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Abstract

Wireless applications have become a common part of daily life. Whether
it is mobile phones, the Wi-Fi router at home, the keycard which has replaced
the car key, a radio frequency identification access system to a building or a
Bluetooth headset for your computer or phone, the means of modern wireless
data exchange is an omnipresent technology. In sports, the market is in its in-
fancy for wireless, technical applications or gadgets. Only heart rate monitors
and GPS watches are currently used by recreational athletes. Even though
most of the larger sports equipment companies regularly launch new prod-
ucts related to sports performance monitoring and mobile phone technology,
product innovation leaps are rare.

In this work the design of a wireless sports performance measurement plat-
form is presented. Using the example of kayaking, this platform is configured
as a paddle performance measuring system, the Kayak XL System, which can
monitor propulsive paddle force, paddle kinematics and boat velocity, inter
alia. A common mobile phone platform has been chosen as the user interface
for this system. The design approach focussing on user requests, demands
and expectations in combination with the process of iterative technical devel-
opment are unveiled in this thesis. An evaluation of the system is presented
and the work is finalised with an overview of further systems which have been
designed based on the developed measurement platform.

The Kayak XL System is a flexible system designed to be mounted onto
any standard kayak paddle and installed in any competition kayak. Versatil-
ity, unobtrusiveness and usability were major design concerns. The developed
system consists of four modules plus a software which has been designed for
Android mobile phones. The phone communicates with each of the four mod-
ules trough Bluetooth radio. These four modules are also referred to as nodes
and have specific measurement purposes. Two nodes have been designed to
measure paddle force and kinematics, one node has the purpose to measure
foot stretcher force and boat motion data, and the fourth node enables a more
convenient method of calibrating paddle force measurement. The fourth node
is therefore only needed prior to performance data acquisition.

Results show that paddle and foot stretcher force can be measured with
a resolution below 1N after calibration. Installing the paddle nodes on a
previously configured paddle without repeated calibration is facilitated with
the compromise of a doubled error margin. The default sampling frequency
is set to 100Hz and can, like all system parameters, be configured on the
mobile phone. Real-time computation of complex performance parameters is
only limited by the phone CPU.

The system adds twice 109 g to the paddle and approximately 850 g to the
kayak, excluding the mass of the mobile phone.

Keywords kayak · paddle · mobile phone · sports performance · propulsive
force · boat velocity · sampling frequency · wireless measurement · wireless
sensor · Kayak XL System · sensor piconet · sensor platform · user-centred
design
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Chapter 1

Introduction

The Big Picture
Human’s greatest power is its cognitive capability to conceive, analyse, design and
reflect. It is not our physical abilities that have made us the dominant species on
the planet but our brain power that enables us to design tools and methods that
help us fight the inevitable transition of our body mass back to a thermodynamic
equilibrium, i. e. death, just a bit longer. The objects and methods that make living
easier for us, especially if their invention is proximate, are connected to technology.
The science of procedures and substances which will prevent, circumvent, cure or
mitigate any harm to our body is generally referred to asmedicine. The combination
of these two fields has been known to form very active and innovative hot spots.

The School for Technology and Health (STH) at the Royal Institute of Technol-
ogy (KTH) is located in close proximity to the one of the most prestigious medical
universities, Karolinska Institutet (KI), and the largest university hospital in Swe-
den, Karolinska university hospital. Research at STH KTH comprises all three
areas of medical ventures: 1. prevention; 2. diagnosis, and 3. rehabilitation. How-
ever, it is obvious that preventing injuries and diseases is the most desirable of these
three as prevention increases the quality of life as well as reduces costs. The latter
always a common political issue; even more so in a financially restricted situation
where countries are forced to cut expenses in every sector and where social health
care systems face the challenge of increasing efficiency while struggling to maintain
health care quality. Technology is regarded as one key to achieve this goal.

The evolvement of our mind knows no limits, but our bodies evolve slowly.
An estimated 6–8 million years separate us from chimpanzees [18]. In this time
our body has not yet adapted to 40 h/week office work, video games and modern
transportation. Instead our body is still designed to produce its own locomotion
and to store energy for periods of food scarcity. The underlying mechanisms leading
to obesity in terms of the evolution of our bodies is merely practical survival tactics,
but on the basis of today’s way of living and nutrition this has turned into a
widespread health problem [57]. For our practical life this means that we have

1



2 CHAPTER 1. INTRODUCTION

to be conscious about our living, food intake as well as exercise in order to fulfil
our body´s craving for physical activity. This is important to stay as healthy as
possible and to have the ability to fight illness and injury.

Sports, Training and Performance
Nature is competitive [17]. Competition is therefore natural to humans; this cer-
tainly includes sports. Championships, sports leagues and every other kind of
athletic quest for distinctive, superior performance vouches for the human addic-
tion to competing in sports. Competitions in sports are regulated by rules and
ethics to retain a fair atmosphere with equal rights to all athletes. Success through
outstanding endurance, coordination and technique shall only be achieved through
physical exercise.

Nevertheless, modern research has brought us tools to enhance physical perfor-
mance, whose use would breach against these ethics. Pharmaceutical performance
enhancers are in most countries forbidden by law and international organisations
as the World Anti-Doping Agency (WADA) aim to keep sports clean. Even tech-
nology can make a difference and regulations aim to minimise its influence. The
influence of sports technology development on elite performance and world records
has been estimated to 2% [40]. Nevertheless, the window for technology to impact
on sports is regarded to be acceptable within certain limits. Some sports, such as
Formula 1 racing, are even dependent on technical solutions and developments and
inevitably technology is a strong contributor for success in such disciplines. En-
durance running, on the other hand, is very little influenced by technology. The use
of superior materials can only have a minor differentiating effect. Nonetheless, a
sport with previous affection to modern technology becomes affected by a paradigm
shift, as has recently happened in swimming. Through the use of special swim suits,
due to a glitch in regulations, almost all standing records were suddenly broken.
Sometimes, if policy makers in regulating sports organisations as the Olympic com-
mittee overlook an upcoming trend, new technology can play a very pronounced,
distinctive role.

Recreational sports has also become infused with smart materials and electronic
training products. Special clothing, specific shoes adapted to various forms of exer-
cise, heart rate monitors, Global Positioning System (GPS) trackers or applications
that use the sensors integrated into modern smart phones are easily available to
any athlete. However, the possibilities for monitoring and potentially analysing
performance during training with the help of modern technology are vast and cur-
rent products have only just begun to emerge in this market. A trade-off has to
be made between broad applicability to many sports and detailed quantification
the a complex movement. Solutions for the latter have to be adapted to a spe-
cific discipline in order to retrieve crucial data for distinguishing very good from
elite performance. This thesis work shows that, despite the required specificity of
a technical solution, an approach based on modules can accommodate the trans-
fer of developed product components amongst sports disciplines. Furthermore, a
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user-centred design approach is suggested to ensure usability and to optimise the
adoption process of potential users.

Sport technology research at STH commenced in 2007 when Martin Eriksson,
head of the Olympic Performance Centre (OPC) at the time and former elite athlete,
started an initiative for developing a wireless sensor platform for sports. The idea
was to aggregate the required knowledge and hardware to monitor and quantify
sports performance parameters. On this note, Åsa Eklund, a Swedish national
coach for flatwater kayaking, approached the group for help on a practical problem
she had. The coach had identified the need to measure paddle forces during on-
water kayak training. More specifically, the task should be to measure the timing
between peak paddle force and peak foot stretcher force on a competition kayak.
Research was hence user-initiated and need-driven.

This work was supported by the OPC, the Swedish Kayak Association (Kanot-
förbundet), the Swedish Sports Confederation (RF Bosön), the Swedish Olympic
Committee (SOK) and the Swedish National Centre for Research in Sports (CIF).

Thesis Overview
Following this introduction, chapter 2 will summarise the aims this work set out
for. Chapter 3 introduces to the discipline of kayaking and gives an overview of
the technique and the equipment of the sport. An explanation of the user-centred
design philosophy is given in a methodological chapter 4. This chapter is related
to the topic of the appended paper I. Chapter 5 relates to electronics engineering
and presents a brief background on relevant current sensor technology, including a
brief electronics development section around strain gauge signal conditioning. The
implementation of the sensor modules in sensing units, which become part of a
multi-sensor wireless network application, is described in chapter 6. At this stage
the focus shifts on applications and systems and thereby to a more holistic view,
which papers II–IV of the appended work apply to. The results of these papers are
briefly summarised (but not repeated) in chapter 7. This chapter presents rather
the results of the whole system development process as well as additional data
acquired from the developed system. This additional data complements the results
that are included in the appended papers. Similarly, the discussion in chapter 8
summarises briefly argumentations of the appended work and priority is given to a
discussion of the development process as well as the additional, unpublished data
contained in this thesis. Chapter 9 concludes this thesis and provides an outlook
on opportunities for continued work.

Omitted repetition of results from the appended work was intended. Discussions
on observations between papers presume the availability of these results, nonethe-
less. This has been accounted for in the printed version of this thesis.





Chapter 2

Objectives

This work was initiated to develop the novel measurement system for kayak athletes.
An additional motive was to contribute to the knowledge and science of designing
and developing such systems. The generated methods and designs were to be of
practical use, unobtrusive, ubiquitous, and suitable for application in daily (non-
laboratory-bound) general sports training and coaching. The eventual user should
be in focus of design efforts. The long term outcome of this thesis should lead to
superior training and eventually better competition results for athletes with the
benefit of this new knowledge.

Devices were to comply to the idea of designing a wireless multi-sensor network
platform. Scientific literature supported the aspiration of a wireless sensor topology
for acquisition of data relevant for performance quantification. The platform topol-
ogy was advocated through the idea that flexibility and transferability of results
would be enhanced by this approach. Modular design was thus a high priority.

The third aim of the initiative namely was that knowledge from wireless sensor
network development for sports would also be of benefit to medical sensor device
development.

More specifically, the aims of this thesis were

• to design specific quantitative performance measurement methods and proto-
types with practical relevance for kayakers,

• to validate these new prototypes, and

• to build a basis for future development of unobtrusive, wireless multi-sensor
measurement systems in sports and medicine.
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Chapter 3

Kayaking

Canoeing/Kayaking is an Olympic sport and can be differentiated into slalom and
flatwater kayaking. Flatwater competitions take place in still water as opposed
to turbulent water for slalom kayaking. In both disciplines the boat is propelled
through water by paddling. This work has focussed mainly on flatwater kayaking,
which has been part of the Olympic disciplines since 1936 [78] and pronounces speed
instead of agility.

Paddle Stroke

Kayak paddling is a cyclic motion in which the paddle blade is immersed into the
water and used to push the boat forward. This pattern is alternated between the
left and the right side. A left stroke is defined as the motion from the point at
which a) the left blade enters the water (catch), see Figure 3.1a, b) through the
drive phase, see Figure 3.1b, with duration tdrive, c) past the instant of the paddle
leaving the water (exit), see Figure 3.1c, and d) until duration of the air phase
tair has ended and a right side stroke commences. A right side stroke is defined
analogous. A cycle embraces two consecutive strokes of alternating sides.

Stroke frequency fs is an important factor for kayak performance [61] and mea-
sured in strokes per minute [spm]. Each period of a stroke ts can be divided into

(a) catch (b) drive (c) exit

Figure 3.1: Start, active phase and end of a stroke.

7



8 CHAPTER 3. KAYAKING

an active drive phase and the recovery during the air phase.

fs = 1
ts

= 1
tdrive + tair

(3.1)

As one parameter of proficiency, elite athletes have been found to have an elongated
drive phase when compared to sub-elite athletes [33; 61]. Drive time tdrive can be
determined from the time that the paddle blade is submersed or approximately by
the time that a force acts on this blade.

Once submersed, the paddle blade should be locked in the water [22], i. e. the
paddle blade path with respect to (w.r.t.) a geostationary coordinate system should
be zero during the drive phase. Slip s of the blade can, however, occur as a result
of the viscosity of water. Slip is an undesired effect and paddle blade development
as well as technique development aim at minimising these events [77; 60]. During
the drive phase, the blade is displaced w.r.t. the boat. The length of this path is
known as stroke distance ds and an important parameter to optimise for increasing
average boat velocity [47; 61]. Average boat velocity v̄b, stroke distance, stroke
frequency and slip are related through [61]

v̄b = (1− s) · ds,b · fs, (3.2)

where the subscript “b” in ds,b indicates that this is a projection of ds onto the path
of the boat. A high correlation of v̄b and ts is advocated by Mononen and Viitasalo
[48].

Based on the approaches by Sanders and Kendal [61]; Smith and Loschner [72]
and with details from additional publications [47; 52] Figure 3.2 attempts to give
an overview on factors which influence kayak competition performance.

Paddling Forces
From a kinetic point of view, to increase the velocity of boat and body, an athlete
may either reduce the drag forces Fd or increase the propulsive force Fp paddle [5].

Drag forces comprise air drag and hydrodynamic drag. The latter is more
dominant and can be further divided into wave drag, hydrodynamic friction and
hydrodynamic pressure [47]. Friction drag is proportional to the wetted surface
area of the hull, which in turn (for a particular hull shape) depends on the mass
of the athlete ma and of the boat mb. Let it be assumed that the centre of mass
of the athlete and of the boat have a constant spatial relation. The acceleration of
the boat ab at any time during a stroke is thus determined from friction and drag
forces:

Fp − Fd = (ma +mb) · ab (3.3)

Due to regulations on hull shape and coating, and because an athlete’s physique
does not provide great options for adaptation, the athlete has the best potential for
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Figure 3.2: Parameters influencing kayak competition performance.

increasing average boat velocity by improving the propulsive force [47; 36]. Since
the paddle has to eventually transmit this propulsive force it is the most important
asset for a kayak athlete to increase the speed of the boat [2; 37; 47; 61; 82].

The paddle is double-bladed and has evolved from a flat blade to the Swedish
wing blade, which was airfoil shaped, and further to the Norwegian blade, which
added a twist to the shape of the Swedish blade [60]. The shape of the optimal
paddle blade is a complex subject [77]. The evolution of the paddle blade has
increased the efficiency of a blade from 74% for the flat blade to 89% for the wing
blade [36]. The advantage of the modern paddle has been shown in measurements
of drag force efficiency especially at angles that occur during catch and exit of the
blade [77]. This development in the blades has required a change in technique; with
a wing blade lift forces can be produced by moving the paddle in a lateral direction
away from the boat [61]. The exit of the blade in this manner can be executed in
a more ergonomic way and produces less decelerating drag.

The choice of a paddle is very subjective and an athlete’s selection process
of a paddle, that may be produced by various companies (Braća-Sport, Jantex,
Lettman, g’power etc.) with different sizes, shapes and stiffness factors, is a time-
consuming and often subjective procedure and based on experience and comfort [52].
A more practical reasoning w.r.t. transportation of the equipment may be the choice
between a solid paddle and a split shaft paddle. The latter shaft allows for a flexible
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Table 3.1: Paddle peak forces in previous work.

method absolute peak force boat reference
strain gauge ≈ 210 N kayak Aitken and Neal [2]
strain gauge 354.4 N kayak Brown et al. [12]
force sensor 375 N kayak Sperlich and Baker [73]
force sensor 295.2 N kayak K1 Gomes et al. [27]
force sensor ≈ 220 N kayak K1 Mononen and Viitasalo [48]
force sensor ≈ 180 N kayak K2 Mononen et al. [49]
strain gauge ≈ 270 N dragon boat Ho et al. [33]

alteration of paddle length and the angle between the blades, the feather angle.
Lift and drag forces on the paddle blade are defined w.r.t. the paddle profile

and ds, the path of the paddle blade during a stroke. In this thesis the definition
of orthogonal Fo and transverse force on the paddle blade Ft is preferred, which
neglects the aspect of propulsive contribution and solely focusses on the direction
of the force acting on the blade. Furthermore, paddle blade force shall refer to
the force acting on the submersed blade. Paddle hand force, in contrast, will be
used to emphasise that the discussed force, which acts on the paddle shaft, is
exerted by both of the athlete’s hands. However, this specification is uncommon
in the scientific community and will therefore only be applied when differentiation
is necessary. Paddle force may thus be seen as a synonym for orthogonal paddle
blade force in this thesis.

Paddle forces (not further specified) have been measured previously, see Ta-
ble 3.1 which lists reported methods and peak forces. Unfortunately, the calibra-
tion process is seldom outlined and it can only be assumed that reported forces are
orthogonal paddle forces. No recordings for on-water transverse paddle force have
been found.

