where ρ and τ are the two parameters that define the exponential decreasing

function.

In order to define the inverse of an MPI model, it is convenient to divide the

output into two addends [91]:

gh(t) = P [p](t) + F [p](t) (2.19)

where P [p](t) = a2 p
2(t) + a3p

3(t) and F [p](t) = a1 p(t) +
N
∑

i=1

biFri [p](t). In this

way, F [p](t) includes both the linear term and the hysteresis.

A key property is that the inverse of F [p](t) is also an MPI model [91]:

F−1[u](t) = â1 u(t) +
N
∑

j=1

b̂jFr̂j [u](t) (2.20)

where:

â1 =
1

a1

b̂j = −
bj

(a1 +
j−1
∑

i=1

bi)(a1 +
j
∑

i=1

bi)

r̂j = a1 rj +

j−1
∑

i=1

bi(rj − ri) (2.21)

Figure 2.35 presents the flow chart that can be applied to compute the total

inverse model [91]. Therefore, p(t) can be calculated from gh(t) with the following

equations that are computed at each time step:

u(t) = gh(t)− P [p](t) = gh(t)− (a2 p
2(t) + a3 p

3(t))

p(t) = F−1[u](t) (2.22)
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Figure 2.35: Signal flow chart of the inverse hysteresis operation.

Creep

Modeling creep is also based on the idea of operators. A single creep operator is

equivalent to a first order system [90, 190] and the total creep can be represented

as a weighted sum of creep operators [109, 155, 208].

More specifically each creep operator is associated to a parameter li in such

a way that the output at time tk = k T is established as:

yc,i(tk) = e−li Tyc,i(tk−1) + (1− e−li T )p(tk−1) (2.23)

where T is the sampling period.

C[p](t), the total creep, is calculated using the following equation:

gc(tk) = C[p](tk) =
Nc
∑

i=1

wi yc,i(tk) (2.24)

where wi are the weights and Nc the number of creep operators.

In this study two creep operators have been used. The number has been

found by trial and error, being slightly better than using a single creep operator

or more than two. Increasing their number did not improve the fit and it is not

recommended to augment unnecessarily the model complexity. Besides, many

creep models include a constant term proportional to the input. In our case it is

already included in the linear term of the hysteresis model. Anyway, it could be

considered as a creep operator in the limit li →∞.

Joint Creep and Hysteresis Modeling

The direct joint model is graphically represented in figure 2.36a. The direct model

is obtained as the sum of hysteresis and creep [155], i.e., the output is obtained by

adding equations 2.17 and 2.24. On the other hand, the same concepts considered
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in figure 2.35 can be applied in the inverse of the joint model, shown in figure

2.36b. From a formal point of view, the output is still computed as p(t) =

F−1[u](t), where F−1[u](t) has been defined in equation 2.20. The difference

with the inverse model of the hysteresis is that the creep has to be subtracted as

well to compute u(t), as follows:

u(t) = g(t)− P [p](t)− C[p](t) (2.25)

where P [p](t) has been defined in equation 2.19, and C[p](t) has been defined in

equation 2.24.

Thus, the inverse model can be used to recover the applied pressure, p(t),

from the measured conductance, g(t).

(a) (b)

Figure 2.36: a) Signal flow chart of the joint hysteresis and creep model and b)
its inverse.

Parameter identification

Summing up, the joint model requires a set of parameters: ρ, τ , a1, a2, a3, li and

wi. Identifying them can be stated as a minimization problem with constraints

in a relatively large dimensional space. The cost function is related to the typical

sum of squares error. Let pt be a temporal series of pressures and gexp,t the

associated conductance of the sensor measured in the experiment. If the model

predicts an output gm,t, the cost function to be minimized is denoted as SSEN

and defined as:

SSEN =

Nt
∑

t=1

(gexp,t − gm,t)
2

Nt

(2.26)
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where Nt is the number of points in the temporal series, which for convenience is

dividing the sum of squares error.

In our case, there are two kinds of experiments, descendent and ascendant

hysteresis cycles. They can be considered as independent because there was a

long period of unload condition between them, around 11 days. Thus, in fact

the average of SSEN over the two kinds of experiments has been considered as a

target function.

Finding the parameters is not an easy task. It is typical to use some stochastic

search algorithm. Thus, in this paper we have adopted a simulated-annealing

algorithm [185] for searching the parameter space. Some trials were done with

other more refined strategies for optimization, but the results of the classical

simulated-annealing were far better. Therefore, only the best parameters found

with it are presented and the issue of improving the search will be considered for

future studies.

2.5.2 Results and discussion

Model optimization results are shown in figures 2.37 and 2.38: the former presents

the descendent hysteresis cycles, the latter presents the ascendant hysteresis cy-

cles. The applied pressure pattern was repeated ten times in each kind of experi-

ment. It is apparent from the figures that the sensor hysteresis cycles change over

time, i.e., as a function of the repetition. Therefore, the model has to include

such a dependence. The creep model introduced in section 2.5.1 is the way to give

a trend in the output as shown in figures 2.37b and 2.38b. Two of the repetitions

of the pressure pattern are also shown to observe the model fit with some detail.

The quality of the model fit is variable. The first repetition is rather bad in

both descendent and ascendant cycles, see figures 2.37c and 2.38c. The fit quality

is better for the next repetitions, shown in figures 2.37d and 2.38d although in

the last repetitions of the ascendant cycles, see figure 2.38b, the fit is not very

good again (and in fact the conductance seems to decrease globally).

The irregular fit quality is also apparent if the inverse model is applied. The

ultimate goal of modeling the sensor output would be to recover the true pressure

from the measurements, as seen in figure 2.39, in which the applied pressure and

the pressure recovered from the conductance is shown (descendent experiment).

The general view in figure 2.39a reveals a bad prediction for the first repetition.

The next repetitions seem to be predicted with a far better accuracy, see figures
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Figure 2.37: Descendent hysteresis cycles: a) Applied pressure pattern (one rep-
etition); b) General view of the output in the ten repetitions; c) First repetition
d) Sixth repetition.

2.39c and 2.39d. The higher deviations of the curve shapes are associated to

higher pressures.

The model parameters are shown in table 2.11.

2.6 Conclusions

In this chapter, the advances in our prototype have been described. The improved

prototypes could be easily manufactured for mass production with a reduced man-

ual work required. They can be scanned at frequencies higher than 100 Hz, which

can be required in many applications. To achieve this high sampling frequency,

the µC configuration had to be fine tuned and a binary data transmission had to
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Figure 2.38: Ascendant hysteresis cycles: a) Applied pressure pattern (one repe-
tition); b) General view of the output in the ten repetitions; c) First repetition
d) Fourth repetition.

be devised, changing also from Bluetooth to USB.

On the computer side, the crosstalk removal algorithm can now operate in real

time thanks to a parallelized C implementation. Besides, equations to estimate

the uncertainty in the measured cell conductances after running this algorithm

have been developed and the uncertainty can be estimated in our PSM. The

result is reasonable and the higher resistances in the array can not be recovered

reliably, but this is not a problem in our applications because they correspond to

very low pressures. Besides, it has been proven that the principles in which IECM

is based can be applied to other DAQ circuits commonly found in the literature,

like the QZPM, in which it can be applied to find not only cell resistances but

also switch resistances (ideally zero), see appendix C. This opens a new line of
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Figure 2.39: Applied pressure and recovered pressure using the inverse model: a)
General view; b), c) and d) first, third and eighth repetition respectively.

Table 2.11: Model parameters.

Parameter Value Unit

ρ 1.64e− 4 S/psi
τ 0.269 psi-1

a1 1.01e− 4 S/psi
a2 −5.32e− 6 S/psi2

a3 7.37e− 8 S/psi3

l1 8.25e− 4 s-1

l2 5.26e− 6 s-1

w1 8.42e− 6 S/psi
w2 1.90e− 6 S/psi

SSEN 2.74e− 9 S2
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research.

Finally, a very complete characterization of the sensor output for three mate-

rials has been presented. Up to our knowledge, no previous study has performed

such a deep analysis of three low cost piezoresistive materials, Velostat being one

of them. This material is very common in previous research. It is shown that it

presents less non-linear effects than the other two candidates analyzed. Besides,

a model of hysteresis and creep in Velostat has been found, which is also a novelty

of this thesis. It captures several characteristics of the sensor response, but there

is still room for improvement because the hysteresis cycles change a lot from the

first to the last repetition for repetitive tests, while the model fit is far better in

the intermediate ones. Theoretically, this model can be used to recover pressure

with a higher accuracy. However, the model has been found for a small sized

array due to the space limitations of the pneumatic device, and its application to

a real case in which the PSM prototypes are used deserves further comments as

it will be explained in detail in chapter 3.



Chapter 3

Testing human balance: Center

of Pressure measurements

T
esting balance is very common in clinical practice. Thus, providing

objective measurements of balancing abilities is of great importance to

complement subjective functional tests or questionnaires. This doc-

ument is focused on quantifying postural control in static upright stance. In

particular, the CoP displacement is a widely accepted quantitative measure in

this kind of tests. The reference instrument for CoP measurement is the FP.

However, FP are usually bulky, heavy and expensive (typical FPs cost thou-

sands of euros, the most affordable ones cost just under a thousand euros). There-

fore, research has been conducted to find alternatives to characterize postural

control in standing position. A PSM is also an option to determine stability. Be-

sides, the problem of determining accurately CoP displacements using low cost

piezoresistive materials is a research challenge because overcoming their limita-

tions is not an easy task. Studies on low cost PSMs are worth to be carried out

because they have multiple advantages. They are affordable instruments with a

reduced complexity in the manufacturing process. Thus, they would be avail-

able for many research teams and medical centers. Moreover, they are flexible,

lightweight and transport-friendly, which allows their use in irregular surfaces like

seats, backrests, and beds.

This chapter is divided into several sections. In section 3.1 the state of the

art is presented, indicating a brief reference to the use of CoP and FP in health

research, as well as a review of the main results of previous studies that used

PSMs to characterize stability. Section 3.2 presents the experimental protocol,

71
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the data processing performed and the system evaluation. Two series of experi-

ments were performed with different prototypes. The experiments are similar, but

some relevant differences are highlighted. The data processing methods are also

different because the hysteresis and creep compensation has been only performed

in the second set of experiments and the second prototype allowed recovering a

smoother CoP trajectory. Section 3.3 presents the results and discussion, and

section 3.4 the conclusions of this chapter.

3.1 State of the art

The CoP is the projection of the body center of gravity to the ground [222], and

the time displacement of this projection is its trajectory. It is conventionally

measured using an FP [192]. Therefore, this device is found in many studies

concerning a wide range of populations and applications: older people [66, 131,

171, 182], infants [68], diabetic subjects [146], children with cerebral palsy [42],

or athletes [41].

FPs measure ground reaction forces [41]. The most basic FP would contain

a single sensor force, and give a single measurement. However, most FP include

several sensors in different orientations [3, 23, 117]. These sensors are usually

located at each corner of the rectangular shape. This enables obtaining 3D in-

formation. Moreover, the CoP and the moment around each of the axes can also

be obtained. Most common sensor technologies are load cells and piezoelectric

sensors, although load cells are likely to be the most robust and spread.

A PSM is also an option to determine stability. A PSM intends to cover

relatively large areas allowing the pressure to be measured on seats, beds, or

on the floor. Several studies have compared commercial PSMs with FPs. In

[32] an AMTI® FP and a commercial plantar pressure system (Tekscan® Stride-

way Plantar Pressure Mat) were used in quiet standing deadlift trials with eight

different weighting conditions. The ground reaction force from the two instru-

ments was recorded. The differences were not statistically significant and the

correlation was high (r = 0.959) although a small size effect was found. In [85]

CoP measurements obtained from MatScan® PSM and AMTI® AccuSway FP

were compared in single-legged balance trials with both eyes closed and open.

Healthy volunteers participated in the experiment. Several CoP parameters were

analyzed: Anterior-Posterior (A-P) and Medial-Lateral (M-L) excursions, total
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distance, and area. The correlation was good both considering the parameters

themselves (r > 0.92) but also considering the differences between eyes open and

eyes closed conditions (r > 0.85). Moreover, both devices detected large effect

sizes between those conditions. However, Bland-Altmann plots revealed a smaller

spread of the CoP trajectory measured by the PSM and most of these differences

were statistically significant. These differences increased with the displacement of

the CoP. For instance, the CoP excursions showed differences ranging from 0.14

cm to 0.42 cm depending on the trial. In [166] the authors compared a commer-

cial pressure sensor, (Nitta C-scan12S), and an FP (Model OR6-5-1000, AMTI®)

in quiet standing (eyes open and closed) with healthy subjects. Several parame-

ters of the CoP trajectory were extracted: root mean square, standard deviations

along M-L and A-P directions, area of 95% confidence ellipse, mean velocity, total

power of the power spectrum density and frequencies containing 50% and 95% of

the power (in both directions), and 2D histograms. The Concordance Correlation

Coefficient (CCC) ranged from 0.036 to 0.607 depending on the parameter. The

authors concluded that the sway amplitudes for the PSM were slightly smaller

than those of the FP. In a particular case shown, the values for the standard

deviation of the CoP trajectory along the M-L direction were 1.49 and 1.98 mm

respectively, while for the A-P direction they were 2.18 and 3.10 mm respectively.

Differences between the two instruments were reduced with a postprocessing of

CoP signals. A transfer function was found to bring CoP trajectories of the

PSM close to those of the FP. It was obtained numerically in the frequency

domain. The characteristics of the relation between the CoP trajectory in both

devices were rather independent of the subject, sway direction and visual condi-

tion. This indicated that a unique filter could be used. After correcting PSM

CoP trajectories using the filter, the CCCs were always higher than 0.9. In [42]

a Tekscan® HR Mat and an AMTI® FP were used to assess standing balance in

typical children and in children with cerebral palsy. The CoP path was analyzed

with 21 parameters. Correlation between instruments ranged from 0.509 to 0.992

depending on the parameters and children group. However, statistical differences

between them were found in 18 and 16 parameters for typical and cerebral palsy

groups respectively. The maximal excursion of the CoP were higher for the FP

except for the M-L direction in children with cerebral palsy, in which the average

was the same (up to 0.01mm differences). Despite the differences between the

instruments, PSM preserved discrimination ability: using a logistic regression 11
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out of the 21 parameters were found to significantly predict group membership,

although the number increases to 15 if measures from FP were used.

In an overall view of previous comparisons between FPs and PSMs, the stud-

ies found a moderate to strong correlation between the instruments for some CoP

parameters. However, there are several studies that reveal that PSMs measure a

lower spread of the trajectory. Tested PSMs belong mostly to Tekscan®. Thus,

they are high end equipments from a leader company. The sample frequency is

at least 50 Hz and the resolution is 0.968 sensels/cm2 in the worst case. The

evaluation is performed using mainly correlation, although some statistical pa-

rameters are sometimes provided. The studies do not compare the CoP itself,

but some parameters extracted from it, which are conventionally used in health

research [181]. Moreover, only one study tried to mitigate the differences between

the instruments. The authors found a filter that related CoP coordinates coming

from the two instruments.

In the next section, the experiments developed with our prototypes are pre-

sented. The prototypes are low-cost equipment, thus very different from the

ones utilized in previous studies. Their resolution is low compared with them

(0.25 sensels/cm2), and the first prototype achieves only a very limited sampling

frequency, 10 Hz. A preliminary evaluation of the first prototype was published

in [148] from which some excerpts have been taken.

