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ABSTRACT

This work is dedicated for research on new methods for three dimensional shape data acqui-
sition applicable in mobile embedded systems with limited resources. The aim is to facilitate
development of new cyber-physical system applications in fields such as flexible electronics,
robotics, smart textile and wearable electronics. A particular attention is paid to application of
miniature low-power, low-cost hardware, efficient data acquisition and processing that can pro-
vide real-time operation. Also, the work focuses on methods that enable ubiquitous operation
and does not rely on external infrastructure. In this work a novel method for shape sensing is
proposed that is based on 3-axis acceleration and magnetic sensor nodes that are embedded into
the material and can measure local orientation data. The proposed algorithm for global shape re-
construction from local orientation measurements ensures fast computations utilizing data from
large number of sensors. Detailed simulations are provided to demonstrate feasibility of the
proposed method. Additional contribution is related to new network architecture that allows
efficient data acquisition from more than 200 low-power sensors that is required for proposed
shape sensing algorithm. Also, practical implementation of proposed methods is demonstrated
and shape reconstruction performance is evaluated in experimental tests by comparison to com-
mercial Kinect v2 sensor that can act as three dimensional scanner. In the end of the work
approbation of proposed methods in mobile cyber-physical system for medical applications is
demonstrated. Real-time posture monitoring and feedback system is developed using proposed
methods and applied for medical studies in collaboration with medical specialists, demonstrating

the applicability of the method in practical mobile embedded systems.



ANOTACIJA

Sis darbs ir veltits jaunu tris dimensiju formas datu ieguves metozu izpétei, kas izmantojama
mobilas iegultas sisteémas ar ierobezotiem resursiem. Darba mérkis ir veicinat attistibu jaunu ki-
berfizikalo sisteému pielietojumos tadas jomas, ka viedie audumi, valkajamas sist€émas, robotika
un lokana elektronika. Darba tiek apskatita miniatiiru zemu izmaksu un neliela energijas pate-
rina ieri€u izmantoSana, ka ar1 efektiva datu savakSana un apstrade, kas var nodrosinat darbibu
reala laika. Papildus uzmaniba tiek versta uz pieeju, kas nodrosina mobilu darbibu un nav atka-
riga no argjas infrastruktiiras. Saja darba tiek piedavata jauna metode formas mérisanai, kas ir
balstita uz tris asu paatrinajuma un magnétiska lauka sensoru mezgliem, kas tiek iestradati ma-
teriala un var iegtit datus par ta orientaciju dazadas vietas. Piedavatais algoritms kop@&jas formas
atjaunosanai no lokalo orientaciju datiem nodroSina atrus aprékinus, vienlaikus izmantojot da-
tus no liela daudzuma sensoru mezglu. Detalizétas simulacijas ir pieradita piedavatas metodes
darbiba un novértetas kliidas. Papildus ieguldijums ir saistits ar jaunas sensoru tikla arhitekta-
ras izveidi, kas var nodrosinat efektivu datu savakSanu no vairak ka 200 zema jaudas paterina
sensoriem, kas var but nepiecieSami virsmas atjaunosanas algoritmam. Tapat ir demonstréta
metodes praktiska realizacija, ka ar1 virsmas atjaunosanas darbibas kvalitate ir noveértéta ekspe-
rimentalos testos, salidzinot rezultatus ar komercialo Kinect v2 sensoru, kas var darboties ka
tris dimensiju skeneris. Darba beigas ir demonstréta ar1 piedavato metozu aprobacija mobila
kiberfizikala sisttma medicinas pielietojumiem. Ir izstradata reala laika stajas monitoringa un
atgriezeniskas saites sist€ma, un ta pielietota mediciniskos pétijumos sadarbiba ar medicinas

specialistiem, demonstrgjot metozu pielietojamibu praktiskas mobilas iegultas sisteémas.
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NOMENCLATURE

d — distance between sensors

U — vector

7 — rotation axis

v — transformed vector

0 — rotation angle [°]

R — rotation matrix

q — rotation quaternion

n — number of rows

m — number of columns

« — rotation angle around vertical axis

A4 — matching error

F — flatness coefficient

g — Earth gravity constant (9.873)

E, — Earth gravity field vector

E,,, — Earth magnetic field vector

S, — Earth gravity field vector measurement
S, — Earth magnetic field vector measurement
Vs — reference voltage [V]

T, — clock signal pulse width [s]

T’y — buffered clock signal pulse width [s]
Ay — voltage drop [V]

I .. — supply current [A]

V.. — supply voltage [V]

R,, — wire resistance [(2]

Tsample — sampling period [s]

forx — clock signal frequency [Hz]
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INTRODUCTION

Ability to measure 3D geometric properties of an object can provide data about shape of
the object. If the object is measured in real-time, continuous deformations can also be moni-
tored. This data is valuable for various new emerging applications. Shape sensing ability could
be used in robotic systems to gather information about objects in outside environment [|1] or to
obtain precise feedback of robot manipulator position [2]. In the new emerging field of flexible
electronics [3] shape sensing could provide direct feedback of device configuration and allow
new ways of interaction with these devices. Additional new fields that are growing very fast
and could benefit form shape sensing technologies are wearable computing and smart textiles
[4]. Here the data about textile shape could be used to provide real-time information of wear-
ers posture and movement. The clear potential applications of shape sensing combined with
advancements in new sensing technologies, for example Micro Electro Mechanical Systems
(MEMS) [5], attract more researchers to focus on this field.

The above mentioned applications usually are controlled by specific group of computers.
People usually pay attention only to computers and software that are used for information pro-
cessing for human consumption and interaction such as text editing, browsing web, emailing,
etc., which is the most visible group. However, a vast majority of computers in use belong
to a much less visible group. These computers do the essential work of controlling different
appliances and processes such as car engines, automotive subsystems, radio transceivers of mo-
bile phones and other wireless devices, washing machines, refrigerators, dishwashers and other
home appliances, robots and conveyor systems in manufacturing facilities and just about any
other appliance imaginable. This much less visible group of computers is called embedded sys-
tems [6].

Historically embedded systems were treated as small computers. The engineering prob-
lem was defined as copying computer functionality with limited resources - limited processing
power, limited energy, limited amount of memory, etc.; therefore it was not much distinguished
from computer science. As the desire to control more and more complex processes increased,
researchers started to notice that the main challenges in embedded systems often arise from
interaction with physical world rather than just limited resources. Because of this a new sub-

field called cyber-physical systems (CPS) was introduced. A CPS can be seen as an extension
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of embedded systems where the particular focus is on integration of computation with physical
processes. ”When studying CPS, certain key problems emerge that are rare in so-called general-
purpose computing. For example, in general-purpose software, the time it takes to perform a
task is an issue of performance, not correctness. It is not incorrect to take longer to perform a
task. It is merely less convenient and therefore less valuable. In CPS, the time it takes to perform
a task may be critical to correct functioning of the system” [[7]. For example, a car airbag system
has to be deployed in exact time and at exact circumstances in physical world to be useful. Any
deviation from it means a critical error for the system.

To provide a close interaction between computers and physical world a system with spe-
cific structure has to be designed. Embedded computers and networks monitor and control the
physical processes, usually feedback loops are implemented where physical processes affect
computations and vice versa. To provide this functionality areas such as embedded comput-
ing, computer networks and sensor systems form the core of CPS research. Operation of CPS
is closely dependent on physical environment, therefore novel sensing technologies and sensor
systems have a huge role in facilitation of development of new and more functional CPS. In addi-
tion, a number of CPS applications such as wearable devices, portable electronics, robotics, etc.
often require mobile operation, thus when developing sensor systems particular attention has to
be paid not only to ensure system operation with limited resources but also to provide ability to
operate in a portable system in different environments with limited supporting infrastructure.

In relation to CPS, all techniques for 3D shape data acquisition can be divided in two ma-
jor categories. The first category performs some form of remote sensing utilizing either active
or passive external equipment such as single and stereo camera setups, time of flight cameras,
LiDARs, touch probes, and other solutions based on various principles - laser, light, sound,
physical contact [§]. The second category uses sensors that are placed on or even embedded
into the measured object itself. Most of the previous studies that are related to measurement
of object 3D geometric properties fall under the category that utilizes external equipment [9].
These approaches can often provide object models with high accuracy; however, there are two
major problems that are inherent in system architecture with external equipment. One is that it
requires specially equipped surroundings, which considerably limits the range of operation and
portability. The other significant problem is occlusions. External sensors have to have a clear

line of sight to the object which is not always practical. In addition, an object with more compli-
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cated shape can sometimes itself occlude some of its details. Both of these limitations prevent
methods with external equipment from being used for mobile CPS applications such as smart
shape aware textile, flexible electronics and other applications that require mobile measurement
of relatively complex 3D shapes.

The aim of this work is to facilitate the development of new CPS applications by exploring
new 3D free-form shape sensing methods. The focus is on the research of methods utilizing
equipment that enables ubiquitous operation of mobile CPS. Also, attention is paid to the em-
ployment of miniature low-cost, low-power hardware, the development of efficient data pro-
cessing algorithms suitable for real-time CPS and the development of methods for efficient data
acquisition to gather data from a large number of sensors to provide high resolution measure-
ments.

At the beginning of the work the following tasks were defined:

* review the literature related to object shape measurement with sensors embedded in the

measured object and identify the most suitable approach for mobile CPS applications;

* develop a shape reconstruction method based on embedded sensors that can obtain real-

time 3D shape information and can be implemented in an embedded system;

+ develop a method for data acquisition that can effectively gather data from a large number

of sensors required by the shape reconstruction algorithm;

+ experimentally validate the feasibility of the proposed methods and practically test the

shape reconstruction performance;
» implement and approbate the proposed methods in a mobile CPS application.

During the development of this work the following thesis statements have been promoted

and proven:

1. Low-cost inertial and magnetic sensor network can be used to reconstruct the shape of 3D

surface with an average error less than 6 % relative to the smallest surface dimension.

2. It is possible to acquire the necessary information about 3D orientation from more than
200 sensors with more than a 50 Hz sampling rate by utilizing the proposed enhanced-

daisy chained 4 wire architecture and off-the-shelf hardware.
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3. The proposed fixed-length vector algorithm allows reconstructing the object shape more
than 40 times faster on the same hardware with negligible (less than 1 %) reduction in

accuracy compared to state-of-the-art integrating algorithm.

The rest of the work is organized as follows. In Section [[, a detailed literature review of
various shape sensing methods that are based on embedded equipment is provided. The most
suitable approach for mobile CPS is identified. In Section [, methods for 3D shape reconstruc-
tion based on local orientation data are proposed. First a case with application of acceleration
sensor network together with its limitations is described. Then a method utilizing acceleration
and magnetic field sensor network is proposed. Detailed simulations are provided to validate
the feasibility of this method. In Section P|, various communication interfaces available for inte-
gral circuits are reviewed and a new method is proposed for an effective data acquisition from a
large number of sensors suitable for shape sensing applications. Section }is dedicated to the de-
scription of development and testing of experimental systems for shape sensing sensor network.
Detailed shape reconstruction performance evaluation of the proposed method is provided here.
In final Section [§, the implementation and approbation of proposed methods in mobile CPS is
shown. A mobile posture monitoring device for medical applications that is based on the new
methods proposed in this work is demonstrated. An approbation in medical institutions for pa-
tients with posture and movement dysfunction is also described. At the end of the work overall
discussion and conclusions are given. Conclusions are supplemented with the list of author’s
published papers, conference abstracts, demos, visited conferences and projects relevant for this
work.

This Doctoral thesis is based on the papers [10, 11, 12, 13, 14, 15] by the author of this The-

sis and paper co-authors Ricards Cacurs, Modris Greitans, and Krisjanis Nesenbergs. Some
additional information found in this work is previously published in a master’s thesis work [[16]

by the author of this work and in the conference abstracts and demos [17, 18, 19, 20, 21] with

additional co-authors Armands Ancans, Emil Syndykov, Leo Selavo, Santa Geidane, and An-
dra Greitane. Here and further in the text, the references with authors own contribution are

highlighted in bold and underlined.
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1. METHODS FOR SURFACE SHAPE SENSING WITH EMBEDDED
EQUIPMENT

In the literature a number of studies try to acquire a 3D shape of object surface by utilizing
sensors that can be placed on the object or even embedded into the object. These are often
referred as self sensing devices as they include the required sensors themselves. Usually, a
network of sensors is used to provide some local information from multiple locations on the
object, which can then be used together to obtain global shape characteristics. These studies can
be categorized in two major subgroups. In one subgroup, the information about object shape is
obtained by measuring the bending of the material based on various physical principles that can
be sensed by an electronic equipment. In the other subgroup, the shape of the object is estimated
by measuring the orientation of different segments of the shape. The global shape characteristics
are then reconstructed form the local orientation information basing on known interconnection

model between the segments.
1.1. Shape sensing by measuring bending of the material

Different complicated shapes can be seen as deformations of some more simple reference
state, for example a flat surface. This implies that sensing of object shape in a straightforward
way can be done by measuring the bending of the material of the object in different locations
along the object. A number of physical principles can be used to produce bend sensor [22].
Multiple such sensors can be combined to obtain bending information along different degrees
of freedom, as well as to measure multiple different deformations along the object.

Authors in [23] propose a surface profile sensing mechanism that is based on surface acous-
tic wave (SAW) sensors. The sensors were fabricated from Polyvinylidine diflouride (PVDF)
that ensures flexibility. In an experimental setup it was demonstrated that the produced sensor
changes the amplitude and the phase of the input signal in correlation with bending radius of
the sensor, however, it was also stated that sensor output signal is extremely small and noisy
relative to the input signal, therefore significant attention has to be paid to signal filtering and
amplification. Also a system setup that allows surface shape sensing using two independent net-
works of 2D SAW sensor grids was superficially described and no simulation or experimental

results for surface shape sensing performance was provided.

16



Authors in [24, 25] use ShapeTape sensor, which is a thin array of fiber optic curvature sen-
sors laminated in a rubber band that can sense its bend and twist. Bend and twist are measured at
intervals by two fiber optic bend sensors. ”Resolution is limited by the spacing of these sensors.
By summing the bends and twists of the sensors along the tape, the shape of the tape relative
to the first sensor can be reconstructed.” [25] The sensors are used to reconstruct curves, also,
the possibility to reconstruct the shape of surfaces is stated. In [24] the main focus is on sensor
application for various human-computer interaction techniques. The precision of reconstruc-
tion 1s not evaluated in detail, but the authors state that the method is less suitable for technical
modeling due to the lack of sensor precision. Problems such as hysteresis and drift are reported
in [25]. Also, in both sources the surface reconstruction using multiple sensor bands to obtain
deformations along whole surface is not tested.

A number of studies use sensors that are based on piezoelectric effect and can sense bending.
In [26], a PVDF material sensors with piezoelectric properties are used for shape measurement.
The correlation between the output voltage and direction as well as the amplitude of bending is
demonstrated. Basic concepts for shape reconstruction are also shown with limited resolution
setup that utilizes only four sensors. In [27], similar approach is used. An array of 4 x 4
piezoelectric sensors are placed on thin film. Sensor data are used to recognize different discrete
shapes limiting the applications for free-form shape measurement. In both studies no detailed
shape reconstruction accuracy evaluation is provided.

In [28], a transparent sensing surface for 3D surface shape detection is proposed. A net-
work of PyzoFlex [29, 30] bend sensors are used in order to profile the surface and reconstruct
its shape. The sensors can be printed on thin transparent substrate layer. A specific layout of
the sensor network ensures the ability to profile different free-form deformations of the ma-
terial layer. Two reconstruction algorithms were proposed - weighted linear interpolation and
learning based continuous regression. Detailed evaluation of accuracy was performed using
custom multi video camera setup as ground truth, that can detect different marker locations on
the surface and reconstruct its shape. The reported average error over 10 000 bending poses
was 15 + 7mm for learning based algorithm and 18 £ 9mm for linear interpolation algorithm
with increased error in the corners of the surface where most of the deformations occurred. In
addition, several application scenarios were proposed. Main application example included the

use of the sensor device as a transparent tablet display cover that can allow intuitive multilayer
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interaction due to the transparent properties of the sensor. For example, the transparent sensor
cover allows a variety of paper like interactions with digital display, where the sensor layer can
be physically lifted up as a page of the book to peek what is underneath the top layer in user inter-
face of applications such as image and animation editors or games. Other applications relating
to human-computer interaction also were proposed. Several problems were reported includ-
ing sensor deterioration over prolonged periods, folding limitations, sensor drift and challenges
in processing algorithms especially for larger deformations. Also the physical implementation
of printed sensors on composite substrate limits their integration in several environments, for
example, smart garment applications.

In [B1]] a fabric with an embedded layer of conducting polymer that has piezoresistive prop-
erties is used in order to obtain shape of human body parts. A mesh type array of sensors
is embedded into tight garments to sense surface strain fields. It is assumed that strain fields
change their intensity around deformation triggering points, for example, joints on human body,
allowing to estimate the bending angle of the deformation. Problems such as hysteresis and
aging of the sensors as well as the difficulty to represent high-dimensional deformations were
among the reported limiting the accuracy of the method and its application for surface shape
sensing in general case.

Most of the surface shape sensing methods that are based on measurement of material bend-
ing have similar properties. The most frequently mentioned problems include hysteresis of
sensors, aging, limited resolution, complex hardware and data processing algorithms to mea-
sure deformations with high degree of freedom on larger surface areas. Also a lot of focus is
on recognition of discrete deformations rather than on universal full free form 3D shape recon-
struction. This is partly because of the complexity of mapping the raw sensor readings to precise

continuous deformations due to various sensor errors and other effects described earlier.
1.2. Shape sensing by measuring orientation of object segments

Recent advances in MEMS technologies allow to manufacture miniature low-cost sensors
[5] that can be embedded into materials to provide local information which can be used to obtain
global shape characteristics. Utilizing orientation information instead of acquiring displacement
from acceleration data allow to remove the sensor drift that is often associated with inertial sen-

sors. Magnetic sensors are often used in combination with accelerometers in order to obtain
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the full three degrees of freedom orientation measurement. The measured orientations of differ-
ent object segments can be applied to the model of segment interconnections to reconstruct the
shape of the object.

Most of shape sensing methods that are based on orientation measurement with inertial sen-
sors are used for specific non-general purposes. A complex object that can change its shape with
high degree of freedom deformations usually is monitored by dividing it in a number of rigid
segments and applying the orientation sensor to each segment. The measured orientations are
then applied to the model of the in order to retrieve specific parameters or reconstruct the shape
of the object relative to some nominal state. Most popular examples of such applications include
wearable systems that allow monitoring of different poses and movements of the human body.
In this case the sensors are attached to various human body parts and the pose of the body is
reconstructed using biomechanical models. It must be stated that movements can be interpreted
as a sequence of different subsequent poses similarly as video in essence is a sequence of static
images.

In [32] the validity and reliability of accelerometer application for general human posture
and movement monitoring is studied. It was showed that accelerometers can provide valuable
information despite measurement errors which mainly are the result of dynamic accelerations.
In [33] human inclination is measured using three-axis accelerometer in order to characterize
human pose and movement. In [34] six 2-axis accelerometers are used to measure human back
posture in sagittal plane and in [35] three 3-axis sensor modules are used to measure it both in
sagittal and coronal plane. In [36] 3-axis acceleration, magnetic and gyroscope sensor nodes are
used to measure the angle of the ankle joint. The method is applicable to measurements of other
joints in general in order to reconstruct articulated object shape.

A number of studies measure poses and also movements of the whole human body. In [37]
an accelerometer and gyroscope sensor network is proposed as inexpensive alternative to optical
motion capture systems. The measurements of human body shape are done in sagittal plane only.
In [38] a system based on 3-axis acceleration, magnetic and gyroscope sensor nodes is used in
order to reconstruct human body pose and motion. Similar approach is used in [39] where
a wearable motion capture system is described. The system is usable in different conditions
including dynamic motions and can accurately reconstruct the shape of the human body. Similar

approach is described in [40] and [41]]. In [40] particular attention is paid to magnetic sensor
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disturbance compensation and studies of different sensor fusion algorithms including inertial
sensor fusion with optical sensors. In [41] the author has a particular focus on inertial sensor
signal processing to minimize drift.

In contrast only a few researchers have tangled the problem of reconstructing free form shape
from inertial/magnetic sensors in general case. In [42] authors propose an accelerometer network
applied to a cloth-like sheet that can measure 3D shape of its own configuration. The proposed
solution consists of rigid lattice structure where a 3-axis accelerometer is attached to each link
of the structure. A roll and pitch angle of each link is measured directly with accelerometer. A
specific algorithm in combination with deformations with limited degrees of freedom enforced
by the physical lattice is proposed to estimate the third rotation degree of freedom (yaw - rota-
tion around vertical axis) for each link and thus estimate the shape of the sensor structure. The
feasibility of simple shape reconstruction is demonstrated with an experimental setup using 12
sensors, but no detailed shape sensing performance analysis is provided. In [43] a tactile sensing
application of the same method is proposed. The tactile sensing is planned to be achieved by
wrapping a compressible material in the shape measuring sheet. The tactile information could
be obtained by knowing the stiffness coefficient of the material and measuring the place and
amplitude of deformation. In [44] authors propose to also add magnetic sensors to each link
of the lattice in order to provide a direct method for estimation of the third rotation degree of
freedom (yaw - rotation around vertical axis). In [45, 46] the same authors introduce larger
test setup with 24 links equipped with 3-axis accelerometers and magnetometers. Simulations
to determine the sensor noise effects are showed, however, still no detailed shape reconstruc-
tion performance evaluation is provided. Problems such as limited resolution, sensor wiring
difficulties and limited accuracy are reported.

In [47] authors propose an artificial robotic skin architecture. The architecture is developed
to provide rich and direct feedback about robot interaction with the outside world. It is based
on flexible hexagonal cells that can uniformly cover various surfaces and provide cell to cell
connections for data transfer. Basing on this architecture in [48] authors demonstrate an artificial
skin that can reconstruct the 3D surface of robotic body parts. The shape reconstruction method
uses an accelerometer network that is embedded into a flexible material with the proposed cell
type architecture, where each cell is equipped with one 3-axis acceleration sensor. The relative

orientation of each segment is determined by a corresponding accelerometer and the shape is
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reconstructed using some a priori knowledge and a number of assumptions about the model
of the skin cell structure and its properties. An experimental prototype is developed and its
performance is validated by reconstructing the shape of two objects with known dimensions.
The reconstruction procedure requires putting the measured object in two different poses. The
reported error for these two experiments were up to 5%, but a statistically insignificant number
of tests were performed. Also, problems such as sensor noise, limited resolution due to the small
amount of sensors for curvature radius of tested surface were reported.

