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Abstract 

The ability to generate propulsion and minimise drag is crucial for success in 

sprint kayaking.  The constraints imposed by water have resulted in a lack of 

research in on-water kayaking environment. Indeed, both propulsive and 

resistive forces have been studied mainly in laboratory environment or by 

computational analysis. Therefore, besides the lack of research and knowledge, 

there is a lack of instruments adapted to access these variables. This Thesis 

develops two systems that allow studying both the propulsive forces applied to 

the paddle - the FPaddle system, as well as the hydrodynamic resistive forces 

acting on the kayak – the field towing system. These equipments are the basis 

that enabled developing studies that allowed to perform: 1) the characterisation 

of the paddle force profile in single-seat (K1) and in double-seat kayak (K2), 

and 2) the determination of the passive drag that acts upon a kayak. The force 

curve profile in single-seat kayak was stroke rate dependent and characterised 

by having a bell shape at training paces and by a two-peak profile at stroke 

rates closer to race pace. Also a two-peak profile was observed in both bow 

and stern kayak paddlers on a double-seat kayak when performing at 110 

strokes per minute. The mean force and mean force/peak force ratio were 

found to be variables capable of distinguish performances in single-seat kayak. 

The results suggested that to achieve a high Fmean/Fpeak ratio kayak paddlers 

should seek a rapid increase in force immediately after blade entry and need to 

take the paddle blade out of the water close to the instant when the propulsive 

forces are still close to the peak force. It was observed a decrease in mean 

force and impulse in double-seat, when compared with the performance in 

single-seat. The variable that best correlated with performance in double-seat 

was the sum of the impulses of the crew per kg. The combined analysis of force 

and acceleration in K2 suggests that the paddle entry, especially at stern 

position, should be faster and powerful to compensate the faster moving water, 

and also the need for a faster and earlier exit of paddle blade from the water, 

compared with K1, since in K2 there is a higher possibility of having longer 

periods of deceleration. At same time that kayak paddler increased the kayak 
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velocity and the force applied on the paddle the hydrodynamics drag increased. 

The analysis showed for top velocity an increase in passive drag of 6.0% and 

12.4% for a 75 kg and 85 kg kayak paddler, respectively, when comparing with 

a 65 kg athlete. However, when analysed different size’ kayaks the results 

suggests that kayak paddlers should select according not only with is weight but 

also with the race distance and target velocity. Results from the decomposition 

of the passive drag (friction, pressure and wave) suggest that the path for better 

hydrodynamic kayak performance should seek changes that have great 

potential to decrease friction drag and consequently the passive drag, since it 

accounts for approximately 60% of the total passive drag. 

Key words: kayaking, kinetics, kinematics, instrumentation, single-seat kayak, 

double-seat kayak, passive drag. 
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Resumo 

Em canoagem de velocidade o sucesso depende da capacidade do canoísta 

gerar forças propulsivas e minimizar o arrasto. Os constrangimentos impostos 

pelo meio aquático têm resultado na escassez de investigação em canoagem 

no meio real de prática. Verifica-se em canoagem, que tanto as forças 

propulsivas como resistivas têm sido preferencialmente estudadas em 

laboratório ou por simulação computacional. Assim, para alem da escassez de 

investigação, é exígua a instrumentação adaptada para recolher este tipo de 

informação. Esta Tese começa por desenvolver dois sistemas que permitem 

estudar as forças propulsivas aplicadas à pagaia – o sistema FPaddle, bem 

como, as forças de arrasto hidrodinâmico que atuam  no caiaque – o sistema 

de reboque. Estes equipamentos foram a base para o desenvolvimento de 

estudos que permitiram: 1) a caracterização do perfil de força durante a 

pagaiada em caiaque de um (K1) e dois lugares (K2), e 2)  a determinação do 

arrasto passivo que actua sobre o caiaque. O perfil de curva de força da 

pagaiada em K1 demonstrou ser dependente da frequência de pagaiada e 

apresentou nas intensidades de treino a forma de sino com um pico único, 

contudo, com o aumento da frequência de pagaiada e a intensidade próxima 

de competição tendeu para um perfil de força com dois picos. Quando testados 

em K2 os canoístas (à proa e à popa) também apresentaram um perfil de curva 

de força com dois picos (a uma frequência de 110 pagaiadas por minuto). As 

variáveis da curva de força, força média e o ratio força média/força máxima 

apresentaram-se como variáveis capazes de distinguir os desempenhos em 

K1. Os resultados sugerem que para atingir um ratio força média/força máxima 

elevado o canoísta deverá procurar um rápido aumento da força, logo que 

inicia a fase aquática, e remover a pá da água pouco após ter sido atingido o 

pico de força. Foi observada uma diminuição da força média e do impulso em 

K2, quando comparado com o desempenho em K1. As variáveis que melhor se 

correlacionaram com o desempenho em K2 foi a soma dos impulsos da 

tripulação por kg. A análise combinada das forças e da aceleração em K2 

sugere que o ataque da pá à água, especialmente para o atleta que vai à popa, 
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deverá ser mais rápido e mais forte na chegada da pá à água para compensar 