3.2 Measurement protocol, data processing and

evaluation

3.2.1 First prototype

In this experiment, our prototype 3D_Velo3_Blue (table 2.3) was compared with

a commercial FP and a commercial PSM. The FP was a PS-2141 PASPORT by

Pasco [20]. Its measurement range is −1100 N to 4400 N and its resolution is 0.1

N. The FP allows sampling rates up to 2 kHz depending on the interface device.

For this study, the measurements were registered at 10 Hz for compatibility with

the PSMs. The software provided by the manufacturer allows retrieving CoP tra-

jectory data directly in a file that is transferred via USB. Besides, the commercial

Seating Mat from Sensing Tex was tested [22]. According to the documentation,

the pressure sensitivity is obtained through a combination of electronic inks and
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pastes which are stretchable, elastic and can be printed on materials with special

surface preparations. The mat size and number of spots of this product are the

same as in our prototype. Each sensitive spot has a diameter of 10 mm and

each frame of the PSM was acquired at a frequency of 10 Hz. The conductance

versus pressure curve of each sensor follows well a linear dependence. This com-

mercial product is more affordable than many of its competitors. The software

provided by the manufacturer was used to acquire, via Bluetooth, the raw data.

Then we followed the documentation guidelines to transform them to conduc-

tance. Crosstalk effect also appears in Seating Mat and the software includes a

compensation option for it.

The PSMs were laid, overlapping, on the FP (shown in figure 3.1). The

vertical order of the PSMs was randomly selected for each volunteer (in fact, we

checked that there were no significant differences in the PSM output for the two

possible positions). The systems were tested with humans to obtain the same kind

of pressure images and irregular shapes of feet [150, 191] as in balance studies,

which would be the ultimate target application, although in this preliminary

study we have only considered healthy subjects. Each participant performed the

following eyes-open and barefoot trials on the platforms, with each of these tests

performed once per participant:

• Trial single-legged, right leg (Right Leg for short): Volunteers started the

trial in single-legged quiet standing (flamingo posture, right leg). Then,

they had to control their balance.

• Trial single-legged, left leg (Left Leg for short): The previous trial was

repeated, this time controlling their balance on the other leg.

• Trial two-legged with trunk movements (Rotation for short): In the last trial

volunteers started in two-legged quiet standing and then swayed while de-

scribing circles seen from above. Movements were performed slowly (about

half cycle per second).

A chair was placed close to the instruments to allow volunteers to lean on

its backrest momentarily if balance was about to be lost. In this way, all the

volunteers carried out the tests successfully, remaining single-legged throughout

the entire tests. Forty two volunteers participated in the experiment (29 men, 13

women), table 3.1.
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Figure 3.1: Experimental set-up with the commercial systems and our prototype,
first set of experiments [148].

Table 3.1: Overall characteristics of the participant in the first experiments given
as mean (SD) [148].

Men Women Total

No. 29 13 42
Height (m) 1.78 (0.07) 1.64 (0.06) 1.74 (0.09)
Weight (kg) 81.36 (14.21) 58.54 (7.21) 74.30 (16.34)
Age (years) 33.55 (12.47) 26.00 (11.91) 31.21 (12.66)

We selected single-legged trials because they are very common [85, 204]. Be-

sides, as the selected volunteers are healthy, tests involving some difficulty should

be performed in order to obtain some relevant variations between subjects and no-

ticeable CoP excursions. Concerning the Rotation test, trunk movements are also

typical in stability studies [66]. This movement allowed checking the differences

between the two instruments for larger CoP displacements.

Each trial lasted 60 s and the three instruments acquired the data simultane-

ously. However, the instruments were started independently and the signals had

to be aligned in a post-processing step. To fully synchronize the signals coming

from different instruments, we used the cross-correlation between them. This

quantity is supposed to be maximal when the signals are fully aligned. Thus, the

cross-correlations of the Cartesian components of the CoP were obtained and the

signals were aligned to maximize them. Anyway, the signals were displayed and

the initial time was corrected manually when required.
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Table 3.2: Models used for our prototype PSM in the first set of experiments.
The force platform is included for completeness.

Short name Comment

FP Force platform PS-2141, 10 Hz sampling fre-
quency.

PROP Base model. Crosstalk is removed using
IECM. Then, conductance and pressure are
supposed to be proportional.

PROP-C As PROP model but crosstalk is not re-
moved.

PROP-8x8 Reduced resolution. Select only one out of
two rows and columns of the original sensor
matrix. Then use PROP model.

In this experiment, it was assumed the Conductance versus pressure propor-

tional model (PROP), i.e, conductance and pressure are supposed to be propor-

tional. In addition, some variants of the basic processing for 3D_Velos3_Blue

were performed to study the effect of several limitations of the prototype, see table

3.2. FP is included for completeness. They are explained in the next paragraphs.

Although the elimination of the crosstalk is visually beneficial, it could not be

done in real time at the beginning of this PhD period and required an annoying

post-processing step. Therefore, we aimed to know whether or not it was relevant

for the CoP. For that purpose, the role of the crosstalk elimination was studied

by repeating the analysis with the raw values of conductance without further

processing. This model is like PROP but without removing crosstalk (PROP-C).

Another aspect to be considered is the resolution of our PSM. We emulated an

experiment with an 8x8 mat by selecting only one out of two rows and columns of

the original sensor matrix. The results corresponding to this variant are labeled

as PROP-8x8. In fact, there are four options: a) Selecting columns 1, 3, 5, . . . and

rows 1, 3, 5, . . .; b) Selecting columns 1, 3, 5, . . . and rows 2, 4, 6, . . .; c) Selecting

columns 2, 4, 6, . . . and rows 1, 3, 5, . . .; d) Selecting columns 2, 4, 6, . . . and rows

2, 4, 6, . . .. The average result of these options is the value shown for PROP-8x8.

Regarding performance, it was evaluated considering two set of parameters.

On the one hand, we followed an approach that is commonly used in the literature,

i.e., extracting some parameters of the CoP trajectory and then comparing them

with those obtained from the FP. More specifically, the standard deviation of the
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M-L components of the CoP path, σML, and the standard deviation of the A-P

components of the CoP path, σAP , were extracted. Thus, one value of σML and

one value of σAP were obtained for each subject, trial performed and instrument.

These values are the base for the device comparison. Analyzing the displacements

on each axis is very common. In particular, the standard deviation is a typical

parameter of the CoP spread [57]. It is simple to calculate and less sensitive

to low sampling frequency or to outliers than the maximum range for instance.

Therefore, it is suitable for the current study of our first prototype. Besides, it has

been used in many previous works [68, 166, 237] and shows good discrimination

ability in different groups and pathology subjects [57].

Then, the Pearson’s correlation coefficient between the CoP parameters ob-

tained from PSM and FP, r, was calculated. This allows us to compare them

with previous studies. However, this coefficient is not very helpful in many situ-

ations. For instance, two signals may present a bias between them and yet the

correlation can be perfect. In other situation, the two signals may show no bias

but can be related by some “gain” factor ̸= 1. In this case the correlation would

be perfect but the instrument outputs are not the same clearly.

Therefore, we have also calculated a figure of merit for the CoP trajectory

itself. We have not found it in previous studies, probably because they are focused

on clinical research and the trajectory is not used directly. However, we think

that the primary outcome of the instrument in balance tests is the CoP path.

From a technical point of view, the trajectories derived from a PSM and a FP

should be compared. If both trajectories become closer using some processing or

modeling, then it is reasonable to expect that any parameter obtained from them

will be more similar too.

Thus, given two trajectories, the distance between each pair of points in the

x − y plane was considered, di, and then we calculated the Lock-step Euclidean

Distance (LSED) [213], which it is further divided by the number of points in the

trajectory, NCoP , for convenience. The result is called Eu:

Eu =

√

NCoP
∑

i=1

d2i

NCoP

(3.1)

For a specific discussion concerning the resolution of the PSM, Eu by direction

will be considered:
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EuML =

√

NCoP
∑

i=1

(xFP,i − xPSM,i)2

NCoP

EuAP =

√

NCoP
∑

i=1

(yFP,i − yPSM,i)2

NCoP

(3.2)

where x and y are the coordinates in the M-L and A-P directions respectively

and the index FP or PSM refer to the force platform or the mat, respectively.

3.2.2 Second prototype

The protocol was very similar to the one explained in the previous section but

with some differences. In this case the commercial PSM, Sensing Mat, was not

included because the analysis of the first set of experiments already revealed a

worse performance. Thus, only our prototype was on top of the FP during the

experiments (prototype Kdigit_Velo_100, 100 Hz sampling frequency, table 2.3).

The volunteers performed three kinds of trials, each performed once, as in the

first experiment. The experiments lasted only 30 s, plus a few seconds to start

the acquisition programs and step on the instruments. The duration is lower

than in the previous experiments because 1 min was sometimes uncomfortable

for some people. In this case four male volunteers performed the balance tests.

The overall characteristics of the volunteers can be seen in table 3.3.

Table 3.3: Overall characteristics of the participant in the second set of experi-
ments

Mean SD

Height (m) 1.75 0.04
Weight (kg) 72.75 10.90
Age (years) 33.75 11.92

The signals from the two devices had a unavoidable delay. The cross-correlation

was again used to align them. Anyway, the signals were displayed to check the

alignment and a 30 s window extracted for further processing.

The pressure was obtained by applying the inverse model found using the tests
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in the pneumatic platform as shown in section 2.5. However, a direct application

of the model has some difficulties that are worth explaining. The PSM size avoids

testing it in the pneumatic platform. This is why a reduced sensor array was built

for the pneumatic system1. Thus, the model parameters have been found for a

different array. Despite being manufactured with the same material and electrode

shape, the sensor outputs have a large variability. Even applying the same average

model for all the cells in the small-sized array used in the pneumatic device is

somehow risky. It is typical to perform some equilibration process or even to find

individual models for each cell [152, 196], which is not possible in our case. This

raises the question of the suitability of the given model for the PSM. To overcome

this problem, we propose a heuristic scaling factor for the stability experiments in

which a volunteer stands on the large PSM. Let p = M(g) be the generic model

that relates conductance to pressure. Then the conductance is scaled by a factor

f in such a way that the following equation is fulfilled:

16
∑

i=1

16
∑

j=1

M(f · gi,j) · A = W (3.3)

where gi,j is the conductance measured for each cell, A is the cell area (4 cm2),

and W is the weight of the subject performing the experiment.

In fact, the average of the above equation was taken during the 30 s experi-

ment duration. The factor f was found using a brute force search in the interval

[0.25, 0.75]. As can be deduced from the extreme values of the interval, the con-

ductance of the PSM was larger than expected considering the outcome obtained

in the experiments with the pneumatic device. If the factor is not introduced,

the model gives pressures that are likely to be unrealistic.

Several model variants are considered in section 3.3 to check the improvement

associated to increasing model complexity. They are presented in table 3.4 for

the sake of clarity. FP is also included for completeness. Concerning the PSM,

results from a naive approach that assumes that conductance is proportional to

pressure will be shown (PROP for short). This assumption is sometimes used

in the literature and gives a reasonable similarity between the shape of the CoP

trajectories derived from PSM and FP, as we checked ourselves with the first

prototype. Besides, two models that compensate hysteresis and creep without

1The collaboration with the University of Malaga started after the beginning of the PhD
and after the manufacturing of the second prototype and the experimental work with it. It is
reasonable to think of a future PSM that could fit into the pneumatic platform.
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Table 3.4: Models used for our prototype PSM in the second set of experiments.
The force platform is included for completeness.

Short name Comment

FP Force Platform PS-2141. The reference in-
strument in balance tests. 100 Hz sampling
frequency.

PROP Proportional model. Pressure and con-
ductance are assumed to be proportional
in PSM. Crosstalk is first removed using
IECM.

CHC Creep and Hysteresis Compensation model
for PSM. Crosstalk is first removed using
IECM. Then, the joint model explained in
section 2.5 is applied for compensation. No
scaling is performed.

SCHC Scaled Creep and Hysteresis Compensation
model for PSM. As CHC but introducing a
scaling factor, equation 3.3

SCHC-8x8 Scaled Creep and Hysteresis Compensation
model for PSM with an emulated 8x8 resolu-
tion (average of all the 8x8 options is taken).

and with scaling factor, Creep and Hysteresis Compensation (CHC) and Scaled

CHC (SCHC) respectively will be considered to check the effect of the heuristic

scaling, equation 3.3. Then, the issue of resolution is going to be considered,

model SCHC-8x8. An 8x8 version of the mat is considered by selecting one out

of two rows and columns of the original matrix, as explained for the experiments

with the first prototype, section 3.2.

In the second set of experiments we have considered the same evaluation

parameters as in the first set, but the number of volunteers is rather small, only

4. So the average for a kind of experiment is a mean of only four values. To

mitigate this fact, we will try to draw conclusions from a global view of all the

experiments.
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3.3 Results and discussion

3.3.1 First prototype

The results of the standard deviation of the trajectory are shown in figure 3.2,

separated by kind of trial and direction, M-L or A-P. The values obtained from

PSMs are lower compared with the values derived from the FP. This is even more

clear for the Seating Mat. This indicates that PSMs estimate a smaller trajectory.

This is in keeping with several studies found in previous literature. This is not

only valid for averaged values shown in the figures but also for particular cases.

When the results are analyzed volunteer by volunteer, the spread measured by

the PSM is almost always lower than the spread measured by the FP. In table

3.5 the percentage of volunteers for whom that condition is fulfilled is shown

separated by experiment, parameter and PSM variant.

The correlation between the PSM and the FP, considering the standard devi-

ation of the trajectories have also been calculated. The variants PROP, PROP-C

and PROP-8x8 are highly correlated with FP for both σML and σAP and the three

kinds of trials. The values are higher than 0.85. This kind of values has also been

found in the literature previously. On the other hand, the values obtained for

Seating Mat are not so good, mostly around 0.5 for the single legged trials.

When comparing our mat 3D_Velo3_Blue, variant PROP, with the commer-

cial one, Seating Mat, it seems that the commercial one measures an even smaller

trajectory. This is true for almost all the volunteers and trials. The percentages

of volunteers for who PROP is better than Seating Mat (better means closer

to FP) are: for σML 97.6%, 85.7% and 100% for the trials Right Leg, Left Leg

Table 3.5: Percentage of volunteers for who the spread of CoP trajectory is lower
when measured with a PSM, considering the variants of our prototype and the
commercial mat.

PROP PROP-C PROP-8x8 Seating Mat

σML(RightLeg) 100 100 100 97.6
σAP (RightLeg) 97.6 100 95.2 100
σML(LeftLeg) 100 100 100 100
σAP (LeftLeg) 97.6 100 97.6 100
σML(Rotation) 85.7 100 83.3 100
σAP (Rotation) 66.7 100 69.0 100
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Figure 3.2: CoP standard deviation in the first experiment: a) M-L direction and
Right Leg ;b) A-P direction and Right Leg; c) M-L direction and Left Leg ;d)
A-P direction and Left Leg; e) M-L direction and Rotation ; f) A-P direction and
Rotation.
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and Rotation experiments respectively; for σAP the same percentages are 95.2%,

100% and 100%.

The comparison of PROP with PROP-C is also clear (see figure 3.2). In this

case the percentages of volunteers for who PROP is better than PROP-C are:

for σML 97.6%, 97.6% and 100% for the trials Right Leg, Left Leg and Rotation

experiments respectively; for σAP the percentages are 97.6%, 100% and 100%.