Authors in [49, 50] describe their work on 3D curve reconstruction from orientation mea-
surements. A ribbon of acceleration and magnetic sensor modules is proposed which is capable
of measuring orientations at different places along the curve. These orientations are used to
obtain tangents of the curve from which the shape of the curve is reconstructed. A prototype
device was built providing reconstruction of single 3D curve with 5 frames per second. In [51]
multiple such ribbons are applied for 3D surface shape reconstruction. Multiple curves along
the surface are reconstructed and then the surface area between the curves is interpolated in
order to reconstruct the surface shape. No practical evaluation of the method is provided, but
simulations show a maximum error of 8.23% for more complicated shapes. In [52] the same
method is applied to measure animated surfaces with variable shape in time. A mechanical de-
vice for validation of system performance is proposed, but not yet tested. However, simulation
results suggest feasibility of the proposed system. Finally, in [53] the authors propose a smart
textile capable of measuring its own shape. 3-axis acceleration and magnetic sensor nodes are
embedded into the textile in a grid like pattern to provide local orientation information. Then
similar algorithm as in [51]] is used to reconstruct the shape of the textile. Real time surface
reconstruction is demonstrated with 15 Hz frame rate using 3 by 3 sensor grid embedded into
the fabric. No performance evaluation in terms of accuracy is provided.

The authors of aforementioned works [49, 51, 52, 53] report several problems for the pro-
posed methods including difficulty to provide reference for shape reconstruction accuracy eval-
uation and complicated data acquisition process from sensor network to obtain real-time mea-
surements with reasonable frame rate. Because of this, practical implementation and system
performance is not tested in detail, especially for larger sensor networks, that could provide
sufficient resolution for measuring detailed shape deformations with periods in the order of few

centimeters and less. In addition, the methods rely on detailed data interpolation between sensor
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nodes and are mathematically non-trivial requiring relatively high processing power for imple-
mentation on portable devices.

In many of the aforementioned works accelerometers are not the only sensor type used for
orientation estimation. 3-axis accelerometers alone can only measure direction of single refer-
ence vector, providing incomplete sensor orientation estimate. In order to obtain full 3D surface
model another reference direction has to be measured such as the Earth’s magnetic field. Sensor
orientation estimation from gravity and magnetic field measurements is discussed in Section
2.2.1].

In addition to accelerometers and magnetometers many of previous works especially those
related to dynamic movement measurements also use gyroscopes. Gyroscopes often are added
to the system to provide accurate orientation estimates in dynamic conditions and when mechan-
ical vibrations occur [54]. This is due to the fact that accelerometers and gyroscopes can bee
seen to have complimentary properties because of their different noise parameters. Gyroscope
based orientation measurements mainly have low frequency noise often referred as drift [55].
Drift occurs because gyroscopes directly output angular velocity instead of rotation angle. In
order to obtain relative orientation angle the sensor output data has to be integrated over time.
During integration various sensor errors accumulate over time producing a low frequency drift.
In contrast accelerometer based orientation mainly suffers from high frequency noise that occurs
due to the high dynamic accelerations and vibrations. Similar noise characteristics arising form
noisy electromagnetic environment are seen in magnetic sensors that are often used in combi-
nation with accelerometers to provide full three degrees of freedom orientation measurements.
To utilize this complimentary nature a number of filters have been proposed for accelerometer,
magnetometer and gyroscope sensor data fusion. Some of the most widespread techniques are
various modifications of the Kalman filter [56, 57, 58, 59]. Usually the rotation kinematic model
based on gyroscope data is used in Kalman filter update step and then the data from acceleration
and magnetic sensors are used to remove the gyroscope drift. Several other methods are pro-
posed to limit required computing power and facilitate implementation in embedded systems.
In [60] a gradient descent algorithm is proposed and in [61]] complimentary filter is proposed for
the same task. In both articles similar accuracy with reduced computing power is reported, how-
ever, due to the nonlinear nature of the systems it is hard to make exact comparison as different

algorithms in various conditions can have particular advantages or drawbacks [62].
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Despite the advantages that gyroscopes can provide there are also considerable drawbacks.
Gyroscope application for orientation estimate requires integration of sensor output. This im-
plies that the sensor data must be sampled and processed with a relatively high frequency and
the orientation measurement is always dependent on previous measurements. This noticeably
increases the required computing resources for sensor signal processing when compared to ori-
entation estimation with accelerometers and magnetometers. In addition, in modern MEMS
low-power systems gyroscopes can consume over 17 times more current than accelerometers

and magnetometers combined [63].
1.3. Conclusions

There are a number of studies that are dedicated to 3D shape acquisition with embedded
equipment, however, many of these just provide superficial method descriptions leaving some
important details not yet resolved which limits validation and practical implementation. None
of the previous works evaluate proposed solutions in detail for general context in terms of accu-
racy, required computing power, physical implementation and cost. Usually studies either lack
detailed evaluation of practical implementation and real world performance or are suited for a
limited scope of applications.

Measurement of material bending with different approaches provide potentially interesting
solutions for the problem. The main advantage is that the information of bending angle and
curvature radius is direct geometric data that can be used in the object shape model. Despite this,
a bend sensor usually provides data regarding one degree of freedom of a single deformation.
In order to obtain information of more complicated 3D deformations and curvatures in multiple
places along the object, sensor networks with complicated architectures have to be designed.
This also introduces challenges in the sensor signal processing where data from these sensor
structures have to be interpreted as an object shape. The task of signal processing is cumbered
even more due to various physical imperfections of these sensors such as hysteresis, nonlinearity
and aging. These drawbacks provide difficult application of these methods in mobile CPS.

The shape sensing by measuring orientation with inertial/magnetic sensors of object seg-
ments provides an interesting alternative. The most successful applications of this approach are
related for specific tasks such as human body pose and movement monitoring where a relatively

small amount of sensors is required. Very limited previous work has been done to implement
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and experimentally validate this approach for general case free form shape measurements such
as acquisition of surface shape. This is mainly due to the problems related to design of sensor
network for effective data acquisition from large number of low-power sensors and relatively
complicated data processing algorithms that can require significant computing power. Despite
this, high degree of freedom measurement within single sensor, good measurement repeatabil-
ity, highly efficient and cheap production technique of MEMS and easy integration in embedded
systems makes this approach very promising. Other advantages include the ability to provide
not only relative shape of the object, but also information about object orientation relative to
some general reference frame such as earth.

Due to the clearly identified problems, no directly foreseeable limitations from fundamen-
tal physics point of view and large number of potential applications the author further in this
work chooses to study shape sensing based on orientation measurements from inertial/mag-
netic sensors. From inertial sensors only accelerometers are considered, because gyroscopes
consume a significantly larger amount of current and have resource intensive signal processing
requirements as stated in previous subsection, which would considerably reduce method ap-
plicability in mobile CPS. Also, a large number of solutions require shape measurements with
small movement accelerations compared to gravity which even further reduce the requirement

of gyroscopes.
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2. SHAPE SENSING BASED ON INERTIAL/MAGNETIC SENSOR
MODULES

2.1. Shape sensing based on accelerometer modules

Geometric properties of 3D object shape can be detected using multiple three-axis accelerom-
eters arranged in a grid pattern along the object surface [15]. Using the phenomena, that in static
conditions, acceleration measured by accelerometer is only due to the gravitational field of the
Earth’s, orientation of each accelerometer in 3D space relative to the ground can be obtained
except for the rotation angle around vertical axis. This happens as each accelerometer in static
states can bee seen as an 2D inclinometer providing no heading information (rotation around ver-
tical axis). If each accelerometer is applied to a particular segment of the surface, then sensor
orientation data provide information about surface segment relative orientations. By compar-
ing the orientation of each segment and applying the physical constraints of degrees of freedom

enforced by the shape of the grid, it is possible to approximate the shape of the surface.
2.1.1. Orientation estimation using local gravity field vector

Any orientation of a rigid body can be represented as a rotation of the body reference system
within the global reference system. The most popular way of representing 3D rotations are the
Euler angle rotation sequences. However, this method suffers form multiple drawbacks such
as gimbal lock and non-unique representation. Rotation representation with quaternions help to
avoid these drawbacks. In short, quaternion representation defines one rotational axis 77 and one
rotation angle 6 instead of sequence of three rotations represented by Euler angles.

In static conditions normalized 3-axis accelerometer measurement vector (a, a,, a,) can
be defined as a vertical vector (0,0, 1), which has been rotated by an angle 6 about an axis
(ay, ay, a,) relative to some global reference system (Fig. R.1).

Angle 0 can be calculated from trigonometry:

az
2 2 2
\ Qg + ay +ag

which actually is the same as arc cosine from vector dot product:

), 2.1)

0 = arccos (

¢ = arccos((ay, ay, az) - (0,0, 1)). (2.2)
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Figure 2.1. Visual representation of accelerometer data vector.

Rotation axis 77 can be obtained as the vector cross product:
1 = (az, ay,a;) x (0,0,1). (2.3)

Components of rotation quaternion can be obtained as follow [64]:

qo = a = cos(%)

1 = nzb = ngsin(
¢2 = nyb = nysin(
g3 = n.b =n,sin(

(2.4)

N T DO D
S— N

Rotation quaternion can be applied directly to transform 3D vectors, or used to construct a classic

three by three rotation matrix:

G+a—@G -G 200 — 2q00 2¢103 + 2qoqe
R(g)= | 2qma2+2q0s @ — G +d—a5 20203 — 20001 | - (2.5)
2193 — 2qoq2 2¢203 + 20001 45 — ¢ — @5 + ¢;

The matrix R(q) represents a rotation that describes sensor orientation in relation to global ref-

erence frame. One must note that this rotation matrix includes only two degrees of freedom —

roll and pitch, rotations along the third degree of freedom (often reffed in literature as either

direction, yaw or heading) can not be obtained from inclination measurements and is assumed

to be zero in this model. Any vector describing surface segment can be simply transformed by
multiplying it with R(q):

7 = R(q)7, (2.6)

where ¥/ is the vector and " is the same vector transformed according to sensor orientation.
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Figure 2.2. Structure of nominal surface model.

Surface segment vectors are in the nominal state without any rotation from reference position.

2.1.2. Shape reconstruction from discrete inclination values

A simplified surface shape model with one fixed side and without significant distortions such
as stretching and folding along vertical axis is considered [15]. The model consists of multiple
strips attached to the fixed base line of the surface model (Fig. R.2). Every strip is constructed
from several vectors representing surface segments, each starting from the end of the previous
one. The structure of surface model corresponds to the sensor network arranged in a grid pattern,
where the number of strips and the number of vectors on each strip correspond to the number
of columns and rows in the sensor network. In the nominal state, when rotation matrix of each
sensor from equation 2.5 is a unity matrix (no rotation), all segment vectors are in the reference
position defined by vertical vector (0;0; (), where [ is the distance between the sensors.

To reconstruct the shape of the actual sensor network the orientation of each sensor is cal-
culated using equation 2.3. Then the obtained rotation matrices are used in equation 2.4 to
transform the surface segments from the reference state to the actual orientation of the corre-
sponding sensor. The reconstruction is started from the base line of the model that defines the
origin of each strip of segment vectors. Then each vector is added to the end of the previous
vector in the strip. The Fig. 2.3 depicts the structure of surface shape reconstruction model.
The base line of the reconstructed model can be tied to one of the sensors. This provides that
the base line is transformed according to sensor orientation allowing to dynamically change the

position of the vector strip origins. This leads to a closer approximation of the original shape.
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Figure 2.3. Structure of reconstructed surface model.

Surface segment vectors are rotated according to orientation of each corresponding sensor.

This approach has notable limitations arising from segment rotations around vertical axis.
The orientation estimation that is based solely on one reference vector can provide information
only regarding 2 degrees of freedom - rotation about two horizontal axes leaving the third degree
of freedom undetermined. Because of this orientation of each sensor around z-axis is unknown
and is assumed to be a fixed value when surface model is constructed. This simplification allows
basic shape approximation, but can introduce significant errors in more complicated shapes.

To minimize this drawback, a method is proposed for minimization of segmented surface
approximation error by selection of z-axis rotation angle for each segment if only inclination
of each segment is known [14]. A surface consisting of I segments arranged in a n x m grid
formation is assumed. This surface is continuous and bendable. It contains equal size segments
arranged in an evenly spaced grid formation. The distance between segment rows and columns
is denoted by d. Each segment in the model is represented as a cross-shaped object defined by
four direction vectors: N = (0;0:d/2), E = (d/2;0;0), S = (0;0; —d/2), W = (—d/2;0;0)
and center location vector C (Fig. R.4). These segments are used to construct approximated
surface model.

Starting data ]\Z, E:, 5}, I/f/Z for each 7 € [1..I] segments are calculated by rotating vectors
N, E, S, W to the inclination values of the corresponding segment. The actual segment z-axis
rotation angle «; and actual segment centre vector C'; will be calculated by applying the method

described below.
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Figure 2.4. Structure of segment representation.
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Figure 2.5. Structure of a work-set.

The feasibility of the proposed method is demonstrated with brute-force exhaustive search
over all the possible rotation angles around z-axis for each of the segments. The regular grid
is divided into (n — 1) x (m — 1) sub-problems hereinafter referred to as work-sets. Each of
these work-sets consist of four segments A1, A2, A3, A4 which are connected in such a way, that
without any initial rotation they would form a square as seen in Fig. 2.5. Each of the segments
is represented in work-sets at least once. For the requirements of the algorithm a segment is
considered processed when corresponding «; and C’; have been found. Initially for one of the

segments these values are manually defined to serve as a reference for the rest of the model.
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The algorithm consists of these main steps:

» Every work-set in the system is handled one at the time. The order of work-set selection
is previously defined in such a way that every handled work-set contains at least one

previously processed segment.

* While handling a work-set all the combinations of possible «; values for non-processed
segments within it are evaluated based on evaluation criteria explained below. The set
of possible «; values contains successive discrete angles from a certain interval. In this
step C'; values are calculated from selected o; values together with values from previously

processed segments.

* Those «; and @ values that match the evaluation criteria the best are stored as the resulting
values for corresponding segments. This means, that all segments in the current work-set

are processed and algorithm moves to the next work-set until no more are left.

The structure of the algorithm is showed in Fig. P.6.

To evaluate which of the combinations of possible z-axis rotation angles will improve the
precision of the reconstructed model the most, constraints from the surface definition are applied
during approximated model construction. The surface is defined as continuous, and because of
that the corresponding sides of the segments should be joined together. Ideally there should be
such a combination of «; rotations for each segment, that all the segments can be connected as
showed in Fig. 2.5 and their corresponding direction vector end points would coincide. Unfor-
tunately this is not true because of the simplified grid model, however, the algorithm looks for

the closest solution to ideal model, by introducing a continuity criterion working as follows:

» Within a work-set three of four pairs of segments are assumed to be jointed in “U” shaped
pattern (A4 to A1, Al to A2 and A2 to A3). Continuity criterion prefers solutions mini-

mizing the distance A, between the fourth pair of segments (A3 to A4).

* For each of four segments within a work-set and a given combination of «; angles tem-
porary endpoint vectors ]\71’ , E{ , 5{ , Wi’ are calculated by rotating each of vectors ]\7}, EZ-,

S;, W; by an angle «; around z-axis.
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Figure 2.6. The flowchart of the brute-force algorithm.

* From these temporary points segment centers C; are calculated. For each work set at least
one of the segments is already processed at most three of C’; are unknown and can be

solved from equation system:
Car + Elyy = Cag + W,
OAl + N//41 - CA4 + 5144 . (27)
Caz + Njy = Caz + Sy
» For this combination the distance A is then calculated:

ANy =||(Caz + Why) — (Cas + Ely)]|- (2.8)

» A, represents the matching error between segments so the combination with the lowest

Ay is considered the best.

After applying the continuity criterion several valid solutions are still possible because cases

are possible with infinite number of solutions, for example, when two of the connection points
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between segments are both on a line parallel to z-axis. Also, «; angles are changed by a discrete
step. Because of that, continuity criterion must be loosened by stating that all combinations with
A, that differ from the best A, by an experimentally determined step ¢, are also considered as
possible candidates for the best solution.

Because of this, another criterion must be introduced to select the most probable continuous
surface configuration of the possible candidates. It is assumed, that the starting configuration
of the surface is a flat surface and all deformations require additional energy. For the purposes
of this work it is assumed that states which require less energy are more probable than those
requiring more energy. In essence it means that the algorithm prefers flatter surfaces. This
is provided by the second - flatness criterion. For all the solution candidates after continuity

criterion is applied the distance between the segment centers is calculated as:
F = [|Cai = Coasl| + |Gz = Cuas|| + |Cias = Coaall + [|Cas = Ciaa|. (2.9)

The solution with largest the F' value is selected as the most flat of all solution candidates.
These two criteria are sufficient to select the preferred solution. It must be stated that this
proposed improvement has limitations in general case when inclination and restricted model
does not provide enough information for selection of segment vertical rotations, for example, in
case of vertically curved surface. Despite this, in several cases significant improvements can be

provided. Experimental evaluation of the proposed methods are presented in Subsection f.1].
2.2. Shape sensing based on accelerometer and magnetometer modules

In previous subsection a particular limitation of shape sensing system regarding surface seg-
ment orientation estimation using a single reference vector measurement was stated. To over-
come this problem sensors that can measure another reference vector can be used in order to
obtain full three degrees of freedom orientation estimates, thus leading to method for detailed
free-form shape detection. This subsection is dedicated to detailed study of shape reconstruction
methods that utilize measurements of two reference vectors. Two reference vectors are obtained

by measuring Earth’s gravity and magnetic field directions.
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2.2.1. Orientation estimation using local gravity and magnetic field vectors

To recover a 3D shape with embedded 3-axis acceleration and magnetic sensor grid, first
the relative surface segment orientations, which correspond to their sensor orientation, have to
be obtained. Due to the reconstruction challenges discussed in Subsection 2.2.2, sensor layer in
material can require a large number of acceleration/magnetic sensor nodes, requiring as much
as several hundred orientation calculations for each reconstructed surface frame. This implies
that it is necessary to use an effective algorithm to minimize the computational burden.

In general, the Euler’s theorem states that any rigid body orientation can be described by
a single rotation around fixed axis. This implies that any sensor orientation can be defined
as a single rotation of sensor reference frame relative to some global reference frame and can
be characterized with orthogonal rotation matrix K. The problem of finding R is discussed
a lot in spacecraft attitude estimation relative to some general reference frame, where R can
be found using observations of vectors which are known in general reference frame, such as
direction of the Sun and stars [65, 66, 67, 68]. The same problem can be assigned for any
rigid body orientation estimation, in this case determining orientation of the sensor node which
can measure Earth’s gravity and magnetic field vectors in its reference frame. It must be noted
that acceleration sensor measurements are suitable for sensor orientation determination only in
static or close to static conditions (dynamic acceleration << g). In Subsections and 4.3 a
few possibilities for dynamic performance enhancement are discussed.

There are a number of algorithms proposed for orientation determination. The general prob-
lem of orientation determination can be stated as Wahba’s problem [69], which seeks the R as

the solution for minimization of expression [70]:

K
> o — Rugl P, (2.10)
k=1

where {v1, Vo, ..., vg } and {v], v3, ..., v} } are sets of K vector observations in object and general
reference frames respectively. Acceleration/magnetic sensors provide only two vector observa-
tions at each system state, which is minimum for full orientation determination with determinis-
tic approach. Because of this no real minimization problem can be defined. Several algorithms
exist that can obtain orientation from two vector measurements. TRIAD [[70] is one of the fastest,
singularity free and computationally simple deterministic algorithms for orientation estimation.

Authors in [[71]] propose an algorithm that obtains the same orientation data as TRIAD, but the
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output is in quaternion form, however, the required computations are more complex. Due to
simpler calculations and no direct requirement for quaternion orientation estimation the TRIAD
algorithm was preferred.

TRIAD constructs two triads of orthonormal unit vectors, one triad is formed from two non-
parallel normalized vectors in general reference frame, the other is formed from the same vector
measurements in sensor reference frame. If we denote Earth’s gravity field vector £, mag-
netic field vector £,,, sensor measurement of gravity field vector S, and sensor measurement
of magnetic field vector .S, (all vectors normalized), then the triad in Earth reference frame is

constructed as follows:

e1 = EBy; (2.11)

E, x E,
e3 = e1 X €y, (2.13)

and the triad in sensor reference frame:

51 = Sg; (2.14)

Sg X S,
= . 2.15
S3 = 81 X So. (216)

These triads are then used to form matrix for global Earth reference:

M, = [61 € 63] , (2.17)
and matrix for sensor measurements:

M, = [31 S 83} ) (2.18)

Then the rotation matrix R which describes the sensor orientation relative to global reference
frame can be calculated by:

R=MM". (2.19)

The rotation matrix R now can be used to calculate surface segment orientation relative to initial
position that corresponds to the sensor orientation relative to Earth reference frame. Any vector

describing surface segment can be simply transformed by multiplying it with R:
v = Rv, (2.20)
where ¥/ is the vector and " is the same vector transformed according to sensor orientation.
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2.2.2. Shape reconstruction from sensor orientation data

A few authors have discussed the problem of reconstruction of free-form 3D shape from full
three degree of freedom local orientation data. In [51, 53, 52, 50] authors have approached the
problem by treating orientation information as local tangent data of the surface. This tangent
data is obtained from sensor ribbons which are able to reconstruct their own shape as a 3D curve
[49]. Multiple such sensor ribbons are applied to the surface allowing to obtain geodesics of the
surface and thus enabling reconstruction of the global surface geometry.

Ribbons are equipped with sensor nodes capable of obtaining their orientation relative to
Earth’s gravity and magnetic fields. Orientation data is used to obtain local tangent information
which describes the derivative of the curve [49]. Therefore, the output of the sensor ribbon
is discrete samples of the curve derivatives. The essence of the reconstruction problem is that
the spatial locations of derivative samples are not known. Only the derivative samples and the
curvilinear distances (arc lengths) between them are known, which are the distances between
the sensor nodes on flat ribbon. If a curve U(!) is parameterized by an arc length parameter [
with known derivatives U’([) at points [ = py (k = 1,...,n), where n is the total number of
sensor nodes, this relation can be defined with following equation:

Ph+1

L= [ e, @2

Pk
where L = p;.1 —py is the distance between the sensor nodes assuming even sensor distribution.
Preserving relation in (2.21]), first the discrete derivative samples are interpolated with natural
cubic splines for 2D curves or cubic splines on unit sphere for 3D curves to obtain continuous
derivative function U’(l). Then this function is numerically integrated to obtain the curve so-
lution. Due to requirement for the interpolation and numerical integration, the method requires
considerable computing power.

More detailed analytic solution for curve reconstruction from orientation data is proposed in
[72]. Here the interpolation of discrete derivatives of the curve is done with spatial Pythagorean-
Hodograph quintic splines. It is stated that the reconstruction is closer to the original curve,
compared to natural cubic spline reconstruction. However, the method requires extensive itera-
tive computations, and in practical implementation with 3 GHz PC the reconstruction time of a

curve form § points (a ribbon with 8 sensor nodes) was reported to be 0.28 s with initialization of
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interpolation coefficients, and 2.25 s without it (see details in [[72]). This is a serious limitation
for applications in real-time low-power systems.