o facto de pagaiar em água já movimentada. Para além disso, a necessidade 

de cumprir a sub-fase de saída da pá da água ainda mais rápido do que em 

K1, já que em K2 existe maior possibilidade de existirem maiores períodos de 

desaceleração. À medida que o canoísta aumenta a velocidade do caiaque e 

as forças por ele aplicadas na pagaia, também aumenta o arrasto 

hidrodinâmico. Os resultados mostraram que para a velocidade máxima existe 

um aumento do arrasto passivo em 6% e 12,4% quando aumentada a massa 

corporal do canoísta de 65 kg para 75 kg ou 85 kg, respetivamente. Contudo, o 

estudo de diferentes tamanhos de caiaques sugere que o tamanho de barco a 

ser seleccionado pelo canoísta deve ter em conta não só o seu peso, mas 

também, a distância de prova e a velocidade que pretende atingir. Os dados da 

decomposição do arrasto  passivo (fricção, pressão e onda) sugerem que o 

melhoria do desempenho hidrodinâmico do caiaque deverão orientar-se para 

os aspectos que potencialmente poderão diminuir significativamente o arrasto 

de fricção, visto ser aquele que maior contributo tem (aproximadamente 60%) 

para o arrasto passivo total.  

Palavras-chave: caiaque, canoagem de velocidade, cinemática, cinética, 

instrumentação, caiaque de um lugar, caiaque de dois lugares, arrasto passivo. 
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Résumé 

En canoë-kayak de course en ligne le succès dépend de la capacité du 

kayakiste de gérer des forces de propulsion et de minorer les forces de trainée 

hydrodynamique. Les contraintes imposées par l’évaluation dans un milieu 

aquatique ont eu comme conséquence une pénurie de recherches au niveau 

du canotage dans un environnement réel d’entraînement. En effet, les forces 

propulsives telles que les résistives ont été étudiées plutôt dans laboratoires ou 

à l’aide de simulations informatiques. Par conséquence, il n’y a pas seulement 

une pénurie de recherches mais aussi d’instruments adaptés pour recueillir  les 

données. Cette thèse présente deux systèmes qui permettront d’étudier les 

forces propulsives au niveau de la pagaie – le système FPaddle ainsi que les 

forces de trainée hydrodynamique employées sur le kayak – le système de 

remorque sur le terrain. Ces équipements ont possibilité le développement 

d’études qui ont permis : 1) la caractérisation du profil de la force exercée sur la 

pagaie dans un kayak à une (K1) e deux places (K2), et 2) la détermination de 

la force de trainée passive exercée sur le kayak. Le profil de la courbe de force 

exercée sur la pagaie dans le kayak à une place a prouvé être dépendante de 

la fréquence  avec laquelle on utilise la pagaie et a présenté l’intensité de 

l’entrainement sur forme de cloche avec un seul pic tandis que quand il s’agit 

d’une intensité d’entrainement proche de celle d’une compétition  le profil de 

force présente la forme de cloche avec deux pics. Même quand il s’agit de 

kayaks à deux place, les kayakistes (à la proue et à la poupe) présentent un 

profil de courbe avec deux pics. Les variables de la courbe de force, force 

moyenne et le ratio force moyenne/force maxime, se sont présentées  comme 

variables capables de distinguer les performances en K1.Les résultats 

suggèrent que le kayakiste devra augmenter rapidement la force aussitôt qu’il 

entame la phase aquatique pour atteindre un ratio force moyenne/ force 

maxime élevé ainsi qu’enlever la pale de l’eau peu après que les forces 

commencent à  décroitre  après avoir atteint le pic de la force. On a observé 

une diminution de la force moyenne de l’impulse en K2 en comparaison avec le 

K1. Les variables qui se mettent le mieux en relation avec la performance en 
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K2 a été la somme des impulses des kayakistes de l’équipage par kilogramme. 