The comparison between PROP and PROP-8x8 is not so evident. In fact, it

turns out globally that the spread of the trajectory is larger for PROP-8x8, and

thus closer to the true value. The percentages of volunteers for who PROP is

better than PROP-8x8 are: for σML 42.9%, 52.3% and 33.3% for the trials Right

Leg, Left Leg and Rotation experiments respectively; for σAP the percentages are

11.9%, 14.3% and 50%.

The results concerning the trajectory distance, Eu, are shown in figure 3.3,

separated by kind of trial. These results also confirm that Seating Mat is the

worse instrument. This is also true not only for the average but also volunteer by

volunteer. For instance, the percentages in which PROP is better than Seating

Mat (better means lower Eu for the same volunteer) are 90.5%, 95.2% and 100%

for the Right Leg, Left Leg and Rotation experiments respectively.

Looking at figures 3.3a and 3.3b it might seem that the differences between

PROP and PROP-C are not so large for the single-legged experiments. However,

a view of the individual experiments yields clear results on this aspect. PROP

is better than PROP-C for a 92.8%, 90.5% and 97.6% of the volunteers for the

Right Leg, Left Leg and Rotation experiments respectively.

The comparison between PROP and PROP-8x8 is easier to interpret with

respect to Eu. In the three trials, on average PROP is better than PROP-8x8.

The percentages in which PROP is better than PROP-8x8 are unequivocal: 100%

in all trials.

In a global view of the experiments, the commercial mat Seating Mat is the

worse to measure the CoP. The sensor is supposed to be rather linear but despite

that the measurement is not very good. We think that this can be due to several

reasons. First, this PSM presents a very remarkable crosstalk problem, with

phantom objects clearly visible if the circumstances are the suitable ones (for

instance when there is pressure in three corners of a rectangle, the fourth one

seems to be pressed). In other words, feet pressure images tend to appear like

more rectangular in shape. An option of the manufacturer software has been
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Figure 3.3: Eu, trajectory distance, with respect to FP in the first experiment
for three trials: a) Right Leg ;b) Left Leg ;c) Rotation.

activated to remove crosstalk. Digging into the documentation it seems to be a

kind of sharpening image processing. However, our experience is that this option
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is rather inefficient. Another reason for the bad quality of the Seating Mat results

may be that there is no correction for the internal resistance of multiplexers or

switches that the DAQ circuit is likely to include. For low cost components this

internal resistance cannot be neglected, as we have seen in our own circuits in

which they are very similar to sensor resistances for high pressures.

With respect to the processing options considered for our 3D_Velo3_Blue,

not removing crosstalk implies a worse measurement, which is also coherent with

the result of the commercial mat. This is clear concerning both the trajectory

standard deviations and the distance trajectory (Eu).

The effect of resolution might seem controversial. Concerning the trajectory

spread as measured by σML and σAP , the lower resolution mat seems to be better.

However, the trajectory distance, Eu, shows the opposite results. The primary

outcome of the experiment is the trajectory, so that we would prefer PROP

because the trajectories are closer to FP as indicated by Eu. The reason why

the spread is higher for PROP-8x8 will be discussed in the second experiment in

which the CoP trajectories are analyzed in detail.

3.3.2 Second prototype

The results of the trajectory standard deviations are shown in figure 3.4, separated

by kind of trial and direction, M-L or A-P. As in the previous experiment, PSM

CoP trajectory spread less than the true trajectory. It should be bear in mind

that there are only four volunteers, so that each of the bars in the figure is the

average of only four numbers. Anyway, the percentage of volunteers for who

PSMs show less spread is almost always 100%, table 3.6, so that the fact that the

trajectories derived from PSM are smaller is clear.

The correlation in the second experiment is broadly speaking high with some

exceptions. SCHC obtains r values always higher than 0.8. However, the cor-

relations of PROP and CHC models for σML and the Right Leg experiment are

0.70 and 0.57 respectively. In the SCHC-8x8 option, there are three cases in

which the correlation is lower too: 0.66, 0.78, 0.59 for the following parameters:

σML(RightLeg), σML(LeftLeg) and σAP (LeftLeg). Although the number of

volunteers is limited, it seems that SCHC is the model that is able to keep high

correlation across all the parameters and trials. On the other hand some cases

of the 8x8 reduced resolution version are especially bad, contributing to lowering

the average values shown above (let us recall that the 8x8 results are in fact an
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Table 3.6: Percentage of volunteers for who the spread of CoP trajectory is lower
when measured with the PSM in the second experiment.

SCHC CHC PROP SCHC-8x8

σML(RightLeg) 100 100 100 100
σAP (RightLeg) 100 100 100 75
σML(LeftLeg) 100 100 100 100
σAP (LeftLeg) 100 100 100 75
σML(Rotation) 100 100 100 100
σAP (Rotation) 100 100 100 100

average over four possibilities as explained in section 3.2).

The comparison in detail between SCHC and PROP gives these results. SCHC

is better (better means that the corresponding trajectory standard deviation is

closer to that obtained with the FP) for a 100%, 75% and 100% of the volunteers

concerning σML and the trials Right Leg, Left Leg and Rotation respectively;

while for σAP the same numbers are always 100%. At the risk of insisting, we

indicate that just a volunteer is a 25% difference in this experiment.

The comparison between SCHC and CHC reveals that SCHC is better but

not a large difference is found: SCHC is better than CHC for 75%, 25% and 50%

of the volunteers concerning σML and the trials Right Leg, Left Leg and Rotation

respectively; while for σAP the same numbers are 100%, 100% and 25%. That

means that SCHC is better in 15 out of 24 cases (24 = 3 trials by 2 parameters

by 4 volunteers).

The comparison between SCHC and SCHC-8x8 seems to indicate better val-

ues for SCHC-8x8. SCHC is better than SCHC-8x8 for 75%, 50% and 25% of

the volunteers concerning σML and the trials Right Leg, Left Leg and Rotation

respectively; while for σAP the same numbers are 0%, 0% and 75%. That means

that SCHC is better only in 9 out of 24 cases. It might be tempting to conclude

that increasing the resolution does not help, and even that a reduced mat reso-

lution would provide results closest to FP. However, this is not true as it will be

argued below.

The results of the Eu are shown in figure 3.5, separated by kind of trial.

SCHC is always the lower in average and CHC the next one with a lower value.

The average relative improvement of SCHC with respect to PROP, the model

used in the first set of experiments, ranges from 13% to 37% depending on the
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Figure 3.4: CoP standard deviation in the second experiment: a) M-L direction
and Right Leg ;b) A-P direction and Right Leg; c) M-L direction and Left Leg
;d) A-P direction and Left Leg; e) M-L direction and Rotation ; f) A-P direction
and Rotation.
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Figure 3.5: Eu, trajectory distance, between the FP and the PSMs in the second
set of experiments: a) Right leg experiment; b) Left leg experiment; c) Rotation.

kind of trial.

With respect to Eu, the comparison between SCHC and the rest of variants
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is very simply stated: it outperforms all of them for all volunteers and kind of

trial (100% percentage).

The improvement is also visually noticeable when drawing the CoP coordi-

nates as a function of time. Fig. 3.6 shows one example of the M-L and A-P CoP

coordinates given by the FP or the PSM considering the naive PROP approach

or the SCHC model found. Even though the correlation between signals seems

to be always high, the height of valleys and peaks differs when comparing the FP

and the PSM outputs. However, the results of the joint MPI and Creep model

allows the peaks and valleys of the predicted PSM output to become closer to the

values of FP. The Rotation experiment, shown in figures 3.6a and 3.6b, shows a

larger full scale output and the signals look smoother. The SCHC seems better in

all the peak and valleys. The larger full scale output is easily understood because

there is a large load transfer between the feet, so that the CoP spread is higher

than in single legged experiments. For the single legged experiment and M-L

direction, look at figure 3.6c, the signals from PROP and SCHC are very simi-

lar, but for the A-P direction, see figure 3.6d, SCHC outperforms clearly PROP,

which cannot reproduce many of the peak and valleys.

In a global view of the second set of experiments, SCHC is clearly better

than PROP model for both, standard deviation and Eu. We think that SCHC

is better than CHC too because in the primary measure of CoP difference, Eu,

the results are forceful, although there are cases in which the standard deviations

are not so clear. This might be related to an irregular shape of the trajectory as

it happens with the 8x8 mat version, as explained below. In fact, we think that

SCHC is also better than SCHC-8x8: Eu results are convincing. The reason why

SCHC-8x8 produces larger σML and σAP (closer to FP) is that the trajectories

are irregular, somehow “noisy”. A visual inspection of the trajectories is required

to explain this. One example is shown in figure 3.7. For single legged experiments

and the M-L direction the reduced resolution version might seem better in some

parts of the time window. This is seen in figure 3.7a in which in some of the

peaks and valleys the 8x8 version is closer to FP. However, trajectories measured

by the 8x8 version are more erratic, especially in the A-P direction, see figures

3.7b and 3.7d. This gives rise to an artificial increase of the standard deviations,

even though the CoP trajectory itself is further from the true one. This behavior

is generally found for all the volunteers and experiments. To further investigate

the effect of the resolution, tables 3.7 and 3.8 provide Eu values by volunteer
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Figure 3.6: Examples of temporal series of CoP coordinates in the second set of
experiments comparing FP, PROP and SCHC; a) and b) Rotation experiment
(M-L and A-P directions respectively); c) and d) a single legged experiment (M-L
and A-P directions respectively).

and by direction, EuML and EuAP respectively, see equation 3.2. For all the

volunteers and trials SCHC improves SCHC-8x8 even considering only a single

direction of the trajectory. In the single-legged trials the differences between these

two variants are proportionally higher for the A-P direction, as could be deduced

from those tables, corroborating the visual inspection of the CoP paths.

3.4 Conclusions

In this chapter the use of PSMs for measuring CoP has been studied. A first set

of experiments was carried out with a prototype with reduced sampling period
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Figure 3.7: Excerpts of temporal series of CoP coordinates comparing FP, SCHC
and SCHC-8x8 in single legged experiments for two different volunteers: a) and
c) M-L direction; b) and d) A-P direction.

Table 3.7: EuML(cm) in the second set of experiments by volunteer ID and trial
considering two PSM versions with different resolution.

Right-Leg Left-Leg Rotation
ID SCHC SCHC-8x8 SCHC SCHC-8x8 SCHC SCHC-8x8

1 2.8e-3 3.3e-3 4.0e-3 4.5e-3 1.99e-2 2.75e-2
2 5.0e-3 5.7e-3 4.9e-3 5.6e-3 1.99e-2 2.37e-2
3 3.6e-3 4.2e-3 3.7e-3 4.5e-3 1.59e-2 2.07e-2
4 4.3e-3 4.7e-3 6.2e-3 6.5e-3 2.41e-2 2.71e-2

(10 Hz) and no sensor modeling, i.e., conductance and pressure were assumed to

be proportional. There is a good correlation between the PSM and the FP, but
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Table 3.8: EuAP (cm) in the second set of experiments by volunteer ID and trial
considering two PSM versions with different resolution.

Right-Leg Left-Leg Rotation
ID SCHC SCHC-8x8 SCHC SCHC-8x8 SCHC SCHC-8x8

1 6.9e-3 1.24e-2 7.1e-3 1.25e-2 2.48e-2 2.78e-2
2 9.3e-3 1.19e-2 7.6e-3 1.23e-2 2.51e-2 2.77e-2
3 7.5e-3 1.03e-2 7.8e-3 1.32e-2 2.13e-2 2.75e-2
4 6.2e-3 9.1e-3 6.8e-3 1.08e-2 2.92e-2 3.12e-2

it is also evident that the CoP trajectories are smaller for PSM. It has also been

found that eliminating the crosstalk that appears in this kind of sensor matrices

is very important to improve the results. It is also important to highlight that

the prototype provides better measurements than a commercial PSM, the Seating

Mat.

In the second set of experiments the PSM had a far better sampling rate,

100 Hz and a more refined model of sensor output was available. Again, the

trajectories derived from PSM are smaller. In this case, it was proved that the

model improves the results but that a scaling factor is helpful when extrapolating

the model found for a small-sized array to the real PSM. Despite the assump-

tions and approximations, it seems that the model captures a relevant aspect of

the material/electrode response to pressure. In a future research, it would be

important to analyze more in detail this kind of extrapolation or to be able to

carry out an equilibration or calibration step for large arrays, at least to lower

the differences between the cells in the array.

With respect to the resolution of the array, we have concluded that a lower

resolution leads to an important increase in the trajectory distance with respect

to the FP. Thus, a future improvement would be to increase the resolution of

the mat. Anyway, the comparison between the versions of normal or reduced

resolution has shown some surprising results. For instance, when comparing

standard deviation of the trajectories the lower resolution does not seem to have

any effect and presents often better values. It has been required to turn out

to the trajectories themselves to realize that the lower resolution mat provides

more irregular temporal series. The consequence is that the SD are larger and

thus, closest to the values provided by the FP but the quality of the trajectory

itself does not increase. We think that including a more direct measure of the



94 Chapter 3. Testing human balance: Center of Pressure measurements

trajectory differences, like Eu, is very helpful in this kind of comparisons and

that previous studies that only take into account parameters obtained from the

trajectory can miss important aspects.



Chapter 4

Spine posture monitoring

I
n this chapter we are going to use one of our prototypes to obtain spinal

posture information in sitting meditation. In the subsection on the

state of the art we will indicate the growing importance of meditation

techniques in the field of health, as well as the importance of maintaining correct

spine posture. Ideally, we want to retrieve information about posture from the

pressure map on the meditation cushion. The measurement on the cushion itself

is much more comfortable for the meditator than having to put a set of sensors

on the back (see subsection of the state of the art dedicated to spine posture

measurement). In addition, other information such as maximum pressure points

can be obtained in the future.

For years, our research group, EduQTech, has been working on the develop-

ment of technical aids for practicing meditation. This line arose at the request of

psychiatrists and psychologists who apply mindfulness meditation as a comple-

mentary technique in their medical treatments. It has been developed especially

for people living in rural areas or people who cannot attend regular meditation

groups. Some of the results include the development of a mobile applications

[177], respiration sensors [224] or the use of Inertial Measurement Units (IMUs)

for measuring movement in short sessions of mindfulness sitting meditation [188].

In this line of work, the information that the novice practitioner receives

about the meditation technique, in particular about how to sit, is very important.

However, even in front of the mirror, students often fail to recognize their own

failures [201].

Therefore, we have conducted an exploratory study with the aim of predicting

posture from pressure maps using ML techniques. This is a complex problem,

95
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because the posture-pressure relationship is not invertible, and it is different from

previous work in the literature. We expect that the power of ML techniques will

be able to obtain relevant information, despite the numerous sources of uncer-

tainty in the problem, for example: the PSM does not give a reliable measure,

the pressure is not measured on the back directly, and part of the weight is ap-

plied on the legs, not directly on the cushion. In the state of the art we will also

briefly review the basic concepts of ML, as well as previous studies in which the

relationship between posture and pressure exerted by the body was investigated

in some way. We will also indicate the systems used to measure spine posture.

4.1 State of the art

4.1.1 Meditation as a complementary health technique

Interest in meditation and its implications for physical and mental health has

grown strongly in recent decades. Although different attempts to define what is

meant by meditation can be found in the literature, it was not until 2004 that an

operational definition of meditation in the field of health was published. Cardoso

et al. [50] characterized meditation with four operational parameters:

• Specific technique: A technique procedure, clearly defined and regularly

practiced is necessary.

• Muscle relaxation somewhere during the process.