In either case the methods have a limited resolution as they can not reconstruct distortions
with a period less or equal to the distance between the sensors. Therefore, high sensor den-
sity can noticeably rise the performance of shape reconstruction, thus systems with large sensor
quantity (potentially several hundred) should be considered to achieve high resolution for de-
tailed shape measurements. This requires very efficient reconstruction algorithms applicable for
data processing of large sensors networks. This is particularly important to potential applica-
tions in mobile cyber-physical systems such as wearable systems, flexible electronics, etc., that

require real time performance with limited computing power.
2.2.3. Proposed method

Based on the previously described approach an algorithm was designed with the emphasis
on application of as many sensors as possible, to reduce the limited resolution problem [10, 11].
Instead of detailed interpolation and integration, it is assumed that sensors are attached to a
rigid mutually connected segments of the surface. This provides coarser approximated model
compared to approach form Subsection 2.2.2, but noticeably decreases computing time. Also,
the approach allows fast shape reconstruction from a large number of sensors. This can pro-
vide a higher sensor density thus increasing the resolution and overall performance of shape
reconstruction.

Acceleration/magnetic sensor nodes are arranged in a regular grid along the surface. The
model of the surface is divided in n rigid segments, where n = ¢ - j is the total number of
sensors used, so that the segment structure corresponds to the structure of the sensor grid (¢
and j denote row and column of sensor location in the grid). Each segment is described by
four direction vectors, denoted by N[i, j], E[i, j], S[i, j] and W[i, j] and segment center point
C'i, j]. The segment center points are the surface control points which will define the surface
geometry. Initially all segments are aligned with the global reference system by assigning some

base direction vector values such as:

N, = [0;0; &)
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Figure 2.7. Surface segment structure.

Each segment consists of center C' and four direction vectors N , E, S and W.

where L, is the distance between sensors lengthwise and L, is the distance between sensors
across in the actual grid. In Fig. .7 the structure of the surface model can bee seen.

During shape reconstruction the base direction vectors of each segment are translated ac-
cording to the corresponding sensor orientation. By inserting segment direction vectors in the
equation (2.20)), actual orientation of segment can be obtained:

N[i,j] = Ri; N
vli, gl = Ry, (2.23)
Eli,j] = Ri; Ey,
where R;; is a rotation matrix that describes the corresponding sensor orientation and is obtained
as showed in Subsection 2.2.1. The rest of the direction vectors can be obtained simply as an
inverse:
From the segment structure (Fig. 2.7) it can be deduced, that if a single control point location

(2.24)

1s known, then any other control point on the same segment row or column can be calculated by
adding and subtracting the corresponding segment direction vectors. If an arbitrary sensor in 4, ¢
row and j,.; column is defined as reference by assigning some constant value to Clief; jref]s

then control points on the reference column (j = j,.) can be obtained with expressions:

C[’L, jref} = O[ireﬁ jref]+
i—1

+ > N[k, Jres] = Sk + 1, jres]) (2.25)

k=i cr
if (i > iyer)
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and

C[Za]ref] - C[iref;jref]+
lref—1

+ Z Nk, jres) + Sk + 1, jres]) (2.26)
if (1 < ipey).
Similarly it is possible to obtain control points on the reference row (i = t,¢¢):
Clives; 31 = Clivef; Jres]+

+ Z liress K] = Wlirer, b+ 1]) (2.27)

k= Jref
i£(J > Jref)
and

C[iref;j] = C[iref§jref]+

Jref—1
+ Z Elives, k] + Wliyer, k + 1)) (2.28)
lf(.] < jref)'
O(si) = > (¢ (k) » L) (2:29)

k=sg

After the first row and column are obtained, there is at least one control point with known
coordinates on each other row and column in the grid. Any of the unknown control points now
can be calculated using the known control point in either its row or column as reference. In
theory, both cases should provide equal outcome, however, the results tend to differ depending
on the chosen connection path, due to the finite number of sensing elements in the grid and
the sensor measurement noise. To overcome this problem the control point recovery follows
bilateral process. First, according to structure in Fig. 2.§ (a) each segment center coordinate is

calculated from reference by finding one reference row with equations (2.27) and (2.28) and then

connecting other segment direction vectors lengthwise using (2.29) and (2.26). Then similarly

according to structure in Fig. (b) all control points are obtained again by obtaining one

reference column with equations (2.25) and (2.26) and then connecting segments across using

(2.27) and (2.28). In the end averaged values from both results are used as a surface control

point coordinates to form closed grid similarly as in [51].
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Figure 2.8. Structure of control point connections.

C'[i; §] - reference point. (a) single reference row is obtained, then all other points are calculated with column
method. (b) single reference column is obtained, then all other points are calculated with row method.

The obtained control points can be seen as 3D point cloud defining the shape of the body
similar to a 3D scanner. The full shape model is constructed by drawing a quad-mesh struc-
ture through control points that coarsely approximates the surface shape. If high sensor density
is used, this method can provide reasonably smooth models. In addition, more advanced al-
gorithms can be used providing smoother and more accurate shape fitting on control points, if

limited computing power is of no concern [[73].
2.2.4. Simulations

To validate the performance of the shape approximation with the modified approach, the
proposed method was compared with the previous studies. For simplification purposes only 2D
case is analyzed. In 2D proposed method is very similar to the 3D case. The curve is divided in
segments according to the number of the sensors. Each segment now is described by only two
mutually opposite direction vectors. Length of each vector is half the distance between sensors
along the curve. The translation of the direction vectors according to corresponding orientation
is done with 2D rotation matrix.

A complex curve similar as in [49] was synthesized. The curve is defined as:

s )
x = 10 cos(2nt + —) sin”(27t)
8 - (2.30)
y = 10 cos*(27t) sin(27t + g),

where ¢ € [0;1]. The curve was reconstructed from 30 simulated sensor locations with the

proposed method and the method described in [49]. The original and reconstructed curve as well
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Figure 2.9. Comparison of reconstruction methods.

Synthesized curve is thin dotted line. Simulated sensor locations on the curve are denoted by star. Reconstruction
with method from [49] is indicated with dashed line, sensor locations are denoted by circles. Reconstruction with
our method is indicated by solid line, sensor locations are denoted by squares.

as sensor locations can be seen in Fig. 2.9. The average Euclidean distance between reference
and reconstructed sensor locations relative to curve length with proposed method and method
in [A9] was 0.49% and 0.31% respectively. The simulation was done in MATLAB on 3.2 Mhz
dual core PC and the calculation times were measured for the proposed method 0.72 ms and
30.05 ms for the method in [#9]. It must be noted, for each method reconstruction accuracy
can change depending on the measured shape, sensor density and phase of sensor distribution
relative to the curvatures. In some cases the proposed method provided even better results.

In addition to approximation errors described previously, there are a number of different
error sources that arise from measurement process. These errors fall in two major categories -
sensor measurement errors and sensor mechanical mounting errors. The sensor measurement er-
rors include calibration errors (scale and offset), magnetic perturbations, dynamic accelerations
and sensor noise, which introduce errors in Earth’s gravity and magnetic field vector component
measurement. The sensor mechanical mounting errors include orientation errors, which intro-
duce misalignment of sensor reference frames relative to measured object reference frame, and
placement errors, which introduce differences in inter sensor distances leading to orientation

measurement in incorrect place on the curve.
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Figure 2.10. Synthesized 3D curve.

Synthesized curve is dotted line. Simulated sensor locations on the curve are denoted by stars. Reconstructed
curve is solid line, sensor locations are denoted by squares.

To estimate the impact of each error source on shape reconstruction accuracy, nine sensor
nodes evenly distributed along 3D curve were simulated, allowing to obtain theoretical accelera-
tion and magnetic sensor readings (Fig. 2.10). Before reconstruction the theoretical acceleration
and magnetic sensor data were deteriorated with different errors with increasing magnitudes to
observe impact on reconstruction accuracy.

Sensor measurement errors were simulated by adding the white noise with zero mean and
increasing standard deviations to x, y and z components of gravity and magnetic field vector
measurements. The sensor mounting location errors were simulated by adding the white noise
with zero mean and increasing standard deviations to previously set sensor locations along the
curve. Sensor mounting orientation errors were simulated by rotating theoretical acceleration
and magnetic sensor readings in random direction by rotation angle generated as white noise
with zero mean and increasing standard deviations.

For each error source with each standard deviation 1000 reconstructions were simulated.
Mean values of average reconstruction errors are depicted in Fig. R.11]. Experimental setup for
validation of proposed method is described in Subsection §.2. Further analysis and discussion

of the errors is done in Subsection P.3 and Subsection 4.3.
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Figure 2.11. Impact of various error sources.

For each curve ¢ denotes value of simulated error standard deviation relative to: gravity field vector length
(gravity field vector error); magnetic field vector length (magnetic field vector error), distance between sensors
(mounting location error), 7 (mounting orientation error). The average curve reconstruction error using
undeteriorated data (approximation error) was 0.59% relative to curve length.

2.3. Conclusions

In Subsection P. | theoretical description for shape sensing based on 3-axis acceleration sen-
sors is provided. The main advantage of the method is the relatively simple sensor network
structure that utilizes only one type of sensors. Also, the data processing algorithm that obtains
two degrees of freedom orientation of each surface segment and applies it to simple surface
model constructed of 3D vectors is quite simple and effective. This model is sufficient for basic
shape monitoring, however, still a major source of shape reconstruction errors are the segment
rotations around the vertical axis which are not measured.

This problem is minimized with the proposed method for selection of z-axis rotation angle for
each segment if only inclination of each segment is known. Despite potentially providing more
accurate model, the method also significantly increase complexity of data processing algorithm.
Also, the method still does not provide a solution in general case as the ability to determine
segment rotation along vertical axis is dependent on inclination. However, more simple shape
acquisition is still feasible, for example, in applications such as posture monitoring, where a

relatively small amount of deformations is expected.

42



In contrast, Subsection 2.2 provides description of shape sensing method that is based on full
3 degree of freedom orientation measurements obtained from accelerometer and magnetometer
data in deterministic way. It is demonstrated that the shape approximation approach with finite
length vectors compared to previously proposed detailed interpolation and integration of local
derivatives provides slightly lower reconstruction accuracy when using same number of sen-
sors, however, in Matlab simulation reconstruction is done more than 40 times faster, which is a
noticeable difference and enables processing of more sensor data. Due to the inability of interpo-
lation algorithms to estimate deformations with period smaller or equal to the distance between
sensors, the density of the sensors has to be increased to obtain higher shape sensing resolution
and accuracy. Therefore, it seems that for practical real-time shape sensing systems compli-
cated reconstruction algorithms can be substituted with a simplified approximation in favor of
faster processing time that allows higher sensor density. The clear limitation of the method is
sensor spatial density which has to be as high as possible, because it directly contributes to the

resolution of shape reconstruction.
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3. HARDWARE ARCHITECTURE FOR SHAPE SENSING SENSOR
NETWORK

Inertial/magnetic sensor network for shape sensing can potentially have several hundred
sensors integrated in a compact environment to provide high resolution of shape measurements.
While it may seem that wireless data transfer solutions are most convenient, as they reduce
practical wiring problems, there are many drawbacks and open research issues, such as limited
bandwidth, power supply, additional cost and space for radio hardware, security, etc. [74, [75].
For applications such as shape sensing the effectiveness of wireless networking is even more
questionable because of the requirement of high sensor density and previously mentioned draw-
backs. Due to this fact there are studies which discuss different wire based data acquisition
and communication architectures for small scale sensor networks [76], however, they mainly
consider a limited number of sensors.

Data acquisition from shape sensing sensor network is a challenging task as there is a large
number of sensors and there are specific requirements for data transfer interface such as simple
wiring structure to reduce amount of wires, limited power consumption, reasonable data transfer
speed to provide required sampling rate and limited size of hardware implementation. Conven-
tional data transfer interfaces available in current low-power microelectronics are not directly
suitable for this task, also, existing solutions for large scale networks with advanced addressing
and routing cannot be applied effectively due to limited resources. Because of this, an alterna-
tive solution has to be used. For data acquisition a custom network interface was developed.
The method supports up to several hundred sensors and can be implemented using conventional

low-cost hardware with simple four wire serial connection.

3.1. State of the art

There are several conventional communication interfaces available for data transfer between
two or more IC. Each of them have different electrical and physical parameters. Even though,
theoretically most of them provide the ability to create multi-device networks, in practice none
of them are directly suitable for data acquisition from sensor network with a large number of
nodes.

UART (Universal Asynchronous Receiver Transmitter) is a serial interface that provides

full-duplex communication between two devices [77]. This interface provides only point-to-
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point communication so it is unsuitable for application in larger networks. In addition, this
interface is asynchronous, which has higher requirements for oscillator precision at faster data
transfer rates and also makes sensor synchronization difficult.

I2C (Inter-Integrated Circuit) is a serial interface that supports half-duplex communication
between devices. All devices are connected to the same bus and software addressing is used
to determine the device to communicate with. In practice many devices have a single factory
hardcoded address for [2C communication which makes impossible to connect multiple similar
devices to the same bus without additional hardware [78]. Also, maximum number of devices
on the bus is limited not only by the number of available addresses, but also by maximum bus
capacitance.

CAN (Controller Area Network) is a serial interface that is mainly designed for reliable
communications in error critical applications such as automotive [[79]. This interface is very
robust, however, data transfer has large overhead and is relatively complicated, therefore, it is
not suitable for low-power applications.

SPI (Serial Peripheral Interface) is a serial interface that supports full-duplex communi-
cation in master/slave mode [80]. This interface supports baudrates up to several megahertz
and requires no data overhead for device addressing, which provides relatively fast data transfer
speeds. In the classic mode all devices are connected to a three line bus. Two lines of the bus are
for data transfer to and from master respectively, third line is for data transfer synchronization
with clock signal. In addition, each slave is connected to the master with an individual source
select line that is used for slave addressing. Hence, for each additional device in the network an
additional wire is required. This significantly complicates the implementation of network with
a large number of devices.

In a “daisy-chained” SPI mode this drawback can be overcome by connecting devices and
organizing data flow in a serial manner, thus removing the individual addressing (Fig. B.1]). Each
slave is connected to a data line in series instead of connecting in parallel to a single bus. Data
output port (SOMI) of each device is connected to data input port (SIMO) of the next device
[80]. Clock signal line (CLK) is still shared as a single bus, and also all source select lines (SS)
are connected to single line. With this wiring method SPI slaves can act as simple shift registers.
Data is sent form one slave to next till master have acquired data from each slave device. This

mode can only be used in applications where fast data acquisition from single individual slave
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Figure 3.1. Daisy-chained SPI structure.

device is not necessary, however, it can be very valuable due to its simple structure, small amount
of wires and reasonable data transfer speed.

A significant drawback for daisy-chained SPI is the clock signal line (CLK) which is shared
by all sensor nodes in the network and thus must be as long as the sensor chain itself. Even
if the sensors are placed only couple of centimeters apart, chain with 100 sensor nodes will be
several meters long. This results in a serious clock signal distortion for higher frequencies as the
resistance and parasitic capacitance of wire together with sensor node input port capacitances

forms an RC circuit with significant time constant.

3.2. Enhanced daisy-chained SPI

As mentioned in subsection B.1|, SPI in daisy-chain mode provides a number of benefits. It
is reasonably fast and is based on a relatively simple wiring scheme. The network can be easily
expanded, as additional sensors can be simply connected at the end of the chain and require only
some minor changes in system software setup. In addition, the number of wires can be reduced
even further, by removing the source select line and determining the duration of data transfer by
programming slave devices to do a certain amount of byte transfers before doing other tasks.

To overcome the problem with the clock signal distortion an enhanced daisy-chained SPI is
proposed [12]. Instead of connecting each slave to the clock line in parallel, the clock signal is
repeated in every slave (Fig. B.2). Signal repeater acts as a buffer for each stage of the clock
line, thus removing the effects from the rest of clock circuit. Fig. B.3 illustrates structure of
each daisy-chained SPI slave with a clock signal repeater. SIMO and SOMI are data input and

output lines respectively, CLK is the clock signal coming from master or previous slave and
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Y

CLK’ is repeated clock signal going to next slave. This solution reduces the network to multiple
relatively simple and independent links between two adjacent sensor nodes in chain. The whole
network can be formed with only 4 wires in total: 2 communication lines which connect sensors
in series and 2 parallel power supply lines.

The clock signal repetition can be easily achieved with an analogous comparator. In addition
many low-power mixed signal microcontrollers provide integrated analogous signal compara-
tors, thus the clock repetition can be provided in sensor node without any additional hardware
components. However, as clock signal has non-ideal edges, the pulse width of the repeated sig-
nal can vary depending on comparator reference voltage V... In Fig. B.4 a clock signal positive
pulse shape is illustrated. T, is the incoming clock signal positive pulse width. If the comparator
response time is neglected, then with comparator references V,..r; and V.o the repeated signal
positive pulse widths will be T}..f; and 7T} s2 respectively. As it is visible in the Fig. @, the

incoming clock signal positive pulse width 7}, will be changed depending, on the reference used:
Trep1 <Tp, <Tref2 (3.1

After multiple signal repetitions the signal gets too distorted for SPI module to work properly.

In theory it is possible to find such V. value, that the positive clock signal pulse width stays
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Figure 3.4. Clock pulse width variance with different comparator reference signals.

intact after repetition, although, it would require manual calibration for each sensor node. An
alternative solution is to use two V,.; values - one which narrows and one which expands the
pulse width of repeated clock signal. At this case an automatic calibration can be introduced
which measures the incoming clock signal positive pulse width, and decides which reference to
use depending whether signal positive pulse width needs to be expanded or narrowed.
Enhanced daisy-chained SPI data transfer does not require sensor addressing and the clock
repetition method provides undistorted clock signal throughout the network. Based on this there
is no limitation of maximum amount of sensor nodes from network topology point of view.
However, in practice there are two other properties which limit the maximum number of sensor
nodes — sensor supply voltage drop on power lines and the required sapling frequency. The
most convenient way to supply each node is with common lines from the master (Fig. B.2)). The
wire resistance and sensor node supply currents cause increasingly reduced voltage on power
supply lines. If we assume that each sensor node consumes an equal amount of current and there
is equal wire resistance between every two sensor nodes, then the supply voltage drop on last

sensor in the chain can be calculated as:

Va=) kleRw, (3:2)
k=1

where n — total number of sensor nodes in the network, .. — current consumption per sensor

node [A], Ry — wire resistance between two sensor nodes [£2].
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Supply voltage on the last sensor can simply be calculated by:

Vi=Vee=Va=Vee— > kl..Rw, (3.3)

k=1
where V,, — supply voltage on last sensor node [V], V.. —master power supply voltage [V]. V,,
must always be greater than minimum rated supply voltage for any active component in the
sensor node, thus equation can be used for estimation of maximum number of sensors for
particular wire and sensor node parameters.

The other property that limits maximum number of sensors is the application required sam-
pling rate of each sensor in network. The sampling rate depends on the total number of sensor
nodes in the network, the total number of bytes to receive from each sensor node and the SPI
clock frequency. If we denote the number of bytes to receive from each sensor by b, then the-
oretical minimum sampling period of whole sensor network using SPI devices with 8 bit shift

registers can be calculated:
8bn

fCLK’

(3.4)

Tsample =

where T,pe — minimum sampling period [s], fcrx — SPI clock signal frequency [Hz], n —
number of sensor nodes in network. In practice there is some additional time interval for data
preparation in sensor node, also, there is SPI hardware related delay between each consecutive
byte transfer. Both of these have to be taken into account and can considerably reduce maximum

sampling rate. Total sampling period can then be calculated:

Tsample - bn(

+ TSPI) + Tdatm (35)
fC’LK

where 1},;, — delay for data preparation in sensor node [s], Tsp; —SPI hardware related de-

lay. The experimental validation of the performance of the proposed method is described in

subsection §.2.2.
3.3. Conclusions

The proposed method can provide efficient data acquisition of multi-sensor network by con-
necting devices in line topology. This allows to overcome addressing problems which occur in
networks with large number of nodes. The method also reduces the number of wires and pro-
vides simple wiring structure for convenient integration into a garment or similar medium. The

simple wire structure also enables this architecture to be conveniently used with new e-textiles
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that substitute wires with conductive yarns [81]. At the same time method only requires conven-
tional low-power hardware and provides reasonable data transfer speeds for real-time systems,
which are essential aspects in number of applications.

There are few drawbacks of the proposed method. The inability to individually address spe-
cific sensor might introduce difficulties in some applications. Another considerable drawback
is that each sensor node in the system is a single point of failure. If a sensor node goes out of
order, the communication is also lost with all other nodes connected in the network after the
damaged one. Also the addition of a microcontroller for each sensor noticeably increases the
sensor network overall power consumption as the microcontroller can require more power than
the sensor itself, however, with modern low-power devices this drawback can be endured.

Finally, it can be appended that the enclosed microcontrollers can not only enable convenient
solution for data acquisition, but also provide some additional features. These computational
components can be used to create systems with distributed computing architecture. Each sensor
node instead of directly sending raw sensor data can perform some data processing to reduce the
size of the data to be transferred and reduce the computing power requirements for the central
processing unit in the system. This could provide significant benefits for real-time, low-power

applications in mobile CPS.
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4. EXPERIMENTAL SYSTEMS

A number of experimental systems were designed to demonstrate proof-of-concept as well
as to evaluate the real world performance of the new methods proposed in this work. In Sub-
section [.1, an experimental system and testing of 3-axis accelerometer network with proposed
shape sensing algorithms is described. In Subsection @.2 an experimental system and testing of
3-axis accelerometer and magnetometer system is described including the evaluation of orien-
tation estimation performance with low-cost acceleration/magnetic sensor modules, hardware
architecture of sensor network proposed in Section 3 and overall shape reconstruction perfor-

mance.
4.1. Surface reconstruction with accelerometer network

To validate the methods of surface shape reconstruction from accelerometer sensor data de-
scribed in Subsection P.1], a prototype device was built consisting of 3-axis accelerometer net-
work and data acquisition board [15, 16]. ST Microelectronics LIS331DLH [82] MEMS digital
output 3-axis accelerometers were used because of their relatively small size (3 x 3 x 1 mm)
providing 3-axis sensor in single package, high resolution (12 bit over £ 2g), convenient data
acquisition through digital SPI interface that reduces the impact of noise interference on ana-
log signal transmission lines. Each accelerometer is mounted on a custom made circuit board
with dimensions less than 2 x 2 cm (Fig. }.1I)). A network of 16 accelerometers organized in a
4% 4-grid configuration was designed (Fig. #.2)). Sensors were attached to a piece of fabric with

distances of 8 cm between the centers of each adjacent sensors.

Figure 4.1. Accelerometer LIS331DLH on custom circuit board.
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Figure 4.3. Structure of the experimental accelerometer system.

The data acquisition board was based on Texas Instruments MSP430 family microcontroller.
Data were read from the sensors using SPI interface and then transmitted further using UART
to the target device such as PC (Fig. }.3). Each sensor was sampled with 50 Hz sampling rate,
resulting readings were smoothed with a simple low pass filter before transmission to target
device.