L’analyse combinée des forces et accélération en K2 suggère que l’attaque de 

la pale à l’eau, spécialement pour l’athlète qui se trouve à la poupe, devra être 

rapide  et fort quand la pale touche l’eau vue que la pagaie se trouvera dans 

des eaux déjà mouvementées. En plus il faut sortir la pale de l’eau encore plus 

rapidement qu’en K1 car en K2 il y a une plus grande possibilité d’avoir des 

plus grands périodes de ralentissement. Au fur et à  mesure que le kayakiste 

augmente  la vélocité du kayak et ses forces appliquées sur l’eau,  les forces de 

trainée hydrodynamique augmentent. Les résultats ont démontré que pour la 

vélocité maxime testée,  les forces de trainée hydrodynamique passives 

augmentent en 6% et 12% quand on augmente la masse corporelle du 

kayakiste de 65Kg pour 75 ou 85 kg respectivement. Pourtant l’étude de 

différentes tailles de kayaks suggère que la taille du bateau choisi par le 

kayakiste  devra tenir en compte pas seulement son poids mais aussi la 

distance de l’épreuve et la vélocité employée par l’athlète. Les données de la 

décomposition des forces de trainée hydrodynamique passives (friction, 

pression et vague) suggèrent que l’amélioration de la performance 

hydrodynamique du kayak  devra s’orienter par les aspects qui pourront 

potentiellement diminuer d’un forme significative les forces de trainée de friction 

vue que celles-ci sont responsables (environ 60%) pour le total des forces de 

trainée passives. 

Mots-clés : kayaks, canoë-kayak de course en ligne, cinématique, cinétique, 

instrumentation, kayak à une place, kayak à deux places, force de trainée 

passive.
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List of Abbreviations 
 

A Period of kayak forward acceleration  

Af Frontal surface area 

AS Wetted surface area 

CFD Computational fluid dynamics 

dA Distance between the centre of the area of the blade and the near 
grip  

dB Distance between hand grips 

D1 Delay between the onset of force and kayak acceleration 

D2 Delay between the start of kayak deceleration and end of force 
application 

DA Active drag 

DF Friction drag 

DP Passive drag 

DPR Pressure drag 

DW Wave drag 

Ė Energy Expenditure 

FDγ  γ Foulkes and Davis tracking index  

Fmean Mean force 

Fpeak Peak force 

FB Force on the blade 

FS Force on the paddle shaft hand grip 

GE Gross Efficiency 

ICF International Canoe Federation 

K1 Single-seat kayak 

K2 Double-seat kayak 

K2B Double-seat kayak in the bow 
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K2S Double-seat kayak in the stern 

K4 Four-seats kayak 

L Length 

PA Aerial phase 

q Dynamic pressure  

 Coefficient of multiple determination 

SG-P Strain gauge parallel to the blade’ bigger area 

SG-T Strain gauge transverse to the blade’ bigger area 

spm Strokes per minute 

SR Stroke rate 

V Velocity 

v Fluid viscosity 

ρ Fluid density 

3D Three-dimensional 
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Chapter 1. 

General Introduction 
 

Competition is natural to humans (Darwin, 1859), certainly including sports. In 

this type of activity, athletes quest for superior performance to be achieved 

through physical exercise in a context of equal rights to all. Modern research 

and technology has brought us tools to enhance physical performance, within 

certain expected limits (the boundaries are sport competition rules and the anti-

doping code). The possibility to determine and analyse the performance 

determinants of a given sport can be crucial to performance. 
In kayaking, from a biomechanical point of view, performance depends mainly 

on the ability to generate propulsion and minimise drag (Michael, Smith, & 

Rooney, 2009). Thus, the crucial inputs to the system paddler/paddle/kayak are 

the forces applied by the paddler through the paddle to the water, and its 

effective transfer to the kayak (Shephard, 1987). Mechanical evaluation of the 

paddle stroke and their associated forces, which depend on the geometry and 

set-up of the kayak and the paddle itself, will contribute to the understanding of 

performance. However, these aspects are seldom presented on literature. 

Nowadays, the use of technology to allow acquire quantitative data is in 

kayaking, limited to stop watches, distance and velocity measurements (through 

GPS), heart rate monitors and occasional video recording (Sturm, Parida, 

Larsson, & Isaksoon, 2011). Is mainly based on theoretical and personal 

practical knowledge and paddler observation that the coach derives his analysis 

and technical recommendations. During on-water training situation the coach 

relies mainly on visual impression of the paddlers’ body segments kinematics to 

infer the quality of forces being produced. It should be helpful for athletes and 

coaches to have on-water kinetic performance data at their disposal. Also, 

many of the choices, in terms of kayak set-up, that can influence both 

propulsive and resistive kayaking forces, are mainly based on subjective 

perception of comfort, rather than performance (Ong, Elliott, Ackland, & Lyttle, 

2005). This knowledge may contribute to improve the quality of the feedbacks 



	   4	  

and will allow, in the process of learning or relearning a motor task (Schmidt & 

Lee, 2005), to change from the bare knowledge of results to the knowledge of 

performance, where the result is dependent on the understanding of how an 

outcome is achieved. 