Great work in developing a method and devices for measuring kayak on-water
paddle force was done by Aitken and Neal [2] and Mononen et al. [49]. Aitken and
Neal [2] measured paddle force with a strain gauge equipped paddle and stored
the data on a tape recorder for post-analysis. The authors were limited by the
technology of their time. The design aimed at a low additional weight to the
paddle. Mononen et al. [49] developed a detachable force transducer for the paddle
weighing 150 g. The data acquisition unit was situated in the boat and sampled with
250Hz and 12 bit. The authors reported that calibration required an undesirably
long time.

The main forces between athlete, paddle and boat, which lead to the resul-
tant propelling force in the paddle blade are paddle hand forces and foot stretcher
force [82; 47], see Figure 3.3. One aspect which differentiates kayaking from rowing
is that in rowing the paddle moves around a fixed centre of motion, the oarlock.
Whereas the pivot centre of kayak paddling motion changes depending on the acting
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Figure 3.3: Major forces during a left side paddle stroke.

moments related to force the athletes’ hands, grip distance, paddle length, paddle
blade force centre, value and direction [82]. Force on a kayak paddle is only deter-
mined by the athlete’s hands and the paddle blade, and the paddle can be moved
and rotated freely. Foot stretcher action is similar to the scenario on a race bicycle.
Athletes tie their feet to the foot stretcher so that they can use one foot to pull
and one foot to push during the drive phase. Through this pattern it is possible to
support the important trunk rotation with leg musculature.

The influence of forces on the seat is also under discussion [53]. However, it is
a common practice to use a Teflon coated cushion for low friction between the seat
and the body in order to ease trunk rotation. Therefore, the impact of seat forces
on paddling technique and eventually boat velocity was deemed to be less criti-
cal. Additionally, the variety of seat shapes or mechanical designs (fixed vs. swivel
seat [46]) makes an analysis of these forces even more limited. The motion in which
the paddle transfers an athlete’s force onto the water requires a complex, highly
dynamic activity of arms, shoulders, trunk and legs. Anecdotal evidence suggests
varying theories on the best technique, i. e. force profile, frequency, synchronisation
of paddle and foot stretcher force etc. The topic of determining optimal paddle
force has been discussed in various prior work [2; 27; 30; 47; 49; 53]. The most
interesting forces to propel the boat are probably the forces on the paddle.

Power Measurement and Ergometry

In cold and unfavourable weather conditions and climates training on water may not
be an option. Kayak ergometers were designed to provide an indoor training option
for athletes [13]. Body exercise parameters such as work done, heart rate (HR)
and oxygen uptake (V̇O2) have been observed to correlate well between on-water
kayaking and kayak ergometer training [79]. López and Serna [38] argue that
determination of the optimal paddling profile with a validity for on-water kayaking,
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Figure 3.4: Kayak Ergometer (Dansprint, Hvidore, Denmark).

which is of interest to any researcher related to kayaking, can even be done on a
kayak ergometer. Other studies [6; 8; 7], however, emphasise the opportunities for
improving existing kayak ergometers to better resemble the on-water situation. The
probably most obvious difference between kayak ergometer and on-water paddling is
that the force on the paddle shaft does not take into consideration any submersion
of the paddle blade/tip under (virtual) water. Figure 3.4 depicts an ergometer,
which was used for parts of this thesis.

In absence of any physical displacement kayak ergometers usually provide a
model-based, calculated paddled distance value as well as further parameters via
a display. One parameter often monitored is athlete power output [71; 16]. An
ergometer calculates this value from an ergometer dependent constant kerg and the
angular velocity ω of the air brake/flywheel [20]:

P = kergω
3 (3.4)

On water athlete power output could be determined from the force in the paddle
Fpdl and the velocity vpdl,b of the paddle w.r.t. to coordinate system of the boat
integrated over the stroke distance ds:

P =
∫
ds

Fpdl · dvpdl,b (3.5)

Unfortunately, no developed methods have been found that enable accurate power
measurement on water. For now, this parameter can thus only be acquired from
ergometer exercise.

The advantages of laboratory-based data collection are clear: The environment
is highly controlled. Nevertheless, this abundance of natural divergences in the field
may determine the small differences between top performers and performance. It
should therefore be desirable to have the option for verifying laboratory data in the
field.
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KP vs. KR
Training supervision in kayaking is ideally done by a coach. A coach primarily uses
theoretical and personal practical knowledge and observation to derive (subjective)
analyses and recommendations. For an on-water training situation, a coach has
to mainly rely on visual impression. In current practice, the use of technology to
improve the training situation through quantitative data is limited to distance and
velocity measurement (through GPS), stop watches, HR monitors and occasional
video recording [76].

It should be helpful for athletes, coaches and researchers to have more quanti-
tative on-water performance data at their disposal. If this data can be presented
immediately after a training session or even during a training session it may enhance
the results in learning or relearning of a motor task [65; 59; 51]. In motor learning
there is a distinction between the bare knowledge of result (KR) and knowledge
of performance (KP). KR implies that the overall outcome of a trial is brought
to consciousness. In KP the quality of a trial is dependent on the procedure of
how an outcome is achieved. With KP an athlete can receive a positive evaluation
even though the overall result of the training was not outstanding. In a transition
process from a familiar technique to a new one, performance will initially drop and
positive feedback may seem counter-productive in this situation but KP can moti-
vate and control the successful progress towards the new motor ability and a higher
level eventually.

KP can be provided to athletes by real-time feedback.





Chapter 4

Design Methods

The technical development of this work was guided by a need-driven approach,
i. e. satisfaction of the user need was a central aspect for every decision process in
the run of the project. This practice could thus provide leverage for the applicability
of prototypes and boosted practical validation options. The knowledge gained from
user interaction additionally aided in the communication of the practical value of
this work.

4.1 Background

Traditional university research in sports science is the theoretical approach to de-
scribing, measuring and analysing sports performance. The ultimate aim of this
scientific process is to disseminate guidelines for healthy and optimised training
with the quintessential objective to enhance performance. However, the practical
relevance of sports science findings has been criticised to be generally inefficient
and a focus on applied research in sports sciences has been requested [10].

Ubiquitous computing and small sensors built the basis for tremendous oppor-
tunities for many new performance analysis systems in sports research [3]. When
sports science is combined with engineering the term sports technology has evolved
as a description of this intersection. Mechanical, electrical and material engineer-
ing are combined with biomechanical, physiological, ergonomical knowledge for the
benefit of sports. This work contributes to the branch of sports technology dealing
with performance monitoring, which can be perceived as laboratory equipment as
well as ubiquitous electronics or smart textiles.

Aside from the widely used heart rate monitors, there are only few sports tech-
nology products available on the general commercial market for sports equipment.
With regard to the general transcending capacity of technology the limited avail-
ability of technical solutions for athletes is noteworthy. The impression that sports
technology has not yet reached its full potential suggests thus itself. One hypothesis
triggering the approach in this work is that in order to fill this gap in an effective

15
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manner the inclusion of user groups in the development process of new prototypes
and products for sports performance measuring is required. Anecdotal evidence,
practice and research [29; 54] support the statement that user/customer orientation
is rewarded by greater market perfusion and potential business performance.

For research projects with an evident practical impact in order to achieve a
higher efficacy in the transformation of scientific results into practice, it should
thus be imperative to include insights from prospective expert users, namely lead
users (LUs), in any sports technology development project. LUs are a specific group
of users who are fore-runners and early adopters regarding the products they use,
and can therefore provide unique insights critical to the innovation and development
process [81]. LUs differ from generic users through two characteristics. Firstly,
LUs face needs ahead of time. Secondly, LUs are in a position that they will benefit
significantly by obtaining a solution to those needs [80]. Besides this elaborated
awareness of the evolution of their market place, a tendency to innovate solutions
to the needs identified has been observed amongst lead users [39; 69]. Due to these
characteristics the involvement of lead users in the process of user need identification
as well as in the adoption process has been strongly suggested [50; 66]. LUs can fuel
the contagion process through their intrinsically lower adoption threshold. These
people are often in the position of a role model for the majority of users [66].
Previous research puts further emphasis on this rationale [39; 69].

A survey amongst 153 users of outdoor-related consumer products in the sports
LU characteristics were analysed. It was found that more than 37% of the users had
innovated new or had invented improvements to existing products [39]. Lüthje’s
study [39] motivates further research and action to identify and facilitate lead user
insight for new products in outdoor sports. Paper I elaborates on this topic.

Hence there is evidence that sports technology research as a combination of
sports science and engineering ought to be open-minded for a central role of users,
i. e. predominantly athletes and coaches.

4.2 Design execution

In this work, in addition to technical methods, product design aspects and the
aforementioned practice to include user input and feedback in an iterative proto-
type development process were employed. Figure 4.1 simplifies this process graph-
ically and shows the engineering process (Figure 4.1b) as part of the user-centred
development (Figure 4.1a).

The three stages of conceptualisation (design), creation (build), and a reality
check (test) were iterated in the kayak project and their content will be elaborated
on in a later chapter. User interaction was regarded vital and specifically strived
for during the conceptualisation phase in order to reduce the amount of cycles and
optimise prototype iteration intervals. In this sense, an accelerated form of the
plan-do-check-act (PDCA) cycle was followed. The emphasis on probe-and-learn
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(a) user involved devel-
opment

(b) engineering stages

Figure 4.1: Circles of design.

has been argued to promote the essence of continuous improvements leading to
continuous innovations [14].

Traditionally, projects at STH are often user-initiated with the aim to solve an
existing problem. This learning process has a focus on user feedback in addition to
the conventional approach of using internally generated data for quality control and
improvement. The ability for rapid-fire prototyping may be argued as a require-
ment. For the kayak project this ability was very helpful indeed. Being initiated to
solve a user’s problem, original user inputs were guaranteed for the project launch.

Concurrent interaction with users and exposure of concepts was realised through
test events, workshops and a questionnaire study [76]. Test phases regularly in-
volved athletes and presented the most important opportunities for comparing de-
signs against real scenarios and challenges. A small adviser team consisting of
LUs was selected from an initial group of athletes and coaches. Moreover, one LU
was contracted for a given time to support the development process. This led to
valuable leading edge knowledge and experience for the research and development
process and could be used to optimise design efforts.





Chapter 5

Sensor Development

5.1 Force Measurement

Strain Gauges
Force is a parameter that is commonly measured indirectly, i. e. the effect of a preva-
lent force is derived from its cause on the sensor, its deformation of the sensitive
component assembly. An external, uniaxial force on the sensor, produces a stress
σ which is a measure of the internal forces acting within a deformable body.

σ = F

A
(5.1)

For an elastic body Hooke’s law applies

ε = σ · 1
E
, (5.2)

which can be rewritten with Equation (5.1) to

ε = F

AE
(5.3)

One dimensional strain ε is the change of the length l − l0 of an object under a
mechanical load w.r.t. its original length l0:

ε = l − l0
l0

(5.4)

The key to all force measurement in this work was the use of strain gauges as
depicted in Figure 5.1. These need to be glued (e. g. with cyanoacrylate) onto the
object whose strain is to be measured. Strain gauges consist of an insulating carrier
material on which a strain dependent thin metal film has been applied. The metal
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(a) linear strain gauge (b) circular quadruple
strain gauge

Figure 5.1: Forms of piezo resistive strain gauges.

conductor is shaped as a meandering pattern and acts as an electrical resistor. If
this meandering pattern is aligned with the direction of the strain, i. e. the change of
length of the electric conductor depends on the mechanical load, the strain gauge’s
resistance will change. The relative change of the resistance for a metal strain gauge
is given by [64]:

∆R
R

= kSGε with kSG ≈ 2 (5.5)

Since the maximum strain tolerated by a strain gauge is normally around 0.1%,
the maximum change in electrical resistance will remain in the equivalent relative
range. A low noise amplification of the signal is therefore required. Even the
resistance of long wires can influence the signal in this case, hence compensation
methods have been developed. It is common to use a half-bridge consisting of two
strain gauges or even a full Wheatstone bridge built from four strain gauges to
simplify the electronic design requirements and for temperature compensation.

Strain gauges exist in many different designs and there may be one (Figure 5.1a)
or several (Figure 5.1b) on the same carrier material. Loose strain gauges provide
the user with the possibility of placing them onto almost any object (Figure 5.2a)
while a preassembled unit, a load cell (Figure 5.2b), relieves the user from tem-
perature compensation considerations and from the difficulties of applying a strain
gauge properly.

In this work custom load beams and load cells were designed where loosely pur-
chased strain gauges (1-LY45-6/350, 1-LY45-6/1000, 1-LY41-6/350, 1-LY41-6/1000
by HBM, Darmstadt, Germany; and C10D-350I-PC-11-E by Micro-Flexitronics
Ltd., Coleraine, N. Ireland) had to be applied manually. However, on a few oc-
casions commercially available subminiature load cells (Vetek VZ247AA/AS 100kg
and VZ247AA/AS 20kg, Väddö, Sweden) with an IP66 rating were used.



5.1. FORCE MEASUREMENT 21

(a) Wheatstone Bridge on a can-
tilever

(b) circular strain gauge applied in
a load cell

Figure 5.2: Different types of load cells.

Figure 5.3: Adaptive analogue amplification circuit for a full Wheatstone
bridge.

Analogue Signal Amplification Development
The traditional approach to conditioning a strain gauge signal before it can be pro-
cessed is analogue amplification. For this purpose a versatile, configurable circuit
for a pre-loaded Wheatstone Bridge was developed. The design aim was to be able
to adjust the final output signal for a) an unknown imbalance in the bridge (mea-
surement interval zero offset), b) tension and compression of the (pre-loaded) bridge
(measurement interval limits), c) a scenario where the load in the bridge decreases
with increasing external mechanical loading, d) a configurable gain (measurement
interval range), e) a configurable final signal offset, f ) non-rail-to-rail amplifiers
(hardware limitations), and g) single rail supply (hardware limitations). The out-
come of this work is sketched in Figure 5.3. The following tuning procedure may
be used to set all adjustable parameters:

In the first stage, the differential input signal is amplified and the amplification
gain, Gain1, should be tuned so that the output signal Vout1 remains within the
tolerated input range for the second stage. The lower dead range of the output
drivers of non-rail-to-rail amplifiers must be avoided and for this reason a non-zero
reference voltage for the first stage Vref1 has to be adjusted accordingly. The signal
Vout1 of the mechanically unloaded bridge should thus be in the magnitude of Vref1
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plus an application specific threshold Vthresh1. With an increasing load on the
bridge Vout1 decreases and thus Vthresh1 has an influence on the measurable range
before Vout1 reaches the lower dead range of the first stage output.

The signal Vout1 is fed into the inverting input of the second stage amplifier.
A pre-load voltage Vpre−load on the positive input of this differential amplifier can
be set to adjust the output signal Vout2 for any imbalance/undetermined pre-load
in the bridge. Vpre−load should be set to match the magnitude of Vout1. Next, as
for the non-rail-to-rail amplifier of the first stage the addition of an offset, Vref2, is
necessary to avoid the lower dead range of the second stage amplifier’s output driver.
Consecutively, Gain2 may be configured so that the output, Vout2, is driven to the
magnitude of Vref2 plus an application specific threshold Vthresh2. Vout2 increases
with an increased mechanical loading of the Wheatstone Bridge and decreases in
the range of maximal Vthresh2, i. e. until the low dead range of the output driver is
reached.

A third stage rail-to-rail amplifier is designed as a subtracter to remove the
previously required dead range voltage offset.

Vout1 = Gain1 · Vbridge + Vref1 (5.6a)
Vout2 = Gain2 · (Vpre−load − Vout1) + Vref2 (5.6b)

Vsignal = Vout2 − Voffset (5.6c)

Equations (5.6) summarise the dependencies. Predominantly, low noise instru-
mentation amplifiers (INA126, Texas Instruments, Dallas, USA) were used in the
first and second stage. These have a dead range of approximately 0.7V. Compensa-
tion for the upper component of the dead range, if the signal is fed into an analogue
to digital converter (ADC), can be accomplished by decreasing the ADC reference
voltage.

Paper IV provides some additional information on the evaluation of this electric
design in practice. Using strain gauges for force measurement in paddling has been
proven to be a solid method [2; 27; 33, and presumably 48; 49].

Digital Signal Processing
Previous work [75] may provide information on an alternative signal conditioning
approach than the analogue described here. Instead of measuring a voltage differ-
ence over a Wheatstone Bridge as described above, a halfbridge can provide the
same information and signal quality [1]. For this method, the discharging charac-
teristics of a capacitor are employed.