Before the testing of shape reconstruction performance sensor mounting errors have to be
compensated for. Whenever sensors are mounted in the gird formation, perfect alignment can-
not be guaranteed. For mounting error correction the method described in [83] was used. The

grid is applied to a perfectly flat vertical surface. Using equation .3 from the Subsection
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resulting base rotation matrix R, for each sensor is calculated. This matrix contains the initial
sensor orientations around both horizontal axis relative to the flat reference shape. The inverse
of this matrix can be used for mounting error compensation. During shape reconstruction each
new orientation estimate R(q) is multiplied by the inverse of corresponding R,. This results in
modification of the segment transformation equation 2.6 form the Subsection P.1] to the follow-
ing:

o = R, 'R(q)v 4.1)

For the evaluation of the shape approximation precision, the distance between vectors form
the reference model and obtained vectors from the experimental system were calculated for
each vector in surface model. Parameters A,,,, and A,,, were introduced, which are maximal
and average of these distances respectively. Several tests were done by applying the sensor
grid to different surfaces with known geometry. Surface was approximated using the simplified
approximation algorithm described in Subsection according to Fig. R.3. The shapes of the
test surfaces where chosen to minimize the requirement of orientation detection around vertical
axis, that is not obtainable solely with acceleration sensors. In Fig. }.4 one of the approximated
models is displayed. Overall resulting A,,, during the tests are plotted in Fig. with respect
to the average surface inclination from vertical axis. As this inclination angle increases, the
uncalibrated mounting error around vertical axis has greater impact on A,,,. For measurements
with average surface inclination from vertical axis below 60° the average error 1s 0.71 cm.

Due to the accelerometer inability to detect rotations around vertical axis, an assumption
has to be made that the segment rotations around vertical axis are equal and fixed. For more
complex shapes this is no longer valid and significantly larger errors can be introduced. This
can be seen in Fig. #.6 where the method is used for human back surface model reconstruction
[14]. In positions with severe slouching, distances d1 and d2 are significantly different in the
reconstructed model, although they are approximately equal in real life. This arises because the
segments on the sides of of the actual surface have different orientation around vertical axis that
is not taken in account during the reconstruction of the model.

In Subsection 2.1 a method that uses modified reconstruction algorithm that allows selection
of rotation angle for third degree of freedom (rotations around vertical z-axis) basing only on
inclination data was proposed for minimization of this drawback. The feasibility of this modified

method was tested with the same 4 x 4 accelerometer grid prototype device. The sensors were
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Figure 4.4. Approximated model form accelerometer sensor grid data.

Resulting surface with superimposed reference model vector positions (dashed lines). A, 4. = 1.26¢m and
Agvg = 0.67cm.
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Figure 4.5. Average inclination of model vectors from vertical position and resulting A,,.

fixed on an elastic wearable harness in an evenly spaced grid formation. Values ]\Z, Ei, gi,
W, for each of i € [1..16] (see Subsection R.1)) were calculated from the corresponding sensor
data using quaternion method described in Subsection R.1.1. Segments were rotated to their

corresponding sensor orientation according to their inclination measurement data.

A curved reference surface was selected to validate the shape reconstruction performance

of the proposed improved method with experimental accelerometer network [14]. The shape of

selected reference surface is a conical frustum with base radius of 273 mm, top radius of 236 mm

and height of 333 mm. The sensor network was attached to this reference surface (Fig. B.7, (a))

and the surface was placed 18° relative to the ground. The surface model was reconstructed from
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Figure 4.6. Human back posture model approximation.

Simplified approximation method introduces significant errors due to the different orientations around vertical
axis (directions) of the segments in the actual surface.

the sensor data using methods from Subsection P.1|. Results were compared to the theoretical
surface model. This comparison is described with an average error value Ae, which is obtained
from reconstructed segment center values C; and theoretical segment center values C/ for all of

I = 16 segments as:
I
Ao ZiliCi=cl
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Figure 4.7. Experimental test setup of accelerometer network.

a) - experimental model; b) - superimposed reference object and reconstructed surface model assuming fixed
segment orientations around vertical axis; ¢) - superimposed reference object and reconstructed surface model
with estimation of orientations around vertical axis

Using constant and fixed segment rotations around vertical axis the average error between

reconstructed surface and theoretical surface was Ae = 79mm (Fig. B.7, (b)). After applying
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vertical axis rotation estimation algorithm the average error was reduced to Ae = 12mm (Fig.
i.7, (c)) resulting in approximately 85% error reduction in surface reconstruction.

These calculations with a 10° step for «; angle values within a range of a; € [—90°..90°]
took approximately 1 second on a modern personal computer with algorithm implemented in

Matlab environment.
4.2. Surface reconstruction with accelerometer and magnetometer network

As shown in previous subsection, shape data acquisition with an accelerometer network
can provide basic shape data acquisition, however, it has noticeable limitations if more com-
plex shapes have to be measured. To experimentally test free-form shape data acquisition the
method based on accelerometer and magnetometer sensor network described in Subsection

was evaluated in detail.
4.2.1. Orientation estimation

For surface segment orientation estimation a sensor node based on low-power and low-cost
hardware was designed. Earth gravity and magnetic field vector direction measurement was
done with LSM303DLHC [84] chip with 3-axis accelerometer (set in £2g range and 12 bit res-
olution) and 3-axis magnetometer (set in 1.2 gauss range and 12 bit resolution). Performance
of this low-cost setup in combination with algorithms from Subsection was evaluated us-
ing commercial high precision inertial measurement unit Xsens MTi-G [85] as the ground truth.
The data sheet specified accuracy of this module in static conditions is < 0.5 deg for pitch and
roll angles, < 1 deg for heading. A sensor from acceleration/magnetic sensor grid was mounted
on MTi-G sensor casing, several tests were done by slowly rotating the sensors in different ori-
entations and the output data was compared. Prior to testing, the magnetometer was calibrated
to compensate for hard and soft iron effects according to reference [86].

For output data comparison a residual matrix method was used [87]. The advantage of this
method is that it decouples the sensor error with respect to Earth’s gravity vector (attitude resid-
ual error: pitch and roll) from the sensor’s error with respect to magnetic north (heading residual
error). The residual matrix AR representing the difference between sensor orientation data is

estimated as:

AR = Rg’r‘idRis’ (43)
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where R4 is the rotation matrix for the grid sensor and Rx; is the rotation matrix for MTi-

G. Using residual matrix, the individual Euler angle (pitch, roll and heading) errors by X-Y-Z

rotation sequence convention can be extracted with these expressions:

¢ = atan2(ARsz, ARs3)

0 = —asin(ARs;)

1/1 = atanZ(ARgl, ARH),

(4.4)

(4.5)

(4.6)

where atan? is quadrant aware inverse tangent function and A R subscript numbers denote the

element of matrix AR.
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Figure 4.8. Comparison of orientation angle measurements with ”Xsens” module and sensor
from acceleration/magnetic grid.

In Fig. }.§ superimposed orientation angles from Xsens MTi-G and sensor from accelera-

tion/magnetic grid are shown. For 1000 sample measurement sequence determined RMS errors

for pitch, roll, and heading angles was respectively 1.7, 1.8 and 5.4 degrees.

4.2.2. Sensor network

For validation of the enhanced daisy-chained SPI proposed in Subsection 3.2 an experimental

proof-of-concept setup was developed with 60 sensor nodes (Fig. [§.9) [12]. All nodes are

connected in a chain with point to point connections. Each connection requires only four wires,
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two of which are for powering the devices and two for communications (see Fig. B.2). A master
data collection device is located at the beginning of the line, which gathers all the sensor data
and then can either process the data locally or transmit it via wired or wireless connection (such
as Bluetooth) to a more powerful device for processing.

Each of the sensor nodes were developed in such a way as to support most modern sensors.
There is a huge variety of different sensors available with different specific interfaces. This
problem can be overcome by adding a low cost microcontroller to each sensor node, giving the
benefit of changing between most popular sensor interfaces with relative ease. Additionally the
microcontroller ensures an easy to implement system providing the facilities required for the
enhanced daisy-chained SPI network design. The resulting sensor node thus only has to contain
two integrated circuits — one microcontroller and one sensor, making possible to implement it

in a very small surface mount solution.
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Figure 4.9. Experimental sensor chain with 60 sensor nodes.

In the proof-of-concept setup the MSP-EXP430FR5739 [88] development board was used as
the master device. For the sensor nodes 3-axis acceleration and magnetic sensors LSM303DLHC
[84] communicating over 12C line to MSP430g2553 [89] microcontroller were used. For sensor
network architecture testing purposes only acceleration sensor measurements (6 bytes in total)
were acquired. The structure of the sensor node is visible in Fig. ¥.10. Full schematics of
the sensor board are available in [Appendix 1. The microcontroller samples the data from the
LSM303DLHC sensor through 12C interface through SCL and SDA lines at a frequency set by

an incoming clock line SCLK and also repeats the clock signal for the next sensor node in the
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Figure 4.10. Structure of the sensor node (physical dimensions 13 X 13 X 2 mm).

line over outgoing clock line SCLK’. When the data is sampled from sensors, each microcon-
troller transmits the data to the previous sensor node over the outgoing signal line MISO and
receives data from the next sensor node over the incoming signal line MOSI. The received data
is then sent further up the line until it reaches the incoming signal line MISO of the master data
collection device.

The clock signal repetition on the sensor node is done by the comparator built in the micro-
controller. When the incoming clock signal reaches a certain threshold the comparator circuit
fires and sends out a repeated clock signal. As described in the Subsection .2, the repeated
clock signal width is distorted in each repetition. This problem is solved by choosing between
multiple available internal references of each sensor node comparator individually depending
on the width of incoming clock pulses. The incoming pulses are first measured with a timer
module and depending on the result a comparator reference value is set. If the incoming pulse
width is narrower than the expected average pulse, the reference is set to a lower value making
the repeated pulse wider, and vice versa. To achieve this each individual sensor has to work
in two different modes: the first is a mode where the clock repeating circuit is calibrated, after
which the sensor switches to data sampling and transfer mode. When the system is powered
on, the clock repeat calibration mode is started. In this mode the master controller sends out a
certain amount of dummy bytes to generate SPI clock signals for sensor node calibration. Each
sensor node enables standard SPI communication and sets up the timer to capture the incoming
clock pulse width. When a dummy byte is received the sensor node calculates the SPI clock

pulse width and compares it to the expected for the specific running frequency. This allows to
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decide which internal comparator reference voltage to use in order to maintain clock signal duty
cycle as close to 50% as possible. After desired reference voltage is set, the microcontroller
internal comparator is enabled for clock repetition to next sensor node. When all of the sensors
are calibrated a signal to start data sampling and transfer mode is given over the data line by
master data collection device.

In the beginning of the data sampling and transfer mode I12C communication lines are enabled

for sensor configuration and data acquisition. Then the data is gathered as follows:

* A synchronization signal is sent over clock line by the master data collection device and

repeated by each of the sensor nodes over the data line.

+ Upon the signal each node synchronously samples the sensor x, y and z axis acceleration

data (6 bytes in total) and stores it in the memory.

* When sensor data is sampled, nodes switch to SPI transfer mode. The master starts to
generate SPI clock signal, on which each of the sensor nodes sends acquired data byte by
byte over the data lines to the previous sensor in chain (first sensor node sends data to the

master data collection device).

» Atthe same time the data that arrived from the next sensor in the chain is stored temporary
in the place of the previously transmitted value thus after 6 byte transmissions the node

has transferred all its previous data and stored different set of data in memory.
+ This process is repeated until all sensor data has reached the master data collection device.

* When all data has been transmitted, sensor nodes disable SPI modules and wait for the

next synchronization signal to start sample new data from the sensor.

After each previously described cycle the master data collection device has gathered data
from all sensor nodes consecutively.

This setup makes sure that all sensor nodes sample sensor data synchronously and then the
data is rapidly pumped to the master collecting device. Also each sensor node in the chain can be
provided with identical software that considerably simplifies the design of the whole network.

An examples of C codes for sensor and master devices can be found in and
respectively. Both of the code examples have only minor modifications relative to
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the codes used in the experiments described in this subsection. In a code version
for sensor node modification when both acceleration and magnetic sensor data are acquired
from LSM303DLHC is provided. In a code version for master data acquisition
device for implementation with MSP430g2553 microcontroller with acceleration and magnetic
data reception from sensor network and retransmission through UART (see Subsection §.2.3) is
provided.

With master supply voltage (V..) 3.6 volts the measured supply current RM S value of each
sensor node was 460 microamperes during sensor sampling and data transferring resulting in an
overall power consumption of all 60 sensor network to 27.6 miliamperes. The wire resistance
between two sensor nodes, taking into account both power supply and ground lines, was 0.15
ohms. The measured supply voltage for the last sensor node in 60 sensor network was 3.46 volts.
Theoretical supply voltage for the last sensor node in the network with an arbitrary number of
sensors nodes can be calculated according to the equation (8.3)) form Subsection 3.2. The curve
in Fig. illustrates the relationship between the number of sensors in the network and the
last sensor supply voltage in this network for setup where I.. = 460uA, Ry = 0.15)2. The
theoretical supply voltage on last sensor node for 60 sensor network is marked as 3.47 volts and
approximately corresponds to the experimentally measured. Based on minimum power supply
requirement for sensor LSM303DLHC which is 2.18 V, the maximum number of 201 sensor
nodes is estimated for this setup.

The whole sensor network was sampled with 50 H z sampling frequency receiving 6 bytes
from each sensor. SPI data transfer clock frequency was 1 megahertz. The experimentally de-
termined data preparation time 7},;, which includes sensor data sampling with microcontroller
and preparation for transferring in the enhanced daisy chain network was 200 micro seconds.
The measured SPI hardware delay was approximately 8 microseconds. Inserting these parame-
ters into the equation (B.5) form Subsection B.2], the minimum sampling period was calculated
as 6 milliseconds, which corresponds to the maximum sampling rate of approximately 166 H 2
for 60 sensor network with 6 bytes to receive from each sensor node. Based on the same calcu-
lations, a maximum sampling rate for maximum estimated number of sensors (7., = 201) for

this setup was obtained approximately 51 H z.
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Figure 4.11. Relation between number of sensors in the network and last sensor supply
voltage.

4.2.3. Surface reconstruction

To evaluate the performance of the surface shape reconstruction method proposed in Sub-
section a network of 63 3-axis acceleration and magnetic sensor nodes was experimentally
tested [10]. Sensors were arranged in a 9x7-grid formation and sewed between two layers of
fabric with mutual distances 4.8 cm lengthwise and 3.5 cm across (Fig. f#.12). For convenient
data acquisition the network was connected to a master data acquisition device with battery and
Bluetooth transceiver to enable data transfer to any conventional Bluetooth enabled computing
device such as PC, tablet or smartphone, where the data processing for shape reconstruction can
be implemented (Fig. §.13).

The master data acquisition module consists of a microcontroller MSP430g2553 connected
to a Rayson BTM-222 [90] Bluetooth module through UART. The module also includes recharge-
able 3.7 V, 1000 mAh lithium polymer battery and is supplemented with required circuitry for
safe battery charging and voltage regulation. The module is depicted in Fig. and full
schematics are attached in [Appendix 2. The average current consumption of data acquisition
module during normal transmission is around 50 mA with the vast majority consumed by Blue-
tooth module. Total average current consumption of 63 sensor network and data acquisition

module is around 80 mA providing more than 12 hours of operation from 1000 mAh battery.
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Figure 4.12. Sensor network for proof-of-concept setup. Blue lines illustrate sensor mutual
grid structure.

Sensor
network

Bluetooth
module

Figure 4.13. Structure of data acquisition system.

The processing of acquired data was implemented according to method described in Subsec-
tion 2.2 both in MatLab environment on a desktop computer and as an application on a mobile
Android device to demonstrate fully portable system operation. In the reconstruction a simple
lattice structure was drawn through obtained control points that define the surface geometry
to display coarsely approximated surface model. The main MatLab code of the reconstruction
algorithm for experimental system is attached in the and video demonstration of
real-time operation of the experimental setup is available in . In Fig. an example of
reconstructed fabric shape in Android application is shown.

To evaluate the accuracy of proposed shape sensing method, the obtained models where
compared to commercial Microsoft Kinect Sensor v2. Kinect v2 sensor device embeds three
sensing units: RGB camera, structured light depth sensor and microphone array. For the exper-
iments the former two where used. The accuracy assessment for Kinect v2 can be found in [92].

Depth error for range that was used in experiments (0.5-3m) is given to be less than 2mm.
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Figure 4.14. Master data acquisition module.

Left - exposed components of module with MSP430g2553 microcontroller and BTM-222 Bluetooth transceiver.
Right - components of module inside 3D printed enclosure with dimensions 5.5 x 6 x 1.3 cm.

Figure 4.15. Fabric with embedded sensor layer and corresponding reconstructed shape
models in Android application.

The hardware used in experimental system: shape sensing sensor array, Microsoft Kinect v2,
desktop computer (Fig. #.16). The sensor equipped fabric was filmed for several minutes with
Kinect v2 sensor while performing various continuous deformations such as bending, twisting,
etc., to obtain relatively complex and different test shapes. The data from Kinect and shape
sensing sensor array were simultaneously sent to desktop computer using standard communica-
tion interfaces (USB 3.0 and Bluetooth) with a 10 Hz frame rate. Along each data frame time
stamps where sent to ensure time synchronization of obtained data frames.

The interaction with Kinect sensor was done using Kinect for Windows SDK 2.0 that gives
access to the raw data produced by Kinect sensor and also provides different utilities that allow
generation of 3D point cloud and mapping between 2D RGB image and 3D point cloud.

Shape sensing array produces 3D coordinates for points in space that correspond to the sen-
sor node locations on the grid. To calculate the difference between models produced with shape
sensing sensor array and Kinect, we compared obtained sensor locations with both methods. The
sensor locations on shape sensing sensor array where marked with colored markers as seen in

Fig. B.16. These markers were detected in 2D RGB image of Kinect sensor and pixels that cor-
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Figure 4.16. Experimental setup diagram.

On fabric sensor locations are marked with small circles. Reference sensor location is marked with a star.

respond to marker centers were mapped to corresponding 3D points of the point cloud obtained
with the depth sensor, producing a Kinect representation of sensor locations.

In order to compare the models obtained with the Kinect sensor and proposed shape sensing
sensor array, they had to be superimposed. This requires alignment of reference systems in terms
of displacement and orientation offset. To remove displacement offset of reference systems, a
reference sensor location C|i,.f; jrcr] (see Subsection R.2.3) was marked with different color
as seen in Fig. #.16. The displacement of reference systems were eliminated by equalizing
the reference sensor locations in both models. To find the relative orientation offset between
reference systems, ICP [93] algorithm was used. To ensure accurate alignment despite the sensor
noise, a rotation matrix describing orientation offset was obtained for 100 frames and averaged
using Matrix-Based mean algorithm described in [94].

In the first experiment the shape sensing sensor network was placed on an object with known
geometry and errors between reconstructed model and mathematical model of object were de-
termined. RMS errors between reconstructed and mathematical model points were 4.9 mm.
Reconstructed model and reference model can be seen in Fig. b.

In the second experiment Kinect point cloud data of reference object was compared to mathe-
matical model of reference object. RMS errors between Kinect point cloud and reference model

were 3.1 mm, that corresponds to [92]. The Kinect point cloud and reference model can be seen

in Fig. a.
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Figure 4.17. Reconstruction accuracy comparison with reference object.

a) Kinect point cloud of reference object. b) Reconstructed surface of reference object from shape sensing sensor
network data.

To test larger amount of different shapes and performance in dynamic conditions, experi-
ments were performed by comparing measured shape to the point cloud obtained by Kinect V2
sensor. The main metric for comparison of the models was the 3D Euclidian distance between
sensor location coordinates obtained with Kinect sensor and proposed shape sensing sensor ar-
ray. Three different experiments were done - two in static conditions (movement acceleration
<< g) and one in dynamic. In each experiment data for at least 1000 different test shapes was
obtained.

In static conditions two tests were done: one with the reference sensor located in the center
of the grid and other in the corner of the grid. This was done to observe error distribution in
the reconstructed model, as reconstruction error was expected to increase for sensor locations
further away from reference. In Fig. the mean differences of all shapes for each sensor
location are mapped on the sensor grid structure. The black dots indicate the locations of the
sensors in the grid (points that are reconstructed). The data was interpolated between the sensor
locations with bilinear interpolation. As expected, it can be seen that the mean differences are
greater for points that are further from reference sensor location. The distribution of the mean
differences for reconstruction are shown in Fig. with reference sensor in the center and Fig.

with reference sensor in the corner. Differences and standard deviation along each axis is

provided in Table 4.1].
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Figure 4.18. Difference maps of shape sensing sensor array in comparison to Kinect
reconstruction.

a) reference sensor located in the center of the grid, b)reference sensor located in the corner of the grid. The
black dots indicate the locations of the sensors in the grid (points that are reconstructed).
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Figure 4.19. Difference distribution between points from proposed method and Kinect sensor.
Reference in the center.
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Figure 4.20. Difference distribution between points from proposed method and Kinect sensor.
Reference in the corner.
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Table 4.1
Distribution parameters of differences between Kinect and Shape sensing array points

| X | Y | Z
Heenter [mm] -0.7 2.1 1.1
O center [mm] 8.9 6.7 5.8
Heorner [mm] 0.1 -0.1 | 1.6
Ocorner [mm] | 14.4 | 10.4 | 8.7
Mdynamic [mm] | 1.1 | 2.9 | 1,3
Odynamic [mm] | 12.1 | 10.4 | 8.2
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Figure 4.21. Posture monitoring experimental setup.

a) human wearing vest with an integrated shape sensing sensor array; b) superimposed models of Kinect sensor
and author’s proposed system. The color is mapped along y axis to demonstrate the depth profile.

As some of the potential application scenarios include dynamic motions (such as wearables),
a specific test was conducted to see how surface reconstruction accuracy degrades in dynamic
conditions. Motions with accelerations similar to human motion and exercises were tested. A
wearable vest with the back side made from a fabric with attached shape sensing sensor array was
designed (Fig. a). A person was standing with the back side towards Kinect sensor. While
performing movements such as bending and crouching in speeds typical to a light workout, the
data was acquired similarly as in previous experiments. In addition to 50 Hz low-pass filter on
the sensor integrated circuit, the acceleration and magnetic data were filtered with smoothing

Kalman filter with empirically obtained coefficients to enhance measurement performance in
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Figure 4.22. Difference distribution between points from proposed method and Kinect sensor
during dynamic movement.

dynamic conditions. The distribution of differences for dynamic shape reconstruction can be

seen in Fig. and Table 4.1 contains statistic parameters of distribution.
4.3. Conclusions

In Subsection the ability to reconstruct a basic surface shape with a 3-axis accelerome-
ter network was demonstrated. Acceleration sensors can not directly measure surface segment
orientations in all three degrees of freedom limiting the ability to measure free form 3D shapes.
It was also shown that the proposed improved algorithm can provide measurable reduction of
this problem by obtaining additional information from the segment grid structure and physical
constraints that can not be directly acquired from sensors. This can be used in scenarios where
physical constraints such as continuity are applicable, for example in human posture monitor-
ing where sensors can be attached to the surface of clothing. Despite the increased precision
the method still does not provide free form shape measurements. Also, it currently requires too
much computational power to be practical for real-time embedded applications, especially when
the number of sensors increases. Basing on this the author suggests that for mobile CPS applica-
tions if free from 3D shape measurement is required more suitable would be some direct method
that can measure the third degree of freedom of orientation such as addition of magnetometers.