• Logic relaxation: involving three aspects: a) Not to intend to analyzing (not

trying to explain) the possible psychophysical effects; (b) Not to intend to

judging (good, bad, right, wrong) the possible psychophysical effects; (c)

Not to intend to creating any type of expectation regarding the process.

• Self-induced state: Self-applied by the individual him/herself (no depen-

dence on the instructor is stimulated).

• Self-focus skill (anchor)

There are many different types of meditation, each with a specific focus or

intention. Meditation that involves fixation on a specific mantra, image, feeling,

or idea is known as focused attention; meditation that involves fixation on the
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present moment is known as mindfulness; and meditation that combines ethical

discipline and physical postures, with an emphasis on harmony between the body

and mind, is known as yoga [189].

Although numerous works have been published on the impact of meditation

on health, some authors have highlighted aspects that has been an impediment

to formulating quality studies [145] [110]. For this reason, it has been necessary

to consult meta-analyses and metasyntheses (i.e., second-order meta-analysis) to

derive a comprehensive estimate of the effect of meditation on health.

Over time, different meta-analyses have linked meditation to health benefits,

see for instance [69], [86] or [97]. More recently Sampaio et al. [195] concluded

that meditation is classified as a complementary and integrative technique in the

area of health. The advances in researches with meditation, the discovery of its

potential as an instrument of self-regulation of the human body and its benefits

to health have shown that it is a consistent alternative therapy when associated

with conventional medical treatments.

Rose, et al. [189] developed a metasynthesis of twenty-eight meta-analyses of

randomized controlled trials, which collectively provided 404 meta-analytic effects

from over 31,000 participants. They conclude that there was a robust, medium-

sized effect of meditation on health when aggregating across meta-analyses. By

aggregating data from a relatively large and highly diverse set of meta-analyses,

their research provides among the most compelling evidence to date that medi-

tation benefits health.

Sitting meditation

Sitting meditation is perhaps the best known type of meditation. However,

many practitioners show poor posture in sitting meditation (see figure 4.1).

In sitting meditation the practitioner is usually asked to “straighten the back.”

This direction is sometimes illadvised for a better posture [103]. Seen from the

side, the spine does not form a straight line, but is slightly curved [201].

The sitting bones provide centeredness and stability in a sitting posture (see

Fig. 4.2a). The center of the body vertically above the sitting bones supports

the weight of the body, so that the practitioner can feel vertically aligned in a

sitting posture with little or no tension in their back (see Fig. 4.2b) [103].

Uprightness is not the form of a particular posture in sitting meditation, but

the essence of the posture [103].

Therefore, the aim of this chapter is to investigate whether or not it is pos-
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Figure 4.1: Incorrect postures in sitting meditation. Based on [201]

sible to know the meditator’s posture during meditation practice. In particular,

whether or not the posture of the spine can be recovered from the pressure exerted

on the seat (see figures 4.2a and 4.2b).

4.1.2 Machine Learning techniques

In this subsection, the basic concepts of ML are reviewed. The information can

be found in classical books like [43, 87], as well as in more applied texts [82].

The goal of ML techniques is for a machine to be able to make a prediction,

given an input. In a classification problem the prediction corresponds to a finite

set of categories to which the input can belong. In a regression problem the

prediction consists of one or more continuous variables.

Generally, data require a preprocessing step before they can serve as input to

the prediction systems. In this preprocessing, features that can be useful to the
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(a) Correct posture of the tailbones
bones during meditation

(b) Vertical alignment during sitting
meditation.

Figure 4.2: Proper meditation posture: (a) Correct posture of the tailbones
bones during meditation. Illustrated based on Hye-jeong Yoon [103] (b) Vertical
alignment during sitting meditation. Illustration inspired by Hye-jeong Yoon
[103].

predictor systems are extracted. Feature extraction is a critical step in order for

an ML system to function properly. Unfortunately, it is a step that requires prior

knowledge, it is often based on trial and error, and it is not always systematic

especially for new problems.

ML systems have a number of internal parameters that can be adaptively

tuned. For this purpose, in the training stage a training set, i.e. a set of known

input and output values, is presented to the ML system leading to the adaptation

of the parameters so that the prediction is similar to the known output. This

type of learning is called supervised learning and is the one we will refer to in the

thesis.

There are numerous techniques available. One of the most popular is neural

networks. Figure 4.3 shows an MultiLayer Perceptron (MLP) with a hidden
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layer. Each layer receives information from the previous layer, processes it, and

its output is exploited by the next layer. Generically, if x is the input to a neuron,

the output, z, has the form:

z = ϕ(xTw + b) (4.1)

where w are the neuron weights and b the bias term. The function ϕ() is called

activation function and plays an important role in the network.

Input layer Dense layer

In

In

ϕ(Σ)

ϕ(Σ)

ϕ(Σ)

Output layer

Out

Figure 4.3: Layers diagram in MLP.

To simplify the notation, the input data is often augmented with 1 and the

bias is considered as another weight. Thus, the set of weights of all neurons

corresponds to the adaptive parameters that need to be found in the training.

One type of ML systems is called Deep Learning. In Deep Learning, greater

flexibility and power is achieved because such a structure allows the information

from the world to be represented as a set of concepts in which each concept is

based on the previous ones. There is no consensus on the depth that is necessary

for a system to be considered "deep", but a neural network with several hidden

layers would already be an example of a deep system. For instance in object

recognition, each layer can represent certain aspects of an input image, and the
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recognition of the image is built by the hierarchy of concepts that each layer is

capable of representing. In this way, Deep Learning systems often support inputs

with much less preprocessing, avoiding the problem of "hand-crafted" feature

extraction.

Thus, Deep Learning systems have had remarkable successes in complex fields

such as image or speech recognition. One of the most popular structures are the

Convolutional Neural Network (CNN) structures. The basic idea of this type of

structures is that they include convolutional layers, where neurons in one layer

are connected only to nearby neurons in the previous layer (illustrated in figure

4.4). In this way, a hierarchy is formed where the first layers extract low-level

features from the image, which are then assembled to form high-level ones.
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Figure 4.4: Convolutional layers diagram in CNN.

In neural networks, the data set is usually divided into three parts. One is the

training data set. It is used to adjust the model parameters. For this purpose, a

target function is minimized in the training data set. This target function may

decrease with the iterations, but after several training iterations the network loses

the ability to generalize, i.e. to succeed with data other than the training data.

Therefore, another set of data called validation set is set apart. The validation

set can be used to control the error and decide when to stop training if the error

in it increases. The validation sets can also be used to decide other characteristics
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of the network, called hyperparameters, such as the number of neurons or layers.

Finally, the test set is used to estimate the performance of the system. The test

set is used neither to train the parameters nor to choose the hyperparameters.

The target function used in this thesis is Mean Squared Error (MSE). If ŷi is

the model prediction and yi the corresponding value in the training set, MSE is

defined as:

MSE =
1

N

N
∑

i=1

∥ŷi − yi∥
2 (4.2)

where N is the number of samples in the training set. The output is represented

in bold because it can be multivariable.

Minimizing the MSE is equivalent to maximizing a log-likelihood when the

probability of obtaining a value at the output is Gaussian.

Algorithms based on the idea of gradient descent, namely stochastic gradient

descent, are used to find the network parameters. The error gradient can be

calculated efficiently with the backpropagation method. The basic idea is to move

the parameters in the opposite direction of the gradient, with a given proportional

factor, the learning rate, that decreases as the iterations increase.

Fortunately, many libraries have been developed that allow neural networks to

be implemented with relative ease. On the other hand, minimization is not easy

with real data and multi-layered structures. Many problems arise in practice. We

will mention those that are of interest in this thesis.

In some cases the number of training data is limited. It can be interesting to

obtain more data to improve the training. For this purpose, data augmentation

techniques are used to obtain new samples from the previous ones. For example,

in a problem of recognizing an object in images, one can rotate the images, change

the scale or move the object, so that the system learns to recognize the object in

any situation.

It may also happen that the training is slow. This may occur because the

changes in the parameters are small. In gradient descent, the parameters move

in the opposite direction of the gradient. There are variants that modify this

behavior for faster convergence: momentum optimization, Nesterov Accelerated

Gradient, AdaGrad, RMSProp, Adam, Nadam. These variants introduce ideas

such as the gradient affecting the acceleration of motion in parameter space,

rather than velocity; or correcting the gradient to point in a better direction
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(decreasing the value in directions of greater variation); or a combination of both.

Another problem that may arise is that of overfitting. The model can be

trained with a low level of error, but its generalization capability is poor, i.e.,

its performance on other data sets worsens significantly. This may be due to the

fact that the model is very complex and has more parameters than necessary.

To reduce this error, so-called regularization techniques are available. One of the

most popular is to add to the objective function a term containing the sum of

the squares of the network weights (L2 regularization) multiplied by a constant.

Another technique, equivalent to the previous one in some cases, is weight decay.

In general, in the weight decay technique it is sought that the values of the weights

do not grow too much. Another regularization technique is the dropout. In each

training step, there is a probability that the neuron is ignored during that step

and its weights are not updated.

Since in a multilayer neural network it is necessary to calculate the gradients

through the layers, there are also numerical problems and the values can become

excessively small. There are several options to remedy this, such as switching to

activation functions that do not saturate or the batch normalization technique,

in which an operation is added just before or after each activation function. The

operation takes its input, centers it at zero and normalizes it, resulting in its

output. In this way, gradient vanishing problems are avoided since the numerical

values are fairly bounded. In practice, these techniques have also helped in the

regularization of the network.

Training a system to achieve acceptable performance can be a tedious and

complex process. Sometimes, one resorts to using another system that has already

been trained for a similar problem to a greater or lesser extent, and to starting

from the pre-trained system to reach a reasonable solution in less time.

To measure the performance of an ML system, so-called metrics are used. For

classification tasks, the ratio of correct detections over the number of instances

(precision) and the ratio of correct detections over the items in that category

(recall) are commonly considered. In the case of a system performing regression,

MSE, mentioned above, or also the R2 score can be used:

R2 = 1−
∑

i

∥yi − ŷi∥
2

∥yi − ȳ∥2
(4.3)

where ȳ is the average value.
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For a perfect fit, R2 is 1.0 The value is zero if the prediction is just the mean

value, and can also take negative values.

When the value of a metric is given, it is necessary to indicate whether it

refers to the training set, the validation set or the test set. The final performance

estimate must be indicated for the test set.

4.1.3 Relation between posture and pressure

The aim of this thesis is to investigate whether or not it is possible to know the

meditators posture during meditation practice. In particular, whether or not the

posture of the spine can be recovered from the pressure exerted on the seat. To

develop this task, we will globally analyze previous studies that use measurements

of the pressure exerted on sensors to determine the posture of the spine.

We can find different types of studies, relating the pressure exerted on a mat

when sitting with different body parameters. For example, in [153] the rotation

of the pelvis is studied, in [133] it is related to the lumbar spine stability and

abdominal bracing stability.

Some works have focused on sleep to monitor it (see for example [129]), to

know the postures adopted [62, 179], or to investigate which may be the best

materials for beds [139] in order to minimize peak body contact pressures.

Other studies use measurements of the pressure exerted when sitting to im-

prove specific aspects. For example, in [174] the effect of backrest inclination of

a wheelchair on buttock pressures in spinal cord injured people was analyzed; in

[248] the effects of seatback support on collision parameters were studied.

Finally, we have also found studies that analyze exercises, such as in [209]

where Sundlholm et al. used a pressure mat to track exercises such as push-ups,

squats, or abdominal crunches in order to monitoring them without additional

sensors.

However, the studies closest to the objective of our work focus on recognizing

sitting postures, usually to give information to the user about bad postures that

can hurt him/her (see for instance [49, 151, 202, 211, 214, 244]).

From these studies we can conclude the versatility when using pressure mats,

since they can be used both lying on the prototype ([129, 133]), on the floor [209],

on a bed [62, 139, 179] or sitting in a chair, installing the mat on the backrest

[211, 248] or on the main seat [49, 151, 174, 211, 214, 244].

The pressure mats used can be commercial (we mostly find the Teskcan brand,
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as for example in: [133, 139, 174, 214]) or home made prototypes. The number of

sensors varies from 256 [211, 244] to more than 2000 elements [133, 179, 209, 248],

with others numbers such as 1024 (32x32) [49, 54, 129, 214].

For data collection, the number of subjects ranges from less than 10 ([151, 209,

211, 214]), from 11 to 20 ([62, 133, 139, 153, 179]), from 21 to 30 ([202, 244, 248])

or more than 40 ([49, 174]) with the maximum being 60 [202].

Finally, with regard to data processing, it can be indicated that there are

different methods in a global overview:

• Classical statistical methods:

– Analysis of Variance (ANOVA) [133, 174, 202].

– Paired t-test [139].

– Bonferrori test [202].

– Dunnett and Tukey tests [174].

– Mann-Whitney U-test [174].

– General Linear Model [174, 248],

– Regresion analyses and Multiple regression [133, 153], respectively.

– Monte Carlo [62].

• Methods closest to ML:

– Principal Component Analyses [49, 211].

– Naive Bayes Network [151, 244].

– Dynamic Time Warping [209, 244].

– K-Nearest Neighbors (k-NN) classifier [209].

– Clustering techniques, specifically the Nearest Posture Prototype (NPP)

using Sum of Absolute Difference (SAD).

– CNN architectures [62].

– Restricted Boltzmann Machine (RBM) [62].

Two studies stand out over the rest, so that they have inspired our work.
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In [62], four convolutional layers and a dense layer are used together with

a skeleton model. This CNN is employed to obtain joint positions in bedrid-

den patients. The model is applied to two bed positions (supine, seated). It

retrieves the positions from the pressure images of the bed. Seventeen volunteers

participated in the experiment and a total of 28000 images were recorded. The

structure is trained end-to-end and it is able to reconstruct the position of the

joints, obtaining an average positioning error of 77 mm. Meanwhile, in [179] sub-

jects are classified from the images obtained by PSMs, in three common sleeping

postures. For this, 18 features are extracted, which feed a dense Artificial Neural

Network (ANN) with 3 deep layers with 20, 20 and 19 neurons. The tests were

performed on 13 volunteers. For the 10-fold cross-validation case accuracy and

recall are often above 70%.

Among the articles found, many place the PSM directly on the area of the

body from which they wish to extract information and are often used for clas-

sification tasks. In our case we would like to retrieve numerical values of spine

inclination, which is more difficult than a posture classification. In addition, we

try to obtain them indirectly, since we measure only the pressure exerted on the

seat with our prototype of the PSM

4.1.4 Spine posture measurement

There is a wide range of measurement techniques for spine posture monitoring.

They are listed in table 4.1 together with a list of previous studies that use them.

In a global view of them, the proportions shown in the figure 4.5 were obtained.

InfraRed Cameras

Cameras

Tension sensors

IMU

PSM

Force Platform

EMG

Radiation

Optoelectronics

Magnetics

UltraSounds

Figure 4.5: Proportion of instruments used for the measurement of the human
back.

In view of this analysis, it has been observed that the most common sensors
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Table 4.1: Measurement techniques for spine posture monitoring

Sensor type References

Accelerometers and IMUs
[31, 46, 52, 63, 65, 67, 78, 79, 83, 107,
121, 123, 157, 160, 172, 173, 176, 187,

203, 207, 218, 221, 227, 234]

Camera based
[29, 38, 40, 44, 46, 55, 59, 61, 65, 67,
77, 88, 144, 154, 158, 173, 186, 221,

223, 228, 245, 247]
PSMs [46, 126, 242, 245]
Optoelectronics [106, 178]
EMGs [77, 154, 159, 194, 203, 245]
Radiación (X-Ray) [71, 81]
Force Platforms [36, 108]
Stretch Sensors [107, 228, 229, 247]
InfraRed Cameras [114, 159]
Magnetic Sensors [102, 140]
Ultrasounds [116, 142, 212]

used are inertial sensors (IMUs) and those based on vision systems (cameras).