Vcharge(t) = V0 ·
(

1− e− t
RC

)
(5.7a)

Vdischarge(t) = V0 · e−
t

RC (5.7b)
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Inherent to this design is the need for a high quality, temperature stable ca-
pacitor (e. g. from C0G material). The complexity of the hardware and software
engineering requirements are stated elsewhere [1] and a further description is omit-
ted here since the analogue signal conditioning approach already presents a solution
for most measurement scenarios.

5.2 Inertia Measurement

Motion or physical activity detection in humans is conveniently achieved with ac-
celerometers and gyroscopes [86]. Due to the technical progress in semiconductor
manufacturing and micromachining, these sensor devices can be produced as micro-
electro-mechanical system (MEMS) multiaxial integrated circuit (IC) packages.

Accelerometers measure the rate of change of velocity in the frame of reference
of the accelerometer device. A proof mass (seismic mass) on a beam inside the
accelerometer device is used to detect external accelerations. Upon deflection d of
this beam from its neutral position due to the inertia of the mass an analogous
or digital signal is measured. Common methods are piezo electric, piezo resistive
and capacitive components. The beam acts as a spring (with constant k), which is
damped by residual gas sealed in the device. However, as an accelerometer measures
proper acceleration a the influence of gravitation g on the proof mass m, i. e. its
weight, produces a signal that is overlaid to any external acceleration.

d = −1
k
·m(a+ g) (5.8)

Gyroscopes measure change of orientation in degrees per second. The tradi-
tional, mechanical design was a spinning mass, e. g. a disk, whose rotation axes is
free to assume any direction. As long as this is accounted for and the disk maintains
its spin the precession effect will keep the rotation axis in its original orientation.
MEMS gyroscopes use a vibrating element instead of a spinning mass, but provide
the same orientation information in a small IC form factor.

An inertia measurement unit (IMU) combines accelerometers and gyroscopes
in one unit to measure inertia in six degrees of freedom (DOF). Displacement and
rotation of a body or a system can thus be calculated from IMU data. Today,
IMUs are already invisibly integrated into many aspects of our daily life. MEMS
motion detectors are, for example, integrated into virtually every modern mobile
phone and responsible for rotating the screen to an always upright format, inter
alia. Cameras measure gravitational acceleration to add orientation information to
an acquired picture or movie and popular video gaming systems such as Nintendo
Wii demonstrate the dynamic capabilities of these devices.

Accelerometers and gyroscopes are standard tools to detect human physical
activity detection [86; 43]. In gait analysis [63] and running [24] these devices
have been used to measure performance. Even for more complex sports w.r.t.
trajectories IMUs have been used in research; these sports include rowing [72] and
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kayaking [28; 56]. However, even though position can be calculated from IMU
data [70] the inherent problem with inertial measurements is the need to integrate
the signal to get velocity and position, and the consequential accumulation of sensor
noise bias. It is therefore advantageous — given an outdoor situation — to add a
GPS module to the sensing system for increased reliability.

5.3 Position Measurement

The Global Positioning System (GPS) is based on meshes of satellites for worldwide
position measurement. GPS modules are tuned to receive the signal emitted by 24
geostationary satellites (plus 3 redundant backup satellites). The quality of position
calculation depends on the amount of satellites whose signals can be received and
on the receiver’s ability to process these signals accurately.

The accuracy of GPS sensors varies [55; 15] and hardware for research purposes
needs to be carefully selected. A higher frequency, i. e. a shorter epoch between
updates, results in more applicable data [55]. Even faster updated position data
and a better precision can be obtained using a GPS module in combination with
an IMU [9]. A Kalman filter [85] is suggested to be a good approach to fusing the
data.

GPS modules have been integrated into everyday life through various applica-
tions. Almost every modern mobile phone includes a GPS receiver. For outdoor
sports, GPS technology currently yields the most effective positioning method with
regards to cost, accuracy, precision, scalability and demands on ambient technol-
ogy [32] — without considering the US’ investment in the satellite technology. Not
only for recreational sports the use of GPS systems has become rather popular
in elite training and in sports research, especially GPS receivers with an update
rate above the regular 1Hz. Even sports watches with a GPS receiver provide a
convenient method for measuring velocity and distance. Figure 5.4 depicts Anders
Gustafsson, a Swedish elite athlete and world record holder in kayaking, in his
kayak with a watch mounted in front of the cockpit of his boat for simple perfor-
mance feedback during training. In a study on biomechanics feedback in rowing
boats two palmtop computers were similarly mounted in front of the cockpit as
feedback devices [72].

5.4 Data Control, Processing and Transmission

A system normally consists of one or more inputs, a processing and control unit,
and one or more outputs (see Figure 5.5). Sensors are information sources and thus
can be implemented to provide input to a system. The n inputs to the sketched
system produce m outputs. Signal processing can be implemented with analogue
or digital components. ADCs and digital to analogue converters (DACs) can be
used for conversion. However, in practice these converters as well as the signal
processing unit are often already included in a micro processing unit (MPU).
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Figure 5.4: Anders Gustafsson, K1 500m world record in 2009, uses a watch
to see performance information during his training.

central processing
and control unit

input 1

input 2

input n

output 1

output 2

output m

Figure 5.5: General schematic of a system with n inputs and m outputs.

An MPU is a computational unit with a small form factor and commonly de-
signed for a dedicated field of application. Limited processing speed, low level
programming and a limited number of physical interfaces are the trade-off for low
power consumption. This, however, enables the use of small batteries to drive an
MPU and its peripheral circuitry. Most MPUs provide a wide range of general pur-
pose input/outputs (GPIOs) as well as special interfaces which are only limited by
the available number of pins on the package/IC. A battery monitor or a real-time
clock, for example, may be connected to an MPU via different industry standard
or a custom bus interfaces. These characteristics determined the use of a central
processing module in virtually all designs within context of this work.

The Mulle platform (Mulle v3.2, Eistec AB, Luleå, Sweden) is a low-power
embedded system [23] with a 10MHz MPU and a Bluetooth radio module. The
latter was crucial for the front end used to control the hardware developed in
this work. As will be outlined in the following chapter, several sensors can be
combined to solve a specific measurement or control task. These networks are
referred to as wireless sensor network (WSN) if communication between sensors and
controlling devices is implemented through radio transmission. It may be desirable
to distribute sensor information processing load to the sensor’s controlling MPU in
such a network. The Mulle is well suited for these tasks as it a) provides several
GPIOs, ADCs and bus interfaces to communicate with custom sensor hardware,
b) hosts a battery monitor, a real-time clock, an analogue 3-DOF accelerometer
(MMA7261QT, Freescale, TX-Austin, USA; Mulle v3.2), c) possesses the necessary
computation power to perform a first stage signal analysis, and d) is able to send the
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data wirelessly to a master device. The Bluetooth standard provides the necessary
data throughput for many sports performance related data acquisition tasks [41].



Chapter 6

System Development:
The Kayak XL System

The modules described in the previous chapter were integrated in special sensor
units — or nodes — to form a star-network sensor system. Such a system is
thus made up of several slave nodes, the sensor units, and requires at least one
master node, which controls the slaves and aggregates data streams. The Kayak
XL System (KS) is a task-specific sensor system with the aim of monitoring kayak
paddling performance.

6.1 System Requirements

On-water measurement of kayak paddle performance is of great interest to but not
limited to the scientific community [22; 47; 76]. A custom, wireless sensing system
for kayaking was to be developed at KTH: the Kayak XL System. This system
should comprise three nodes, two for the paddle and one on the hull of the kayak.
The design intention was to measure

1. paddle force and foot stretcher force
2. and determine the timing between paddle peak force and foot stretcher peak

force
3. boat velocity beyond the update rate and precision of standard GPS sensors,

as well as to provide
1. novel quantitative data for the kayak sport
2. a tool for athletes to monitor their training
3. a tool that is unobtrusive and easy to handle
4. a tool with a standard interface that would allow extensions and/or additional

sensor nodes in future versions
5. a tool with the possibility for live performance feedback
6. a tool for coaches and sports research to retrieve new knowledge for on-water

kayak kinetics and kinematics

27
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6.2 Related Applications

Commercial products to measure on-water kayak paddle force are available1 and
there have also been attempts to additionally measure foot stretcher force [68].
However, these works have the common disadvantage that the measurement de-
vices are fully integrated in a specifically designed paddle. This is not always
practical because athletes conduct a distinct selection process to find a paddle that
meets their personal preferences (e. g. concerning blade shape, length, angle be-
tween blades, stiffness, manufacturer etc). Previous work [52] and a survey has
shown that a large variety of paddles are used by competing athletes [76]. Top
athletes want the training situation to reflect the competition situation as well as
possible, and therefore using their own paddle is a strong requirement [49].

An aid has to have an affordable price tag and therefore, for most athletes,
should be cheap. Existing commercial products for kayaking cost several thousand
Euros. If a sports confederation or a club is regarded as a customer for a sports
product, sharing and adaptability of this product are important factors for a pur-
chase decision. Unfortunately, products on the market cannot be quickly applied to
any kind of paddle nor it is possible to remove the measurement unit to reduce these
products to a regular paddle. Existing approaches to the problem fail therefore on
the requirement for user friendliness and it can be stated that only self-contained
products exist which are limited in their flexibility.

Many of the existing products for measuring kayak paddle force use cables to
connect the paddle to a data acquisition device [67]. The use of bulky or heavy
sensors has been described as unhandy and undesirable in personal communication.
It is assumed that a kayak paddle that is accelerated in a highly dynamic cyclic
pattern, should be light weight (supported by the fact that common paddles are
made from carbon fibre composite). Otherwise, more power is wasted accelerating
the paddle. It is further assumed that any cables or strings, which connect the
paddle to the athlete or the boat, may have a potential negative influence on the
dynamics or the range of motion of the athlete.

The possibility of providing concurrent feedback, which has been argued to en-
hance learning/relearning of a motor task [51; 65] was stated as a requirement.
Good acceptance of real-time training performance data presentation during has
been reported for rowing [72]. Existing available options only yields limited possi-
bilities of implementing such a feedback interface.

This leads to the general criticism of using a commercial force sensing paddle, the
difficulty of integration further performance data acquisition devices lies within the
company’s ambitions to protect their intellectual property (IP). It is furthermore in
the interest of any company to protect any exploitable potential future applications
for their products. Therefore it can be assumed that investing time and effort to

1Excalibur (Talon Technology Ltd, Brookvale, Australia), PerformanceBlade (One Giant Leap,
Wellington, New Zealand), and Sensix Paddle (Sensix, Poitiers, France)



6.3. SYSTEM EVOLUTION 29

adapt to the currently available products would have been a suboptimal strategic
decision.

6.3 System Evolution

The conclusion drawn from the review of the market situation was that there is
a need for a new product to satisfy the aforementioned requirements. The initial
goal of the national coach at the time who addressed our group, Åsa Eklund, was
to measure the timing of paddle and foot stretcher peak force. It was therefore
evident that at least one device for the paddle and a device located in the hull had
to be designed. There are, however, three major force interactions between kayak
athletes and their equipment — at paddle, seat and foot stretcher. For the latest
hull node seat force electronics have been implemented in addition to foot stretcher
force measurement.

Paper I endeavours to enlighten on the concepts behind the design process from
a methodological angle. Papers II–IV, on the contrary, focus on practical aspects of
prototypes from the various design stages. This section reflects on technical aspects
and lessons to be learned for each node design of the wireless sensor system.

Paddle Node
Phase 0. Originally, three design approaches were taken into a concept prototype
stage (Figure 6.1). Prototypes are essential in the product development process and
analytical or physical models, which can help to assess the size and feel of a product
in an early stage [14]. The general mechanical concepts of these first prototypes
in Figure 6.1 were examined. Measurement of a bending of the paddle shaft was a
key element of each design. Integration of electronics, which would have to form a
unit with the sensor mechanics in the eventual design of a node, was postponed. A
common design approach to all three prototypes was the use of strain gauges glued
to a device that would be fixed to the paddle and thereby be subject to the same
deformation as the paddle shaft when a force is applied.

Although the best measurements and the smallest sensor dimensions would be
achieved by gluing strain gauges directly onto the paddle blade or shaft, this concept
was not seriously investigated as it conflicted with the previously defined design
requirements. To glue sensors onto a paddle would minimise erroneous sensing
data but was in conflict to the idea of developing a flexible, detachable system.

The initial concept, depicted in Figure 6.1a, was a single, central clamping
device to a paddle. Three strain sensors with a relative angle of 120 ◦ to each other
were aligned parallel to the shaft’s longitudinal axis. A ring on each end of the
cantilevers clamped the device onto the paddle shaft. For any two-directional force
vector orthogonal to the shaft’s longitudinal axis at least two of the strain gauge
equipped beams would deflect and yield a signal. Correlating the signals from the
strain gauges in this setup to the amount and direction of force is a straight forward
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(a) paddle node v0.0, single central sensor

(b) paddle node v0.1, clamp-on sensor for
each side

(c) paddle node v0.2, internal sensor for split
paddle

Figure 6.1: Design approaches for the paddle sensor.

mathematical problem and can be derived from a simple calibration procedure. This
design would thus allow for measurement of orthogonal as well as transverse paddle
blade force. (Later it was found that Mononen et al. [49] used a similar setup but for
one dimensional force measurement on each end of the paddle and it is mentioned
that installation and calibration of this particular design was time consuming.)

The second approach was to use two small instead of one large, central sensor.
Each of those two sensors clamped onto the shaft and was supposed to be located
as close to the paddle blade as possible. However, a challenge of this design was
that the sensitivity of the device depicted in Figure 6.1b was lower than required.
Additionally, the design required many screws and an excessive amount of material
for the clamping, which would add to the final mass of a node.

A third, more sophisticated idea was to use of inner volume of a split paddle. A
small, two-dimensional force sensor was designed to be inserted into the shaft, at
the middle, where both paddle parts are put together. The mechanical scenario had
thus some similarities with the aforementioned central sensor concept. A mecha-
nism of friction based spreaders clamped this sensor to the inner walls of the paddle
shaft. An illustration is prepared in Figure 6.1c. However, although carbon fibre
composite material partly consists of non-conductive resin, it had to be recognised
that the combination of the fibres’ conductivity and their density provided a good
electromagnetic shield. When testing data transmission via Bluetooth through the
shaft it was found that the 2.4GHz radio signal was blocked by the carbon fibre
shaft. Even the change for a class 1 (high-power) Bluetooth module did not fix this
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Figure 6.2: Paddle node v1.0.

problem and the concept was dropped.
Phase 1. After the initial prototyping phase, it was decided to morph the

application of a strain gauge to a metal cantilever as in the first and third approach
with the concept of using two small sensors, leaning to the second original concept.
One sensor was to measure the local bending of the shaft for each side of the paddle.
The electronics for data acquisition and transmission were developed and the first
node was built. An industry standard, waterproof enclosure and industry standard,
waterproof pushbuttons, switches, light emitting diodes (LEDs) and connectors for
the user interface were used in this version. Although attention to size and weight
was paid, the electronics enclosure for this node based purely on commercially
available components measured 67mm x 70mm x 35mm (including switches) and
was thus rather large in size. Its mass of 187 g, which would be added to each side
of the paddle, was in the range of the sensors which Mononen et al. [49]; Mononen
and Viitasalo [48] had used (150 g). Figure 6.2 depicts the right hand side node. It
was the basis for the work in Paper II.

Phase 2. From user interaction demands for a reduced size and faster applica-
tion time of the nodes were denoted.

The bulky pushbuttons and switches of the previous version were replaced by a
single touch button — or to be more precise, by a touch sensitive area that triggers
a the internal power switch for the node. Visual indicators, the LEDs, were now
inside the enclosure for the electronics. Hence, the upper side of this box had to
be transparent for the second version paddle nodes. Furthermore, the external
programming connector was removed and internalised. Charging was now realised
through two hidden contacts and by placing the node into a special charging station.
In sum a size and weight reduction of the paddle nodes of approximately 50% could
be achieved. The result is shown in Figure 6.3.

The difference between Figure 6.3a and 6.3b is merely the enclosure and a
slightly smaller clamp for additional weight reduction in the second version 2 design.
Although the transparent blue box is slightly larger (80mm x 40mm x 15mm at a
mass of 83 g) than the black one (74mm x 36mm x 17mm with 61 g) this difference
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(a) paddle node v2.0 (b) paddle node v2.1

Figure 6.3: Smaller, lighter, smarter version than the first operational proto-
type.

was deemed subordinate to the fact that the latter was custom manufactured in our
workshop while the first was commercially available (model 1551LTBU, Hammond,
Guelph, Canada).