The proposed enhanced daisy-chained SPI architecture was tested experimentally in Subsec-
tion4.2.2. Experimental setup showed capability of data acquisition from up to 200 sensor nodes
while maintaining maximum sampling frequency of whole network around 50 hertz, which is

reasonable for a number of real time applications.
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The factor that limits the maximum number of sensors the most is the sensor node supply
voltage drop on power lines. Equation (B.3)) from Subsection suggests that reducing either
resistance of the conducting wires or the current consumption of sensor nodes could both sig-
nificantly increase maximum number of sensors. For example, if the same hardware from our
experimental setup is used and the distance between sensors is reduced from 10 cm to 1 cm, thus
reducing wire resistance approximately 10 times, it would be possible to connect more than 600
sensor nodes in the network before reaching critical voltage drop for the active components on
the last sensor node. Also from equation 3.5 we can obtain that with the same communication
parameters a maximum of a 17-Hz sampling period could still be achieved for the network of
600 nodes. Also, the individual current consumption of each sensor node could be reduced,
thus reducing the voltage drop on power supply lines and allowing the addition of more nodes
in the network. The demonstrated ability to acquire data from a low-power, low-cost sensor
network is essential for mobile CPS, especially the implementation of shape sensing methods
which benefit from large amount of closely spaced sensors.

In Subsection a method for 3D shape data acquisition with a 3-axis acceleration/mag-
netic sensor network is experimentally validated. The performance of the proposed system was
evaluated in detail using Kinect V2 sensor as reference allowing fast and easy comparison of
large number of different test shapes.

According to Table 4.1, in experiments where no significant dynamic acceleration is present,
the proposed system provided sensor location reconstruction with standard deviation of error up
to 9 mm relative to Kinect v2 sensor, when shape reconstruction reference point was in the
center of the model. This is relatively high compared to approximation error in simulation
results provided in Subsection 2.2. In dynamic conditions and when the reference point was in
the corner average reconstruction accuracy reduced even more. These errors occur due to the
various error sources analyzed in Subsection and have significant impact on reconstruction
accuracy.

The sensor measurement errors consist of calibration errors, sensor noise and dynamic ac-
celerations (for accelerometers) as well as magnetic perturbations (for magnetometers). Em-
pirically it was found that the sensor noise level of each sensor is around 0.5 % relative to the
measured vector. Calibration errors after performing calibration procedure described in [86] are

even smaller, therefore, both of these error sources introduce negligible impact on shape recon-
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struction error according to Fig. R.11]. In practical experiments it was found that the magnetic
sensors often need to be re-calibrated to maintain measurement accuracy.

In contrast, accelerations due to movement as well as magnetic perturbations that occur in
the environment can introduce significant errors in measurement of Earth gravity and magnetic
field vectors. The impacts on reconstruction accuracy of these disturbances can be determined
from Fig. R.11|. This problem could be reduced by applying advanced data filtering methods or
adding additional sensors such as gyroscopes to assist orientation estimation, however, increased
data processing complexity due to gyroscope data integration for orientation estimation needs
to be resolved for low-power systems with large number of sensor nodes.

Fig. also shows the impact of mechanical mounting errors on shape reconstruction ac-
curacy. It is reasonable to state that without sophisticated manufacturing process (Fig. #.12) the
sensors are mounted with up to a 10-% location error (3.5 mm error for inter sensor distances of
3.5 em) and a 5-% orientation error (/20 angle error) leading to an increase in reconstruction
error of around 0.9 % and 2.0 % respectively. This implies that during the system design par-
ticular attention has to be paid to mechanical implementation. The mounting rotation errors can
be calibrated by placing sensors on object with known geometry and alignment in general refer-
ence frame. Deviations between the expected and measured sensor orientations can be used for
reference frame misalignment compensation. In practice, this approach can be quite challenging
to perform without additional equipment.

Various error sources currently encumber practical implementation of shape sensing from
local orientation data to reach the accuracy of commercial sensors utilizing external instrumen-
tation (such as Kinect v2). However, it is demonstrated that the proposed method is portable and
scalable, self-contained, occlusion free, it relies on low-cost sensors and required computations
can be done on conventional portable computing devices such as smartphones. This makes the

solution potentially attractive for applications in mobile CPS.
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5. SHAPE SENSING APPLICATION IN MOBILE CYBER-PHYSICAL
SYSTEMS

5.1. Posture monitoring and feedback

In this subsection the proposed shape sensing method is applied in mobile CPS for human
posture monitoring. A complete system, that can be used during daily activities for posture mon-
itoring and biofeedback generation is proposed [13]. The proposed system consists of two parts.
The first part is the wearable sensor system for data acquisition and transfer, which includes a
body mounted sensor network, a microcontroller and a Bluetooth module to provide wireless
data transfer. The second part is a conventional smartphone with a custom made application for
sensor data processing, visualization and feedback generation. Structure of the proposed posture

monitoring and feedback system is visible in Fig. b.1].

)
Bluetooth
module

network

Vibrating
alert

feedback

Figure 5.1. Structure of posture monitoring system.

In the wearable sensor system part a sensor network attached to human back is used for
posture data acquisition. The sensors are evenly spread around back surface, providing detailed
information about posture deformities. A microcontroller is used to sample data from sensors
and send them to the Bluetooth module for wireless data transmission. Bluetooth transmission
is chosen to provide convenient data transfer to smartphone application as most of available
smartphones have integrated Bluetooth transceivers.

The sensor data processing is implemented in Smartphone application to provide system
portability and reduce development complexity and cost. Smartphone application receives data
from sensor network via Bluetooth. Processing is done to reconstruct the geometric model

of sensor network alignment thus obtaining data about posture. By comparing this model to
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Figure 5.2. Construction of approximated 3D posture model.

the previously stored reference, decision is made whether alerting feedback must be generated.
Feedback is provided using a speaker or vibrating motor integrated in the smartphone.

For human posture model acquisition the surface reconstruction method described in Sub-
section is used. The three axis acceleration sensor network is mounted on human back to
provide detailed information about human posture. Network of 16 interconnected sensors de-
scribed in Subsection arranged in four by four grid is used. Each sensor corresponds to
a particular segment of back surface. A model of human back that corresponds to the actual
posture is constructed using the surface shape reconstruction algorithm that uses simplified sur-
face model and measures orientations with only two degrees of freedom proposed in Subsection
R.1.2. Approximated posture model is defined by a set of points p;;, (i — row, k — column) in 3D
space which describe vector end points (Fig. 5.2). Each p;;, is a point in 3D space.

For data acquisition and wireless transmission a specially designed circuit board is used.
The body mounted sensor network is wired to this board. MSP430 series microcontroller is
used to sample data form sensors with a sampling rate of 50 Hz. Then a simple averaging of
5 samples is done to smooth the vibrations in the signal and reduce the amount of data to be
transferred wirelessly. The averaged data are sent to BTM-112 Bluetooth module which uses
SPP (Serial Port Profile) for wireless transmission to the smartphone. The system is powered
with three 3 AAA rechargeable batteries and a voltage regulator is used to provide the required
supply voltage.

An algorithm that compares the current state with the previously stored data of corrective

posture is used for calculation whether to provide feedback. As previously stated, the human
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posture model is defined by set of points in 3D space. At the beginning of use, initial calibration
is required to acquire data about reference model of desired posture. Similar to the current state
model this reference is defined by a set of 3D points re f;;. This data is used to find parameter
A, which describes difference between current state and reference model. A, is calculated
as average distance in 3D space from each point in current data set to corresponding point in
reference data set. If total number of sensor rows are defined with r and columns with ¢, then

this average distance can be found:

A, = izt 2 P = refirl| (5.1)

rc

If A, is grater than some experimentally determined threshold value Ay, then feedback is
generated to warn about poor posture. At first vibrating motor in the smartphone is turned on
for one second to warn about deviation from reference posture. If value of A, does not drop
below value of Ay,..s, during next five seconds, feedback signal is turned on until this condition
is true.

A custom Android application was developed for user inteface, sensor data reception, pro-
cessing, logging, approximated posture visualization and feedback generation. Basic flow chart
of application operation is visible in Fig. 5.3. In the initial step the application establishes Blue-
tooth connection with the wearable sensor device. After smartphone and sensor device have
been paired, initial calibration is required to obtain reference model of correct posture. With
sensors mounted on body, subject must perform desired posture and store corresponding data
refir in the smartphone memory by pressing “Save state” button in the application. Also the
approximate height of subject, and threshold value A;,., must be set. Height of subject is
used to estimate length of the vectors, from which approximated posture model is constructed.
Ayresn define allowed rate of difference between current posture model and reference. Higher
Ayresn, means that subject can move more freely away from reference posture before feedback
is generated.

After initialization, current posture monitoring can be performed. This is done in cyclic
manner, where in each cycle a set of sensor data is received and processed in real time (faster
than the arrival of the next data set). First, the calculation of posture model defining points p;
and construction of graphical posture model is done using the method described in subsection

R.1. A graphical model provides visual reference of current posture that is monitored by the
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Figure 5.3. Flowchart of feedback control algorithm in Android application.
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system. Then the parameter A4, is calculated using equation . If A, is greater than Ay,cgp,
feedback signal is generated.

Additionally, the Android application can log all posture data on phone memory for later
analysis. Also in a given time period the application can register the amount of time when bad
posture (A, > Ay,.,) was detected. This is provided as ratio in percent relative to the full time
period of system operation. Both of these functions can be used for usage statistics collection
and validation of feedback effectiveness.

As a result an experimental device for posture data acquisition with custom Android ap-
plication for data processing and feedback generation was developed. The user interface of
application is visible in Fig. 5.4 (a), (b), and (c). In Fig. 5.4 (a) interface screen of Bluetooth
connection establishment is visible. Fig. 5.4 (b) shows the processing screen where user can save
reference state, run the real-time processing and change parameters such as feedback threshold
value, height, etc. Fig. .4 (c) contains a screenshot where the approximated posture model
visualization is displayed in real-time. The constructed model corresponds to current posture
visible in Fig. 5.4 (d), whereas the thin lines indicate the shape of previously stored reference
posture.

To evaluate proposed systems operation performance and influence on users posture, a test
study was done. The experimental device was tested on four healthy subjects. Sensors were
mounted on subject back with elastic bands as visible in Fig. 5.4 (d). Data were logged while

subjects were working at desk in sitting position without back support. Position when sitting
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Figure 5.4. Android application screens and sensor device.

a) - screen of Blutetooth interface setup, b) - screen of processing state interface, c) - screen of stored and
reconstructed posture models, d) - wearable device.

with straight back without slouching or bending sideways was calibrated as reference pos-
ture. Each subject logged their posture data with two different feedback threshold values:
Ayresn = 3cm and Ay, = Hem. Each threshold value was used for approximately half an
hour. Obtained data from all subjects are summarized in Fig. [.3. The histogram illustrates
distribution of logged A, values, which determines the offset from reference posture. Each set
of bars corresponds to 0.5 cm wide interval, and show relative amount of time in % when pos-
ture with A, in this interval was detected. The dashed lines indicate boundaries where in each
threshold case feedback alert was switched on. Impact of feedback is clearly visible, as in both
cases noticeably decreases the relative time spent in postures with A, exceeding the threshold
value. With the feedback threshold values Ay, = 3cm and Ay,.s;, = Hem, the time spent in
“correct” posture (A, < Ayesp), Was respectively 89% and 90%. However, with the thresh-
old Ayesn = 5em, only 49% of the time was spent with A, < 3cm, which shows feedback
threshold value influence on subjects behavior.

Test results of the experimental setup proved the potential of the system to recognize different
posture deformations and produce feedback if undesired posture is detected. Testing showed that
around 90 % of time subjects spent with posture similar to the reference within the threshold
interval. There is a noticeable reduction in distribution of A, after threshold values, which
indicate the presence of the feedback alert. This proves that biofeedback is an efficient way to

control the users posture. As the sensor network is able to provide detailed data about different
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Figure 5.5. Four test subject average posture statistics with different feedback threshold
values.

deformities, it is reasonable that system could detect scoliotic curves and provide feedback for
patients who are diagnosed with scoliosis. This kind of system can help user to obtain specific
required posture, thus it could serve as alternative to traditional hard material braces and help
to reduce development of scoliosis. The sensors used in this method are small and lightweight
which potentially allow them to be integrated into garment almost invisibly. Also, wires could be
integrated into clothing which would allow unobtrusive use of the system during daily activities.
This can provide a more convenient and visually appealing treatment method for scoliosis, which

both are essential aspects for patients diagnosed with this condition.
5.2. Approbation and pilots for medical applications

To validate the proposed methods for application in mobile CPS operating in real-life con-
ditions an approbation for medical applications was carried out. A number of prototype devices
were built that utilize the proposed shape sensing method and their application piloted. Test-
ing of prototypes with real patients was done in close collaboration and supervision of medical
specialists from rehabilitation center "M&s Esam Lidzas (MEL)” [95] and ”Unihaus™ Ltd. [96].

In ”Unihaus Ltd.” the posture monitoring system described in Subsection 5.1/ was approbated
in real life conditions for patients aged from 13 to 15 with severe back posture defects. The aim
of approbation was to validate the system applicability in orthopedics and physiotherapy. Dur-
ing the approbation several suggestions for improvements of the prototype were received from

medical specialists and implemented in the system. Suggested improvements included changes
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Figure 5.6. Smart wearable device for posture monitoring.

A - shape sensing fabric with embedded accelerometer/magnetometer network; B - data acquisition module with
Bluetooth transceiver and rechargeable lithium battery; C - posture model rendered in Android application. The
color indicates deviation from previously stored reference model indicated with transparent grid.

in displayed posture model for easier user interface and feature to store different posture models
in the systems memory in order to compare obtained models before and after physiotherapy ex-
ercising session. Some practical suggestions also were received regarding the sensor integration
into wearable garment for convenient use. It was suggested that the system has a potential appli-
cation for biofeedback of posture during daily activities, specific therapy sessions as well home
exercising. Also, a potential to substitute expensive 3D scanning technology that is currently
used to obtain 3D shape of human posture in medical facilities was indicated. Full review from
”Unihaus” Ltd. of the approbation is attached in [Appendix 6.

In collaboration with the rehabilitation center "MEL” a prototype for mobile posture moni-
toring and feedback system was developed and piloted for application in rehabilitation of young
cerebral palsy patients with upper body muscle dystonia. A smart wearable device (SWD) was
developed basing on mobile system architecture described in Subsection and shape sens-
ing fabric described in Subsection (see Fig. b.6). The device is connected to a smart-
phone where a custom application provides reception of sensor data, processing, data storage,
visualization and user interface. The posture model was obtained using algorithm described in
Subsection P.2.

During the pilot study the SWD was tested with cerebral palsy patients in close supervision
of medical staff. It was used as technical tool to assist in rehabilitation exercises to help patients

to control their upper body position and posture. During exercising the patient was wearing
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SWD and had a tablet or smartphone nearby which was connected to the SWD via Bluetooth
and was running data processing and system interface application. The application reconstructed
the posture model in real-time, compared it to previously stored reference posture and produced
feedback as vibrating alert and/or sound to warn the user about any deviation from desired pos-
ture set by the medical specialist. The system also provided usage statistics such as duration of
training and relative time when poor posture is detected.

In Fig. 5.7 the process of system application in pilot study is shown. The study showed that
the proposed posture monitoring and feedback system provided non obtrusive means for posture
monitoring and feedback in mobile environment without specific infrastructure. The method
for posture data acquisition proved to be convenient during daily exercising, implying that the
electronics are of small size and can be fully embedded into garment, have a reasonable battery
life providing a whole day of system operation on a single charge, and have a data processing
application that can run smoothly in real time on conventional smartphones and tablets. It was
demonstrated that the system is valuable for application in therapy sessions for children and
helps to improve upper body control [20]. The review of approbation and pilot study from
rehabilitation center "MEL” can be found in [Appendix 7.

With recommendation from medical specialists of rehabilitation center "MEL” another pro-
totype SWD was developed which, in addition to posture monitoring, can also monitor the posi-
tion of human head relative to human spine. This additional data is valuable for rehabilitation of
patients with severe movement and posture dysfunctions. The data of human head position can
be used for visually easy to understand feedback generation that can facilitate training of head
position fixation for patients with physical and often also mental disabilities. In the meantime
the data of human back posture can help medical specialists to understand correlation between
poorly fixed head position and back posture deformations.

The monitoring of head position was implemented by adding additional sensor node to the
system, that is attached to human head and can measure its orientation. An extension for pre-
vious application was developed that can provide visually easy to understand feedback of head
position. The relative orientation of users head was translated into displacement of object in the
feedback application as depicted in Fig. [.8.

During the pilot study the system was tested with patients who have dyskinetic and spastic

form of cerebral palsy. The process of application is depicted in Fig. 5.9. The preliminary

79



(d)
Figure 5.7. Pilot study of SWD application in rehabilitation center "MEL”.

(a) the SWD is being setup for application; (b) reference posture is being calibrated and stored in system
memory; (c) the features of the system is introduced to the patient; (d) training process, the system is running in
background of therapy session activities showing real time model of user posture and providing feedback if
deviations from calibrated reference model are detected.

Figure 5.8. Feedback interface for human head position feedback.

The movements of human head in sagittal and coronal are translated into displacement along x and y coordinates
of the object. The task of the user is to hold the object in application within the defined circle by holding his head
in correct position defined by medical staff.
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Figure 5.9. Pilot study of SWD with head position feedback in rehabilitation center "MEL”.

A - head mounted sensor; B - shape sensing fabric for posture monitoring; C - tablet with data processing and
feedback visualization.

studies provided that the proposed SWD could improve patient postural control [19].
5.3. Conclusions

The approbation and pilot tests proved that the proposed methods can be practically im-
plemented in mobile CPS. It was demonstrated that the proposed shape sensing method that is
based on orientation measurements from acceleration/magnetic sensor network indeed can be
seamlessly integrated into smart garments providing data about the wearer in an unobtrusive
way.

The pilot studies confirm that the proposed data processing algorithms can be implemented
using conventional mobile computing devices such as smartphones or tablets. The custom made
application running the proposed shape reconstruction algorithm in real-time was tested on mul-
tiple smartphones. Most tested units can be classified as mid-range devices with processor clock
frequencies starting form 600 MHz and this computing power proved to be enough to implement
real-time algorithms for multi sensor data processing and construction of a graphical model. This
proves that the proposed algorithms are lightweight enough to be integrated into mobile CPS
with limited resources.

Also, it was shown that embedded sensor system integration with modern portable comput-

ing devices provide excellent portable platform for mobile sensor data processing. This approach
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also considerably reduces system development complexity and cost, as part of the hardware that
is necessary for systems functionality is already provided. One drawback of the smartphone
inclusion in system architecture is the necessity of Bluetooth data transfer, as it is the most con-
venient way to send data to smartphone. This solution has relatively high energy consumption
(around 60% of total in SWD with 63 acceleration/magnetic sensor nodes), and it limits the
battery life of both the sensor system and the smartphone.

The clear application potential of the proposed shape sensing methods are proved by interest
from medical stuff which has taken a form of collaborative publications [19, 20] and presenta-
tions in medical conferences. In addition, while the practically tested applications in this work
are related to medicine, the author feels that it is by no means the only suitable field of ap-
plication for proposed methods. The ability to measure free form 3D shape in real-time with
low-cost, low-power electronics can also be beneficial in other fields mentioned in introduction

of this work such as robotics, flexible devices or high end sports equipment.
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DISCUSSION AND CONCLUSIONS

The aim of this work was to facilitate the development of new CPS applications by exploring
new 3D free form shape sensing methods. To achieve this aim a list of tasks were performed.
In total six sections including final conclusions were written to describe activities and results of
each task.

At the beginning of the work in Section |lf a literature review about previous work on shape
sensing with embedded equipment was provided. In previous works two distinct approaches
were found - one is based on measurement of bending of the material and other utilizes inertial/-
magnetic sensors. The approach with inertial/magnetic sensors was chosen for further studies
due to advancements in MEMS technology that allow production of small low-cost sensors in
large quantities. In addition, these sensors often have digital output therefore they can be rela-
tively easy integrated in various electronic systems. Because of these advantages MEMS sensors
have become widely popular for various applications.

In Section 2 methods for shape sensing based on inertial/magnetic sensors were studied.
First, it was demonstrated that the information of 3D object shape can be obtained with ac-
celerometers. It was shown that this method provides solution to limited variations of object
shapes and can introduce significant errors in more complicated cases. The main contribution
of this work regarding shape sensing methods is in the proposed method for free-form 3D shape
sensing with accelerometer/magnetometer network. It was identified that previously proposed
solutions require considerable amount of computing power therefore are not well suited for mo-
bile CPS. A novel method for shape reconstruction was proposed which requires noticeably
lower computing resources while having negligible sacrifice in precision, enabling implemen-
tation of real-time shape sensing on embedded systems.

It was identified that for shape sensing with high resolution the use of large number of sensors
is preferable, therefore methods for efficient data acquisition from multi sensor systems with
limited resources were studied in Section B. As none of the currently available data transfer
interfaces were directly suitable for the task a new method for data transfer was proposed.

Section § was dedicated for the experimental validation of the practical implementation and
performance of the proposed methods. First, a 4 by 4 3-axis accelerometer network was de-

veloped to test feasibility for its application of 3D shape data acquisition. Also, the proposed
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improved data processing method that reduces the errors arising from limited degree of free-
dom orientation data was experimentally tested, but proved to be computationally inefficient
and still not applicable in general case free-form shape measurements. Then, to provide exper-
imental validation of shape sensing with acceleration/magnetic sensors, an experimental sensor
network was developed with network architecture proposed in Section . The sensor network
was embedded into a fabric and allowed to obtain the shape of the fabric in real-time using pro-
posed shape reconstruction method. Also a specific experimental setup with Kinect V2 sensor
was designed for detailed accuracy evaluation of proposed shape reconstruction algorithm. The
setup allowed to simultaneously acquire data from proposed inertial/magnetic sensor network
and reference shape data from Kinect V2 sensor. This provided error estimation with statistically
reasonable data set.

Last but not least, in Section [ the proposed methods were implemented in mobile CPS
for medical application. Three smart wearable device prototypes were designed and piloted
in two medical institutions. The devices were based on shape sensing methods proposed in
this work and provided various information and feedback regarding user’s body posture. In
collaboration with medical specialists the devices were used for medical studies the results of
which were published and presented in medical conferences. Positive feedback from medical
specialists about systems capabilities and performance was received. Despite approbation only
for medical applications the reported performance in terms that are essential for mobile CPS
such as required computing power, precision, size, consumed current and robustness provides
foundation for further application of proposed methods in other fields where mobile CPS are
used.