This conclusion has been also drawn in several review papers. Wang et al. [232]

stated that accelerometer and IMUs are the most popular sensors used in wearable

technology for rehabilitation. In [205] it can also be found that most systems for

spine posture are based on IMUs.

Camera based systems present some practical problems: more space is re-

quired, occlusions are a major issue, specific software is needed to synchronize

cameras and analyze the results, markers are often required, and the cost is high

compared with IMUs [187]. On the other hand, the IMUs are the most commonly

used sensors and they should not be difficult to synchronize. Despite some dif-

ficulties like their modeling and calibration, a system based on IMUs has been

chosen to obtain the values considered as the reference for the spine posture.

4.2 Spine posture measurement system

Some previous studies use 3 points for spine modeling [161, 173, 187], others use

5 points [31, 52, 227] and some use 7 points. Although 3 points is technically

sufficient, a model with 5 points would yield a more reliable model. Therefore, 5

sensors were used in our study.
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The most common vertebrae over which sensors are placed are T1, T12 and

S1 [83, 160, 173, 187]. We have placed the sensors over the C7, T4-5, T10-12,

L4-5 and S3 vertebrae in a similar way to [31, 227] as can be seen in the figure

4.6

(a) Positioning of the IMUs (b) Vertebrae on the
skin

Figure 4.6: Vertebrae on which to position the IMUs: (a) Placement of the IMUs,
image of [31]; (b) Vertebrae on the skin, image of [173].

In [227], a comparison is made between five typical types of IMUs. And among

them, the BNO055 [15] is chosen because it features a self-calibration function.

This is an important benefit as calibration of the IMUs is a cumbersome and

time-consuming process. Therefore, it is also going to be the sensor we select

in our work. In addition, the BNO055 has integrated algorithms that allow it

to return the absolute orientation obtained by the sensor, thus avoiding complex

orientation calculations. Another advantage of the BNO055 is its price. The

BNO055 sensor usually has a price between €15 and €30, variable also due to the

semiconductor crisis. Other sensors used in the literature, such as ADIS16448 or

sensors from Xsen, are clearly higher priced. In contrast, cheaper sensors such

as the MPU9xxx lack self-calibration routines or do not provide the orientation

directly.

The BNO055 sensor is an integrated sensor, but it is also available on devel-

opment boards that facilitate prototyping. For this reason, we have chosen to use

the sensor on a development board.
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For the DAQ circuit, the same development board model and µC as in the

PSM prototypes, STM32F103C8T6 [18, 115], has been used. This allows us to

reuse the configuration process already performed and the same Arduino boot-

loader file. In this way programming is very simple, although entering code at a

lower level is also possible. Besides, the source files are simplified into a single

.ino file and the libraries required in a given project.

The system is connected by USB with the PC where the storage and visual-

ization of the sampled data takes place. In addition to this, the power supply of

the system is also obtained by the same USB cable.

To control the IMU BNO055 from the Arduino using the Inter-Integrated

Circuit (I2C) communication protocol, there is the Adafruit Unified BNO055

Driver [28] library, which can be installed from the Arduino library manager.

For Arduino I2C communication on the STM32F103C family there are two

libraries available: Softwire and Wire. They do not differ much from each other

and both present a similar interface. But in our µC [18] only the Softwire library

appears to work, while the Adafruit BNO055 version 1.5.2 library uses Wire.

Due to this incompatibility between libraries, the Adafruit BNO055 library

has been patched to use the Softire module and a local copy of the modified library

local has to be located in the project folder (Code 4.1 displays the output of the

diff command between the original and modified library, showing the changes

made to the code). In this way, data can be obtained with our µC and the library

examples can be run.

1 diff −r −−color ./BNO055_original/Adafruit_BNO055.cpp ./BNO055_fixed/

Adafruit_BNO055.cpp

2 47c48

3 < TwoWire ∗theWire) {

4 −−−

5 > SoftWire ∗theWire) {

6 diff −r −−color ./BNO055_original/Adafruit_BNO055.h ./BNO055_fixed/

Adafruit_BNO055.h

7 28,29c28,30

8 < #include <Adafruit_I2CDevice.h>

9 < #include <Adafruit_Sensor.h>

10 −−−

11 > #include "Adafruit_BusIO/Adafruit_I2CDevice.h"

12 > #include "Adafruit_BusIO/Adafruit_I2CDevice.cpp"

13 > #include "Adafruit_Sensor.h"

14 281c282,285
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15 > static SoftWire Wire;

16 283,284c287,288

17 < TwoWire ∗theWire = &Wire);

18 −−−

19 > SoftWire ∗theWire = &Wire);

20 diff −r −−color ./BNO055_original/Adafruit_BusIO/Adafruit_I2CDevice.cpp ./

BNO055_fixed/Adafruit_BusIO/Adafruit_I2CDevice.cpp

21 10c12

22 < Adafruit_I2CDevice::Adafruit_I2CDevice(uint8_t addr, TwoWire ∗theWire) {

23 −−−

24 > Adafruit_I2CDevice::Adafruit_I2CDevice(uint8_t addr, SoftWire ∗theWire) {

25 121,123c122,124

26 < if (_wire−>write(buffer, len) != len) {

27 −−−

28 > if (_wire−>write(buffer, len)) {

29 diff −r −−color ./BNO055_original/Adafruit_BusIO/Adafruit_I2CDevice.h ./

BNO055_fixed/Adafruit_BusIO/Adafruit_I2CDevice.h

30 5c5

31 < #include <Wire.h>

32 −−−

33 > #include <SoftWire.h>

34 10c10

35 < Adafruit_I2CDevice(uint8_t addr, TwoWire ∗theWire = &Wire);

36 −−−

37 > Adafruit_I2CDevice(uint8_t addr, SoftWire ∗theWire);// = &Wire);

38 30c30

39 < TwoWire ∗_wire;

40 −−−

41 > SoftWire ∗_wire;

42 diff −r −−color ./BNO055_original/Adafruit_BusIO/Adafruit_SPIDevice.h ./

BNO055_fixed/Adafruit_BusIO/Adafruit_SPIDevice.h

43 26c26

44 < #elif defined(ESP32) || defined(__ASR6501__) || defined(__ASR6502__)

45 −−−

46 > #elif defined(ESP32) || defined(__ASR6501__)

47 57c57

48 < #if !defined(__ASR6501__) && !defined(__ASR6502__)

49 −−−

50 > #if not defined(__ASR6501__)

Code 4.1: Adafruit BNO055 library patch

Another detail that was taken into account during sensor selection is that we
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want to read five sensors and the IMUs usually have a limited number of I2C

addresses. Specifically, the BNO055 sensor only presents two addresses available

in slave mode, 0x28 and 0x29. These addresses are set by connecting the ADR

pin of the BNO055 to logic 0 or 1 respectively [15].

Initially, it was proposed to set all sensors to address 0x28. To read one of

them, the address would be changed to 0x29 by switching the ADR pin, and

that address would always be read. This requires as many digital control pins

as sensors. However, this option is not feasible because reading the ADR pin

and setting the sensor address occurs at the start of the sensor configuration

process, at startup after power-up. Moreover, changing ADR implies losing the

calibration.

Another option would be to use an I2C multiplexer such as [19]. This possi-

bility would allow the transmission of information from multiple devices with the

same I2C address, but requires the purchase of specific chips, and we had supply

problems at the time of developing the system.

It was observed that if the data cable is left open (high impedance) while

keeping the clock signal, the sensor calibration is not lost. This makes it possible

to multiplex the sensor to be read. This option requires a multiplexer and the

wiring of 8 signals (Vcc, GND, Clk, 5x SDA).

Although these options would be functional, the µC used in our DAQ contains

three I2C buses. This allows us to employ all five sensors by connecting two to

each bus. This option would also require the wiring of 8 signals (Vcc, GND, 3x

(Clk and SDA)), but no additional hardware is required as would be the case with

multiplexers. Another advantage is that the I2C signals remain connected to the

bus, which avoids possible bounces that could delay the reading when changing

to or from a high impedance state.

For the attachment of the system to the back, a platform has been developed

on which the sensors are embedded, keeping them equidistant from each other.

This system has a flat, smooth surface on the side that rests on the back, pre-

venting pinching, maximizing comfort and facilitating the initial self-calibration

of the sensors. In order for the sensors to maintain their position on the spine,

each sensor is adjusted with an elastic strap around the torso. The wiring of the

sensors is done on the back side and they are left loose to avoid interference with

the user’s mobility. The boxes of each sensor have been designed open to facil-

itate the freedom of wiring and assembly and disassembly if necessary. Flexible
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flat cable has been used for the wiring to give uniformity to the system.

The design of the measurement system has been decided to be modular, which

facilitates the replacement of any component in the event of damage to any part,

allowing users to continue measuring. The sensor brackets hold the sensors in

place by tightening. They have been designed and printed in 3D, adjusting their

dimensions to the sensor plate, and correct positioning generates a clicking sound

that indicates proper positioning. In addition, the positioning tape passes over

the sensor, making it impossible for the sensor to move in the housing.

The modules are spaced 90 mm apart, which we have estimated as an adequate

distance to be able to reconstruct the shape of the back, in adults within the

variability of heights, sexes and ages (according to [14] the length of the back

measures around 66 cm, and according to [47] 57 cm). The sensor brackets are

attached to a flexible printed piece, which maintains the distance between sensors

but allows the back to move without opposing them, and allows tracking their

movement. The sensor is attached to the back with elastic straps that position

the sensors and fasten with printed [215] clips for easy placement. Since they are

printed, we have been able to adapt the exact size to the strap. The prototype

can be seen in figure 4.7.

For the reading of the sensors we use a code similar to the Adafruit BNO055

[28] library examples. Each sensor is read sequentially at a frequency of 10 Hz,

using the same interruption as in our PSM. The three modules I2C of our µC are

enabled and wired to their associated IMUs. The library functions are used for

reading and sending the data in binary format as four-byte numbers (float num-

bers in Arduino except for the Arduino DUE). The same code of data reception

verification is included as the one used by the PSM. The information transmitted

corresponds to the orientations of each sensor in the form of Euler angles.

The system sends data through the USB integrated in the board through

which it is powered. The PC to which it is connected is in charge of executing

a Python script which interprets the data in binary format and stores them in a

plain text file as numbers with five decimal places separated by spaces. At the

same time that it performs the storage, the adaptation of the spine model of [227]

is displayed on the screen.

In [227] a series of equations for modeling spine curvature is presented. They

represent the spine as a series of circular arc. These equations include conditions

depending on how the inclinations of different sensors occur, giving rise to 14
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(a) BNO055 Box
(b) IMU in system

(c) Column IMUs devices (d) Column Measurement System

Figure 4.7: Spine posture measurement system: (a) BNO055 Box;(b) IMU con-
nected in system; (c) BNO055 senors in system; (d) back measurement system.

different cases of curvature. The associated curvatures compose the model in

charge of representing the shape of the spine, allowing to represent the posture of

the back. Figure 4.8 extracted from [227] shows two cases of different curvatures.

It has been observed that the model proposed by [227] could serve for visual

purposes, to detect errors in the initial calibration of the sensors. But this system

can be simplified by considering it as a two-dimensional point translation. Con-

sidering a two-dimensional coordinate system, translation and rotation matrices

can be applied, similar to coordinate transformations in robotics, to obtain the

relative position of the different sensors.

In our simplified model, it has been assumed that the junction between two

points is similar to a circular arc, which is no more than π/2 radians. The sensors

can obtain the tilt angles referenced to a right-handed orthogonal system. The

Z axis is oriented towards the spine (sagittal axis), the Y axis would be oriented
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(a) C-shape (b) S-shape

Figure 4.8: Geometric model of [227]: (a) C-shape;(b) S-shape.

towards the person’s head (longitudinal axis) and the X axis is perpendicular to

the person’s A-P plane (frontal axis) as shown in figure 4.9a. With the orientation

of the sensor around the X-axis, we can obtain the orientation of the spine in the

sagittal plane because such orientation is directly the pitch, the 3rd Euler angle.

In our case we have taken as reference the upper sensor, the closest to the

head, and depending on whether the angle increment is positive or negative there

are only two arc possibilities (concave or convex). Since the distances between

sensors are constant, we can obtain the relative position to the next point. Using

translation matrices [39], the position and orientation of the next sensor can be

calculated as a rotation whose radius is proportional to the angle increase and to

the distance between sensors. The translation matrix that allow us to obtain the

coordinates of sensor i+ 1 with respect to sensor i is given by:
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Figure 4.9: Spine reference system: (a) Body planes, Image from [199]; (b) Body
angles reference.

∆α = αi+1 − αi; C = sign(∆α); Ri,i+1 = |li,i+1/∆α|

T i+1
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1 0 C ∗Ri,i+1 · sin(∆α)

0 1 C ∗Ri,i+1 · (1− cos(∆α)

0 0 1













cos(∆α) − sin(∆α) 0

sin(∆α) cos(∆α) 0

0 0 1







(4.4)

where li,i+1 is the distance between consecutive sensors and αi are angles around

X for sensor i.

To get the position of a given sensor with respect to sensor 1, equation 4.4

has to be applied sequentially:
∏i

j=1 T
j+1
j . The resulting matrix allows obtaining

the coordinates of sensor i+ 1 after multiplying it by the initial vector (0, 0, 1)T ,

the position of the first sensor [39].

These coordinates have been used to check the orientation visually in the

computer, to test the right operation of the sensor system and to debug it.
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4.3 Measurement protocol, data processing and

evaluation

For user measurements, the spine measurement system and a PSM (Kplain_Velo_150,

see table 2.3) placed on a meditation cushion (see figure 4.10a) were used. The

PSM was fixed with Velcro straps attached to the cushion and the mat itself,

preventing their relative displacement. As the sensors of the spine measurement

device have a self-calibrating routine, the sensors are started on a flat table, point-

ing toward the same direction. Then, they are moved a little until the sensors are

calibrated. Finally, they are placed on the user’s back. This allows us to know

the initial orientation and ensure the operation of the sensors before the test with

the user.

Once the spine measurement device has been firmly placed, as shown in figure

4.10, the volunteer sits on the meditation cushion (see figure 4.10c). Then the

volunteer is asked to bounce a little to facilitate the signal synchronization in the

data processing.

(a) Meditation cushion with PSM
on it

(b) Spine measurement device
properly attached

(c) Fontal view of the attached
device

Figure 4.10: Spine meditation systems: (a) Meditation pillow with PSM; (b)
Back image of meditation volunteer; (c) Frontal image of meditation volunteer.

Volunteers are then asked to maintain an appropriate position (straight back)

on the cushion for 30 seconds. Then they have to lean forward for 30 s and

backwards for other 30 s. Subsequently, volunteers have been asked to repeat the

bounces and to slowly rock back and forth (between the three previous postures),
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performing several swings. Finally, users are asked to repeat the slow bounces

and swings again.

The trial was conducted by 12 participants (5 men, 7 women), who performed

the exercise 3 times on different days. Basic data of volunteers can be found on

table 4.2.