Another improvement in the second version of the paddle nodes was to ease
adaptation to a new paddle shaft by redesigning parts of the electronics. The signal
conditioning circuit parameters of the version 1 prototype had to be set manually
and required opening the electronics’ enclosure. These settings and adjustments
are necessary after every new application to a paddle shaft. For the second ver-
sion a digital solution for setting these parameters was implemented, which meant
that the behaviour of the signal conditioning circuit could be adapted through a
microcontroller. The intelligence for adjusting the settings was programmed into
the node’s MPU. Hence, usability took a leap from this upgrade.

These nodes were tested in a laboratory, on an ergometer (e. g. in the study
to paper III ) and during on-water tests in the Stockholm area (fresh water). A
concern had been the IP54 rating of the commercial enclosure, which is why all
boxes had been carefully sealed with silicone. No signs of water intrusion were
observed during use of the nodes in fresh water.

Phase 3. The enclosures of version 2 required a redesign, however, and contin-
ued development on the electronics had provided the chance for minor improvements
and additional components to the nodes.

In a study in salt water the fact was unpleasantly brought to attention that
salt water requires a more rigorous waterproofing than fresh water. Neither type
of version 2 enclosures was not suited for these conditions and thus they had to be
replaced. No IP66 (or higher) rated enclosures with appropriately small dimensions
could be found amongst commercially available products. Therefore, a custom
computer aided design (CAD) of an enclosure with proper sealing was called for.
Leaning to the general design of commercial IP67 enclosures the design depicted
in Figure 6.4 was developed and manufactured from ABS (Digital Mechanics AB,
Västerås, Sweden) by means of rapid prototyping.

Continued since the previous version is the absence of any physical buttons or
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Figure 6.4: A CAD model of the custom paddle node electronics enclosure.

Figure 6.5: Paddle node v3.05.

switches in the enclosure. A touch sensitive power switch is the only control input.
One of the minor changes in electronics was to add a component that prevents
accidental power switching from water splashed onto the node during on-water
application. The charging and programming connector was reintegrated into the
enclosure, in particular for the reason to ease rapid reprogramming for research
purposes.

Figure 6.5 illustrates the matured design of the paddle nodes with dimensions
85mm x 53mm x 19mm and a mass of 109 g. This design has an improved signal
conditioning unit for force measurement and offers some more novel features. A
6-DOF IMU (MMA7261QT accelerometer, Freescale, TX-Austin, USA; IDZ-500
and IDG-500 gyroscope, Invensense, CA-Sunnyvale, USA) and allows linear and
angular motion measurement, a 7-segment LED unit provides simple but potentially
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Figure 6.6: Original working object for the foot stretcher.

useful user communication for future development, and a haptic feedback module
is integrated.

Power supply of the KS sensor nodes is guaranteed by Li-Polymer batteries.
These battery types have the advantage of high capacity at a small and convenient
form factor. Version 3 has twice the battery capacity of its predecessor. The KS
sensors are thus equipped with a battery capacity to run for approximately 8 h on
a full charge. A battery monitor on the Mulle platform can be used to continuously
examine the battery status and to signal an alarm at a low remaining charge.

Sealing the strain gauges on the measuring cantilever from water, too, had been
observed to be more demanding in salt water. A silicone specified for salt water and
manufactured and recommended by HBM, the manufacturer of the strain gauges,
had been used for the version 2 nodes. In our observation, however, water had crept
under the silicone, consecutively underneath the cyanoacrylate glue that bonded
the strain gauges to the cantilever. For the third version of the paddle nodes, the
problem with strain gauge waterproofing was solved by covering the strain gauges
first with heat shrink rubber and finally sealing everything with a multi-purpose
rubber coating (Plast Dip International, MN-Blaine, USA).

Version 3 paddle nodes have been used in the study for paper IV and have
successfully been used in ergometer and on-water kayaking.

Hull Node
The hull node and foot stretcher have undergone a similar but not as vigorous
change process as the paddle nodes. An advantage with the design for the foot
stretcher and hull node was a lower restriction on size and weight. For this reason
the electronics have always been enclosed by a commercially available, IP67 rated
box. The electronics in the enclosure have mainly been in the focus of change. The
foot stretcher has evolved little in the sense, that two prototypes have been used.

Analogue to the paddle node development, in the beginning, there was merely a
design study only even barer in terms of the foot stretcher. The model in Figure 6.6
illustrates the basic idea of measuring both foot pressure forces and the model
helped in infusing the following design process.

Phase 1. The first operational prototype was to be light weight and to mea-
sure the centre of foot pressure for each foot. Figure 6.7 depicts the prototype. A
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(a) foot stretcher v1.0

(b) hull node v1.0

Figure 6.7: First working foot stretcher prototype and hull node.

custom foot stretcher, which was used in the study for paper II, included a compos-
ite sandwich structure and seven pressure sensors (Flexiforce A201-100, TekScan,
Boston, USA) per foot for determining force centre, see Figure 6.7a. Shape and size
of that foot stretcher matched a Nelo foot stretcher plate (M.A.R. Kayaks, Vila do
Conde, Portugal), which we had been handed as an example for such a plate.

In addition to the foot stretcher, a battery-driven data acquisition hardware with
wireless transmission (Bluetooth) was developed, see Figure 6.7b. This hardware
was limited to sampling the 14 channels of the pressure sensors for both feet and
transmitting this data.

Phase 2. Eventually a complete redesign of the foot stretcher and hull node
lead to the second version of the boat mounted components of the KS (Figure 6.8).
The pressure sensitive resistors used in the first prototype of the foot stretcher wore
out quickly, they needed to be replaced. The amount of channels should also be
reduced to prevent redundant data. Last but not least, the shape and size of the
foot stretcher plate was very specific to the one used by kayak marathon athletes
with a Nelo boat; due to diversity in preferences and because there are various boat
manufacturers for kayaks on the market it was soon considered to be necessary
to revise the outline for a shape which could fit every need. A length between
the full and the short foot plate — w.r.t. Nelo (M.A.R. Kayaks, Vila do Conde,
Portugal) and Vaida (VAJDA canoes & kayaks, Bratislava, Slovakia) manufactured
boats — was chosen, see Figure 6.8a. The sensors were changed in the process. To
measure foot stretcher pulling force in addition to pressure, a new type of sensor
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(a) foot stretcher v2.0

(b) hull node v3.0 (c) hull node v4.0 (d) hull node v5.0

Figure 6.8: Modified foot stretcher and hull node generations.

was introduced. Similarly to [72], a focus of specificity was in the propulsive force
component. Three load cells (Vetek VZ247AA/AS 100kg, Väddö, Sweden) rated
for loads up to 1 kN were mounted for each foot. The strap used to tie the foot
to the foot stretcher to allow pulling forces with the feet had to be split in order
to measure the pulling force for each foot separately. The plates’ shape and three
different support mechanisms ensure the sensors’ compatibility with both various
Nelo and Vaida boats.

The new sensors also required a new signal conditioning circuitry. Simultane-
ously the battery management was upgraded and the MPU module, the Mulle v3.1
was exchanged for a Mulle v3.2, which has an on-board accelerometer. The new
electronics in their enclosure are depicted in Figures 6.8b and 6.8c. The differences
between these versions are mainly the connectors for the foot stretcher sensors and
differing battery capacities.

Phase 3. The foot stretcher was left unchanged in the transition to the next
hull node paradigm, the electronics nonetheless received improved signal quality
and additional features. The dynamic adaptation characteristics of the signal con-
ditioning circuitry for each of the six foot stretcher load cells was enhanced and
the hardware to handle four additional load cells for measuring seat forces was im-
plemented. Furthermore, a GPS module and a 9-DOF IMU was added for motion
tracking.

The GPS sensor in this version of the hull node was a small, low-cost sensor
(Gms-u1LP, GlobalTop, Taiwan, Taiwan) with a configurable update rate of up to
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10Hz. A position accuracy of < 3 m and of 0.1 m/s for velocity measurement is spec-
ified for this device [26]. As the IMU a recently launched single device (MPU-6000,
Invensense, CA-Sunnyvale, USA) was used to measure 6-DOF linear acceleration
and angular velocity thus replacing the previous combination of accelerometers and
gyros. The advantage of six DOF measurements in a single device is not only to
save power and space on a printed circuit board (PCB) but in addition a higher
accuracy in the alignment of these axes. The remaining three axes originated from
a 3-DOF magnetometer connected to the IMU IC. A magnetometer can be used
to compensate for drift through orientation information with regard to the earth’s
magnetic field. The combination of a 9-DOF IMU with a fast GPS yielded the
most advanced node for motion tracking in the KS.

Calibration Node

A calibration node has been developed for a dynamic and more convenient cal-
ibration procedure. This node design has undergone a similar evolution as the
aforementioned paddle and foot stretcher nodes. This means that, in total, the
KS consists of four nodes excluding the central unit. However, for normal sys-
tem use these four nodes would at no time be all connected to the master node
simultaneously.

Two versions of the calibration node have been designed, which do not differ
significantly, except for the case. They are depicted in Figure 6.9. Predominantly
minor electronic design changes were made between designs. The initial version
was a compact design in an IP54 rated enclosure, see Figure 6.9a. A display was
integrated to visualise loading information to the user. The signal conditioning
circuit and most other components (not the display) had been tested previously in
a hull node version, so the first calibration node design could already profit from
prior design experience and knowledge.

The reason for building a consecutive design was mainly to use a waterproof
IP67 rated enclosure for protection against potential splash water at the calibra-
tion site. Additionally, the connectors were standardised between hull node v5.0,
paddle nodes v3.0x and calibration node v3.0. (The missing second version of the
calibration node was only designed and never built; it was a hybrid between v1.0
and v3.0.). The third version of the calibration node is depicted in Figure 6.9.

6.4 Calibration

The KS comprises force sensors (on the paddle and on the foot stretcher), ac-
celerometers, gyroscopes and a GPS. The latter are calibrated by the respective
manufacturer, but the force sensors were custom built for this work. These sensors
therefore need to be calibrated, i. e. a relationship between the signal retrieved from
each sensor to the load applied has to be established.
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(a) calibration node
v1.0

(b) calibration node
v3.0

Figure 6.9: Calibration nodes of different generations in different enclosures.

(Regular) Paddle Force Sensor Calibration

The paddle sensors of the KS measure in principle the bending of a paddle shaft.
This value is interpreted as the momentum on the shaft, which can be explained by
a force on the paddle blade. If the paddle sensors were to be mounted on a specific
paddle and then never removed, calibration would only have to be performed once.
However, the design intention for the paddle sensors was to be flexible and that they
can be attached to one paddle, removed and then reattached onto a different paddle.
The range of paddle types used by athletes is broad, each should be expected to have
slightly different properties. This is why a reoccurring calibration of the sensors
and therefore a simple to execute procedure is necessary.

A special rig was built for the calibration procedure, see Figure 6.10a. The
two support pillars can be adjusted so that they are placed at the location where
the owner of the paddle, the athlete, takes hold of the paddle during training.
For a simplified model of a stroke, we can assume that an athlete uses one hand
(close to the water) to exert a pulling force onto the paddle and the other hand
(distal) to push the paddle forward. These two forces are resembled by the two
mechanical supports of the rig and similar setups have been discussed in previous
work [2; 27; 31; 33].

After the paddle sensors are mounted and the paddle is placed into the rig, a
known momentum has to be applied to the shaft. For a paddle whose blade area
is symmetrical w.r.t. the paddle shaft axis, the necessary load can be applied to
the centroid of the blade [33]. A kayak paddle blade does not have this symmetry
property and a load to the centroid would thus additionally yield a momentum
around the longitudinal axis of the paddle shaft. In this work, a mechanical load
therefore applied to a point along the line from an extended longitudinal axis of the
paddle shaft. The centre of force is assumed to be at the intersection of this axis
and an orthogonal line at the midlength of the blade, see Figure 6.10b. This is a
major assumption for paddle force measurement and is required due to the complex
water pressure settings on the blade during a stroke.
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(a) calibration rig

F

(b) assumed paddle force
centre

Figure 6.10: Calibration of the paddle blade force measurement.

In laboratory tests an electromechanical testing system (Instron 5567 and In-
stron E3000, Norwood, USA) was used; in the field calibrated weights were em-
ployed for loading the blade. Presuming that all parameters (see Figure 5.3) are
set correctly, this controlled mechanical load can be related to a signal read by the
node’s MPU. Paper IV of the appended work elaborates with additional detail on
calibration characteristics.

(Convenient) Paddle Force Sensor Calibration
The publication on the study by Mononen et al. [49] states that installing and cali-
brating the paddle force sensors was a time consuming task. To ease calibration of
the KS in the field, an alternative to the aforementioned, more convenient calibra-
tion scheme has been developed and implemented for an Android phone software.
This calibration method replaces using weights or a machine to load the paddle and
makes use of the calibration node of the KS. The calibration node connects to a
calibrated load cell and the read-out circuitry is adjusted to produce a linear load
signal, which is transmitted to the system’s master node, i. e. a mobile phone. The
force on the paddle blade has to be exerted manually in this so-called convenient
calibration (CC).

In more detail, the convenient calibration (CC) procedure is as follows. It has
to be carried out for each side of the paddle. Two scenarios for CC have been
considered: with and without the calibration rig. If the rig is used, the paddle is
to be placed in the rig.

1. The midline through long axes of the paddle blade has to be found (see thin
markings on the blade in Figure 6.10b or alternatively sketch in Figure 8.1a).

2. A band or rope has to be positioned over this midline of the paddle blade
and connected to one end of the load cell so that the load cell can hang down
from it.

3. To the other end of the load cell a rope is to be tied. This rope will be used
to exert a force through the load cell onto the paddle blade.
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4. The CC process can now be started on the phone. When notified by the
software several force cycles should be applied to the this rope under the load
cell. This can be realised by pulling the rope downwards by hand.

5. The force interval used during this dynamic procedure is equivalent with the
force interval which the calibration result will be valid for.

6. Calibration quality is related to a known direction of the force used for cali-
bration. It is therefore imperative to pay attention that the direction of this
force is rectangular to the paddle blade.

Alternatively in a calibration of the convenient type without the rig, the rope
should be tied onto a tree or other steady object. In this situation the paddle needs
to be loaded with both hands at the position where they would be during paddling.
Considerations for calibration validity and quality apply equally to this alternative
scenario.

Fusing the calibration node’s data with paddle node data during CC data ac-
quisition yields a scenario similar to the ones where different masses were used for
loading. The same methods used for calculating the relationship between load and
signal (see paper IV ) can be applied to compute a conversion scheme.

Foot Stretcher Sensor Calibration
The foot stretcher force sensors of the hull node are mounted to a structure that
remains unaffected if the KS system is mounted to or removed from a boat. Hence,
reiterations of the calibration procedure would only be required to verify that no
ageing or other slow change processes have influenced the sensors. The load cells
have been calibrated on an electromechanical testing system (Instron 5567, Nor-
wood, USA) in a laboratory.

6.5 Data Synchronisation and Acquisition

Data transmission is wireless through a Bluetooth (v2.1) link. Sensor data from up
to 7 nodes can theoretically be aggregated on a master node, according to Bluetooth
specifications. The KS requires a radio link to up to three data streaming nodes
from the master node during training performance monitoring. The KS has been
implemented for using a mobile phone as its master node for control and data
aggregation.

Node Synchronisation
A disadvantage of the Bluetooth link w.r.t. a wired connection is, however, that
there is a non-deterministic time lag in the data stream due to buffers at the trans-
mitting as well as at the receiving end. Unlike a signal transmitted through wire,
it will reach the receiver after a delay, since the signal is stored in the transmission
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Figure 6.11: Schematic of the synchronisation method.

buffer on the sender first. Only when the sender has identified the radio channel
to be available, this data will be transmitted to the receiver, where it again will be
stored in a reception buffer. This buffer can only be read at certain intervals by the
receiving control unit. Hence time lags in data transmission may be introduced on
both parts and only a stochastic approach can determine an optimal value for this
delay.

Each sensor node contains a real-time clock, which is used to timestamp every
data sample at the sensor node prior to transmission. For this reason, it is only
necessary to synchronise the sensor nodes once against the master node and use the
calculated time difference between the local clocks to transform all time stamps into
the same frame of reference. This concept presumes that there is no noticeable drift
in the local real-time clocks on the sensor nodes for the time of a recording. Wåhslén
et al. [83] suggests an algorithm for this purpose, that has been implemented for
the KS. Figure 6.11 sketches the algorithm.