In conclusion, in this work methods enabling real-time free-form 3D shape sensing with
embedded equipment that is applicable in mobile CPS were proposed, experimentally tested
and successfully piloted. All of the tasks defined in the beginning of this work are successfully
completed and described throughout the sections of this document, therefore the author consider
this work to be complete and finished.
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Appendix 1

Schematics of LSM303DLHC sensor board
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Appendix 2

Schematics of master data acquisition board with Bluetooth
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Appendix 3

C code for MSP430g2553 of the sensor node

//SENSOR board code

//SPI slave daisy chain emulation for Pl1.3. First Pl1.4 defined as input. Pl
.4 interrupt (low——>high) initiates 6 byte data read from

// sensors LSM303DLHC through [2C. Data are stored in data buffer. Then P1.4
is switched to USCI A CLK input and device

// acts as SPI shift register chain.

//includes
#include <msp430g2553.h>

// Function declarations®*/

void init_all (); // initializes all modules needed before pulse
measure

void init receive _data(); // initializes all modules needed for receiving
data, and sending

void P1_interrupt(void); // Pl interrupt procedure for sync

void 12c_write to_register (char device address, char address, char data);
/! writes value to specified addreSs to i2c device (sensor)

void i2c _receive _acc_data();// receives acceleration data from
accelerometer

void i2c _receive _mag data();// receive magnetometer data from sensor

void 10 _port to CLK(void); //set I0 Port to CLK (SPI CLK)

void CLK to IO port(void); // set SPI CLK to IO port

void wait(volatile int a);

//void wait(volatile int); //delay function

// Defines

/] acc setup

#define TURN ON ACC 0x27 // turn on all acc and enables all axes and
10 Hz ODR

#define ACC ADDRESS 0x19 // accelerometer i2c device address

#define ACC CTRL REGI 0x20 //acc first control register address

#define ACC FIRST DATA REGISTER 0x28 // acc first acc data register
address

#define ACC CTRL REG4 0x23 // acc control register 4

#define ACC HR 0x08 // accelerometer high resolution
enable bit in ctrl reg4

#define ACC TURN ON 0x27 // 10 Hz ODR

#define ACC AUTO INC 0x80 // auto increment bit in subaddress

#define MAG ADDRESS 0x1E // magnetometer i2c slave addr

#define MAG _FIRST DATA REGISTER 0x03 // mag first data register addr

#define MAG CRA REG M 0x00 // mag set minimum data output rate

#define MAG CRB REG M 0x01 // mag gain setting

#define MAG MR REG M 0x02 // mag mode set to Continuous—conversion
mode

#define BYTES TO TRANSFER 12 //Number of data bytes from each sensor
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#define NUMBER OF SENSORS 63 /1

// Global variables
unsigned int data buffer[12]={0, 0, 0, 0, O, O, O, O, O, O, O, O}; // here
received data from accelerometers are stored.

s/ int times to transfer data=0; // indicator that shows how many times must

transfer current sensor board controller

int sync=0; // synchronization indicator
unsigned int measured interval=0;
// main . c

int main(void) {
WDTCTL = WDIPW | WDIHOLD; // Stop watch dog timer

init_all ();
wait(1000);
while (! (P1IN & BIT4)); // while clk line low wait until it sets high

PISEL|=BIT4; // connect SPI module clk to PIl.4
P1SEL2|=BIT4;

UCAOCTL1&=~UCSWRST; // set usci module in operational state

while (! (IFG2 & UCAORXIFG));// wait until we receive one full SPI byte
IFG2&=—UCAORXIFG; // clear flag

// measure pulse
if (TAICCRO>=TAICCRI) {
measured _interval=TA1CCRO-TAI1CCRI;
} else{
measured interval=0xFFFF-TAICCR1+TAI1CCRO;
}

// configure comparator

if (measured_interval >1){ //if measured pulse getting shorter
CACTL1=CARSEL+CAREF 3+CAON; // diode refference
CACTL2=P2CAO0;
CAPD=CAPDO;

} else{
CACTL1=CARSEL+CAREF 2+CAON; // 1/2Vcc
CACTL2=P2CAO0;
CAPD=CAPDO;

}

P3DIR |=BIT7;// set comparator out to pin
P3SEL |=BIT7;
P3SEL2&=~BIT7;

while (! (P1IN & BIT1)); //waiting for pulse measure end indicator

PIOUT|=BIT2; // set SIMO in high state (passing pulse measure end
indicator to other slaves)

while (P1IN & BITI1);

PIOUT&=BIT2; // set SIM low state

// program main cycle
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114
115
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134
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// configure spi, i2c¢c and start receive data from accelerometers
/! lower clk frequency
init_receive _data();

while (1) {
int i;
int j;
CLK to 10 port(); // change P1.4 to input port.
while ((P1IN & BIT4));// wait for synchronization
while (! (P1IN & BIT4));
i2c_receive _acc_data(); //read sensor data
i2c receive mag data(); // receive magnetometer data
I0_port_ to CLK();
for (j=0; j<NUMBER OF SENSORS;j++){
for (1=0; i<BYTES TO TRANSFER; i++){
while (! (IFG2 & UCAOTXIFG)); //check if TX buffer ready for new
data transmission
UCAOTXBUF=data_ buffer[i]; // write TX data in buffer and wait for
master CLK to transmit
while (! (IFG2 & UCAORXIFG)) ; //wait till input buffer ready (8 CLK
received from master)
data buffer[i]=UCAORXBUF; //read RX data from input buffer
}
}
¥
§

void init_all (){
//init clk system
BCSCTL1=CALBC1 IMHZ;
DCOCTL=CALDCO_1MHZ;

// SETUP TIMER

TAICTL=TASSEL_2+MC 2;

TAI1CCTLO=CM_1+SCS+CAP; // rising edge, Binput, synchronize clk, capture
mode ,

TAICCTL1=CM 2+SCS+CAP; // falling edge,

P2DIR&=~(BIT0+BIT1);

P2SEL |=(BIT0+BIT1);

P2SEL2&=~(BIT0+BIT1) ;

// configure SPI
UCAOCTL1 |=UCSWRST;
UCAOCTLO=UCCKPLHAUCSYNC; // inactive state is high

// setup for pulse measure

PIDIR|=BIT2; // SIMO set as port output
P1OUT&=~BIT2; // simo output low

P3DIR&=(BIT7); //Comparator out clk’ as output port
P3OUT&=~(BIT7); // output low

}

ol void init_receive data () {

// Turn off timer
TA1CTL=MC 0; // STOP TIMER
TAICCTLO=CM 0;
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147

149
150
151
152

153

155

156

157

159
160
161
162
163
164
165
166
167
168
169

170

174
175

176

i

TAICCTLI=CM 0;
//CLOCK SYSTEM
DCOCTL=CALDCO IMHZ;
BCSCTL1=CALBC1 IMHZ;

// SP1 USCIAO
UCAOCTL1|=UCSWRST;
PI1SEL|=BITI1+BIT2;

PI1SEL2|=BIT1+BIT2; //P1.1=SOMI, P1.2=SIMO, Pl1.4 = 1/O (switch to CLK

later), P1.5=STE

UCAOCTLO = UCCKPL + UCSYNC; //3 wire SPI slave. CLOCK inactive high

UCAOBRO=1;

//SYNC port config
PISEL&=~ 0x10;
PISEL2&=~ 0x10;

P1DIR &=~ 0x10; /710000 P1.4 input

//12C USCIBO*/

UCBOCTL1|=UCSWRST; /! put module in reset state
PI1SEL|=BIT6+BIT7;

P1SEL2|=BIT6+BIT7; /1 P1.6=SCL (I12C) P1.7=SDA (I12C)
UCBOCTL1|=UCSSEL_3; // select SMCLK

UCBOCTLO |=UCMODE 3+UCMST; /1 set 12C MODE MASTER MODE

UCBOBR0=0x04 ; /] set 12C clock prescaler IMHZ/4 = 250 kHz

UCBOCTL1 &= ~UCSWRST; // start I12C
i2c_write _to_register (ACC_ ADDRESS, ACC CTRL REGI, ACC TURN ON);
up accelerometer

/1

set

i2c_write to_register (ACC ADDRESS, ACC CTRL REG4, ACC HR); // turn on

high resolution

__delay cycles(10000);

i2c_write to register (MAG ADDRESS, MAG CRA REG M, 0x10); // minimum

data output 15Hz (0xIC for max)

__delay _cycles(10000);

i2c_write _to_register (MAG ADDRESS, MAG CRB REG M, 0x20); // set
smallest gain

__delay cycles(10000);

i2c_write to register (MAG ADDRESS, MAG MR REG M, 0x00); // set to

Continuous—conversion mode (turn on mag)
__bis_SR _register (GIE);
//12C data transfer subroutines (no Richarda)*/

// sends one data byte to specified device
// arguments :

// device address — target device slave address
// register _address — register address of sensor to which write data
// data — value that will be written to sensor register
void i12c_write to _register(char device address, char register address,
data) {
UCBOI2CSA=device address; //noradam ierices adresi ar

kuru komunicet

94

char




193

194
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197

198
199

200

201

202

203
204

205

206

207
208
209
210
211
212
213
214
215

216

224

UCBOCTLI1|=UCTR; //uzstadam 12C moduli raidisanas

rezima

while (UCBOCTL1 & UCTXSTP) ; // gaidam, ja linija
aiznemta

IFG2=~(UCBOTXIFG+UCBORXIFG) ; //nodzesam sanemsana un
nosutisanas karogus

UCBOCTLI1 |=UCTXSTT; // generejam STARTa nosacijumu

while ((!(IFG2 & UCBOTXIFG) ) &&(!(UCBOSTAT & UCNACKIFG))); //gaidam kamer
varam parraidit vai ir NACK

IFG2&=—UCBOTXIFG; //nodzesam parraidisanas karogu
if (! (UCBOSTAT & UCNACKIFG) ) { //ja nav bijis NACK
UCBOTXBUF=register _address; //nosutam akselerometra

registra adresi,

//kura tiks sutiti dati

while ((! (IFG2 & UCBOTXIFG) ) &&(!(UCBOSTAT & UCNACKIFG))); // gaidam kamer
varam sutit, vai ir NACK

IFG2&=—~UCBOTXIFG; //nodzesam sutisanas karogu
if (! (UCBOSTAT & UCNACKIFG) ) { //ja nav bijis NACK
UCBOTXBUF=data ; // ierakstam nosutamo vertibu

nositisana buferi
while ((!(IFG2 & UCBOTXIFG) ) &&(!(UCBOSTAT & UCNACKIFG))); // gaidam
kamer sutisanas karogs pacelts

IFG2 &=~(UCBOTXIFG) ; //nodzesam sanemsanas karogu
}
UCBOSTAT&=~UCNACKIFG;
UCBOCTL1|=UCTXSTP; /! beidzam I2C komunikaciju
b
}
void i12c receive acc_data () {
int i;
while (UCBOCTL1 & UCTXSTP) ; // gaidam STOP nosacijumu
UCBOI2CSA=ACC_ADDRESS; // uzstadam akselerometra i2c
adresi
UCBOCTL1|=UCTR; // iestadam raidisanas rezima
IFG2 &=~(UCBOTXIFG+UCBORXIFG) ; // nodzesam visus
partraukumu karogus
UCBOCTLI1 |=UCTXSTT; // generejam start nosacijumu

while ((!(IFG2 & UCBOTXIFG) ) &&(!(UCBOSTAT & UCNACKIFG)));// gaidam kamer
varam sutit datus vai ir NACK
IFG2&=—UCBOTXIFG; // nodzesam parraidisanas karogu
if (! (UCBOSTAT & UCNACKIFG) ) { // ja nav bijis NACK
UCBOTXBUF=(ACC_FIRST DATA REGISTER+ACC AUTO INC); // pirma registra
adrese no kuras nolasit datus
while ((! (IFG2 & UCBOTXIFG) ) &&(!(UCBOSTAT & UCNACKIFG))); // gaidam
nosutisanas karogu vai NACK

if (! (UCBOSTAT & UCNACKIFG) ) { // ja mav bijis NACK
IFG2=~(UCBOTXIFG+UCBORXIFG) ; // dzesam karogus
UCBOCTL1&=~UCTR; // uzstadam 12c¢ moduli sanemsanas rezima
UCBOSTAT&=~UCNACKIFG; // noddzesam NACK karogu
UCBOCTLI1 |=UCTXSTT; // generejam sakuma nosacijumu

while ((!([FG2 & UCBORXIFG) ) &&(!(UCBOSTAT & UCNACKIFG)));// gaidam kad
esam sanemusi datus vai NACK
if (! (UCBOSTAT & UCNACKIFG)){ // parbaudam vai nav NACK
//int 1i;
for(i=0; i1<6; i++){
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while (! (IFG2 & UCBORXIFG)); //gaidam kad dati sanemti sanemsanas
buferi
IFG2&=UCBORXIFG;
data buffer[i]=(UCBORXBUF); //saglabajam sanemtos datus masiva
if(i==4){ // pec pirmspedeja baita uzstadam STOP nosacijumu
UCBOCTLI1|=UCTXSTP; // i2c¢ ipatnibas del
¥
H
return; // izejam no funkcijas neipildot talako kodu
H
}
}
// ja bijis NACK
//int 1i;
for(i=0;i<6;i++){
data buffer[i]=0;//nodzesam paatrinajuma datu buferi
}
UCBOSTAT&=~UCNACKIFG; // nodzesam NACK karogu
UCBOCTL1|=UCTXSTP; // generejam STOP nosacijumu
§
void i2c¢ _receive mag data () {
int 1i;
while (UCBOCTL1 & UCTXSTP) ; // gaidam STOP nosacijumu
UCBOI2CSA=MAG ADDRESS; // uzstadam akselerometra i2c
adresi
UCBOCTLI1|=UCTR; // iestadam raidisanas rezima
IFG2 &=~(UCBOTXIFG+UCBORXIFG) ; // nodzesam visus
partraukumu karogus
UCBOCTLI1 |=UCTXSTT; // generejam start nosacijumu

while ((!(IFG2 & UCBOTXIFG) ) &&(!(UCBOSTAT & UCNACKIFG)));// gaidam kamer
varam sutit datus vai ir NACK

IFG2&=-UCBOTXIFG; // nodzesam parraidisanas karogu
if (! (UCBOSTAT & UCNACKIFG) ) { // ja nav bijis NACK
UCBOTXBUF=(MAG FIRST DATA REGISTER) ; //+ACC_AUTO INC (mag has

auto increment)
while ((! (IFG2 & UCBOTXIFG) ) &&(!(UCBOSTAT & UCNACKIFG))); // gaidam
nosutisanas karogu vai NACK

if (! (UCBOSTAT & UCNACKIFG) ) { // ja nav bijis NACK
IFG2=~(UCBOTXIFG+UCBORXIFG) ; /] dzesam karogus
UCBOCTL1&=~UCTR; // uzstadam i12¢ moduli sanemsanas rezima
UCBOSTAT&=-UCNACKIFG; // noddzesam NACK karogu
UCBOCTLI1 |=UCTXSTT; // generejam sakuma nosacijumu

while ((!(IFG2 & UCBORXIFG) ) &&(!(UCBOSTAT & UCNACKIFG)));// gaidam kad
esam sanemusi datus vai NACK
if (! (UCBOSTAT & UCNACKIFG)){ // parbaudam vai nav NACK
//int 1;
for(i=6; 1<12; i++){
while (! (IFG2 & UCBORXIFG)); //gaidam kad dati sanemti sanemsanas
buferi
IFG2&=~UCBORXIFG;
data buffer[i]=(UCBORXBUF); //saglabajam sanemtos datus masiva
if (1==10){ /] pec pirmspedeja baita uzstadam STOP nosacijumu
UCBOCTLI1|=UCTXSTP; // i2c ipatnibas del

}
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H
return; // izejam no funkcijas neipildot talako kodu
}
}
H

// ja bijis NACK
for(i=6;i<12;i++){

data buffer[i]=0;//nodzesam paatrinajuma datu buferi
}
UCBOSTAT&=-UCNACKIFG; // nodzesam NACK karogu
UCBOCTLI1|=UCTXSTP; // generecjam STOP nosacijumu

}

void I0_port to CLK () {
PISEL|= BIT4; //'set Pl.4 SEL registers for SPI CLK pin
PISEL2|= BIT4;
UCAOCTL1 &= ~UCSWRST; //run USCI_A

}

void CLK to IO port(){
UCAOCTL1 |= UCSWRST; //stop USCI A

PISEL&=~ BIT4; // clear P1.4 SEL registers of I/O pin
PISEL2&=~ BIT4;
}
void wait(volatile int a){
while (a>0) {
a——;
}
}
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Appendix 4

C code for MSP430g2553 of the master device

#include <msp430g2553.h>

sl void init_all ();

void set p22 as_output();

void wait(volatile unsigned int cycles);
void set CLK as CLK();

void set CLK as output();

void set MISO as_output();

void set MISO _as MISO();

void sync(volatile int cycles);

void send spi byte(char Data);

| char receive _spi_byte ();
sl char receive spi_byte ();

void SerialPacketStart(char type);

void SendByteToSerial (unsigned char bit);

void SerialPacketEnd () ;

void myTimer(void);

void SerialPacketPushInt(unsigned int content);
void SerialPacketPushByte (unsigned char content);

#define BYTES TO TRANSFER 12 //Number of bytes for master to receive
one sensor)
#define NUMBER OF SENSORS 63 //Number of sensors in chain

;| #define BATTERY LVL PACKET 64 // Packet containing battery level

// Serial packets

#define PACKET FRAME OxFF
#define PACKET ESCAPE OxFE
#define LOW BYTE 0x00
#define HIGH BYTE 0x01
#define XX 0x00

#define YY 0x01

#define ZZ 0x02

/] flags

int receive _data flag=0;

int nr_of timer interrupts=0;

int nr_of adc interrupts=0;

char accelerometer data[2][3];

char magnetometer data[2][3];

unsigned int raw_battery level=0xFFFF;

unsigned int low_battery threshold=828; // 3.4V battery voltage
unsigned int adc _inrterupt counter=0;

#pragma vector = TIMERI Al VECTOR
__interrupt void myTimer(void) {
switch (TA1IV) {
case Ox0A:
nr_of timer_interrupts++;
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if(nr_of timer interrupts==10){ //timer interrupt frequency 100 Hz,
receve data flag sets with frequency 100/10=10 Hz frequency;
receive data flag=1;
nr_of timer interrupts=0;
}
break ;
default:
break;
}
H

// interrupt for ADC converter. sampling time 2%*accelerometer data sampling
rate (ACC Data dample 100ms, ADC for battery level 200 ms)
#pragma vector = ADC10 VECTOR
__interrupt void myADC(void) {
raw_battery level=ADCIOMEM & O0x3FF;
nr_of adc interrupts++;
if(nr_of adc interrupts==14){
nr_of adc interrupts=0;
if(raw_battery_level <low_battery threshold){
P20UT"=BIT4; // blink led if battery low
}
}
}

// main . c

int main(void) {
WDTCTL = WDIPW | WDTHOLD; // Stop watchdog timer
init_all ();
PIOUT&=~(BIT6+BITS5); // set output low

set CLK as_output();
set MISO _as_output(); //

wait(60000); // wait time to allow slaves to set up
set CLK as CLK(); // set CLK pin as SPI CLK
int sensors_to calibrate = NUMBER OF SENSORS; // how many sensors
must calibrate
wait(60000); // wait to ensure sensor ready
while (sensors _to_calibrate >0){
while (! (IFG2 & UCBOTXIFG)); // wait until we can send spi data
UCBOTXBUF = 0x00; // send empty byte to generate clk
sensors_to_calibrate ——;
wait(60000); //wait to give slave controllers time for
impulse measurements and comparator configuration

}

PIOUT|=BIT6; // set MISO port in high state , to tell slaves that
measure mode ended

wait(60000); // wait to ensure that sensors detects this pulse
PIOUT&=~BIT6; // set MISO port low state
wait(60000) ;

/" set SPI module

set MISO _as MISO () ;
TAICTL|=MC 1; // run timer
TAOCTL|=MC 1;// run timer
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ADCI0CTLO|=ENC; // ENABLE ADC CONVERTION
// reconfiguring for sensor data acquisition
_enable _interrupts ();

while (1) {
P1OUT|=BITS; // SPI CLK output high
set CLK as output(); // set CLK pin as Output
while(receive _data flag==0); // wait until timer sets flag
receive data flag=0; // clear receive data flag

sync(100);
set CLK as CLK(); // set clk pin to SPI clk module
wait(2000); // 956 wait to allow sensors read data
int i,j;
for (i=0;1<NUMBER OF SENSORS;i++){ // for all sensor data
for(j=0; j<3; j+H+){
IFG2&=UCBORXIFG; // clear receive flag because can be raised
from pulse measure
send_spi_byte (0x00);
accelerometer data [LOW BYTE][j]=receive spi_byte ();
wait(69); //69
send_spi_byte (0x00);
accelerometer data[HIGH BYTE][j]=receive spi _byte();
wait(69); // 69
}
for(j=0; j<3; j+H){
[FG2&=-UCBORXIFG; // clear receive flag because can be
raised from pulse measure
send_spi_byte (0x00);
magnetometer data[HIGH BYTE][j]=receive spi_byte();
wait(69); //69
send spi_byte (0x00);
magnetometer_data[LOW BYTE][j]=receive _spi_byte();
wait(69); // 69
}
SerialPacketStart(i);
SerialPacketPushByte (accelerometer data [HIGH BYTE][XX]);// X

o SerialPacketPushByte (accelerometer data [LOW BYTE][XX]); // X
e SerialPacketPushByte (accelerometer data [HIGH BYTE][YY]);// Y
o SerialPacketPushByte (accelerometer data [LOW BYTE][YY]);// Y
doe SerialPacketPushByte (accelerometer data[HIGH BYTE]|[ZZ]);// Z
e SerialPacketPushByte (accelerometer data [LOW BYTE][ZZ]);// Z
data

SerialPacketPushByte (magnetometer data[HIGH BYTE][XX]);// X
data

SerialPacketPushByte (magnetometer data [LOW BYTE][XX]);// X data

SerialPacketPushByte (magnetometer data [HIGH BYTE][ZZ]);// Y
data (SWAPPING X AND Y DATA because registers in sensors X Z Y )

SerialPacketPushByte (magnetometer data[LOW BYTE][ZZ]);// X data
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195

SerialPacketPushByte (magnetometer data [HIGH BYTE][YY]);// Z
data

SerialPacketPushByte (magnetometer data [LOW BYTE][YY]);// +X
data

SerialPacketEnd () ;
}

// send battery status packet;

SerialPacketStart (BATTERY LVL PACKET) ;

SerialPacketPushByte ((raw_battery level & 0xFF00)>>8);//
battery level high byte

SerialPacketPushByte(raw_battery level & 0x00FF); // battery
level low byte

SerialPacketPushByte (100);

SerialPacketPushByte (100);

SerialPacketPushByte (100);

SerialPacketPushByte (100);

SerialPacketPushByte (100);

SerialPacketPushByte (100);

SerialPacketPushByte (100);

SerialPacketPushByte (100);

SerialPacketPushByte (100);

SerialPacketPushByte (100);

SerialPacketEnd () ;

H

void init_all(){
// init clk module
P2DIR |=BIT4;
P20UT |=BIT4,;
DCOCTL=CALDCO 16MHZ; // SET DCO 16 MHZ and
BCSCTL1=CALBC1 _16MHZ+XT20FF; // XT20FF, MCLK = 16 MHZ, SMCLK = 16 MHZ

// configure USCIBO module SPI mode

UCBOCTL1=UCSWRST+UCSSEL 2; // stop wusci module, SMCLK clk source
UCBOCTLO=UCCKPLAUCMST+UCSYNC; // CLK inactive high, LSB, 3—wire mode
UCBOBR0O=0x25; // 125 kHz SPI CLK

UCBOBR1=0x00;

// init usci uart

UCAOCTL1=UCSSEL 2-+UCSWRST};

// konfigurejam BAUD RATE GENERATOR
UCAOBRO=2;
UCAOMCTL=UCOS16+(2<<4)+(3<<1);

// port configuration

PISEL |=(BIT1+BIT2);

PISEL2 |=(BIT1+BIT2);
UCAOCTL1&=~UCSWRST; // NODZESAM RESETU

// setup timer

TAICTL=TASSEL 2+ID 3+TAIE;

TAICCR0=20000; // timer TAICCRO interrupt frequency SMCLK/(8*20000) =
100 Hz
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196 // CONFIGURE ADC

197 ADCI10CTLO=SREF 1+ADCI10SHT 3+REF2 5V+REFON+ADCIOON+ADCI0IE; // !!! in
main () must enable conversion

198 ADCI0CTL1=SHS 2+ADC10DIV_7+ADCI0SSEL 3+CONSEQ 2;

199 ADCI10AEO=BITO; // ENABLE INPUT

200

201 // ADC timer for conversion control

202 TAOCTL=TASSEL 2+ID _3;

203 TAOCCR0=20000; // timer TAICCRI

204 TAOCCTLO=OUTMOD 4; // toggle mode timer output for ADC conversion
timing

20s| }

6| // sets P2.2 function to GPIO output

27| void set CLK as_output () {

28| PIDIR|=BITS; // set P1.5 as output

20| P1OUT|=BITS5;

210 PISEL&=~BITS5; // set P1.5 pin as 1/0 port
211 PISEL2&=~BIT5; // set P1.5 pin as 1/O port
12| UCBOCTL1|=UCSWRST;

213 }

2us| // sets P1.5 pin function to SPI CLK
26| void set CLK as CLK () {

2171 UCBOCTL1&=-UCSWRST;

25| PISEL|=BITS;

219 PISEL2 |=BITS5;

20| }
21| // set P1.7 as MISO

22| void set MISO as output () {

23| PISEL&=~BIT6; // set P1.7 pin as GPIO

24| PISEL2&=~BIT6; // 1/
»s|  PIDIR|=BIT6; // set P1.7 as output
26 }

27| void set MISO as MISO () {
»s|  PISEL|=BIT6;

229 P1SEL2|=BIT6;

230] }
s1l void wait(volatile unsigned int cycles){
2| while(cycles >0){

233 cycles ——;

234 }

235| }

2371 // function drops P2.2 output to low for some time and sets back as high
s8] // int cycles — determines how many while cycles hold the OUTPUT low.