Table 4.2: Basic data of the meditation volunteers

mean SD

age (years) 32 14
weight (kg) 62 9
height (m) 1.68 0.07

Conductance measured by the PSM has been processed to remove crosstalk

(section 2.1.4) and subsampled to the sampling frequency of the spine measure-

ment device. If all the angles are added together to get a single value and the cell

signals in the PSM are added too to get another single value, there is a clear rela-

tion between data obtained from the spine measurement device and data coming

from the PSM. Figure 4.11 shows both temporal series. The signals have been

scaled to represent them (the scaling means subtracting the average and divide

the result by that average).
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Figure 4.11: Cumulative value of sensors obtained by a volunteer.

Due to the relation obtained between these signals, they have been used for

the alignment of otherwise not synchronized data from the mat and the spine

measurement device. This is a semi manual process similar to the one explained

in section 3.2.1 for balance tests.

It should be noted that despite the relationship found between the data coming

from both instruments, the values of the back angles are the ultimate data to
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be recovered. Due to the complexity of the problem and to the fact that the

PSM obtains pressure images, we resorted to the use of techniques similar to

image classification. Therefore, and after some preliminary analysis with other

relational techniques (Factor analysis, Principal Components Analysis), a CNN

was selected for this regression problem. This structure has been previously used

to classify pressure images like in [179].

Each pressure image is normalized, so that the mean is subtracted from each

cell of the input image and the result is divided by the SD. The mean and

deviation values are taken to be the mean and SD of all the cells of the images

in the training set. This normalization process is performed before passing the

images to our CNN. In this case it is assumed that the conductance and pressure

are proportional.

In the design process of our network we mimicked the structure of the Alexnet

[112] network, which features an internal structure of three input convolutional

layers followed by three fully connected layers. But our input frames present very

small dimensions (16x16). Thus, temporal windows of size 50 have been first

extracted (overlapping with stride 1). Each window gives rise to a small video of

size 50x16x16, which is then resized as a 50x256 image. Given this flattened image

as input to our network it must be able to reconstruct the temporal average value

of each of the angles obtained by the spine measurement device. The diagram of

the network used can be seen in the figure 4.12.
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Figure 4.12: CNN diagram

According to the diagram shown, our network has a first convolutional layer
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of 32 3x3 filters with Rectified Linear Unit (ReLU) activation function followed

by a MaxPooling for 2x2 averaging and stride of 1. This is followed by another

convolutional layer of 64 3x3 filters with ReLU activation and another MaxPool-

ing layer for 2x2 averaging and stride of 1. This layer is followed by a third

convolutional layer of 64 filters 3x3 ReLU and MaxPooling 2x2. The result of

these layers is resized to a vector with 7680 components. This vector is passed

to three Dense layers (also named Fully Connected) in a similar way to an MLP.

The first layer is dense with 512 neurons and LeakyReLU activation function.

The second layer is dense too with 256 neurons and LeakyReLU activation. Fi-

nally, the third layer would correspond to the output layer presenting 6 neurons

without activation function. The activation functions have been selected in this

way because the pressure values do not present negative data (convolutional part)

but the angles we wish to obtain can be negative (dense part). The weights of

the network have been initialized with respect to the Kaiming criterion [93]. The

output of the network presents the estimate of the angles (in radians) together

with their sum. An output of 0 means a completely straight spine. The sum has

been included in the network output in order to facilitate the training process in

view of the relationship between the sum of the cell outputs in the PSM and this

value.

The data recorded during the experiment is subjected to the window extrac-

tion process as explained above. Then it is divided in train, validation and test

data set with about 41000, 3500 and 18000 samples respectively.

Two different options for the partition of the data have been considered. They

are summarized in table 4.3. On the one hand, in one of the partitions different

subjects are considered in the training, validation and data sets, option Leave

Subjects Out (LSO). Nine volunteers are included in the training data, one in

the validation set and the remaining three are included in the test set. In this way,

the CNN faces data from people who are not in the training set. On the other

hand, in the option Keep Subjects In (KSI) the same volunteers are included in

the training, validation and test sets, with a proportion of extracted windows as

70 %, 10 % and 20 % respectively.

Several techniques have been used in the training process to reduce the dif-

ference between the predictions of the PSM and the values given by the spine

measurement device. One of them is the use of normalization and drop out layers

(0.2) in the network structure. Data augmentation techniques have also been ap-
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Table 4.3: Correspondence of Participants (P) for each option of data partition.

Train Validation Test

Leave Subjects Out (LSO) P1 to P8 P9 P10 to P12
Keep Subjects In (KSI) P1 to P12 P1 to P12 P1 to P12

plied: the pressure images have been subjected to rotations (±15o), displacements

(±5 cells), lateral symmetry operations, scaling by a factor 1/2 or 2 and blur-

ring. The aim of this data augmentation would be to make the results obtained

more independent of the position on which the user had sat with respect to the

PSM, and trying to make the network output not dependent on the user. This

is because under all these operations the back will be in the same posture while

the pressure image is proportional to the original one just with some translation,

rotation, etc.

Concerning the training algorithm, our first option was the classical Stochastic

Gradient Descent (SGD). However, according to [168], the Adaptive Moment

Estimation (Adam) optimizer would have an improved capacity to find solutions

in problems similar the one under study in this document. So that we turned

out to Adam, confirming that the results improved. Furthermore, a decay was

applied during training to regularize the network, Adaptive Moment Estimation

with Weight Decay (AdamW).

The CNN has been trained on the same computer on which the tests of the

section 2.2.2 were performed (Intel® Core™ i7-8700 CPU @ 3.20GHz) which has

a NVIDIA GeForce GTX 1050 Ti graphic card. The CNN has been implemented

in the Python programming language with the Pytorch machine learning library,

which has GPU support.

As metrics in the training process, we have applied as a loss function the MSE,

equation 4.2, which is the typical function in regression problems as in our case,

together with the R2 score of the TorchMetrics package, equation 4.3, which is

also typically found to quantify the goodness of fit in regression problems.

4.4 Results and discussion

After training the network, the following results (shown in figures 4.13 and 4.14)

are obtained on the validation and test set respectively, KSI training option.
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These results indicate the values estimated by our model reconstructions from

the PSM readings versus the values of the spine tilt angles. The sensors are num-

bered from the sensor in the cervical area to the sensor closest to the sacrum. In

both figures, the last graph represents the plot of the sensor sum, which is and

independent prediction of the CNN. These data show the possibility of recon-

structing spine inclinations from pressure maps. However, the results correspond

to the option KSI, i.e., when training set contains data from volunteers whose

data are also in test set. For such a model to become practical for real case,

if a new volunteer is going to use the system a kind of calibration stage would

be required. In this stage the new volunteer should perform a series of known

movements with the spine measurement system and the PSM together, as it was

done in our protocol. The model should be trained again to adapt to possible

variations in the pressure maps of the new individual.

Figure 4.13: Result on the validation set with KSI partition

For the LSO option, the same results are obtained in figures 4.15 y 4.16 for

the validation and test sets. The results are not satisfactory and clearly worse

than for the other option, KSI. Thus, if a subject is not in the training set, the

CNN does not seem to be able to predict the spine posture. Only the sensors 0,

1, and the total sum might resemble to the prediction.

Table 4.4 shows the R2 score. The numerical results confirm the visual in-

spection of the figures. For KSI the score is good, higher than 0.75 both for test
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Figure 4.14: Result on the test set with KSI partition.

Figure 4.15: Result on the validation set with LSO partition

and validation sets. On the other hand, for the LSO option the value is rather

low. For instance, in the test set the R2 score is different from 0 (up to the third

decimal place) only for sensors 0, 1 and the sum, but they do not reach even 0.5.
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Figure 4.16: Result on the test set with LSO partition

Table 4.4: MSE and R2 scores of the predictions of the spine posture

MSE R2 score
Subset Sensor0 Sensor1 Sensor2 Sensor3 Sensor4 Sum

KSI
Validation 0.036 0.920 0.807 0.764 0.860 0.835 0.881
Test 0.053 0.913 0.783 0.767 0.848 0.793 0.875

LSO
Validation 0.319 0.184 0.411 -0.372 0.202 -1.025 0.310
Test 0.428 0.248 0.411 -0.073 -0.004 -2.446 0.253

4.5 Conclusions

We have designed and implemented a measuring device to detect the posture of

the spine. The system could be used for the analysis and correction of posture

in meditation. If the training data contains information of a person, then the

implemented CNN is able to reconstruct the spine tilt angles with an R2 score very

reasonable (higher than 0.75 or 0.8 for most angles). This is a remarkable result

considering the difficulty of the task: extracting the tilt of the spine in several

parts such as the cervical, lumbar or thoracic regions, which are far apart from

the PSM that provides the pressure image. However, the performance decreases

dramatically when the subject’s data under study is not in the training set.

To further improve the performance, especially in the LSO case, there are
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several options to test. One option would be to investigate the role of height,

weight and other physical parameters in the predictions with a larger sample of

volunteers. It might happen that the prediction is better if a person with similar

characteristics to those of the subject under study has been taken into account

in the training. We could even try to include those characteristics as inputs of

the ML system. Another issue to be studied is the sensor location. Since the

distance between the sensors is constant, that means that the vertebra on which

it is attached depends on the volunteer. This can alter the prediction capacity.

It might happen that modeling the spine with a refined geometrical model could

help to predict it, instead of using directly the sensor outputs.
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Conclusions and future directions

L
ow cost prototypes of PSMs have been successfully manufactured. They

have been utilized in two health related applications. Thus, the goals

of the thesis have been achieved.

The prototypes improve a previous version in relevant aspects. The sampling

frequency can reach 165 Hz, which is already suitable for most health studies.

Low-level programming of the DAQ system was required to achieve this data

transfer rate, in addition to using USB for transmission. The manufacturing pro-

cess is based on standard techniques so that it is more repetitive and less prone

to errors. The DAQ circuit has been kept to the minimum thanks to the IECM

crosstalk elimination algorithm that can be run in real time. Besides, a source

of uncertainty associated with the noise in the measurement and the IECM algo-

rithm has been characterized. Higher resistances cannot be obtained accurately,

but they correspond to very low pressures, which will often be irrelevant. The

nonlinear sensor output with the interdigital electrode has been measured and

modeled: hysteresis with an MPI model and creep as a sum of first order sys-

tems. The model captures the time trend observed in Velostat but only to a

certain extent, as the goodness of fit is uneven. However, it has been shown that

Velostat shows less nonlinear effects than the other two materials analyzed.

In one of the applications to human balance studies, it has been found that the

sensor modeling helps to reduce the differences between the PSM and the FP (up

to 37% improvement in trajectory distance with respect to a simple proportional

model). However, a conductance scaling factor is required to achieve these results.

This scaling factor ensures that the measured pressure is coherent with the weight

of the person performing the tests. Resolution is another important factor that
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can improve the results, although it is necessary to pay attention to figures of

merit directly associated with the CoP trajectories to realize this.

With respect to posture monitoring, an exploratory study has been performed

to recover spine posture from pressure images in sitting meditation. The imple-

mented system has shown to accurately predict the tilt angles of the spine (R2

score higher than 0.75) but only provided that the volunteers data have been

included in the training set, which limits the application of the system.

There are several open questions for future research. To further improve the

prototypes, the resolution should be increased and the sensor modeling improved.

With respect to the resolution, it has to be tested whether or not IECM can also

run in real time for a larger array. Anyway, other DAQ circuits can remove

the main crosstalk but an analysis of economic cost in detail should be carried

out. Moreover, other sources of uncertainty in the circuit can be analyzed. With

respect to sensor modeling, the main problem of high variability between cells

remains. Practical equilibration and calibration techniques for a large mat would

be welcome (using a dead weight or a motorized tip to exert pressure are likely

to be inaccurate or slow). Furthermore, although a model of hysteresis and creep

has been fitted, there are several options available in previous studies of non linear

sensor behavior and there is room for improvement. Creep is more complex than

the relatively simple model used in this thesis and the current goodness of fit is

rather irregular depending on the pressure cycle repetition.

Finally, the exploratory analysis of posture monitoring can be further ex-

tended to include variables such as height, weight, sex, etc. in the prediction

system to increase the prediction R2 score when the ML system faces a person

not included in the training set.
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Conclusiones y perspectivas de

futuro

S
e han desarrollado completamente varios prototipos de PSMs de bajo

coste. Dichos prototipos han sido utilizados en dos aplicaciones rela-

cionadas con el ámbito de la salud. Por ello, los objetivos de la tesis

han sido alcanzados.

Los prototipos mejoran una versión previa en aspectos relevantes. La fre-

cuencia de muestreo puede alcanzar 165 Hz, que es ya adecuada para la mayoría

de estudios de salud. La programación a bajo nivel del sistema DAQ, junto con

el empleo de la transmisión por USB son necesarios para alcanzar este ratio de

transferencia de los datos. El proceso de manufactura está basado en técnicas

convencionales por lo que es más repetitivo y menos propenso a errores. La

complejidad del circuito DAQ ha sido mantenida al mínimo gracias al algoritmo

de eliminación de “crosstalk”, IECM, que puede ser ejecutado en tiempo real.

Además, una fuente de incertidumbre asociada con el ruido de la medida y el al-

goritmo IECM ha sido caracterizada. Las resistencias elevadas no son obtenidas

de forma precisa, pero se corresponden a presiones muy bajas, las cuales suelen

ser irrelevantes. La salida no lineal del sensor con el electrodo interdigital ha sido

medida y modelada: la histéresis con un modelo MPI y el “creep” como la suma

de sistemas de primer orden. El modelo captura la tendencia temporal obser-

vada en el Velostat, pero solo hasta cierto punto, ya que la bondad del ajuste es

limitada. Sin embargo, se ha observado que el Velostat muestra menos efectos

no-lineales que los otros dos materiales analizados.

En una de las aplicaciones al estudio del equilibrio humano, se ha encontrado
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que el modelado del sensor ayuda a reducir las diferencias entre la PSM y la FP

(hasta el 37% de mejora en la distancia de la trayectoria con respecto al modelo

proporcional simple). Sin embargo, un factor de escalado de la conductancia es

necesario para alcanzar estos resultados. Este factor de escalado asegura que la

presión medida es coherente con el peso de la persona realizando el ensayo. La

resolución es otro factor importante que puede mejorar los resultados, aunque es

necesario prestar atención a las figuras de mérito directamente asociadas con las

trayectorias del CoP para apreciarlo.

Con respecto a la medición de la postura, un estudio exploratorio ha sido real-

izado para recuperar la postura de la columna vertebral a partir de las imágenes

de presión sobre un cojín de meditación. El sistema implementado ha mostrado

predecir con precisión los ángulos de inclinación de la columna vertebral (coefi-

ciente R2 mayor que 0.75) pero sólo cuando los datos de los voluntarios han sido

incluidos en el conjunto de entrenamiento, lo que limita la aplicación del sistema.

Hay varias cuestiones abiertas para futuras investigaciones. Para una mejora

mayor de los prototipos, la resolución debería incrementarse y el modelado del

sensor debería ser refinado. Con respecto a la resolución, debe comprobarse si el

IECM también puede ser ejecutado en tiempo real para una matriz más grande.

De cualquier modo, otros circuitos de DAQ pueden eliminar el componente prin-

cipal del “crosstalk” pero un análisis detallado del coste económico debería ser

realizado. Además, otras fuentes de incertidumbre en el circuito pueden ser anal-

izadas. Con respecto al modelado del sensor, el problema principal de la elevada

variabilidad entre celdas persiste. Técnicas prácticas de equilibrado y calibración

para una esterilla grande serían bienvenidas (emplear técnicas basadas en pesos

muertos o una punta motorizada para ejercer presión es probable que sean inexac-

tas o lentas). Además, aunque un modelo de histéresis y “creep” ha sido ajustado,

existen diversas opciones disponibles en estudios previos sobre el comportamiento

de sensores no lineales y hay margen para mejoras. El “creep” es más complejo

que el modelo relativamente simple empleado en esta tesis y el ajuste actual es

bastante irregular dependiendo de la repetición del ciclo de presión.