For synchronisation of the nodes, the master node, which is a mobile phone in
terms of the KS, connects to one slave, which are the sensor nodes, at a time to
prevent further delays on the transmission from time multiplexing on the channel.
Data for synchronisation is requested by the master through a timestamp request
message transmitted to the slave at the time tphone,1 w.r.t. to the master node’s
reference frame. This message is received in the slave’s time reference frame and its
local timestamp tsensor,2 is send with a response message back to the master. The
master receives this message at time tphone,3. These three timestamps are stored
on the master node.

tphone,2 in the mobile reference frame is defined as the instant in time corre-
sponding to tsensor,2 in the slave reference frame. To compute the offset between
the slave and master

toffset = tphone,2 − tsensor,2 (6.1)
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it is thus necessary to find the best approximate of tphone,2.

tphone,2 ≈ tphone,1 + tphone,3 − tphone,1
2

≈ tphone,1 + tdelay

(6.2)

Due to the non-deterministic behaviour in the send and receive buffers, it cannot
be assumed that communication delays are symmetrical for both messages involved
in one synchronisation request. Under the assumption that in average both delays
are in the same magnitude, Equation (6.3) can be used to calculate this average de-
lay t̄delay in an iterative process. By default, the KS uses N = 100 synchronisation
requests.

t̄delay = 1
2N

N∑
i=1

tphone,3,i − tphone,1,i (6.3)

After each node has been synchronised against the master, all offsets are known
to transform timestamps into the same frame of reference. For nodes with a stable,
integrated real-time clock that timestamp each sample — as is true for the KS— it
is recommended to use this local timestamp during data acquisition and transform
it after reception on the master node [83].

If the master node is an Android (Google, CA-Mountain View, USA) or Java
(Oracle, CA-Redwood City, USA) based device/phone, a fixed offset between the
local phone timestamp and real time exists. Local phone timestamps on this level
is the elapsed time in milliseconds since a defined instance in the real time frame.

Measurement Data Acquisition
The sample frequency on the sensor nodes can be configured manually and defaults
to 100Hz (for the Kayak XL v3.01 software). On each sampling node the MPU
transfers acquired and pre-processed data to the Mulle’s Bluetooth unit for instant
transmission and data aggregation on the mobile phone. Upon reception of this
data on the phone, the information streams are fused and raw data can be stored
locally in ASCII format on the mobile phone’s memory (a software option, which
is suggested for all research purposes). Storing data in text file format and ASCII
coding eases instant low level data access on the phone. Furthermore, text file
format can be imported into virtually any standard data processing programme.

6.6 Interface

The KS has been designed for a master node which is capable of

• being the centre in a wireless, star shaped network,

• controlling communication with each sensor node,
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• processing data,

• storing data, and

• displaying information for a user,

• providing options for advanced visual feedback,

• providing the hardware for potential audio feedback [19].

For usability a new device should have a low adaptation threshold, i. e. the new
device should not differ greatly from previous devices. Hence, personal computers
and mobile phones were considered as candidates for the KS master node. Both
options were regarded capable of fulfilling the aforementioned requirements. Price
and, predominantly, physical dimensions of current mobile phones were in favour
for the latter option. The Bluetooth standard has not only been very popular in
radio communication for many commercial products but it furthermore is available
in almost any current mobile phone. Proceeding on the assumption that every po-
tential user of the system is familiar with the use of a mobile phone and because
of the rapidly increasing capabilities of mobile phones, it was decided to develop
against these as the central unit for the KS. A current mobile phone provides suffi-
cient options for real-time data collection, processing, a high resolution display and
additional feedback [45; 58; 34]. Commercial products of potential future interest,
e. g. a chest worn Bluetooth HR monitor or blood-oxygen (SpO2) sensor, may thus
also be integrated at a later stage. PDAs have been appreciated as feedback devices
in rowing [72].

During initial development a W995 mobile phone (Sony Ericsson, Lund, Swe-
den) was used. The software for this model was written in J2ME, a subset of the
Java specification. The major reason for choosing this programming language for
development had been its versatility and general applicability to the majority of
mobile phone models at the time. Additionally, a migration of the software to the
upcoming Android platform, was to be convenient with this approach. Porting to
Android operating system (OS) has now been finalised and successfully tested on
an Xperia X 10 mobile phone (Sony Ericsson, Lund, Sweden) with Android 2.3.3
as well as a Galaxy S2 (Samsung, Seoul, South Korea) running on Android 4.0.3.
This latest development allows to use many smart phones and tablets as the central
interface for the KS.

Interface for the General User
Effectiveness and efficiency of the interface and the application flow are utterly
important for usability and user satisfaction. Only the most important settings
should be visible to a user in order to not cause confusion. Aesthetics and visual
ergometry are important to minimise the cognitive load on the user [44; 35].
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Figure 6.12: Software interface with J2ME (Sony Ericsson W995).

Research and Development Interface

Any parameters that could be usefully tweaked for the purpose of research should
not be hard coded, hence, a developer interface was implemented to allow for con-
current access to system configuration, calibration and data logging parameters.
Log files are automatically generated and contain information on all settings, pro-
cedures and wireless connection details and central processing unit (CPU) load.

J2ME and Android

Since Apple’s online store for media and programmes the term application/ pro-
gramme (app) has become a hype and a buzz word. Hence our mobile phone
software is no longer called a programme but we, too, label it as an app for the
KS, i. e. just the term is changed. With the intention to stay close to the user and
consumer electronics development the KS app has been converted from a J2ME
app into an Android app. The results of this transition follow.

The original app interface for J2ME is depicted in Figure 6.12. With respect to
limiting the computation load on the phone’s processor, this interface was predom-
inantly designed from text elements and basic selection objects. Navigation in the
software was implemented through menus and sub-menus which can be accessed
using the phone’s control buttons. Feedback of this app was text-based.

As already stated in the previous chapter, Android phones generally provide a
bigger and touch sensitive screen as well as higher processing power compared to
proprietary mobile phone OSs which run a J2ME engine. As a result the migra-
tion of the Java programme could conveniently be achieved and included several
optimisation in the user interface, see Figure 6.13.

Furthermore, the amount of performance data which is calculated has been
increased after the migration to Android. The user interface could be converted to
one which is more convenient for a training situation with larger (soft) buttons on
the screen. Due to the larger screen, the displayed information could be increased



6.6. INTERFACE 45

(a) start-up screen (b) main menu (c) free training profile

Figure 6.13: Software interface after migration to Android, presentation of se-
lected screens (on Sony Ericsson Xperia X 10).

without loss of readability. Overall, only improvements were observed related to
this platform migration.





Chapter 7

Results

7.1 Summary of Appended Work

In the appended work, the general design and development approach of a wireless
sensor platform for STH KTH is argued and the outcome of this process is repre-
sented by selected papers on the KS, in particular the paddle sensor nodes of the
system. The latter contributions focus on measurement results and characteristics.

Paper I elaborates on the general design and development approach behind the
KS. Elite athletes may be regarded as LUs in their sport. Development of our
system was initiated by the request of a nation coach — a LU. This paper presents
details on how prospective users (athletes and coaches) can fuel the invention and
innovation process. They can motivate and assist their peers and followers in the
adoption process. Users were strategically integrated into decision stages of this
research and development project and this contribution 1. argues for this approach,
and 2. intends to motivate other research to increase the account for user needs.
Furthermore, such external competence can provide valuable input for testing and
evaluation purposes. This paper suggest that development related research progress
should be consolidated with user input.

The appended papers II to IV focus predominantly on the paddle sensors of
the KS. Results w.r.t. measurement characteristics of the KS are given in these
contributions.

Paper II is the first publication presenting details on the KS and a proof of
the concept. Initial design and performance is detailed. Data for evaluation of
the sensors was acquired from ergometer tests. The paddle nodes as well as the
modified foot stretcher were mounted onto a standard commercial kayak ergometer.

In paper III a customised kayak ergometer was used to provide a realistic exer-
cise environment. The modifications of this ergometer did not allow for mounting
the KS foot stretcher on the ergometer. Nevertheless, paddle force measurements
could be recorded and were available for comparison of both systems. In this study,
one dimensional (i. e. orthogonal) paddle force was measured by KS sensors while

47
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the ergometer system measured the absolute value of the three dimensional force
vector. Since the ergometer system did not account for any direction measurement
of this vector, an optical motion capture system complemented the acquisition
hardware. After conversion of the ergometer forces into the sensitive plane of the
paddle sensors it could be observed that the force profile measured by both systems
differed in average by 6.8N and 8.6N for the respective sides. Correlation of force
data between systems was > 0.975.

Paper IV is in part an addition to the question on measurement accuracy re-
sulting from the work to paper III. Furthermore, applicability for two dimensional
paddle force measurement by sensor data fusion is analysed. Naturally, the paddle
sensors are therefore in focus of this work, too. A new method of using the trans-
verse sensitivity of both paddle sensors to measure not only orthogonal paddle
blade force but in addition transverse force is a major aspect of this paper. In line
with these considerations is the reconsideration of optimal sensor placement and
a different calibration approach. In addition to research provoked by the previous
contribution, aspects of practical relevance for users — such as the cost of accuracy
for reattaching the paddle sensors to a paddle without a repeated calibration after
reattachment — are investigated. For a linear model limits of agreement (LOA)
were [−4.0, 3.0] Nm. Results from on-water measurements are published for the
first time.

7.2 Kayak XL System Development

Foot Stretcher Calibration
The sensors in the foot stretcher need only be calibrated once because they are
installed in a closed mechanical load measurement system. In combination with the
hull node version 5.0 these sensor of foot stretcher version 2.0 were calibrated on a
material testing machine (Instron 5567, Norwood, USA) in 30N steps in the interval
from -480N to +480N. Each sensor measures only one dimensional compression and
tension. A linear model (first order polynomial) was used to convert the acquired
signal into loading values.

The result of this calibration is depicted in a Bland Altman plot [11], see Fig-
ure 7.1. Limits of agreement (LOA) were±4.1 N (LOA = 1.96SD) and are presented
as dashed grey lines in the graph. The linear model shows good results for five sen-
sor with a narrow error margin; the left heel sensor has a greater error for high
negative loads and for zero load.

Convenient Calibration
Calibration in the appended work has always been executed with external loads
by known masses (paper II, III, and casually in IV ) or calibrated actuators (paper
IV ). As an alternative for the field, in a more convenient method loading to the
paddle blade is applied through the calibration node’s load cell. Both load signals
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Figure 7.1: Calibration of the foot stretcher sensors with a linear model.

are recorded on the control unit, i. e. the mobile phone, for a configurable amount
of time (default 30 s). This data is synchronised by a zero-order sample and hold
algorithm and adapted to a linear model by a least squares method. The linear
model is

F (t) = a1s(t) + a0, (7.1)

where a1 and a0 are the parameters to be optimised for relating the sensor signal
s(t) to the varying force F (t).

The convenient calibration method for a linear model was compared to the cal-
ibration method, which had previously been used in paper IV : The paddle was
placed in the calibration rig and a material testing machine (E3000, Instron, Nor-
wood, USA) was used to load the paddle blade, and to measure the applied force
and displacement. Ten data sets were collected. In a first step for each data set,
the paddle was loaded with a programmed profile by the material testing machine
ranging from 10N to 150N in 10N steps and then back again in the same inter-
vals. This series of samples was used for two purposes: 1. to calculate calibration
parameters in Matlab (Matlab R2011a, The MathWorks Inc., Natick, USA) in the
same manner as was done in paper IV , and 2. to use this data with the Matlab
calibration parameters as a gold standard in comparison against the calibration
parameters calculated by the phone’s algorithm in the CC method.

In a second step, in order to perform the CC procedure, the material testing
machine was programmed to load the paddle with an inclining force of 75N/s to a
maximum load of 150N. After a hold phase of 0.5 s the load was decreased with
the same change rate. This cycle was repeated five times for each data set.

These two steps were executed in an alternating manner and the paddle node
was removed and reattached after the second step but not between the first and
second step. Results are presented in a Bland-Altman plot in Figure 7.2. The mean
value indicator (grey solid line) represents average difference of the calculations of a0
by the two methods and a slope in the data points for a specific data set originates
from a difference in the factors of a1 according to equation (7.1). Mean difference
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Figure 7.2: Performance of the CC method compared to a more traditional
calibration scheme; markers vary between data sets.

between calibrations methods was 0.15N with a standard deviation (SD) of 1.76 N
(LOA = [−3.29 N, 3.59 N]). Each data set can be identified by its distinctive marker
type.

Synchronisation
Node synchronisation accuracy was determined, as well. Using the previously out-
lined synchronisation method (see Equation (6.3)) with N = 50, it was found that
clocks of three active measurement sensor nodes of the KS can be synchronised to
an accuracy with a mean error of 0.7ms [84].

CPU Load and Package Loss
Tests to measure CPU load and the quality of data transmission were carried out
for one to four KS nodes (although streaming from four nodes does currently not
provide a meaningful scenario for the KS) connected to a Sony Ericsson Xperia
X 10 phone (Sony Ericsson, Lund, Sweden) as master node with Android 2.3.3.
and a Samsung Galaxy S2/GI-9100 (Samsung, Seoul, South Korea) with Android
4.0.3. The first phone was only used for research and no additional software was
installed other than the manufacturer’s. It had a Scorpion CPU, 384MB random
access memory (RAM) and 1GB storage memory. The Galaxy S2 phone was a
private phone and had therefore additional software installed, which may also have
consumed processor power in the background. This phone was approximately one
year younger than the X 10 and had a 1.2GHz dual core ARM Cortex-A9 processor,
1GB of dedicated RAM and 16GB internal mass storage memory.

Node combinations were 1. hull node only (payload = 23 byte/package), 2. both
paddle nodes (each payload = 19 byte/package), 3. hull and paddle nodes (payload is
the sum of the above), and 4. hull, paddle nodes and calibration node (payload of
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Figure 7.3: CPU load and lost package rate related to the amount of slave
nodes connected to a mobile phone as master node.

the last node is 9 byte/package). The phone was running the KS Android software and
was restarted prior to this study to close any unnecessary programme executions
in the background. The Android function getRuntime() was used to determine
CPU load for a) user software (such as for the KS), b) the operating system, and
c) unspecified operations. After each acquisition, which lasted at least 1min, the
amount of sent packets and received packets per node was stored. An average of
the relative amount of lost packages per node was calculated for each of these sets.
Ten measurements were done for each scenario.

Results are presented in Figure 7.3. CPU load increases with the amount of
connected nodes, see Figure 7.3a. This relationship is better visible for the Xperia
X 10 phone and it is interesting to note that the Galaxy S2 has a much higher
CPU load already when just one node is connected. There is little change in CPU
load for the Galaxy S2 between one or two nodes connected. With three connected
loads, the Galaxy S2 is using all its CPU resources.

The relative amount of dropped packages was only analysed for the Xperia X 10
phone. For the Galaxy S2 it was not ensured that programmes being executed in
the background would compromise the measured results. Figure 7.3b shows that
hardly any packages are lost when one or two nodes are connected to the Xperia
X 10. Even with four nodes connected only approximately every 200th package is
lost, which means that this happens once every two seconds at a sample rate of
100Hz.

7.3 Measurement Results

This section contains findings from investigations on and with the KS. Data from
athletes was acquired during on-water training and on an ergometer. This form
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of data acquisition was approved by the local ethical committee (No. 2011/2081-
31/5 by Etikprövningsnämden Stockholm, Sweden). Prior to any study informed
consent had been received from participants.

Kayak Ergometer Data
Initial performance tests and analysis of the KS was done under laboratory condi-
tions on a kayak ergometer (paper II ). There exists no recognised gold standard to
measure paddle force, which we could compare our method against. The Dansprint
ergometer (Dansprint, Hvidore, Denmark) is a well-selling product that works sim-
ilar to a rowing ergometer and can display a value for power, stroke length, stroke
rate and several more parameters — however, no paddle force.

A group at Lund University has modified a Dansprint ergometer to measure
forces in the seat, the foot stretcher and the ropes of the kayak ergometer through
a LabView (National Instruments, TX-Austin, USA) based software. In paper
III, the KS, which was designed for on-water measurement, is compared against
this specifically laboratory oriented system. Only paddle force measurement could
be compared. Data was collected from three junior athletes (age 16–18 years).
Sampling frequency for the LabView based system was 500Hz and 100Hz for data
transmitted via Bluetooth to the mobile phone. In addition to the data in this
contribution, Figure 7.4 depicts time-series data from the system comparison for
an acquisition at 200W and a stroke rate of 116 spm. In this graph force data
measured on the shaft was set to zero in the respective distal node during drive
phases. This filter to suppress transverse sensitivity was, however, not used during
the analysis in paper III.

A negative force on the rope sensors during the air phase and the catch of a
stroke on the other side has been recorded. This force is a consequence of the slack
in the ropes when the rubber bands do not contract fast enough. Calibration of the
rope sensors assumed a non-zero load level as the reference when the shaft rested in
a horizontal position orthogonal to the ergometer’s long axis at the foot stretcher.