2| void sync(volatile int cycles){

240 P1OUT&=BITS ;

241 while (cycles >0) {

242 cycles ——;
243 }

24| PIOUT|=BITS;
245| }

271 // sends one byte via spi
28| // char Data — is data byte to be transmitted
29| void send spi_byte(char Data){
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while (! (IFG2 & UCBOTXIFG)); // wait until transmit flag is raised
// UCBOIFG&=~UCTXIFG; // clear transmit interrupt flag
UCBOTXBUF=Data ; // send byte through i2c
H
/! receives one data byte from SPI
// returns received byte
char receive _spi_byte () {
while (! (IFG2& UCBORXIFG) ) ;
IFG2&=~UCBORXIFG;
return UCBORXBUF;

b

/! serial communication module functions
void SendByteToSerial (unsigned char bit){
while (!(IFG2 & UCAOTXIFG));
IFG2&=~UCAOTXIFG;
UCA(OTXBUF = bit;
}
// sends integer via serial
void SendToSerial (int num) {
// Send as number:
int MSB, LSB;
MSB=(num>>8)&0xFF ;
LSB=(num&0xFF) ;

SendByteToSerial (MSB) ; // send MSB
SendByteToSerial (LSB); // send MSB

}

void SerialPacketStart(char type){// Start sending a serial packet with
given type (must not match FRAME or ESCAPE constants)
SendByteToSerial (PACKET FRAME) ;
SendByteToSerial (type);

}

void SerialPacketPushInt(unsigned int content){ //Send contents of packet
to serial
SerialPacketPushByte ((content & 0xFF00)>>8);
SerialPacketPushByte (content & 0x00FF);

}

/1l
/1l
/1
/!
/!
/!
/1l
/1
/!
/!
/!
/1l
/1
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void SerialPacketPushByte (unsigned char content){ //Send

to serial

if (content == PACKET FRAME) {
SendByteToSerial (PACKET ESCAPE) ;
SendByteToSerial (0x00);

} else if (content == PACKET ESCAPE) {
SendByteToSerial (PACKET ESCAPE) ;
SendByteToSerial (0x01);

} oelse {
SendByteToSerial (content);

§
void SerialPacketEnd(){ //End sending a serial packet

SendByteToSerial (PACKET FRAME) ;
}

contents

of packet
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Appendix 5

Main Matlab code of shape reconstruction algorithm

o

>|Main script of accelerometer and magnetometer sheet reconstruction
slalgorithm . Segment rotation using rotation matrix.

4| Atis Hermanis EDI

5| %o}

71 clear all;
s cle

10| Yo HEHHAHHRHHAHHHHHBHHHHHHHHH#H SETUP #AHHAH HAHHHHHBHHRHHRHHRHHRH AR AR HBH R

12|%load calibration data
3| load calibration data02 —Jun—2016 500 samples.mat

i5|%Number of sensors and reference setup:

| nr_of rows=9;

7| nr_of columns=7;

15| start_column=3; %Reference sensor:
vl start_row =4;

s|%Declaration of segment class
»|segment(nr_of rows,nr_of columns)=segment class;
init_cross_points=[0 0 1 ; 1 0 0; 0 0 -1 ; —1 0 0];

5/%Sheet model definition and construction
x| for rows=1:1:nr_of rows

27 for columns=1:1:nr_of columns

28 XX(rows, columns)=segment(rows,columns).center(1l);
29 YY(rows, columns)=segment(rows,columns).center(2);
30 ZZ(rows ,columns)=segment(rows,columns).center (3);
31 CC(rows ,columns)=10;

2 end

330 end

model=surf (XX,YY,ZZ, CC);

w
X

56| set (model, >FaceLighting ’, >phong’,’FaceColor’, interp’,  AmbientStrength’
,0.5)

7| light (" Position’,[—1 —1 1], Style’,  infinite *);

| xlabel (7X7)

| ylabel (°Y7)

w|zlabel (7Z7)

4l axis([—10 10 —10 10 —10 10])

o] axis vis3d

sl rotate3d on

4| grid on

45| hold on

46

47|% pushbutton to terminate application on graph corner

#s|H = uicontrol (’Style’, ’PushButton’,’String’, ’Break’,’Callback’, ’delete(
gebf) 7);
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54

v
3

58

v

60

61

62

o
)

66

70
71
7
73
74

76

77

78

79

80
81

83
84

86

87

% Kalman filter Setup
%Accelerometer:
delta _acc=1;

koeficient for accelerometer data

531 Q_acc=0.2;

koeficient for accelerometer data
P _xyz _acc=ones(nr_of rows*nr_of columns, 3);
gain array

s AccData filter=zeros(nr_of rows*nr_ of columns,

filtered (preveous) value array

delta magn=delta acc;
koeficient for accelerometer data

Q magn=Q_acc;
koeficient for accelerometer data

P xyz magn=ones(nr_of rows*nr of columns, 3);
gain array

MagnData filter=zeros(nr_of rows*nr of columns,

filtered (preveous) value array

3);

3);

%kalman DELTA
%kalman Q
%Init acc data

%Init acc data

%kalman DELTA
%kalman Q
%Init acc data

%Init acc data

% ———SETUP PREALTERM SERVER:

Bluetooth through virtual com port

while (ishandle (H))

%GET DATA

[acc, magn]=getPureAccMagnData(fileID, 64); %read data Acc/Magn data

from incoming Bluetooth buffer

%CALIBRATE magnetometer DATA

3| [hrealterm , fileID ]=Realterm open(’3’); %this provides

magn=MagnCalibrate (magn, magnOffsets, linear);

%FILTER DATA

[acc, P _xyz acc]=kalman_ filter(acc, AccData filter,

communication with

s| Yo # IR HHBHHHHHBH AR A HHHARF AR MaIn  cy cle #HHAHABHHRHIBHARHHBHARH BB AR RS

P xyz acc, Q_acc,

delta_acc); %apply kalman filter for accelerometer data

AccData filter=acc; %store filtered value as previous

next iteration

[magn, P_xyz magn]=kalman filter (magn, MagnData filter, P_xyz magn,

Q magn, delta magn); %apply kalman filter
MagnData filter=magn;
next iteration

for magnetometer data
%store filtered value as previous

Y%ARRANGE AXIS (convert sensor reference system to model reference

system)

[AccData, MagnData]=Arrange sensor_axis(acc, magn,

nr_of columns);

YROTATE SEGMENTS
for rows=1:1:nr_of rows
for columns=1:1:nr_of columns

Rrot=calculate Rrot(squeeze(AccData(rows,
squeeze (MagnData(rows, columns, :))’); %calculate the
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88

89

90

91

92

94
95
96
97
98
99

100

101

102

103
104
105
106
107

108

116

TRIAD algorithm
for k=1:1:2
segment(rows, columns).cross_points(k,:)=Rrot*
init_cross_points(k,:) ’;
segment(rows, columns).cross points(k+2,:)=—segment(rows,
columns).cross_points(k,:);
end
end
end

% SEGMENT LOCATION (CENTER) CALCULATION

YALONG THE COLUMNS!!!!
%Reference row:
to left=start column;
while (to _left <nr_of columns)
to left=to left+1;
segment(start row , to left).center temp=segment(start row , to left
—1).center_temp+segment(start row , to_left —1).cross_points (4 ,:)+segment(
start row , to left).cross points(4,:);
end

to right=start column;
while (to_right >1)
to_right=to_right —1;
segment(start row , to right).center temp=segment(start row ,
to _right+1).center_temp+segment(start row , to right+1).cross points(2,:)
+segment(start row , to_right).cross points(2,:);
end

%0Other segments:
for columns=1:1:nr_of columns
to_bottom=start _row;
while (to_bottom >1) %calculate each row one
by one in down direction
to_bottom=to_bottom —1;
segment(to_bottom , columns).center temp=segment(to_bottom+1,
columns) .center_temp+segment(to_bottom+1, columns).cross_points (3 ,:)+
segment(to_bottom , columns).cross points(3,:);
end

to_top=start row;
while (to_top <nr_of rows) %calculate ecach
row one by one in up direction
to_top=to_top+1;
segment(to_top , columns).center temp=segment(to_top —1, columns)
.center_temp-+segment(to _top —1, columns).cross_points (1l ,:)+segment(to_top
, columns).cross points (1,:);
end
end

YALONG THE ROWS!!!!

%Reference column:

to_bottom=start row;

while (to_bottom >1) %calculate each column one
by one in down direction
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159

160

161
162
163
164
165

166

168
169

170

to_bottom=to_ bottom —1;

segment(to_bottom , start column).center=segment(to_bottom+1,
start_column).center+segment(to_bottom+1, start column).cross_points
(3,:)+tsegment(to_bottom , start column).cross_points(3,:);
end

to_top=start_row,
while (to_top<nr_of rows) %calculate each
column one by one in up direction

to_top=to_top+1;

segment(to_top, start column).center=segment(to_top —1, start column
).center+segment(to_top —1, start column).cross_points (1 ,:)+segment(
to_top, start column).cross points(1,:);
end

%0Other segments:
for rows=1:1:nr_of rows
to_left=start column;
while(to _left <nr_ of columns)
to_left=to left+1;
segment(rows, to left).center=segment(rows, to_ left —1).center+
segment(rows, to left —1).cross points (4 ,:)+segment(rows, to left).
cross_points (4,:);
end

to_right=start column;
while (to_right >1)
to right=to _right —1;
segment(rows, to right).center=segment(rows, to right+1).center
+segment(rows, to right+1).cross_points (2 ,:)+segment(rows, to_ right).
cross_points (2,:);
end

end

%0Obtain center as the avarage of two methods
for rows=1:1:nr_of rows
for columns=1:1:nr_of columns
segment(rows, columns).center=(segment(rows, columns).center+
segment(rows, columns).center temp)/2;
end
end

%Prepare data for model update
for rows=1:1:nr_of rows
for columns=1:1:nr_of columns
XX(rows, columns)=segment(rows,columns).center(1);
YY(rows, columns)=segment(rows,columns).center(2);
ZZ(rows ,columns)=segment (rows,columns).center (3);
end
end

set (model, ’XData’ ,XX) ;

set (model, ’YData’,YY);
set (model, ’ZData’ ,ZZ);
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176
177 drawnow %refresh model

17s| end

19| Realterm close (hrealterm , fileID); %close realterm server
180

is1| classdef segment class

182 %segment class encapsulates all data and properties of surface segments
183 % Detailed explanation goes here
184
185 properties
186 cross _points=[0 01 ; 100 ; 00 -1 ; -1 0 0]; Y%segmentu
apzimejoso krustu galapunkti
187 %
1
188 %
4—+-2
189 %
3
190 center_temp=zeros(1,3);
191 center=zeros (1,3);
192 end
193
194 end

16| %Implementation of TRIAD algorithm
1971 function [ Rrot ] = calculate Rrot(Acc _data, Magn data)

198 ba=Acc_data/norm(Acc_data);

199 bm=Magn data/norm(Magn data);

200

201 Eg=[0 0 1];

202 Em=[0.4472 0 —0.8944];

203

204 sl=Eg;

205 s2=cross (Eg, Em)/norm(cross(Eg, Em));

206 s3=cross (sl ,s2);

207

208 rl=ba;

209 r2=cross(ba, bm)/norm(cross(ba, bm));

210 r3=cross(rl ,r2);

211

212 Mmea=[rl "’ ,r2’°,r3];

213 Mref=[sl’,s2’,s3°];

214

215 Rrot=Mref*transpose (Mmea) ;

216| end

217

23| function [acc _data, magn data] = Arrange sensor_axis(acc, magn, rows,
columns)

29/%Arrange sensor axis used to virtually align sensor phisical orientation
20{%with sensor orientation in 3D model

»i|%returns 2d arrays where each element is vector with xyz sensor data.

22| for i=1l:columns

23 for j=1l:rows

224 if rem(i, 2)~=0
225 acc_index=(rows*(i—1)+j);
226 acc_data(j,i,l)=acc(acc_index ,1); % X data
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end

;| end

end

else

end

acc_data(j,i,2)=acc(acc_index ,3); % Y data
acc _data(j,i,3)=—acc(acc_index ,2); % Z data
magn data(j,i,l)=magn(acc_index ,1); % X data
magn_data(j,i,2)=magn(acc_index ,3); % Y data
magn_data(j,i,3)=—magn(acc_index ,2); % Z data

acc_index=rows*i—(j—1);
acc_data(j,i,l)=—acc(acc_index ,l); % X data
acc_data(j,i,2)=acc(acc_index ,3); % Y data
acc _data(j,i,3)=acc(acc_index ,2); % z data
magn_data(j,i,]1)=—magn(acc_index ,1); % X data
magn data(j,i,2)=magn(acc_index ,3); % Y data
magn data(j,i,3)=magn(acc_index ,2); % Z data
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Appendix 6

YUnihaus” Itd. approbation review

SIA "UniHaus"

e’ Brunpinieku 5/25, Riga, LV-1001
U
y 4 ’ A/S Hansabanka, kods HABALV22

Konts: LVSOHABADS51017155701

Atsauksme par sistemas , AccGrid” eksperimentala maketa aprobaciju

Esam aprobgjusi Elektronikas un datorzinatpu institita piedavato sensoru
tikla sistému ,,AccGrid” stdjas monitor&3anas pielietojumam. Aprobacijas mérkis bija
novertét iekartas lietderigumu ortop@dijas un fizioterapijas sféra. Aprobacija tika
veikta realos apstaklos arsta klatboing, stradajot ar pusaudzu (13-15) vecuma
pacientiem, kuriem ir izteikti stajas trauc&jumi.

Aprobacijas gaita tika ieteikti virkne nepieciefamo uzlabojumu, kurus
Elektronikas un datorzindtnu institita darbinieki néma vérd, veicot modificé3anu,
Piem@ram, péc SIA ,,UniHaus” specialistu iniciativas sensoru tikls tika ieiits sporta
krekla ar ravejslédzgju, lai vizuali sensori bfitu mazik pamanami un neradttu
lietotajam psihologisku diskomfortu, ka ari, lai nodro§inatu sensoru cie$aku kontaktu
ar kermeni kustibu laika. Lai arf Elektronikas un datorzinitnpu institiita izstradata
lietotne ir parociga un saprotama, nemot véra misu komentarus, tika mainits 3D
modela noform&jums ta, lai tas musu jomas lietotajam butu saprotamaks.

Velamies atzimét, ka Institita specialists piedalfjas ari fizioterapijas
nodarbibas ar pacienti, kura jau vairdkus gadus valkd cieto korseti skoliozes
korekcijai. Péc fizioterapeites Alinas Silvanes ieteikumiem lietotnei tika pievienota
jauna funkcija -iespgja fizioterapeitam saglabat pacienta muguras formas attélu (vai
koordindtas) pirms un pée nodarbibas, tada veida salidzinot izmainas, kas notiek tiesi
fizioterapijas nodarbibas rezultata.

lekartas potencidlais pielietojums var but lietoSana pacientam majas
patstavigi. To var izmantot pacienti, kuriem péc cietds korsetes valkasanas perioda ir
padiem, ar savu muskulu spéku, jaiemacis noturét mugurkauls pareiza pozicija. Ka art
pacientiem, kam muguras deformacija tick arstéta bez korsetes, bet uzdevums ir
noturét korigétu muguras poziciju

Cita potencialo lietotdju grupa ir b@rni un jauniesi, kuriem ir novérojamas
stajas deformicijas vai stajas vajums. ST jaunie$u grupa ar ickartas palidzibu var
iemacities noturét staju pareiza pozicija.

Pasaules praksé pielieto kermenpa 3D skenerus lai iegiitu muguras telpisku
attelu, tade] redzam, ka Elektronikas un datorzinatpu institiita piedavata sistéma var
klat tiem par alternativu ar butiski mazakam izmaksam. Minéta ierice lidz ar to var
tikt pielietota pacientu izmekl&§ana, lai ieglitu muguras formas att€lwkoordinatas, ka
arT paveras iespg€ja pacientam to lietot majas ka vingrojumu komplektu”, lai
kontrolétu vélamo kermenpa poziciju,. Iekarta ir inovativa un tai ir potencials, lai

nakotn sniegtu pienesumu Latvijas taptsgimmicethai.
Gundars Rusovs
Arsts, tehniskais ortopéds
SIA UniHaus

~—~=7518.10.2013

: L rUniHaus'

&, - SiA VLY 5 orlopeds
s rer o ' : N;}uutgri‘ Re
1.[]4”1(‘%'

(TRLLEY
12256

o

o

SIA "UniHaus"
Reg. Nr. 40003931388; A/S Hansbanka, kods: HABALV22; konts LVS0HABADS51017155701
Bruninieku iela 5/29, Riga, LV-1001, talr: +371 67295272, fakss: 67295294
e-mail; unihaus@inbox.lv
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”Mes esam lidzas” approbation review

‘:;\ -t? R[.I_IM]IIITﬁCila’\‘i_C[\T_R‘f}
l[‘-"é_éﬁ MES ESAM 1TDZAS

REHABILITATION CENTER

Ledmanes iela 2, Riga, LV-1039, Latvija, telefons/fakss (+ 371) 675 53196, e-pasts:bre@eriga.lv, www.edi.lv/mel
Riga, 2013. gada 16. oktobri

Atsauksme par stajas monitoringa iekirtas ,SmartWear” prototipa aprobacijas
rezultitiem Rehabiliticijas centra ,,M&s esam lidzas”

Péc Elektronikas un datorzinatyu institiita liguma Rehabilitacijas centrs ,,M&s esam lidzas”
veica Valsts petfjumu programmas projekta Nr. 2 ,Inovativas signalapsirades tehnologijas viedu un
efektivu  elektronisko sistemu radiSanai” pétijumu rezultatd izveidotds stajas monitoringa
eksperimentalas sistémas ,,SmartWear™ aprobaciju.

Aprobaciju notika realos apstaklos, straddjot ar Rehabilitacijas centra pacientiem. lekarta ir
universila tpéc, ka ta ir iestradata ortozé ar izméra reguléSanas iespgjam, ka arf tapéc, ka var
kalibrét (saglabat datus) iekartu katram pacientam individuali.

Aprobacijas laikd notika aktiva sadarbiba ar Elektronikas un datorzinitnu institiita
specidlistiem tehnologijas uzlaboSana. Balstoties uz musu komentariem, sensori tika par§ati no
test&jama krekla, medicTniska ortozé. Tika veiktas korekcijas mobilas iekirtas lietojumprogramma,
paplasinot sistemas iespjas, piem&ram, papildus iesp&jai mobila telefona saglabat informaciju par
to, cik ilgi pacients izmanto iekartu un cik procentus no 3 laika perioda vip3 atrodas definétaja stajas
pozicija. Aprobacijas perioda tika izveidots dalfjums mazakos diapazonos, veicot procentu aprékinu
katra laika diapazona, ar mérki noveérot pacienta progresu.

Ta ka Rehabilitdcijas centrd arstéjas pacienti ar Cerebrilo Trieku, kuriem ir nepiecieSams
attistit rumpja un augséjo ekstremitasu stabilitati un mobilitati, viniem tiek pieméroti vingrojumi,
kuros ir iesaistitas roku kustibas. Sakotngja varianta sistéma bija parak jutiga un siitija atgriezenisko
saiti, kad pacients kustindja rokas, tapéc tika veiktas izmaipas klidas aprékinaSanas algoritma, ka
rezultatd klidas aprékinam netiek nemti dati no plecu dalas sensoriem (pacients var brivak kustinat
rokas), tatu sensoru datu vizualizéSana notiek pilna méra. Tika veiktas uzlabojumi arT stajas 3D
modela att€loanai. 3D modela krasu diapazons tika pielagots stajas deformacijam — pacients redz,
kura muguras dala biitu jaiztaisno, jo ta att€la izmaina krasu uz sarkanu. Jaunaja lietojumprogramma
ir ertak rotét un parskatit 3D modeli.