Finalmente, el análisis exploratorio de la medida de la postura puede ser ex-

tendido más para incluir variables tales como altura, peso, sexo, etc. en el sistema

de predicción para incrementar el coeficiente R2 de la predicción cuando el sistema

de ML se enfrenta a personas no incluidas en el conjunto de entrenamiento.
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Appendix B

Proof of the equation to find the

derivative of equivalent

conductances with respect to cell

conductances

This section is based on the supplementary material of [149] (© 2022 IEEE).

In this supplementary material we derive the equation stated in the docu-

ment that shows the derivative of the equivalent conductances with respect to

cell conductances. This is the equation that supports all the rest of numerical

development for finding uncertainty in the cell resistances when using IECM:

∂Gip

∂gjq
=

(Vip,j − Vip,q)
2

(Vip,p − Vip,i)
2 (B.1)

The notation is explained in the main text of the document, section 2.3.

The starting point of the proof is the equation that relates the equivalent

conductance between row i and column p to the voltages of the associated circuit

as:

Gip =
Iref

Vip,p − Vip,i

(B.2)

where Vip is the solution of the following equation:

CVip = Iip (B.3)
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Appendix B. Proof of the equation to find the derivative of equivalent

conductances with respect to cell conductances

A specific example will also be worked out for some steps of the proof to make

it clear. For instance, figure B.1 shows the circuit that should be solved to find

the equivalent conductance between row 3 and column A in a 3 x 3 resistor array,

for which we could write:

G3A =
Iref

V3A,A − V3A,3

(B.4)

It is worth noting a subtlety of the notation used in this appendix. In ma-

trices like C, its derivatives, or vectors like Vip or Iip, rows and columns are

not labeled with consecutive numbers as usual but with the name of the node in

the corresponding circuit. For instance in a 3 x 3 RSA the labels are in the set

{2, 3, A,B, C} (node 1 is ground), see the example in figure B.1 for the matrix

∂C/∂g2B that we will use below.

Taking the partial derivative of equation B.2 with respect to a generic gjp

leads to:

∂Gip

∂gjq
= −

Iref

(Vip,p − Vip,i)
2

(

∂Vip,p

∂gjq
−

∂Vip,i

∂gjq

)

(B.5)

As a specific example, one of the derivatives for a 3x3 RSA would be:

∂G3A

∂g2B
= −

Iref

(V3A,A − V3A,3)
2

(

∂V3A,A

∂g2B
−

∂V3A,3

∂g2B

)

(B.6)

Let us work out the first partial derivative in the right hand side of equation

B.5. The voltage Vip,p is the row p component of Vip. This vector is the solution

of the circuit equation CVip = Iip (see figure B.1 for a specific example), which

is formally:

Vip = C−1Iip (B.7)

The p component can be set as:

Vip,p = (Vip)
T1p = ITipC

−11p (B.8)

where the notation 1p refers to a column vector in which all the elements are zero

except the row p and we have taken into account that C is symmetric.

Then we use the following equation [175] for the derivative of the inverse of a

matrix Y with respect to a variable x:
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Figure B.1: Example circuit in a 3 x 3 resistive sensor array to calculate the
equivalent conductances between nodes 3 and A. Node 1 is taken as ground.
[149] (© 2022 IEEE)

∂Y−1

∂x
= −Y−1∂Y

∂x
Y−1 (B.9)

to find the following relation:

∂Vip,p

∂gjq
= −ITipC

−1 ∂C

∂gjq
C−11p (B.10)

Using equation B.7, ITipC
−1 = VT

ip, so that the expression can also be set as:

∂Vip,p

∂gjq
= −VT

ip

∂C

∂gjq
C−11p = −V

T
ip

∂C

∂gjq
C−1

p (B.11)
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conductances with respect to cell conductances

where we introduce the notation C−1
p to refer to column p of C−1 since the product

C−11p extracts that column due to the definition of 1p.

In the specific 3x3 RSA example, we are going to calculate the partial deriva-

tive of V3A,A with respect to g2B:

∂V3A,A

∂g2B
= −VT

3A

∂C

∂g2B
C−11A (B.12)

All the reasoning that follows is applied in this case as shown in figures B.1

and B.2 step by step.

Equation B.11 can be simplified because the matrix ∂C
∂gjq

turns out to be sparse,

with almost all the elements equal to zero. To see this, we must be aware that

gjq appears only when the Kirchhoff’s current law is applied to node j and its

connection to node q, or to node q and its connection to node j. Thus, gjq only

enters in the left part of equation B.3 for rows j and q. We could write informally

rows j and q of CVip respectively as:

gjq(Vip,j − Vip,q) + · · · (B.13)

gjq(Vip,q − Vip,j) + · · · (B.14)

Thus, the matrix ∂C
∂gjq

has only some non-zero elements in rows j and q:

(

∂C

∂gjq

)

αβ

=



















1 if α = β = j or α = β = q

−1 if α, β = j, q or α, β = q, j

0 otherwise

(B.15)

In figure B.1 the matrix ∂C/∂g2B is shown as a specific example.

Thus, the product ∂C
∂gjq

C−1
p is a vector whose elements are zero except for rows

j and q, in which they take the same value, C−1
jp − C−1

qp , except the sign:
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∂C

∂gjq
C−1

p =















































0

· · ·

0

C−1
jp − C−1

qp

0

· · ·

0

−C−1
jp + C−1

qp

0

· · ·

0















































(B.16)

See figure B.2 (steps 2 and 3) for the specific example.

Inserting equation B.16 back to equation B.11, we rewrite it as:

∂Vip,p

∂gjq
= −VT

ip















































0

· · ·

0

C−1
jp − C−1

qp

0

· · ·

0

−C−1
jp + C−1

qp

0

· · ·

0















































(B.17)

where the only non zero elements of the vector in the right hand side are in rows

j and q.

The operation in equation B.17 extracts voltages j and q with the suitable

sign and a multiplicative factor:

∂Vip,p

∂gjq
= −(C−1

jp − C−1
qp )(Vip,j − Vip,q) (B.18)

In figure B.2 (step 4) the final result is presented for the specific case described

above.
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conductances with respect to cell conductances

Figure B.2: Step by step calculation of ∂V3A,A/∂g2B for a 3 x 3 RSA. [149] (©
2022 IEEE)

In a similar manner, it can be shown that:

∂Vip,i

∂gjq
= −(C−1

ji − C−1
qi )(Vip,j − Vip,q) (B.19)
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Thus, we can introduce equations B.18 and B.19 into B.5 leading to:

∂Gip

∂gjq
=

Iref

(Vip,p − Vip,i)
2

(

C−1
jp − C−1

qp − C−1
ji + C−1

qi

)

(Vip,j − Vip,q) (B.20)

In the last equation B.20, some components of the solution C−1Iip are ob-

tained, recalling that the elements of vector Iip are zero except for row i (−Iref )

and row p (Iref ). Therefore:

(

C−1
jp − C−1

qp − C−1
ji + C−1

qi

)

Iref =
(

C−1
jp − C−1

ji − C−1
qp + C−1

qi

)

Iref =

(C−1Iip)j − (C−1Iip)q = Vip,j − Vip,q (B.21)

For instance, in the 3x3 RSA example, we can identify V3A,2 = (C−1
2A−C

−1
23 )Iref

and V3A,B = (C−1
BA − C−1

B3)Iref in the formal solution:

















V3A,2

V3A,3

V3A,A

V3A,B

V3A,C

















= C−1I3A =

















C−1
22 C−1

23 C−1
2A C−1

2B C−1
2C

C−1
32 C−1

33 C−1
3A C−1

3B C−1
3C

C−1
A2 C−1

A3 C−1
AA C−1

AB C−1
AC

C−1
B2 C−1

B3 C−1
BA C−1

BB C−1
BC

C−1
C2 C−1

C3 C−1
CA C−1

CB C−1
CC

































0

−Iref

Iref

0

0

















=

















C−1
2A − C−1

23

C−1
3A − C−1

33

C−1
AA − C−1

A3

C−1
BA − C−1

B3

C−1
CA − C−1

C3

















Iref (B.22)

Thus, we finally get the equation used as the basis of the error propagation

inserting equation B.21 into B.20:
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conductances with respect to cell conductances

∂Gip

∂gjq
=

(Vip,j − Vip,q)
2

(Vip,p − Vip,i)
2 (B.23)

There are several points that can be highlighted:

• Since node 1 has been set to ground, some of the parts of the derivation

might seem to be meaningless if we had taken one of the indices as row

1 of the resistive array (node 1). For instance there is no row or column

associated to node 1 in matrix C or vector Iip. However, the final result

depends only on voltage differences, which are the only quantities physically

relevant. By symmetry, the result must also be true even if node 1 is one

of the indices.

• The partial derivative is always positive. This is expected because increas-

ing the conductance of a particular cell will always increase the equivalent

conductance of any pair of nodes.

• The case j = i, q = p leads to ∂Gip

∂gip
= 1. This is also expected since the

equivalent resistance between row i and column p is the parallel circuit of

rip and the rest of the network. Therefore, in terms of conductance:

Gip = gip + · · · (B.24)

and then the partial derivative is 1.
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Adaptation of IECM to QZPM

This section is based on [149] (© 2022 IEEE).

In this appendix we are going to show an example of the adaptation of IECM

to other circuit configurations. In particular, we are going to adapt it to the

kind of circuit shown in figure C.1a corresponding to QZPM. It was proposed

by Hidalgo et al. [138]. It is a configuration derived from ZPM for sequential

reading with few components. The switches can connect any row or column

either to ground or to node Vin, the so-called connecting node. In figure C.1b

the simultaneous connection of a row and a column is presented including the

internal non zero switch resistances. It has been shown that a series of voltage

measurements on the circuit output allows calculating cell conductances without

the crosstalk due to non ideal switches. For an NR × NC matrix, the readings

required are associated to different configurations of connections to the connecting

node: i) column-row pairs (NR · NC); ii) Only a single row at a time (NR);

iii) Only a single column at a time (NC); iv) Different pairs column-column

(NC · (NC − 1)/2).

However, an assumption of QZPM is that the internal resistance of the switch

is known and the same for all the components, ri = rp = rs, where we have used

the notation ri/rp for the internal resistance of the switch in row i/column p.

The associated conductances are denoted as gi and gp. In this appendix, IECM

is extended to the case in which the resistance is not known and even different for

each switch. It is a more realistic situation because manufacturers provide typical

values, but it would be hard to know them for a particular set of components

unless a calibration procedure is devised.

For a given configuration of the switches when the row i and the column p are
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r11 r12 r13

r21 r22 r23

r31 r32 r33

−

+Vref

rf
rdVin

Vo

(a)

r11 r12 r13

r21 r22 r23

r31 r32 r33

r1

r2

r3

r1 r3r2

−

+Vref

rf
rd

Vin(1, 2)

Vo(1, 2)

Iin(1, 2)

(b)

Figure C.1: (a) Circuit configuration of QZPM for a 3x3 array; (b) Example
when row 1 and column 2 are connected to Vin (internal resistance of the switches
included). [149] (© 2022 IEEE)
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connected to the connecting node, the output voltage is measured, Vo(i, p). The

following convention is used: if either i = 0 or p = 0 it means that there is no

row or column connected to it respectively. The equivalent conductance of the

network between the connecting node and ground can be obtained by considering

an ideal OA (figure C.1b). Firstly, the intensity that flows into the network, Iin,

and the voltage at the connecting node, Vin can be calculated as:

Iin(i, p) =
Vo(i, p)− Vref

rf
(C.1)

Vin(i, p) = Vref − Iin(i, p) · rd (C.2)

Then, the equivalent conductance of the network for that particular configu-

ration is:

Gexp,ip =
Iin(i, p)

Vin(i, p)
(C.3)

Thus, a set of equivalent conductances, which we denote globally as Gexp, can

be obtained experimentally from the set of measured voltages for different switch

configurations.

On the other hand, if the set of conductances in the array and in the switches

were known, another set of equivalent conductances could be obtained by solving

Kirchhoff’s laws in the corresponding configuration. For instance, formally the

equivalent conductance can be obtained from the kind of circuit shown in figure

C.2 for a 3x3 array. There are NR +NC + 1 nodes in the circuit, corresponding

to row voltages, Vi, column voltages, V p, and the connecting node Vin. If row i

and column p are connected to the connecting node through the switches, then

the equations to be solved are:

gj(Vj − Vinδji) +

NC
∑

q=1

gjq(Vj − V q) = 0 (C.4)

for row nodes j = 1, . . . , NR,

gq(V q − Vinδqp) +

NR
∑

j=1

gjq(V
q − Vj) = 0 (C.5)

for column nodes q = 1, . . . , NC , and
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r11 r12 r13

r21 r22 r23

r31 r32 r33

r1

r2

r3

r1 r3r2

Vin
Iref

Figure C.2: Theoretical circuit to find the equivalent resistance of a 3x3 array
when row 1 and column 2 are connected to the connecting node. [149] (© 2022
IEEE)

NR
∑

j=1

δijgj(Vin − Vj) +

NC
∑

q=1

δqpg
q(Vin − V q) = Iref (C.6)

for the connecting node.

In equations C.4, C.5 and C.6, δnm is the Kronecker delta (1 if n = m, 0 other-

wise). The notation is a bit succinct but allows considering the following cases: a

row-column pair, a single row, or a single column connected to Vin. For instance,

if i = 0, which means that there is no row connected to Vin, then δji is always zero

in equation C.4. This effectively removes Vin from the equation according to the

lack of connection. The current injected, Iref , is just a multiplicative constant

and can be set to 1 in the implementation.

We note that the number of unknown parameters is NR · NC + NR + NC .

Therefore, for the adaptation of IECM only the row-column pairs, the single

column and the single row connections were taken into account. The column-

column connection readings were not required. If they were two columns, p1 and

p2, connected to Vin, then the substitution of δqp by δqp1 + δqp2 in equations C.5
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Input: cell conductances gjq, row switch conductances, gj and column switch
conductances, gq with j = 1, · · · , NR q = 1, · · · , NC

Output: Equivalent conductances Gip, with i = 0, · · · , NR p = 0, · · · , NC for
the configuration in which row i and column p are connected to the connecting
node (0 index means no connection):
for all pairs (i, p) except (0, 0) do

Solve equations C.4, C.5 and C.6
Gip ←

Iref
Vin

end for

Figure C.3: Algorithm to find equivalent conductances for several configurations
of the network. [149] (© 2022 IEEE)

and C.6 would be enough to get the right equations in this case.

Once equations C.4, C.5 and C.6 are solved, the equivalent conductance can

be found as:

Gip =
Iref
Vin

(C.7)

To sum up, a formal relation between the set of conductances, denoted glob-

ally as g, and the set of equivalent conductances, G, can be deduced using the

algorithm in figure C.3. This relation is denoted G = F(g) in short.