Kayak On-Water Data
A variety of on-water data acquisitions have been performed. Figure 7.5 presents a
force data plot of a session with a warm-up phase, several active phases and resting
phases. This specific data has been taken from a study with four athletes (2 male, 2
female, age span 22-28) with flat-water kayak competition experience. The version
of the KS was v2.0 for the paddle nodes as well as a v2.0 foot stretcher with a
v4.0 hull node. The athletes were asked to perform a protocol of a 5min warm-up,
a 250m sprint, 3 min rest, 5 min of kayak marathon competition speed, another
3min rest and a final 250m sprint. The weather conditions were fair with wind
speeds around 1m/s, on slightly flowing brackwater/sea water. Sprint phases were
intended to measure peak force data and the 5 minute marathon pace interval was
intended to observe any effects of tiring over time.
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Figure 7.4: System comparison data from a young athlete paddling at 200W
on a kayak ergometer. The top graph’s data is sampled through
wire at 500Hz, the lower graph shows wirelessly transmitted data
sampled at 100Hz. Shaft data was acquired from the KS, tip data
was measured by load cells located at the tip of the ergometer shaft.

As previously described in chapter 6, several findings motivated further devel-
opment of paddle and foot stretcher/hull acquisition nodes. Data quality and the
amount of measurement parameters was increased, especially motion sensing was
improved. In consequence the 5Hz GPS was added.

In an evaluation study with the v3.0 paddle nodes and v5.0 hull node a male
24-year-old elite athlete participated. An excerpt of the unfiltered raw data of a
sprint start (after a warm-up phase) is displayed in Figure 7.6. The Figure depicts
a summary of the raw signals which can be captured with the KS. Hull motion
sensor data except for longitudinal direction are omitted. Seat force load cells had
not yet been installed for this acquisition. The first right stroke in this set of graphs
is the fourth in the series for a sprint start. The start was from perfect rest. For
transportation reasons, the athlete did not use his personal boat but a Nelo Viper
55 (M.A.R. Kayaks, Vila do Conde, Portugal), which is wider and hence slower
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(a) left paddle force (b) right paddle force

(c) foot force

Figure 7.5: Data from an on-water session in Portugal; red marked intervals are
warm-up phase, pauses and the return of the athlete to the peer.

than a competition kayak.
The paddle force signals are different for each side, see Figure 7.6a. This had

not been observed during earlier tests with this athlete hence for fairness it should
be noted that he did not use his own equipment during this data set. The left
side stroke has a solid catch. In the consecutive pull phase the force on the paddle
should continue to rise quite steadily until its peak [2; 33; 48], however, the force
on the right hand stroke is reduced briefly before it peaks during the pull phase.
The force during the left hand strokes is a profile which we have observed more
regularly among the athletes we have tested.

Figures 7.6b and 7.6c show the acceleration and angular rotation measurements.
The paddle is moved quickly during the air phase which can be denoted in a high
acceleration and angular velocity signal. Differences for the left and right side can
be seen in the angular rotation measurement. Despite the fact that it is unfortu-
nate that angular velocity is so great that both gyroscopes are excited over their
measurement range in the air phase prior to a left side stroke, this is also charac-
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teristic for the left side stroke only, in this brief data excerpt. This clipping has
occasionally been observed during short sprint intervals.

The velocity and acceleration of the boat are presented in Figures 7.6d and 7.6e.
The update rate of the GPS was set to 5Hz, which is too little to show the boat’s
velocity change during the phases of each stroke. One can clearly see the overall
increase in velocity, and indications of some retardation during the air phases. Raw
acceleration data may be noisy and may require some adjustment to interpret.
Peaks of acceleration and deceleration are significant though and correspond to
values measured by Gomes et al. [28].

Foot stretcher force is plotted in Figure 7.6f. For each side, the forces for top
of the plate, middle and heel part are presented as well as an accumulated force
signal. A negative signal indicates a compression of the plate, i. e. this foot exerts
a forward pushing force on the foot plate. Pull force on the straps is depicted as a
positive signal. The alternating push-pull force for each foot and phase difference
of 180 ◦ between both feet is evident. The highest force on each foot is measured
by the sensor in the middle of the plate.

As a complement to the data for orthogonal and transverse paddle force of
on-water training in paper IV Figure 7.7 presents data from signals averaged over
ten time-normalised consecutive strokes for each side while paddling at constant
boat velocity of 4.03m/s (±0.15m/s) — velocity variations are expected during the
stroke. Instantaneous velocity is displayed though. The average stroke rate over
these 20 strokes was calculated to 95 spm (±4 spm). Velocity and data from the mull
mounted GPS sensor and accelerometer were fused to achieve a high resolution and
high signal update rate. Corresponding values were found in Sanders and Kendal
[61]; Mononen and Viitasalo [48]; Baker et al. [4]; Gomes et al. [28].

7.4 Wireless Sensor Platform Development

One aim of this work was to design a wireless sensor platform and thereby grow
knowledge and the basis for future projects at STH KTH with related wireless
measurement intentions. Three projects were in direct influence and benefit of the
user-centred development for the KS:

• BabySense. In this project, we intended to support pregnant women during
sleep to prevent for the unborn potentially harmful sleep patterns. It has been
found that the risk for premature infant mortality increases with a distinctive
sleeping behaviour that favours sleeping on one’s right side [74]. Within four
man-weeks after we had been contracted by a practitioner with a problem
and the need for a solution a prototype was designed from scratch and tested.
This prototype was fully functional, included a docking station for charging
the internal battery, had different alarm modes and was presented in two
different aesthetical design options.
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Figure 7.6: Raw on-water data from a sprint start, paddling at 100% power output.



7.4. WIRELESS SENSOR PLATFORM DEVELOPMENT 57

0 20 40 60 80 100
-50

0

50

100

150

200

Stroke cycle [%]

F
or

ce
 [N

]

 

 

right stroke
left stroke

(a) paddle force

0 20 40 60 80 100
3.7

3.8

3.9

4

4.1

4.2

4.3

4.4

Stroke cycle [%]

V
el

oc
ity

 [m
/s

]

 

 

right stroke
left stroke

(b) instantaneous boat velocity

Figure 7.7: Averaged data over 10 strokes per side from on-water paddling at
80% of maximum effort.

• Genit. The Genit project, which is neither part of this thesis, could present
a working prototype with a fully implemented user interface for an Android
OS tablet after just three man-months. This project is related to a practical
birthing problem in operative vaginal delivery (OVD) and was brought to our
attention by a LU again. We have developed a solution and are currently in
the IP protection process.

• An Instrumented Rowing Ergometer. In another system development
project, the modular design method based on chapters 5 and 6 was repeated
on a project to instrument a rowing ergometer. Initiated through the De-
velopment Centre of the Swedish Sports Confederation, we were inquired to
evaluate possibilities for customised sensors on a Concept2 rowing ergome-
ter (Modell E, Concept2, VT-Morrisville, USA), see Figure 7.8. Based on
lessons learned from the KS project the development process involved less
evolutionary stages. The original idea behind this development project was
to verify the ergometer’s own performance analysis data on power produced
by an exercising athlete with customised sensors.
Sensors were applied to the axis of the flywheel, the rowing ergometer’s han-
dle, both foot plates and a new seat with several sensors was designed. Pa-
rameters to be measured were thus:
– seat position
– seat acceleration
– seat forces (including centre of force)
– individual three-point foot push-pull force
– rotation of the axis of the chain connecting the handle to the flywheel

(to determine handle position)
– 6-DOF handle acceleration
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(a) rowing ergometer (Con-
cept2 Modell E)

(b) foot forces and wheel
rotation

(c) handle forces and motion (d) seat forces, position and
acceleration

Figure 7.8: Instrumentation of a rowing ergometer.

– handle force

The modular design of sensor electronics allowed for reuse of knowledge gained
from the KS, while other sensor quantities required individual development
work.

The basis for a wireless sensor platform in sports and medicine has thus successfully
been designed.

7.5 Design Results

The design and development progress on the KS was described in chapter 6.3. User
input was a valuable source for information and inspiration to the process. The
result is a system, which has been tested by individuals of its target group. Their
feedback was used for the implementation of all required features to satisfy these
individuals’ needs. The final outcome has solely gained positive feedback. Providing
an app for the Android mobile phones has been observed to be attractive for the
KS.

In a questionnaire study in spring 2010, 16 kayak athletes and one coach were
asked for their view on technology in their sport. Questions were partly presented
as an open question and partly given with a five-point Likert scale for the answer.
The two end points on each side of the scale were aggregated for simplicity. Athletes
who left a question blank were excluded from the analysis of this particular point.
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No athlete disagreed on the statement that technology is an influential factor
for sports training at competition level. The comment of one participant “it is the
dark ages, at least in Sweden” is representative for the perception of the questioned
athletes that there is the need for:

• force analysis (7) . . .
• . . . and live force feedback (6)
• velocity and acceleration analysis of the boat (7)
• motion analysis (3)
• on-water power measurement (3)
• more video analysis (3)
• acceleration off the hip (1)
• clothes to stabilise the trunk during paddling (1)
• wind measurement (1)
• stroke length measurement (1)

Numbers in brackets behind each point indicate the amount of listings in the an-
swers to the openly asked question. 80% of the athletes answered that they believed
that there is a public interest in new training aids and the remaining 20% were
undecided. Similarly, it was asked specifically how important the measurement
and feedback on different parameters is perceived to be. Results are presented in
Table 7.1.

Table 7.1: Athlete’s perceived importance of feedback on different kayaking param-
eters.

parameter agreeing undecided disagreeing
paddle force 80% 20% 0%

foot stretcher force 89% 11% 0%
paddle acceleration 87% 13% 0%
boat acceleration 87% 13% 0%

Kayak athletes train 12–17 h/week and 79% had previously reasoned on the issue
of improving their existing equipment. 88% believe that having the sports equip-
ment is decisive for top performance. However, only 50% of the athletes state that
they have actively been working on the improvement of their equipment.

Unfortunately, regular training with a coach seems to be unrealistic (only one
world-elite athlete states to train regularly with a coach). When training alone
athletes stated that they use:

• a stopwatch (15)
• GPS (12)
• HR monitoring (11)
• lactate measurement (2)

During training with a coach 13 athletes add that they use video analysis as a
complement. Training in cooperation with researchers is welcomed by 87% of the
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athletes and only one individual would prefer not to.
A workshop in Östersund in December 2010 with several kayak athletes, coaches

and researchers gave amongst other further emphasis to the interest in a kinetics and
kinematics feedback system. Desired features of this system included stroke rate
and stroke length per stroke computation, power efficiency measurement including
drag calculation to locate dissipated power and to thus increase efficiency, and force
symmetry measurement. The KS was presented and it was discussed how it could
be adjusted to satisfy the requirements.

In a short follow-up study during the 2012 Swedish championships 21 partici-
pating athletes were interviewed on the following questions: 1. Is there a need to
measure more/better parameters on a kayak than what is possible in daily training
today? 2. Does the KS address parts of this need? 3. Would you think that the
KS can improve your and potentially your coaches’ understanding of your on-water
performance? Answers were noted on a five-point Likert scale and the end points
aggregated again. Results are presented in Table 7.2.

Table 7.2: Result of the follow-up study on sports technology in kayaking and the
perceived potential of the KS.

question agreeing undecided disagreeing
1 (Existence of a need?) 86% 14% 0%
2 (KS addresses the need?) 71% 24% 5%
3 (KS is potential help?) 71% 24% 5%



Chapter 8

Discussion

8.1 Appended Work

The interdisciplinary field and niched public interest for sports technology are the
cause to a relatively wide branched publication tree for this work. It would have
been desirable to have a platform for the publication of practical development
achievements, i. e. how-tos on engineering tools in and for research. However, a
design method and three mainly technical papers are appended as contributions to
the scientific community. Supplementing information on more specific development
details has been presented in the previous chapters.

Paper I is a methodological paper, which partly employed action research to
conclude on the effect of engaging users, in particular LUs, in a technology de-
velopment project with a scientific background. This publication alludes to the
user-centred approach followed during the design and development process. The
contribution of this paper is to motivate similar research to be more open to external
input and experience of non-scientific sources.

The paper was written at a stage when the hardware had been fully developed,
the software, on the contrary, had not yet been ported to the more user friendly
Android platform. The software migration process was thus not discussed in this
paper.

Paper II is the first in a series of technically focussed publications. It introduced
the idea of a wireless system for kayaks with a mobile phone as the control and
data aggregation unit. Initial measurement data was presented. The electronics
design used in this work were very sensitive though and required scrupulous manual
tuning. The dimensions of this system version was criticised by athletes as being
too bulky during consecutive on-water tests, which were not part of the publication.

Reducing physical dimensions and simplifying the nodes had been completed
when the study for paper III was executed. It is unfortunate that no gold standard
for measuring paddle force exists. We were able to implement small improvements
to said ergometer prior to data acquisition but the question whether this scenario
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is the best way to verify the KS was not part of this investigation. We observed
a delay between the compared force signals that could not easily be explained by
the properties of the paddle shaft. Rather we suspect an effect of interaction with
the elastic ropes and the flywheel of the ergometer. Reproducing the dynamics of
on-water paddling on an ergometer, in particular the damping effect of water on
the blade, remains a challenge for ergometer manufacturers.

Hence, paper IV analyses the KS paddle nodes in a controlled laboratory en-
vironment for their performance. The results show adequate LOA and reliability
for wireless paddle force measurement. Furthermore, it is possible to reliably mea-
sure two-dimensional force from fusing data of both sensors given that appropriate
sensor placement is considered.

8.2 Kayak XL System

The KS has evolved through various versions to a multi-node Bluetooth system
that is controlled by a software running on a mobile phone. In conjunction with
the second aim of this thesis, several prototypes to measure performance in an
environment with practical relevance for kayakers have thus been designed and
built. It has always been the aim to keep the design as simple and functional
as possible. Nevertheless, with every development stage there were some lessons
learned. The validation work in the appended contributions (papers II–IV ) aimed
at satisfying the third aim stated in chapter 2.

Paddle Blade Force Centre
Paddle blades are available in many different shapes for different hydrodynamic
profiles. The selection process of a blade for an elite athlete still is rather driven by
a feeling than by scientific evaluation. The reason for a lack of scientific methods
is the difficulty to measure fluid forces on a paddle blade [77]. Helmer et al. [30]
set out to measure water pressure on the blade but only managed to acquire data
on the submersion depth of the paddle blade.

With this background the assumption of a centre of force, which is static on the
intersection of the elongated axes through the shaft and the orthogonal midline in
the depth of the paddle blade (recall Figure 6.10b or see Figure 8.1a), was consti-
tuted. Unfortunately, there is not much work published on paddle force definition.
Sanders and Kendal [62] refer to the centre of the paddle in their work but do not
specify it any further. Ho et al. [33] defines the paddle blade force centre as the
centroid of the blade for a dragon boat paddle, which, however, is symmetrically
shaped in contrast to the blade of a kayak paddle. Aitken and Neal [2] places a sup-
port under different positions on the paddle blade for the calibration of his strain
gauge equipped paddle. In this work a difference of less than 7% in the signal is
noted and no further reflections are mentioned.

One assumption made for the calibration described previously was the negli-
gence of an axial force component in the shaft. We are aware that the angle γ
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(a) paddle blade force centre (b) angle between blade and shaft

Figure 8.1: Assumptions and limitations for the paddle blade geometry.

between the blade plane and the shaft, see Figure 8.1b, may nonetheless result in a
minor component in the axial direction of the shaft. Generally and especially for a
more exact force measurement in this direction, submersion depth, relative motion
of blade tip to base, and lift vs. drag forces would have to be taken into account.

If the bending of the shaft is presented as produced torque on the paddle, one
can circumvent the limitations the assumption holds.

Convenient Calibration

The results of the comparison of the regular and the convenient calibration method
show that similar results can be produced with both methods. The major advan-
tages of CC are a simplification of the paddle loading procedure and the consequen-
tial time savings. In the data acquisition for the presented comparison CC data
was acquired over 0.5min whereas data acquisition for the Matlab based method
with the aid of a material testing machine (or optionally calibrated weights) re-
quired approximately 10min. The term convenient seems thus appropriate for the
method which takes advantage of a dedicated calibration node.

From the graph in Figure 7.2 it can be assumed that there is a linear rela-
tion between both methods. This may result from the linear model used which
the calibration process was based on. The factor and constant computed by both
algorithms always differed to some extent. Building on this finding further algo-
rithms could be tested. The zero-order sample and hold resampling method could
be replaced by a spline interpolation, which should increase accuracy. A quadratic
model could be tested. For this investigation a priority had been given to an im-
plementation with minimised CPU load.