Aprobacijas laika sistéma ,.SmartWear” ir paradijusi, ka ta ir noderiga darbam ar bérniem un
jauniesiem, kuriem ir rumpja muskulatiiras distonija vai ir novérojami stijas traucéjumi. Sada veida
iekartas potenciali var tikt izmantotas rehabilitacijas medicind neirologisku un ortopedisku
saslim$anu gadijumos. Rehabilitacijas centra kolektivs uzskata, ka ir mérktiecTgi un lietderigi
turpinat 31s tehnologijas attistibu konkrétu produktu prototipu izveidé ar tiliku mérki komercialiem
pielietojumiem, jo Sobrid medicinas iekartu tirgl iekartai atbilstodd cenu Kategorija analogus
nesaskatdm.

Nemot vera aprobacijas rezultatus, uzskatam, ka stajas monitoringa sistémai ,,SmartWear” ir
ootencials pielietojums rehabilitacijas medicing, un tds komercializicija dos ieguldijumu
;autsaimniecibas attistiba.

Andra Greitane
Rehabilitacijas centra ,,Més esam lidzas” valdes priekssedétaja
Sertificéts arsts rehabilitologs

%

112

Appendix 7




[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

BIBLIOGRAPHY

R. A. Russell and S. Parkinson. “Sensing surface shape by touch”. In: I[EEE International
Conference on Robotics and Automation. Vol. 1. 1993, pp. 423-428.

D. Trivedi and C. Rahn. “Model-based shape estimation for soft robotic manipulators:
The planar case”. In: Journal of Mechanisms and Robotics. Vol. 6. 2. 2014.

A. Nathan et al. “Flexible Electronics: The Next Ubiquitous Platform”. In: Proceedings
of the IEEE Special Centennial Issue. Vol. 100. 2012, pp. 1486—1517.

J. Cheng et al. “Smart Textiles: From Niche to Mainstream”. In: /EEE Pervasive Com-
puting. Vol. 12. 3. 2013, pp. 81-84.

F. Chollet and H. Liu. 4 (not so) short introduction to Micro Electro Mechanical Sys-
tems. This is an electronic document published under Creative Commons Attribution-
NonCommercial 3.0 License. 2015. URL: http: //memscyclopedia.org /introMEMS.
html.

E. A. Lee and S. A. Seshia. Introduction to Embedded Systems — A Cyber-Physical Sys-
tems Approach. Second Edition, LeeSeshia.org, 2015.

P. Derler, E. A. Lee, and A. S. Vincentelli. “Modeling Cyber-Physical Systems”. In: Pro-
ceedings of the IEEE. Vol. 100. 1. 2012, pp. 13-28.

M. J. Holroyd. Methods for the Synchronous Acquisition of 3D Shape and Material Ap-
pearance. PhD Thesis, University of Virginia, 2011.

G. Sansoni, M. Trebeschi, and F. Docchio. “State-of-the-art and applications of 3D imag-
ing sensors in industry, cultural heritage, medicine, and criminal investigation”. In: Sen-
sors. Vol. 9. 1. 2009, pp. 568—601.

A. Hermanis, R. Cacurs, and M. Greitans. “Acceleration and Magnetic Sensor Network
for Shape Sensing”. In: IEEE Sensors Journal. Vol. 16. 5. 2016, pp. 1271-1280.

A. Hermanis, R. Cacurs, and M. Greitans. “Shape sensing based on acceleration and mag-

netic sensor system”. In: 2nd IEEE International Symposium on Inertial Sensors and Sys-
tems (IEEE ISISS 2015). 2015.

A. Hermanis et al. “Efficient real-time data acquisition of wired sensor network with line
topology”. In: 2013 IEEE Conference on Open Systems (ICOS 2013). 2013, pp. 133—-138.

A. Hermanis et al. “Wearable Posture Monitoring System with Biofeedback via Smart-
phone”. In: Journal of Medical and Bioengineering. Vol. 2. 1. 2013, pp. 40—44.

K. Nesnebergs, A. Hermanis, and M. Greitans. “A Method for segment based surface re-
construction from discrete inclination values”. In: Elektronika ir Elektrotechnika. Vol. 20.
2.2014, pp. 32-35.

A. Hermanis and K. Nesnebergs. “Grid shaped accelerometer network for surface shape
recognition”. In: Proceedings of the Biennial Baltic Electronics Conference, BEC. 2012,
pp- 203-206.

A. Hermanis. Inercialo sensoru tikls virsmas formas noteiksanai. Master’s thesis, RTU,
2012.

113


http://memscyclopedia.org/introMEMS.html
http://memscyclopedia.org/introMEMS.html

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

A. Hermanis et al. “Demo: Wearable Sensor System for Human Biomechanics Moni-
toring”. In: Proceedings of the 2016 International Conference on Embedded Wireless
Systems and Networks. Graz, Austria, 2016, pp. 247-248.

A. Hermanis et al. “Wearable Sensor Grid Architecture for Body Posture and Surface
Detection and Rehabilitation”. In: Proceedings of the 14th International Conference on
Information Processing in Sensor Networks. Seattle, Washington, 2015, pp. 414-415.

A. Hermanis et al. “Wearable Head And Back Posture Feedback System For Children
With Cerebral Palsy”. In: Journal of Rehabilitation Medicine (ISSN 1650—1977). Vol. 47.
8.2015, p. 777.

K. Nesenbergs et al. “Virtual Reality Rehabilitation System for Children with Cerebral
Palsy”. In: 25th European Academy of Childhood Disability. Newcastle, England, 10-12
oct, 2013.

A. Hermanis and K. Nesenbergs. “Accelerometer network for human posture monitor-
ing”. In: Riga Technical University 53rd International Scientific Conference. Riga, Latvia,
2012.

E. Szelitzky et al. “Low Cost Angular Displacement Sensors for Biomechanical Appli-

cations — A Review”. In: Journal of Biomedical Engineering and Technology. Vol. 2. 2.
2014, pp. 21-28.

D. Preethichandra and K. Kaneto. “SAW sensor network fabricated on a polyvinylidine
difluoride (PVDF) substrate for dynamic surface profile sensing”. In: [EEE Sensors Jour-
nal. Vol. 7. 5. 2007, pp. 646—649.

R. Balakrishnan et al. “Exploring Interactive Curve and Surface Manipulation Using a
Bend and Twist Sensitive Input Strip”. In: Proceedings of the 1999 Symposium on Inter-
active 3D Graphics. 13D °99. Atlanta, Georgia, USA, 1999, pp. 111-118.

L. Danisch, K. Englehart, and A. Trivett. “Spatially continuous six degree of freedom
position and orientation sensor”. In: Sensor Review. Vol. 19. 2. 1999, pp. 106—112.

T. Kato, A. Yamamoto, and T. Higuchi. “Shape recognition using piezoelectric thin films”.
In: Proceedings of the IEEE International Conference on Industrial Technology. Vol. 1.
2003, pp. 112-116.

C.-H. Chuang, W.-B. Dong, and W.-B. Lo. “Flexible piezoelectric tactile sensor with
structural electrodes array for shape recognition system”. In: Proceedings of the 3rd In-
ternational Conference on Sensing Technology, ICST 2008. 2008, pp. 504-507.

C. Rendl et al. “FlexSense: A transparent self-sensing deformable surface”. In: Proceed-
ings of the 27th Annual ACM Symposium on User Interface Software and Technology.
2014, pp. 129-138.

M. Zirkl et al. “An all-printed ferroelectric active matrix sensor network based on only
five functional materials forming a touchless control interface”. In: Advanced Materials.
Vol. 23. 18. 2011, pp. 2069-2074.

C. Rendl et al. “PyzoFlex: Printed piezoelectric pressure sensing foil”. In: UIST 12 - Pro-
ceedings of the 25th Annual ACM Symposium on User Interface Software and Technology.
2012, pp. 509-518.

114



[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

F. Lorussi et al. “Wearable, redundant fabric-based sensor arrays for reconstruction of
body segment posture”. In: IEEE Sensors Journal. Vol. 4. 6. 2004, pp. 807-818.

G. Hansson et al. “Validity and reliability of triaxial accelerometers for inclinometry in
posture analysis”. In: Medical and Biological Engineering and Computing. Vol. 39. 4.
2001, pp. 405-413.

H. J. Luinge and P. H. Veltink. “Inclination measurement of human movement using a
3-D accelerometer with autocalibration”. In: I[EEE Transactions on Neural Systems and
Rehabilitation Engineering. Vol. 12. 1. 2004, pp. 112—-121.

R. J. Nevins, N. G. Durdle, and V. J. Raso. “A posture monitoring system using ac-
celerometers”. In: Electrical and Computer Engineering, 2002. IEEE CCECE 2002. Cana-
dian Conference on. Vol. 2. 2002, 1087-1092 vol.2.

W. Wong and M. Wong. “Detecting spinal posture change in sitting positions with tri-axial
accelerometers”. In: Gait and Posture. Vol. 27. 1. 2008, pp. 168—171.

“An inertial and magnetic sensor based technique for joint angle measurement”. In: Jour-
nal of Biomechanics. Vol. 40. 12. 2007, pp. 2604 —2611.

R. E. Mayagoitia, A. V. Nene, and P. H. Veltink. “Accelerometer and rate gyroscope mea-
surement of kinematics: an inexpensive alternative to optical motion analysis systems”.
In: Journal of Biomechanics. Vol. 35. 4. 2002, pp. 537 —542.

R. Zhu and Z. Zhou. “A real-time articulated human motion tracking using tri-axis iner-
tial/magnetic sensors package”. In: I[EEE Transactions on Neural Systems and Rehabili-
tation Engineering. Vol. 12. 2. 2004, pp. 295-302.

D. Roetenberg, H. Luinge, and P. Slycke. “Xsens MVN: Full 6DOF Human Motion
Tracking Using Miniature Inertial Sensors”. In: Xsens Technologies, White Paper. 2013,

pp. 1 9.

H. Luinge. Inertial Sensing of Human Movement. PhD Thesis, University of Twente,
2002.

D. Roetenberg. Inertial and Magnetic Sensing of Human Motion. PhD Thesis, University
of Twente, 2006.

T. Hoshi, S. Ozaki, and H. Shinoda. “Three-dimensional shape capture sheet using dis-
tributed triaxial accelerometers”. In: 4th International Conference on Networked Sensing
Systems. 2007, pp. 207-212.

T. Hoshi and H. Shinoda. “Free-Form Tactile Sensor Using 3-Dimensional Shape Capture
Sheet”. In: Second Joint EuroHaptics Conference and Symposium on Haptic Interfaces
for Virtual Environment and Teleoperator Systems (WHC’07). 2007, pp. 403—408.

T. Hoshi and H. Shinoda. “Gravity-based 3D shape measuring sheet”. In: SICE, 2007
Annual Conference. 2007, pp. 2126-2131.

T. Hoshi and H. Shinoda. “Three-dimensional shape capture sheet using distributed six-
axis sensors”. In: 5th International Conference on Networked Sensing Systems (INSS
2008). 2008, pp. 156-161.

T. Hoshi and H. Shinoda. “3D shape measuring sheet utilizing gravitational and geomag-
netic fields”. In: SICE Annual Conference, 2008. 2008, pp. 915-920.

115



[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

P. Mittendorfer and G. Cheng. “Uniform Cellular Design of Artificial Robotic Skin”. In:
Proceedings of ROBOTIK 2012: 7th German Conference on Robotics. 2012, pp. 1-5.

P. Mittendorfer and G. Cheng. “3D surface reconstruction for robotic body parts with
artificial skins”. In: IEEE International Conference on Intelligent Robots and Systems.
2012, pp. 4505-4510.

N. Sprynski et al. “Curve reconstruction via a ribbon of sensors”. In: Proceedings of the
IEEE International Conference on Electronics, Circuits, and Systems. 2007, pp. 407—410.

D. David and N. Sprynski. “Method and device for acquisition of a geometric shape”. In:
US Patent 9,188,422. 2005.

M. Huard et al. “Reconstruction of quasi developable surfaces from ribbon curves”. In:
Numerical Algorithms. Vol. 63. 3. 2013, pp. 483-506.

N. Sprynski, B. Lacolle, and L. Biard. “Motion capture of an animated surface via sen-
sors’ ribbons — Surface reconstruction via tangential measurements”. In: /st International
Conference on Pervasive and Embedded Computing and Communication Systems. 2011,
pp. 421-426.

N. Saguin-Sprynski et al. “Surfaces reconstruction via inertial sensors for monitoring”.
In: 7th European Workshop on Structural Health Monitoring (EWSHM 2014) — 2nd Eu-
ropean Conference of the Prognostics and Health Management (PHM) Society. 2014,
pp. 702-709.

J. Leavitt, A. Sideris, and J. E. Bobrow. “High bandwidth tilt measurement using low-cost
sensors”. In: IEEE/ASME Transactions on Mechatronics. Vol. 11. 3. 2006, pp. 320-327.

X.-S. Ji and S.-R. Wang. “Research on the MEMS gyroscope random drift error”. In:
Yuhang Xuebao/Journal of Astronautics. Vol. 27. 4. 2006, pp. 640—642.

D. Choukroun, I. Bar-Itzhack, and Y. Oshman. “Novel quaternion Kalman filter”. In:
IEEE Transactions on Aerospace and Electronic Systems. Vol. 42. 1. 2006, pp. 174—190.

R. G. Valenti, I. Dryanovski, and J. Xiao. “A Linear Kalman Filter for MARG Orienta-
tion Estimation Using the Algebraic Quaternion Algorithm”. In: IEEE Transactions on
Instrumentation and Measurement. Vol. 65. 2. 2016, pp. 467-481.

Z. Q. Zhang, X. L. Meng, and J. K. Wu. “Quaternion-Based Kalman Filter With Vector
Selection for Accurate Orientation Tracking”. In: IEEE Transactions on Instrumentation
and Measurement. Vol. 61. 10. 2012, pp. 2817-2824.

A. M. Sabatini. “Quaternion-based extended Kalman filter for determining orientation
by inertial and magnetic sensing”. In: IEEE Transactions on Biomedical Engineering.
Vol. 53. 7. 2006, pp. 1346-1356.

S. Madgwick, A. Harrison, and R. Vaidyanathan. “Estimation of IMU and MARG orien-
tation using a gradient descent algorithm”. In: /EEE International Conference on Reha-
bilitation Robotics. 2011.

H. Fourati et al. “Complementary Observer for Body Segments Motion Capturing by
Inertial and Magnetic Sensors”. In: IEEE/ASME Transactions on Mechatronics. Vol. 19.
1.2014, pp. 149-157.

116



[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

T. Brunner et al. “Evaluation of attitude estimation algorithms using absolute magnetic
reference data: Methodology and results”. In: 2014 IEEE/ION Position, Location and
Navigation Symposium - PLANS 2014. 2014, pp. 212-218.

STMicroelectronics. iNEMO inertial module: 3D accelerometer, 3D gyroscope, 3D mag-
netometer. 2013, pp. 1-74.

A. Hanson. Visualizing Quaternions. The Morgan Kaufmann Series in Interactive 3D
Technology, 2005.

F. Markley. “Attitude determination using vector observations and the singular value de-
composition”. In: Journal of the Astronautical Sciences. Vol. 36. 3. 1988, pp. 245-258.

C. C. Liebe. “Star trackers for attitude determination”. In: I[EEE Aerospace and Electronic
Systems Magazine. Vol. 10. 6. 1995, pp. 10-16.

I. Bar-Itzhack and Y. Oshman. “Attitude Determination from Vector Observations: Quater-
nion Estimation”. In: IEEE Transactions on Aerospace and Electronic Systems. Vol. AES-
21. 1. 1985, pp. 128-136.

F. Markley. “Attitude determination using vector observations: A fast optimal matrix al-
gorithm”. In: Journal of the Astronautical Sciences. Vol. 41. 2. 1993, pp. 261-280.

G. Wahba. “A Least Squares Estimate of Satellite Attitude”. In: SIAM Review. Vol. 7. 3.
1965, pp. 409-409.

M. Shuster and S. Oh. “Three-axis attitude determination from vector observations”. In:
J Guid Control. Vol. 4. 1. 1981, pp. 70-77.

X. Yun, E. R. Bachmann, and R. B. McGhee. “A Simplified Quaternion-Based Algorithm
for Orientation Estimation From Earth Gravity and Magnetic Field Measurements”. In:
IEEE Transactions on Instrumentation and Measurement. Vol. 57. 3. 2008, pp. 638—650.

M. Huard et al. “C2 interpolation of spatial data subject to arc-length constraints using
Pythagorean-hodograph quintic splines”. In: Graphical Models. Vol. 76. 1. 2014, pp. 30—
42.

N. Sprynski et al. “Surface reconstruction via geodesic interpolation”. In: CAD Computer
Aided Design. Vol. 40. 4. 2008, pp. 480—492.

H. Cao et al. “Enabling technologies for wireless body area networks: A survey and out-
look”. In: IEEE Communications Magazine. Vol. 47. 12. 2009, pp. 84-93.

S. Movassaghi et al. “Wireless Body Area Networks: A Survey”. In: IEEE Communica-
tions Surveys Tutorials. Vol. 16. 3. 2014, pp. 1658—1686.

P. Celka et al. “Wearable biosensing: signal processing and communication architectures
issues”. In: Journal of Telecommunications and Information Technology. Vol. nr 4. 2005,

pp- 90-104.

A. Osborne. “An Introduction to Microcomputers Volume 1: Basic Concepts”. In: Osborne-
McGraw Hill Berkeley California USA. 1980, pp. 116—126.

S. B. J. M. Irazabal. “AN10216-01 12C Manual”. In: Application note, Philips Semicon-
ductors, March 4. 2003.

S. Corrigan. “Introduction to the Controller Area Network (CAN)”. In: Texas Instruments,
Application Report, July. 2008.

117



[80] H. Estl. “SPI interface and use in a daisy-chain bus configuration”. In: Infineon Technolo-
gies AG, Application Note, Feb. 2002.

[81] H. Lee et al. “Wearable personal network based on fabric serial bus using electrically
conductive yarn”. In: ETRI Journal. Vol. 32. 5. 2010, pp. 713-721.

[82] STMicroelectronics. “LIS331DLH, MEMS digital output motion sensor ultra low-power
high performance 3-axes “nano” accelerometer, Data Sheet”. In: July. 2009, pp. 1-38.

[83] S. Chen et al. “Enabling longitudinal assessment of ankle-foot orthosis efficacy for chil-
dren with cerebral palsy”. In: Proceedings - Wireless Health 2011, WH’11. 2011.

[84] STMicroelectronics. “LSM303DLHC, Ultra-compact high-performance eCompass mod-
ule: 3D accelerometer and 3D magnetometer, Data Sheet”. In: November. 2013, pp. 1—
42,

[85] Xsens MTi-G overview. 25.05.2016. URL: https://www.xsens.com /products/mti-g/.

[86] J. Vasconcelos et al. “Geometric approach to strapdown magnetometer calibration in sen-
sor frame”. In: IEEE Transactions on Aerospace and Electronic Systems. Vol. 47.2.2011,
pp- 1293-1306.

[87] G.S. Faber et al. “A novel method for assessing the 3-D orientation accuracy of inertial/-
magnetic sensors”. In: Journal of Biomechanics. Vol. 46. 15. 2013, pp. 2745 -2751.

[88] Texas Instruments, MSP-EXP430FR5739 Experimenter Board. 25.05.2016. URL: http:
/ /www.ti.com/tool /msp-exp430fr5739.

[89] TexasInstruments. “MSP430G2553, MIXED SIGNAL MICROCONTROLLER, Data Sheet”.
In: April. 2013, pp. 1-72.

[90] Rayson BTM-222, Bluetooth module. 25.05.2016. URL: http: / / www . tme.eu /lv /
Document /b90358¢53cd65c9b10d2914{55812666 /btm222 datasheet.pdf.

[91] A. Hermanis and R. Cacurs. YouTube, EDI shape sensing fabric video demonstration.
25.05.2016. URL: https://www.youtube.com /watch?v=YDGOERF2 d8.

[92] L. Yang et al. “Evaluating and improving the depth accuracy of Kinect for Windows v2”.
In: IEEE Sensors Journal. Vol. 15. 8. 2015, pp. 4275-4285.

[93] P.Besland N. McKay. “A Method for Registration of 3-D Shapes”. In: IEEE Transactions
on Pattern Analysis and Machine Intelligence. Vol. 14. 2. 1992, pp. 239-256.

[94] G. Claus. “On Averaging Rotations”. In: International Journal of Computer Vision. Vol. 42.
1-2. 2001, pp. 7-16.

[95] Rehabilitacijas centrs "Més Esam Lidzas”. accessed 20.05.2016. URL: http://www.mel.

lv.
[96] SIA ., UniHaus”. accessed 20.05.2016. URL: http://www.unihaus.lv/lv /unihaus/par-
muims.

118


https://www.xsens.com/products/mti-g/
http://www.ti.com/tool/msp-exp430fr5739
http://www.ti.com/tool/msp-exp430fr5739
http://www.tme.eu/lv/Document/b90358c53cd65c9b10d2914f55812666/btm222_datasheet.pdf
http://www.tme.eu/lv/Document/b90358c53cd65c9b10d2914f55812666/btm222_datasheet.pdf
https://www.youtube.com/watch?v=YDG0ERF2_d8
http://www.mel.lv
http://www.mel.lv
http://www.unihaus.lv/lv/unihaus/par-mums
http://www.unihaus.lv/lv/unihaus/par-mums

	ABBREVIATIONS
	NOMENCLATURE
	INTRODUCTION
	METHODS FOR SURFACE SHAPE SENSING WITH EMBEDDED EQUIPMENT
	Shape sensing by measuring bending of the material
	Shape sensing by measuring orientation of object segments
	Conclusions

	SHAPE SENSING BASED ON INERTIAL/MAGNETIC SENSOR MODULES
	Shape sensing based on accelerometer modules
	Orientation estimation using local gravity field vector
	Shape reconstruction from discrete inclination values

	Shape sensing based on accelerometer and magnetometer modules
	Orientation estimation using local gravity and magnetic field vectors
	Shape reconstruction from sensor orientation data
	Proposed method
	Simulations

	Conclusions

	HARDWARE ARCHITECTURE FOR SHAPE SENSING SENSOR NETWORK
	State of the art
	Enhanced daisy-chained SPI
	Conclusions

	EXPERIMENTAL SYSTEMS
	Surface reconstruction with accelerometer network
	Surface reconstruction with accelerometer and magnetometer network
	Orientation estimation
	Sensor network
	Surface reconstruction

	Conclusions

	SHAPE SENSING APPLICATION IN MOBILE CYBER-PHYSICAL SYSTEMS
	Posture monitoring and feedback
	Approbation and pilots for medical applications
	Conclusions

	DISCUSSION AND CONCLUSIONS
	APPENDICES
	Schematics of LSM303DLHC sensor board
	Schematics of master data acquisition board with Bluetooth
	C code for MSP430g2553 of the sensor node
	C code for MSP430g2553 of the master device
	Main Matlab code of shape reconstruction algorithm
	"Unihaus" ltd. approbation review
	"Mēs esam līdzās" approbation review

	BIBLIOGRAPHY