The numerical relation between g and G allows stating the problem of finding

the unknown conductances as an optimization problem. The elements of g are

found by minimizing the following cost function:

∥Gexp − F(g)∥2 (C.8)

subject to the constraints:

0 ≤ gip, 0 ≤ gi, 0 ≤ gp (C.9)

To test the adaptation of IECM to QZPM we have considered a set of simula-

tions. For different arrays sizes, random arrays of sensor resistances were obtained

in the range 100Ω-10 kΩ. The resistances of the switches were also randomly dis-

tributed in the ranges 10 ± 5Ω or 10 ± 1Ω. Firstly, the procedure explained in

figure C.3 was applied to extract the equivalent conductances, which play the role

of Gexp (in other words, an ideal set of experimental values). Then, we applied a

least square approach to solve the minimization of the objective function C.8 and

to test if the cell conductances could be recovered. Two kinds of simulations were
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performed. On the one hand, a set of simulations were run with circuits having a

single unknown switch resistance, the same for all the switches. In the implemen-

tation we forced gi = gp = gs, a single parameter to be optimized other than the

sensor matrix itself. On the other hand, we considered circuits in which each gi

and gp was allowed to take its own value (NR +NC additional free parameters).

Moreover, we also implemented the equations of QZPM [138] considering an

ideal OA (equations C.1 and C.2) with rd = 100Ω, rf = 400Ω and Vref = 1V .

QZPM assumes the same internal resistance for all the switches, which we took

as 10Ω. In this way we could check the output of QZPM when the assumption

is not true. The values of resistances are also taken from typical values shown in

[138].

If the solution found by an algorithm for a cell is denoted as g′ip, the absolute

relative error (ARE) was obtained as:

ϵip =

∣

∣

∣

∣

g′ip − gip

gip

∣

∣

∣

∣

(C.10)

Ten simulations were repeated for each of the conditions considered above.

The values of the ARE 95th percentile are reported in tables C.1 and C.2 for a

single switch resistance (the same for all the switches) or for NR + NC different

switch resistances respectively. For QZPM a range of ±1Ω in 10Ω induces errors

in the system above 4%. The error increases with the size of the array. If the

internal resistance range is ±5Ω the situation is even worse. On the other hand,

IECM is able to recover cell values with high accuracy.

Nonetheless, comparing tables C.2 and C.1, it is clear that the IECM error is

large when all the switch resistances are allowed to get a different value. This is

likely to be related to the associated extra number of free parameters. It is known

that optimization problems are much harder when the number of parameters

increases and there might be several minima of the cost function. The errors for

a particular simulation configuration are shown in figure C.4 (10x10 array, every

switch allowed to get its own internal resistance in the range 10±5Ω). No trend is

visually seen with respect to the x-axis, except for a slight increase in the QZPM

error for very low values of conductance. The IECM errors are mainly below

1e− 9, but some points reach higher values. They are responsible for achieving a

95th percentile value of 8.7e− 5, table C.2. This fact also supports the idea that

often the optimization algorithm ends at a point very close to the exact solution

but that sometimes the distance to the solution is far larger, probably another
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Table C.1: ARE for the adaptation of IECM to QZPM and the original QZPM
implementation. The 95th percentile across all the simulation is provided. All
the switches have the same resistance value, rs, which was varied in two different
ranges. QZPM assumed a fixed value (10Ω). [149] (© 2022 IEEE)

Range rs = 10± 5Ω Range rs = 10± 1Ω
IECM QZPM IECM QZPM

size 95th
PCTL

95th
PCTL

95th
PCTL

95th
PCTL

4x4 1.9e-10 0.28 2.0e-10 4.5e-2
6x6 5.3e-10 0.35 1.8e-12 7.7e-2
8x8 2.6e-10 0.53 1.0e-12 0.10
10x10 6.9e-11 0.89 2.6e-12 0.12
12x12 1.7e-11 1.4 2.0e-11 0.13

Table C.2: ARE for the adaptation of IECM to QZPM and the original QZPM
implementation. The 95th percentile across all the simulation is provided. The
switches in the circuit are allowed to have different values, which were varied in
two different ranges. QZPM assumed a fixed value (10Ω). [149] (© 2022 IEEE)

Range rs = 10± 5Ω Range rs = 10± 1Ω
IECM QZPM IECM QZPM

size 95th
PCTL

95th
PCTL

95th
PCTL

95th
PCTL

4x4 4.7e-5 0.19 5.9e-10 4.2e-2
6x6 3.4e-11 0.24 1.4e-11 4.6e-2
8x8 1.7e-4 0.37 5.0e-10 6.5e-2
10x10 8.7e-5 0.40 6.5e-11 7.9e-2
12x12 8.0e-6 0.75 8.7e-4 0.11

minimum.

In conclusion, in our opinion it is worth studying numerical optimization

methods within the context of crosstalk in RSA. They are more flexible and can

overcome some of the assumptions of analytical methods. If the assumptions of

the later are not fulfilled, relevant errors can appear in the system. In particular,

we have adapted IECM to QZPM when the internal resistance of the switches

is not known. Other aspects such as processing speed, effect of non-ideal OA,

quantization error in ADC and noise were left out for future research because

they are out of the scope of the present document.
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Figure C.4: ARE for a particular set of simulations: 10x10 array, every switch
allowed to get its own internal resistance in the range 10 ± 5Ω. Blue symbols
refer to IECM, orange symbols to the original QZPM. [149] (© 2022 IEEE)
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Figure D.3: Last PCB model used for the Comparison of Materials
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Figure D.4: 3D view of first PCB model used for the Comparison of Materials
(units in mm)



Appendix E

Configuration of the

STM32F103C8Tx (bluepill)

In this appendix we are going to show how to program the µC used in the PhD

from two different environments, including several configuration tips.

E.1 STM32CubeIDE starting Guide

In this subsection the STM32CUBE IDE, shown in figure E.1, is considered for

programming and debugging.

Figure E.1: STM32CubeIDE loading screen

After installing the software a new STM32 project has to be created, see figure

E.2.
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Figure E.2: Creation of a new project

The component name “stm32” can be used as a filter to find the components

faster, see figure E.3:

Figure E.3: Filter by component name

A name is assigned to the project and the process ends, shown in figure E.4.
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Figure E.4: Assignation of name to our project

A graphical window starts up in which the configuration pins are set. We can

come back to it later by clicking on the file with extension “.ioc”.

It is very important to configure the debugging pins, illustrated in figure E.5a,

to make it easier to upload the programs and avoid further complications.

(a) Enable debug of µC

(b) Jumpers Boot0 and Boot1

Figure E.5: (a)Procedure to enable debug of µC; (b) Jumper of Boot0 and Boot1
in the µC.

If we forget the last step, we could set the BOOT0 jumper to 1, press the

reset button and relaunch the program, see figure E.5b.

It is also important to enable the external clock included on the development

board (BluePill) to be able to use it, see figure E.6:
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(a) Enable clock of µC

(b) USB enabled

Figure E.6: (a)Procedure to enable clock of µC; (b) USB enabled in the µC.

Then in the clock configuration tab we can select the external clock. Chang-

ing a few parameters we could obtain the following configuration at 72 MHz

(look at figure E.7). It allows higher frequency with “overclocking” but it is not

recommended.

Figure E.7: µC clock configuration

Going back to the PinOut and Configuration screen we could configure the

peripherals that we want to use.

Once the peripherals have been configured, the corresponding code is gener-

ated in the gear icon E.8. An important point is to be highlighted: this action

resets files such as the Core/Src/main.c. Therefore, all the modifications that we

could have done in them will be erased.
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Figure E.8: Generate code according to PinOut

Then, it will generate the code and will take us to Core/Src/main.c where we

will write our code and where the autocompletion is done with CTRL+space.

A simple example would be to make the on-board LED connected to pin 13

blink. For this we would additionally configure pin 13 as a general purpose digital

output (GPIO_Output, similar to figure E.9).

Figure E.9: Configuration of Pin as Output.

We would generate the configuration file, and in the main block of the chip

we would tell it to switch the value of pin 13 and wait a time for example 3000

milliseconds. Afterwards the code is compiled to verify that there are no errors

In order to upload the code to the µC through the Stlink-v2 (or in our case its

economic version, previous image) it is necessary to modify two parameters of

the default configuration (see figure E.10):
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Figure E.10: Access to the Debug Configuration Menu

If we want to use the non official programmer/debugger, in the debug tab

(see figure E.11), it is necessary to select “ST-LINK (OpenOCD)” in the “Debug

probe” dropdown. Besides, in “showing the option generator” we can enable the

“Software Reset” (shown in figure E.12).

Figure E.11: Access to the Debug Configuration Menu
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Figure E.12: Enable software reset in the Debug Configuration Menu

With these options if we start the debugging, the software will first complain

showing red messages in the console. It will ask us if we want to change to the

debug mode. Once in the debug mode we can start the debugging execution and

set breakpoints (using for it the palette of the figure E.13).

Figure E.13: Debug Menu Palette

If instead of debugging we simply want to execute the program we can click

on the run icon (see figure E.14). The configuration of the debugging is also

useful for the execution, so it would not be necessary to choose again ST-LINK

(OpenOCD).
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Figure E.14: Run menu in the application

If the software complains about GDP it means that the ST-LINK (OpenOCD)

is not set. In principle and in spite of the red messages of the console our LED

should blink. We must not forget that when compiling the software indicates the

errors in the code. For the case of the PSM it is necessary to configure some more

peripherals:
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Figure E.15: Additional configuration for employing it on a PSM
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E.2 STM32Duino Configuration Guide

In this section, we are going to show how to configure the STM32F103C8Tx

(bluepill) as an Arduino via USB.

To upload the Arduino bootloader, the programming software STM32 ST-

LINK 004 Utility is required (https://my.st.com/content/my_st_com/en/products/

development-tools/software-development-tools/stm32-software-development-

tools/stm32-programmers/stsw-link004.html) (see figure E.16).

Figure E.16: ST-Link004 main screen

The ST-Link V2 module (shown in figure E.5b) is also required to upload the

Arduino. However, once the Arduino is uploaded and the USB programming is

enabled it will only be necessary in case of failure.

We will also need to install the ST-Link V2 Drivers on Windows (https://my.

st.com/content/my_st_com/en/products/development-tools/software-development-

tools/stm32-software-development-tools/stm32-utilities/stsw-link009.

html).

Of course, the Arduino bootloader has to be downloaded from the repos-

itory (https://github.com/rogerclarkmelbourne/STM32duino-bootloader/

blob/master/binaries/generic_boot20_pc13.bin)

We should never connect the STM32F103C8Tx (BluePill) board to several

https://my.st.com/content/my_st_com/en/products/development-tools/software-development-tools/stm32-software-development-tools/stm32-programmers/stsw-link004.html
https://my.st.com/content/my_st_com/en/products/development-tools/software-development-tools/stm32-software-development-tools/stm32-programmers/stsw-link004.html
https://my.st.com/content/my_st_com/en/products/development-tools/software-development-tools/stm32-software-development-tools/stm32-programmers/stsw-link004.html
https://my.st.com/content/my_st_com/en/products/development-tools/software-development-tools/stm32-software-development-tools/stm32-utilities/stsw-link009.html
https://my.st.com/content/my_st_com/en/products/development-tools/software-development-tools/stm32-software-development-tools/stm32-utilities/stsw-link009.html
https://my.st.com/content/my_st_com/en/products/development-tools/software-development-tools/stm32-software-development-tools/stm32-utilities/stsw-link009.html
https://my.st.com/content/my_st_com/en/products/development-tools/software-development-tools/stm32-software-development-tools/stm32-utilities/stsw-link009.html
https://github.com/rogerclarkmelbourne/STM32duino-bootloader/blob/master/binaries/generic_boot20_pc13.bin
https://github.com/rogerclarkmelbourne/STM32duino-bootloader/blob/master/binaries/generic_boot20_pc13.bin
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power supplies simultaneously, otherwise it may melt ports, from the STM32,

the ST-Link and even the PC.

Using the STM32 ST-LINK Utility we proceed to upload the Arduino Boot-

Loader. For this purpose, we have to connect the ST-Link V2 to the BluePill

board (normal wiring, SWCLK with SWCLK, SWDIO with SWDIO, Vcc with

Vcc and GND with GND, pin view in figure E.17).

Figure E.17: ST-Link004 main screen

The ST-Link V2 is then connected to the computer and the ST-LINK Utility

program is opened. Once inside the ST-LINK Utility, we should connect to the

BluePill board (see figure E.18, it may be necessary to press and hold the RESET

button on the board when connecting, and release it shortly after):

Figure E.18: Procedure to connect to the device
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Once connected, we set the Boot0 Jumper to position 1, which will allow us

to upload the Arduino in memory (shown in figure E.19):

Figure E.19: Jumpers setting to upload in memory

From the ST-LINK Utility, the bootloader Arduino file for this board has to

be opened (generic_boot20_pc13.bin, illustrated in figure E.20):

(a)

(b)

Figure E.20: Upload Bootloader in the ST-LINK004

Opening the file will change the colors of the cells and their values. To program

the Arduino Bootloader on the BluePill board we should click on Target/ Program

(see figure E.21) and on Start in the popup window (shown in figure E.22).
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Figure E.21: Upload the Bootloader in the device

Figure E.22: Start the programming of the device

Once the bootloader has been successfully uploaded, the Boot0 jumper has

to be set to 0 (like in figure E.23). Then it has to remain in that state. With the
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jumper in the initial state, we have to press on the RESET button.

Figure E.23: Jumper settings to keep data in memory

Once the Jumper is in its original state, and the RESET button is pressed,

we can close ST-LINK Utility, eject the USB corresponding to ST-Link V2 and

disconnect the ST-Link V2 from the BluePill Board. The ST-Link V2 is no more

required if everything is alright.

If the Boot0 Jumper is disconnected while the BluePill board is powered on,

the Arduino BootLoader will be erased and if we want to use the Arduino we will

have to repeat the uploading process with the ST-Link Utility.

Once the cables are disconnected, we can connect the BluePill board to the

computer directly through its miniUSB port, and it will detect the device as a

Maple Serial (COMx) port (shown in figure E.24).

Figure E.24: Detected devices by the system
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In order for Arduino to be able to upload new regular programs on our board,

we must install a number of additional libraries and changes to it, which requires

having installed Arduino from the installer, rather than from the software store.

This is because the board does not come in the list of standard ones.

In the Arduino IDE, from preferences, in the management of URL additional

boards, shown in figure E.25, we must insert the following text in two new lines

and accept to exit preferences (see figure E.26):

http://dan.drown.org/stm32duino/package_STM32duino_index.json

https://github.com/stm32duino/BoardManagerFiles/raw/master/STM32/package_

stm_index.json

(a) (b)

Figure E.25: Installation of STM libraries

Figure E.26: Arduino URL manager

http://dan.drown.org/stm32duino/package_STM32duino_index.json
https://github.com/stm32duino/BoardManagerFiles/raw/master/STM32/package_stm_index.json
https://github.com/stm32duino/BoardManagerFiles/raw/master/STM32/package_stm_index.json
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Then, from Tools/ Library management, we must look for STM32F1 (see

figure E.27):

Figure E.27: Arduino Library manager

Then, among the list we have to install “FlashStorage_STM32F1” y “STM32F1_RTC”

(all that include STM32F1 in their name, shown in figure E.28)

(a)

(b)

Figure E.28: Installation of STM32F1 libraries

Finally, we are ready to program the BluePill from Arduino IDE. When con-

necting the BluePill it detects the configuration of the board, so we only have to

choose the port where it is connected, see figure E.29:
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Figure E.29: Select the device in the ArduinoIDE

For the configuration of the modules in a simple way from Arduino IDE, we

can use some of the functions already available in the menus, but we can also

integrate functions in C in a simple way. For the configuration in other operating

systems it would be similar.
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