In sum, the CC method appears to be a good compromise for in the field data
acquisition which does not require optimum force calibration. Mean difference of
both methods is below 0.2N which is approximately equivalent to the weight of a
20 g mass. LOA were reasonably narrow.



64 CHAPTER 8. DISCUSSION

Data Acquisition
Paddle Sensor Placement

In paper IV, we have initiated an analysis of optimal sensor placement. Two sce-
narios ought to be distinguished: a) each sensor on the paddle shall be dedicated to
measuring orthogonal paddle blade force on one side only, or b) both orthogonal and
transverse paddle forces are to be measured by the combination of measurement
data from both sensors. For the latter case, the result for the optimal positioning
was graphically presented in paper IV and is reprinted in Figure 8.2. This graph
originates from the following definitions:

Let the distance between the centre of the area, where an athlete holds the pad-
dle and the previously defined centre of force on the paddle blade, be a. Parameter
b is defined as the distance between the nodes on the paddle. The distance between
the centre of the grip area on the paddle and the centre of this side’s node’s can-
tilever be c, and the feather angle be β. These parameters determine the system,
which relates two-dimensional forces on the paddle blade (orthogonal paddle blade
force Fo and transverse paddle blade force Ft) to the local momentum in the shaft
at the position of the sensor nodes (Mn′ for the node nearer the stroke’s side and
Md′ for the distal node).

A

[
Fo
Ft

]
=
[
Mn′

Md′

]
, (8.1)

where A is the matrix of the system as derived in paper IV. Please refer to the
appended pages for a detailed explanation. Optimum placement for the sensors is
at location

c = b
1+sin β , (8.2)

where the condition number of the system matrix A is a minimum.
A special solution from the graph in Figure 8.2 for a pair of orthogonal sensors,

i. e. β = 90 ◦, is that they should be placed in the middle of the shaft. These two
nodes could hence be replaced by one central sensor. Two of the first prototypes
aimed exactly at this design of locating a single sensor in the centre of the paddle
shaft but were discontinued because priority was given to measuring orthogonal
paddle force, at this design stage (see chapter 6).

There is an additional disadvantage for accumulating all sensing at the middle
of the shaft: Data for motion detection with accelerometers and gyroscopes would
be measured at only one location with a smaller amplitude of motion — thus a
weaker accelerometer signal would be available. An alternative would be to position
bending force measurement at the middle of the shaft and an IMU farther towards
the paddle blade on each side. This would, firstly, increase the amount of extra
objects and masses on the paddle and thus degrade usability, secondly, increase the
amount of wireless data sources or alternatively require wires and, thirdly, be only
of limited applicability to split shaft paddles, which are mechanically enforced in
the middle where both parts are put together.
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Figure 8.2: Optimum placement for the sensors at location c = b
1+sin β , where

the condition number of the system matrix A is a minimum.
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Paddle Shaft Force Signal

Figure 8.3: Example from the overshoot as a reaction to an approximately
stepped-up load, observed in paper IV.

Signal Delay/Dynamics

A delay between shaft tip/blade force and a bending in the shaft was observed
both in papers III (see Figure 7) and IV (Figure 7 in that contribution). Several
attempts were made to explain the findings, but no satisfying answer was found.

It remains unclear as to why the delay measured in paper III is approximately
30ms. In paper IV a delay of only approximately 5ms was measured. One has to
consider the different setups though. In the study to paper III the original force
to the shaft is produced by the athlete’s hands located towards the centre of the
shaft. On the material testing machine in paper IV the force was induced into the
paddle blade and the rig supported the shaft towards its centre at two points. That
is also why the shaft sensor signal seems to be ahead of the tip sensor signal in
paper III and in paper IV the material testing machine force signal is noted before
the corresponding change in the shaft signal.

Figure 8.3 is a reprint of the overshooting signal from Figure 7 in paper IV with
a higher resolution on time and the force signal. The period between the first three
peaks in this swinging signal has been determined to be approximately 50ms.

Attempts to construct a model that may explain the findings have not yet been
successful. Calculated swing frequencies are higher than the ones measured on the
ergometer and on the material testing machine. In these calculations, influences
on the dynamics by the elastic ropes and the flywheel on the ergometer study
of paper III were excluded since the dynamics of the shaft itself were prioritised.
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Figure 8.4: Setup on the material testing machine with a wooden, shaped block
for homogenous load distribution on the blade.

Similarly, was the mass of the wooden loading aid (see Figure 8.4) for homogeneous
load application in paper IV not accounted for. The latter, ignoring the mass of the
loading aid, was justified by a missing swinging signal in the machine’s load data
and the paddle blade was mostly free on the wooden aid. Both scenarios should
still be looked at in another attempt to find a plausible reason for the observed
behaviours.

Sampling Frequency

Previous work on measuring kayak paddle biomechanics used measurement fre-
quencies in the range from 50Hz to 100Hz, see Table 8.1. The default sampling
frequency of the KS is 100Hz and agrees at this value thus with sampling rates
used in previous work. The KS’s sampling rate can be adjusted via the software
interface on the central device, i. e. the mobile phone. Higher rates are currently
not advised because the mobile phones tested with the KS did not provide sufficient
processing power; the reason is thus not within the sensor node design and will be
discussed further in the relation with data transmission.

Looking close at paddle force data, at occasions one might be under the im-
pression that undersampling occurs at the force peaks during a stroke. In paper
III, on an ergometer, a higher sampling rate of 500Hz recorded through a Labview
system (National Instruments, Austin, Texas, USA) was recorded simultaneously
with the 100Hz signal from the KS. Figure 7.4 is a visual comparison of the sig-
nals sampled at these different sampling frequencies. Figure 7.4a depicts the force
sensor signal from the shaft sampled at 500Hz (by the National Instruments NI-
9237 and cDAQ9172 through cable) and in comparison Figure 7.4b shows a lower
sampling frequency of 100Hz by the same sensors (from the node’s internal ADC
and transmitted wirelessly). Finally, a Welch spectrum is depicted in Figure 8.5.
With this last argument one may safely assume that the higher sampling frequency
does not provide any essential additional visual information for the force profile
characteristics because there is basically only noise above 50Hz. However, the
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Table 8.1: Paddle action sampling frequencies in previous work.

sampling frequency acquisition method reference
40Hz force Aitken and Neal [2]
50Hz camera, force Ho et al. [33]
50Hz camera Baker et al. [4]
50Hz camera Begon et al. [8]
50Hz camera López and Serna [38]
70Hz camera von Mann and Kearney [82]

100Hz camera Sanders and Kendal [61]
100Hz camera Sanders and Kendal [62]
100Hz force Smith and Loschner [72]
250Hz submersion Helmer et al. [30]
250Hz force Mononen et al. [49]
250Hz force Mononen and Viitasalo [48]
512Hz force Gomes et al. [27]

Nyquist sampling theorem applies, which means that the minimum sampling rate
required for recording all components of the signal is 100Hz. To make matters
worse, sampling the signal below this frequency may lead to aliasing effects.

Although ergometer and on-water kayaking is not identical, in sum, this analysis
supports the hypothesis that the default sampling frequency of the KS is sufficient
to detect all important signal components.

Data Transmission

Synchronisation of the wireless sensors, too, was a necessity caused by wireless
communication. A zero-mean error with SD of 0.7ms and as such below 1

14 of
the default sampling period [84]. This is deemed to be sufficient and without any
considerable drawback compared to a wired communication. Figure 8.6 presents
the general performance of the employed synchronisation algorithm for different
amount of nodes and synchronisation cycles. The results from Figure 8.6b were
obtained by ensuring that only one node at a time has an open socket connection
to the master for synchronisation. These results are better than those presented
for the Bluetooth network with all nodes connected to the master during the syn-
chronisation procedure in Figure 8.6a.

Wireless transmission is naturally more susceptible for data loss and commu-
nication errors than wired transmissions. This type of communication requires
that send and receive buffers are handled in time to prevent data overflow and
thus dropped packages. Each node adds data to the total amount of data which
has to be handled on the master in a star shaped network. It was observed that
current mobile phones quickly reach a limit of their computation capacity when



68 CHAPTER 8. DISCUSSION

5 10 50 100 250
-40

-30

-20

-10

0

10

20

30

Frequency (Hz)

P
ow

er
/fr

eq
ue

nc
y 

(d
B

/H
z)

 

 

left signal
right signal

Figure 8.5: Power spectral density estimate (using Welch’s method) of the force
signal sampled at 500Hz in the ergometer study (paper III ).
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Figure 8.6: Performance of the synchronisation algorithm for different amount
of nodes and different strategies, adapted from Wåhslén et al. [84].
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data is streamed from three nodes simultaneously via Bluetooth to the phone. The
underlying question to this investigation was: How much computational power is
available for calculation of more complex performance parameter (e. g. three dimen-
sional motion computation from both paddle node IMUs)? For the devices analysed
it was found that additional CPU load for a scenario with more than two connected
nodes is disadvised. Technical advance may resolve this issue in the future with
greater processing capabilities.

The positive effect of a faster hardware has been observed when migration from
the Sony Ericsson W995 to the Xperia 10 was executed. On the first phone with
J2ME, package loss for three nodes could reach up to 20% and has decreased
to less than 1% on the Android 2.3.3 phone. Without more specific knowledge
on the hardware it is though not possible to judge whether the bottle neck for
higher data rates and loads is primarily the processor. The data throughput of
the communication interface between the phone’s CPU and the Bluetooth radio IC
may also be a limiting factor. This had been an issue with the embedded Bluetooth
module on the Mulle but was resolved.

Two Android phones with different processors and memory size were compared
in Figure 7.3a. Against expectations the older model with less processing power
performed better in the test. An explanation may be found in the different OS
versions and an active GSM module as well as additional software on the Samsung
Galaxy S2 telephone. It had been launched with Android 2.3.3, i. e. the same
version that the Sony Ericsson Xperia 10 was running on (after an upgrade), but
the Galaxy S2 had been upgraded to Android 4.0.3. In internet forums a negative
effect on power consumption and thus reduced battery time has been discussed, a
more active processor after the upgrade was suspected to be the reason. This could
work as an explanation but should be reflected in a higher CPU load for the system
only, not caused by higher CPU load for user applications.

The topic should be investigated further with a larger set of mobile phones,
which can be reset to factory settings in order to control more parameters and
which preferably run equivalent operating systems. Eventually one should expect
though that the app is installed as one of many programmes on a user’s mobile
phone.

Applicability and Validity on an Ergometer
In an ideal training situation on a kayak ergometer, the paddle force is exerted
onto the shaft in the same manner as during on-water paddling. However, athletes
report that they use slightly different techniques for on-water competition and
paddling on an ergometer. From personal communication it has been recognised,
that kayak ergometer competitions are won with a different strategy than on-water
competitions.

On a kayak ergometer, the force which an athlete exerts with both hands on
the shaft are transmitted into a rope on both shaft ends. These ropes lead to a
flywheel at the front of the ergometer, see Figure 8.7. This is different to paddling
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Figure 8.7: Sketch of a kayak ergometer.

on water. An axial load on the shaft is a result of any non-perpendicular angle ϑ
between the shaft and the ropes. This angle deviation can become very large and
thus the axial load has a significant influence on kayak ergometer paddling.

The absence of water, which can act in a damping effect on the immersed
paddle blade, may lead to more high frequency components in the scenario on
a kayak ergometer. The ropes from the shaft and the flywheel may have spring
characteristics which would add on to this effect.

There are differences in the occurring force vectors and potentially in the dy-
namics. Nevertheless are ergometers regarded as the best substitute for kayak
training when the situation does not allow for on-water training. One may thus
still assume that a stroke on water and a stroke on an ergometer require a com-
parable motion to apply force on the paddle shaft. In both scenarios, the shaft
is made from carbon fibre composite material and in both cases a bending of the
shaft is the result of this force. Since it is this bending that is measured by the
paddle nodes of the KS, the system is in general applicable to both scenarios. A
challenge on an ergometer may be though the regularly seen latent rotation of the
shaft during kayak ergometer exercise. This rotation can easily corrupt the correct
alignment of the sensors with the intended direction of virtual paddle blade forces
— a problem, which does not occur on-water. The shape of the paddle and the
angle between the shaft and the blade help the athlete to align the immersed paddle
blade as it is intended. A rotated bladed would produce a corrective torque around
the paddle shaft’s axis. A similar design for producing a corrective torque on an
ergometer is not very sophisticated and it is therefore interesting that ergometers
(e. g. Dansprint, Hvidore, Denmark) do not provide this option.

Despite the fact, that the footrest of the KS was not used in paper III it generally
provides applicability for any standard ergometer. The ergometer used for testing in
paper III had already been customised and we did not intend to modify this custom
design. In general though, the foot plate of the KS with its sensor control unit can
just as well be applied to an ergometer if only a mechanically stable connection is
made. Velocity measurement as implemented in the hull node v5.0 is obviously of
no use on an ergometer.

Based on the data collected in different studies on ergometers a reflection on
the repetition of measurement results shall be emphasised: Between studies, the
data of Figure 7.4 can be compared to the paddle force in Figure 6 of paper II.
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Force profiles are similar and have similar peak forces. The slightly higher peaks
although at a lower aspired power output of 160W in the data to paper II may be
explained by the lower stroke rate of only 84 spm. In paper II version 1 of the KS
paddle nodes was used, while the study of paper III relied on version 2.1 of paddle
nodes.

8.3 Sensor Platform

The modular design of system components and their general applicability support
the sensor platform concept, which had been a major objective. The Mulle is
promoted as a platform [21] — it is a PCB with a few ICs and a connector as an
interface to additional hardware. The sensor platform originating from this thesis
should, however, not be understood as a pool of physical bricks that one can pick up
from a box but rather as confined electronic and mechanical designs in combination
with the knowledge on how to configure and use these.

The technology for measuring foot stretcher force shall serve as an example. Six
load cells are used to measure the force from a person’s feet. This design could be
transformed into a somewhat over-engineered bathroom scale simply by detaching
the foot stretcher plate with the sensors from the kayak mount, levelling it on the
floor and by using a mobile phone as the display. Likewise, the knowledge on how
to measure the bending of a kayak shaft may be transferred to any other shaft.
Etc.

In total, three simultaneous and consecutive ventures have benefited from the
KS project. Synergy effects have aided in the development of each project. Knowl-
edge on how to combine these modules, how to design a waterproof, custom sized
enclosure and how to design a user friendly interface has been aggregated and used
in the instrumented rowing ergometer, sleep adviser and OVD device.

In this sense, this thesis has also provided benefits for medical technology. While
publications have to be delayed due to IP rights protection, two projects originat-
ing from needs of the gynaecological department of KI have successfully produced
prototypes. These have already been tested and well-perceived by selected test
persons.

The instrumented rowing ergometer has undergone preliminary evaluation and
awaits a feedback software interface with a live view on computed performance
parameters and graphs. There is no requirement for mobility of the central unit
in this design therefore a computer can be used. Its high computation power can
be used for more advanced calculations on incoming data than what is feasible on
current mobile phones.

8.4 Design Implications

Another aim stated for this thesis was to evaluate if interaction between researchers
and selected, well-informed practitioners can improve technology development. This
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goal is hardest to evaluate due to the lack of a clear reference group or project. One
may or may not be convinced that a researcher without the information and feed-
back from users may be able to design the KS.

Through interaction with users we were able to learn about the very specific
needs of a niched target group such as competing kayak athletes. The needs listed
in the previous chapter had been highlighted only by directly addressing the users.
In the following development work on the KS we were able to implement many
of the desired measurement options and feedback parameters. In this sense, force
profiles are available to analyse symmetry of paddle force; high resolution velocity
measurement provides required data to calculate the kinetic energy in the boat and
the loss of this kinetic energy in hull drag during the air or recovery phase of a
stroke. An algorithm for computing paddle motion data is being developed and
consecutive athletes’ power output measurement is thereby facilitated. The whole
system has a mass of just above 1 kg excluding the mobile phone.

Cost is an important aspect for users. If possible, attention was paid to choosing
inexpensive components in the system design while maintaining high quality in the
recorded data. Nevertheless, some components had to be sourced from third party
manufacturers at a price which is not realistic for a customer product. In particular
the foot stretcher load cells and the Mulle module are too expensive for a feasible
distribution of the KS in great numbers. Fortunately, replacing the expensive parts
is not very complicated but requires merely the time for this effort.
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Conclusion and Future Work

9.1 Conclusion

Sports technology research at STH KTH commenced with the initialisation of this
thesis. This document summarises some of the processes and results which have
led to the current status. Need-driven and user-centred work has always been an
important motivation for our actions.

The previous pages had a strong focus on the development of a new wireless
kayak performance monitoring system, the Kayak XL System (KS). Prior tech-
nology in this field mostly relied on wired signal transmission and larger, heavier
hardware. The developed sensor units provide quick installation without alteration
to any regular kayak competition paddle. The ability of the KS to measure paddle
force and foot stretcher forces as well as boat velocity was presented and analysed
in detail. A mobile phone was programmed and successfully tested for the purpose
of collecting this data via Bluetooth radio. The received data can be displayed im-
mediately to an athlete. Real-time computation of advanced feedback parameters,
i. e. information based on the historic profile of one or several signals, cannot yet
necessarily be accommodated by current mobile phone hardware, but the on-going
rapid development in this technology sector may soon resolve this issue.

From a designer’s point of view, the iterative prototype development cycles,
which involved systematic user feedback, were very helpful in achieving the pre-
sented results. Several design-build-test iterations similar to the PDCA concept
helped in improving the prototypes in every cycle. This approach was further tested
in parallel projects, that could build on obtained knowledge and experience from
the KS development. The modules, which the KS consists of, are part of a sensor
platform development and contributed to these other sensor system development
projects, too.

One example of these additional projects is the instrumentation of a Concept
2 rowing ergometer, one of the most sold models. This rowing ergometer has a
sensor on the flywheel and provides information to the user based on this source.

73
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The project’s aim was to verify the ergometer’s power output computation with
custom sensors and to measure additional parameters on the seat. A system with
three wireless sensing units has been built. Finalisation of the data transmission
protocol and user interface remains. The evaluation of preliminary data from the
new system is promising.

9.2 Future Work

This section focusses on the KS and future options to this venture only.
The KS is a tested system and ready for operation. However, small improve-

ments to the (electronics) design could be made, partly because new devices have
become available, partly for further optimisation of the KS’s hardware components:

• It could be interesting to add a second cantilever at a 90 ◦ angle to each paddle
node in order to measure two dimensional force with each node individually.
In terms of electronics this implies simply cloning the existing signal condi-
tioning circuitry for another force sensor. This has since long been considered,
but worries were that the mechanical design might become less user friendly.

• Accuracy of the motion sensor axes could be increased by replacing current
accelerometer and gyroscope sensors with a single, new IC on the market
(MPU-6000, Invensense, CA-Sunnyvale, USA), which additionally yields a
higher rotational velocity range to prevent the clipping seen in Figure 7.6c.

• A trade-off was made between package size of the IC and output signal range
for some amplifiers. Both versions have been implemented and successfully
tested. Nevertheless, from practice motivations to revert to only rail-to-rail
amplifier ICs, e. g. the INA122 (Texas Instruments, Dallas, USA), have been
found.

• Replacement of the Mulle module with a faster MPU and more cost-effective
components would be desirable and has the potential to improve the financial
attractiveness of the system.

• The external connector of the paddle nodes is practical for research and de-
velopment purposes but should be removed and replaced, preferably, by an
inductive charging method.

• The paddle node v2.1 used a smaller aluminium clamp and a lighter enclosure
than v3.0, which prioritised a greater safety margin concerning stability and
sealing. There may be a compromise between those two versions which should
be worth investigating.

On a system perspective, one could also extend functionality, e. g. with ad-
ditional connectivity — given that the mobile phone CPU allows for additional
computation load. The mobile phone software could be upgraded to connect to an
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external, commercially available Bluetooth HR monitor, for example. This does
not require any complex programming and can be achieved through including a
fourth Bluetooth connection.

Athletes often train without a coach. The KS is intended to aid in such situations
by providing a means for knowledge of performance. It would be interesting to
investigate how, for example, audio coded feedback of performance data can support
an athlete’s training [19].

Furthermore, the connectivity of the mobile phone can help to bridge the gap
between an athlete and a distant coach. The phone’s KS software could be changed
to transmit performance data to a server on the internet. A web interface could
provide a communication platform for training information between a coach and
athletes. This would allow the coach to supervise a remote athlete and provide
advice.

If the connectivity to the internet has been established and the data has been
sent to a server, it would be possible to use the CPU power available through
this connection to outsource complex computations of performance data from the
phone to the cloud. Limitations to this approach may lie in the available internet
connection at the training site and the time lag in transmitting the data back and
forth.

In chapter 3, equation (3.5) stated a method for measuring athlete power output
during on-water kayaking. At this point the measurement of on-water kayak paddle
force with the KS has been discussed in length. The missing piece is measurement
of paddle blade velocity and stroke path, which the work outlined in last section
of this thesis shall to lead to. A preview on an upcoming study “Wireless Kayak
on-water Ergometry. Part 2: Kinematics” by Kjartan Halvorsen and myself is
presented.

9.3 Preview

The lack of a system for measuring kayak athlete power output was mentioned. The
KS can measure force and each of the paddle sensors include an IMU. It should thus
be possible to calculate the stroke path of the paddle blade and thereby provide all
data necessary to calculate athlete power output.

There are two sets of the gyroscopes and accelerometers attached to the same
rigid body, the paddle shaft. These sensors provide redundant data that may give
better estimates of the attitude and acceleration of the paddle, provided that the
configuration of the two nodes is accurately known. The configuration of the system
is given by the rigid transformation between the coordinate systems in the near and
the distal node. Since the system is designed to be attached to any kayak paddle,
the configuration needs to be determined each time the system is used. It is possible
to measure the transformation by hand, but the errors in this procedure are too
large. On the other hand, it can serve as a good initial estimate.
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With knowledge of the configuration of both IMUs on the paddle it is then
possible to use the motion data from both locations for tracking the paddle during
a stroke. Drift is a known issue in integrating gyroscope and accelerometer data for
position tracking. As kayak paddling is a cyclic activity, this allows to compensate
for drift in the gyroscope and accelerometer data. Assumed that the attitude of
the paddle at the catch of a stroke is the same for every cycle, this information can
be used to compensate for drift. Detecting a catch can be achieved by monitoring
the force signals from the paddle.

This preview describes how to determine the configuration from sensor data.
Basically, the rigid transformation is adjusted until the measurements from the two
sensor nodes are consistent with the fact that they are attached to the same body.
The body-fixed reference frame of the paddle is taken to be the local coordinate
system of one of the sensor nodes. The corresponding sensor node is referred to as
the near node, and the other node as the distal node.

Two algorithms are considered. The first algorithm (2G) uses gyroscope data
only and estimates the rotation between the two nodes. The second algorithm
(2GA) uses both gyroscope and accelerometer data and estimates both rotation
and translation.

Gyroscope Data Only
The rotation between the local coordinate systems of the two gyroscopes is repre-
sented using a unit-norm quaternion, denoted q. Utilising the same basic idea as in
the Multiplicative Extended Kalman Filter (MEKF) [42], this unit quaternion is as-
sumed to be a known, deterministic entity during the prediction- and measurement
update steps of the Multiplicative Extended Kalman Filter (MEKF). Hence, the
state vector does not include the quaternion, but instead a 3-vector g representing
the error in the unit quaternion:

q0 = q ∗ δq(g) , (9.1)

where q0 is the true orientation, and δq(g) is the error (unit) quaternion parametrised
by g and ∗ denotes quaternion multiplication. The use of a 3-vector representation
of the error quaternion avoids issues with the quaternions as non-minimal repre-
sentations of rotation and the consequential need of constraining the estimate or
renormalising the quaternion in each step.

The state vector is

x =
[
ω
g

]
, (9.2)

where ω(t) is the angular velocity of the paddle in the body-frame of the near node.
There a number of different representations of a (small) error in orientation that
are equivalent in the sense that they have the same second order approximation to
the error quaternion [42]. In the following the Gibbs vector [25] parametrisation
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will be used, also known as Rodrigues parameters, which is defined by

δq(g) = (4 + gTg)− 1
2

[
g
2

]
. (9.3)

The Gibbs vector parametrisation is rather simple and avoids trigonometric func-
tions, which is the main reason for the choice.

The quaternion q is updated between each iteration of the filter as

q ← q ∗ δq(g(k)), (9.4)

which conserves the unit-norm of q. The multiplication above can be performed
efficiently by first multiplying

q ∗
[
g
2

]
(9.5)

and then normalising the resulting quaternion.
A simple model of the dynamics is assumed

ẋ =
[
e
0

]
, (9.6)

where e is a continuous white noise with intensity QA. In words, the angular
velocity is modelled as a Wiener process, and the rotation between the two nodes
as constant.

Measurements of the angular velocity are available from the two gyroscopes
(near n and distal d). These have known timestamps, but measurement samples
are typically not synchronised. The dynamics function is integrated between the
timestamps of available measurements in one step using Euler’s method, i. e. as-
suming a constant right hand side in equation (9.6).

The measurement model relating the state (and the parameter q) to the gyro-
scope measurements is

y1(t) ≡ ωn(t) = ω(t) + εn(t) (9.7)
y2(t) ≡ ωd(t) = Rgω(t) + εd(t), (9.8)

where Rg is the rotation matrix corresponding to the unit quaternion q ∗ δq(g) and
εn and εd are white noise sequences.

The measurement functions need to be linearised for each time step of the
MEKF. It is somewhat easier to differentiate w.r.t. g if the rotation is written as a
quaternion rotation:

Rgω =
(
q ∗ δq(g) ∗ ω∧ ∗ δq(−g) ∗ q

)∨
, (9.9)

where ω∧ =
[
ωT 0

]T denotes the quaternion representation of the vector, (·)∨
denotes the vector part (first three elements) of the quaternion, and q denotes the
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conjugate of q. This gives
∂

∂ω
Rgω = Rg (9.10)

∂

∂g
Rgω = ∂

∂g

(
q ∗ δq(g) ∗ ω∧ ∗ δq(−g) ∗ q

)∨
= q ∗ ∂

∂g
δq(g) ∗ ω∧ ∗ δq(−g) ∗ q∨

+ q ∗ δq(g) ∗ ω∧ ∗ ∂

∂g
δq(−g) ∗ q∨

(9.11)

∂

∂g
δq(g) = (gTg + 4)− 1

2

[
I
0

]
+ (gTg + 4)− 3

2

[
g
2

]
gT. (9.12)

The quaternion multiplication is performed column-wise.

Gyroscope and Accelerometer Data
The acceleration measured by the two nodes carries information about the angular
velocity of the paddle and the relative orientation and distance between the nodes.
This is utilised in algorithm 2GA.

The state vector is

x =


ω
α
a
g
p

 , (9.13)

where α is the angular acceleration, a is the (linear) acceleration and p is the
position of the distal node in the body frame of the near node. Again, a simple
model of the state dynamics is considered

ẋ =


α
eα
ea
0
0

 . (9.14)

where eα and eq are continuous white noise processes. Hence, the accelerations are
modelled as Wiener processes, and the relative position and attitude of the nodes
as constant.

The available measurements are the acceleration- and angular velocity measure-
ments from the two nodes.

y1(t) ≡
[
ωn(t)
an(t)

]
=
[
ω(t)
a

]
+ εn(t) (9.15)

y2(t) ≡
[
ωd(t)
ad(t)

]
=
[
Rgω(t)
Rgs(t)

]
+ εd(t), (9.16)
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where
s = a+ ω × (ω × p) + α× p. (9.17)

The Jacobians of the measurement functions are similar to (9.10)-(9.12). In partic-
ular, for the acceleration at the distal node it is

∂

∂ω
Rgs = Rg

(
I × ω × p+ ω × I × p

)
(9.18)

∂

∂α
Rgs = Rg(I × p) (9.19)

∂

∂a
Rgs = Rg (9.20)

∂

∂g
Rgs = ∂

∂g

(
q ∗ δq(g) ∗ s∧ ∗ δq(−g) ∗ q

)∨
= q ∗ ∂

∂g
δq(g) ∗ s∧ ∗ δq(−g) ∗ q∨

+ q ∗ δq(g) ∗ s∧ ∗ ∂

∂g
δq(−g) ∗ q∨.

(9.21)

Cross products between matrices and vectors are performed for each column of the
matrix. A row of zeros are added to the resulting matrix, and then quaternion
multiplication is done between corresponding columns.

Simulations

Simulated inertial sensor data were generated from a configuration of two IMUs
consisting of a gyroscope and an accelerometer each positioned 0.5m apart and
rotated an angle of 60 ◦ with respect to each other. The simulated movement
consisted of 16 complete revolutions, where the revolutions alternated between two
perpendicular axes of rotation. Each revolution consisted of 100 data samples,
corresponding to one revolution per second and a sampling frequency of 100Hz. A
total number of 20 simulations were performed, and for each simulation different
sequences of white noise (SNR = 10) and different, random errors in initial guess
of the orientation (10 ◦ in random direction) were generated. This corresponds to
a reasonable accuracy in a quick manual determination of the rotation between
the nodes. For algorithm 2GA an initial error with mean 2 cm in the distance
between the nodes was generated, which is also reasonably accurate for a manual,
quick measurement. Figure 9.1a shows the mean error in the estimated rotation
between the two IMU as a function of time, and figure 9.1b shows the error in the
estimated position of node d with respect to node n. Note that the initial covariance
causes large variations in the beginning of the measurement, but after the first two
rotations (2 s), the error steadily declines. After the 16 rotations (16 s), the error
in rotation is less than half a degree, and the error in position is less than 5mm.
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Figure 9.1: Simulation results.

Utilising the redundant data in the two IMUs will improve the estimated angular
velocity, provided that the errors in the estimated orientation between the two IMUs
and in the distance between them is not too large.

This concludes the preview on our work to determine the paddle stroke path
from IMU data of the KS paddle nodes.
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Paper I

Abstract

University research is required to be more need-driven and user-centred
in order to address research problems and market needs. However, there is
a lack of understanding regarding the research approach, which can be used
effectively to address the dual goals. In this study, we provide a detailed expla-
nation regarding user-centred research approach used in a Swedish university
research project. Our results suggest that integration of potential customers
and lead users into the research and development stages represents a critical
step for ensuring marketability of the innovative product. In addition, we
highlight four specific stages related to the proposed research approach and
list specific activities related to these research and development stages.
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Paper II

Abstract

Canoeing is a very competitive sport involving a non-trivial pattern of
motion. A group of athletes and coaches approached the authors for aid in
quantifying what until today only is qualitative, personal and thereby subjec-
tive data. The objective of this work is to present a measurement tool that
records paddle and foot stretcher force in a flatwater kayak training situation,
i.e. when training on the water. The system facilitates a wireless (Bluetooth)
star network link with three sensor nodes and one central unit. Validation
data was obtained from a kayak ergometer that is equipped with analysis
software. The stroke power obtained from this ergometer system is compared
to the force data measured by the presented wireless sensor nodes. We have
not been able to find any similar systems that would provide better data for
performance analysis.
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Paper III

Abstract

A novel wireless paddle force measurement system, the Kayak XL System,
was validated against a reference measurement system (LTH, Sweden) on a
kayak ergometer — in the absence of a gold standard method. User-centred
design suggested the use of the Bluetooth standard and a mobile phone as
the central data recording and processing unit for the wireless system. Three
junior athletes provided realistic data for signal comparison of both systems.
The wireless system underestimated the peak force by 9.8N in average and the
force impulse by 1.75 kg m/s. Results show a correlation coefficient of > 0.94.
There was a delay between the two force signals, indicating that the mass of
the paddle has a non-neglectable influence on its dynamics during a stroke.
Timing of peak force values are therefore prone to small errors depending on
the actual mass and stiffness of the shaft used.
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Paper IV

Abstract

The aim of this work was to present a new wireless paddle force measure-
ment system and to evaluate this measurement system. The system is rede-
veloped from a previous design and includes inertial motion sensors, which
allows for the movement and inertia of the paddle to be taken into account.
The system consists of two sensor nodes, designed for quick attachment to vir-
tually any kayak paddle, and an Android phone or tablet. Each sensor node
measures the bending of the shaft in one plane. We derive the expressions nec-
essary for computing the force on the paddle blade in two directions ignoring
the force in the direction of the shaft. Two different schemes for calibrating
the system are presented. The accuracy and reliability of the system is eval-
uated in a laboratory setting using a material testing machine. The results
show limits of agreement of ±1.8Nm (linear model) and ±0.6Nm (quadratic
model) for measurements following directly after calibration. When the sen-
sors are removed and reattached between calibration and measurements, the
corresponding limits of agreement were [−1.9, 3.9] Nm (linear model) and
[−4.0, 3.0] Nm (quadratic model). The limits of agreement depend on the
position of the sensor nodes along the shaft. Results from applying the sys-
tem on water are also presented.
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