The general goal of this Thesis was to extend the scientific knowledge on the 

study of the propulsive and resistive forces in sprint kayaking, by the 

development of measuring systems, the study of the latest innovations in terms 

of kayaking equipment designs’ and the analysis of the performance of elite 

kayak paddlers. In terms of measuring systems it was intended that methods 

and tools should be of practical use, both suitable for research and for training 

advice.  

Therefore, two main specific goals emerged, one related to the propulsive and 

the other to the resistive forces in sprint kayaking. Regarding to the first specific 

goal, the purpose of this Thesis was to study the paddling force profile in single 

and double-seat kayaks. Four main questions emerged: 

• Does exists a common profile, and what is the paddle force profile of elite 

kayak paddlers? 

• Which are the paddle force curve variables that best explain kayak 

performance in single-seat kayak? 

• What changes in paddle force profile when elite paddlers, performing in 

single-seat kayak, increase their paddle stroke rate? 

• Which are the main differences in paddle force profile between 

performing in single and double-seat kayak? 

Regarding the second specific goal, and considering the limited research in 

kayaking and the high influence of the hydrodynamic drag to performance, this 

Thesis also aimed to:  

• Develop field equipment and determine the hydrodynamic drag of a 

kayak (single-seat); 

• Compare the hydrodynamic drag of different kayak (single-seat) hull 

shapes/sizes; 

• Understand possible ways to improve kayak hydrodynamics through the 

detailed study of drag components.  
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In accordance with the specific purposes, the following hypothesis were 

formulated: 

• The force-time curve of elite kayakers has a specific shape and differs 

according to the stroke rate; 

• The paddling force profile changes with the increase in stroke rate, from 

training paces to race pace, probably increasing force and at same time 

decreasing the force application time; 

• The paddle force profile changes when the kayaker paddles in single or 

double-seat kayak; 

• There are differences between paddling at bow or stern position on a 

double-seat kayak; 

• The passive drag depends on the size of the kayak and increases with 

the increase in paddlers’ weight; 

• The passive drag increase due to the increase in paddlers’ weight will 

affect the contribution of each of the components of the hydrodynamic 

drag (friction, pressure and wave). 

The outcome of this Thesis should contribute with knowledge that can lead to 

advances in paddle technique and kayaking training procedures and 

performance. 

 

 

1.1 Thesis overview 
The Thesis is composed of 11 chapters, including references. Following this 

introduction, the Chapter 2 presents the state of art in terms of kayaking 

biomechanics, synthesising the main findings of published literature. Chapter 3 

presents the technological innovation and development contributions of this 

Thesis, specifically the measuring systems developed, examples of data 

collection and lists the limitations imposed during the design stages. Chapter 4 

to 8 present the different research contributions produced, written as stand-

alone papers. Chapter 4 to 6 are related to the work developed using the 

FPaddle system. Chapters 4 and 5 dedicated to characterise paddle stroke in 

single-seat kayak performance and the chapter 6 in double-seat kayak. 
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Chapters 7 and 8 are papers dedicated to the analysis of the resistive forces 

acting upon a kayak, more specifically the passive hydrodynamic drag 

measured from a field-experimental procedure (Chapter 7) and using theoretical 

methods of drag decomposition to clarify the relative importance of the various 

drag types (Chapter 8). Chapter 9 discusses and summarise the work as a 

whole. The culminating Chapter 10 deals with the overall conclusions of the 

thesis, summarizing the key findings and also perspectives for future research. 
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Chapter 2. 

Kayaking Biomechanics 
 

Canoeing is a very competitive sport represented in the Olympic context with 

two kayak/canoe disciplines: slalom and flat-water competitions. In both 

disciplines the athlete propels a boat (canoe or kayak) using a paddle (one or 

two blades, respectively), and competes in single-seat or crew boats. This work 

will focus on flat-water sprint kayaking. In this discipline the athlete compete in 

calm water in kayaks of one, two or four places (K1, K2 and K4) over 200, 500 

or 1000m distances.  
Top-level performance in sports requires a systematic approach, using a 

scientifically based system for research and performance analysis. Although 

canoeing (flat-water competition) first appeared in the Olympics in Berlin 1936, 

serious scientific interest did not occur until the 70´s. Nowadays sports training 

and physiology are the main research areas of interest in kayaking, accounting 

for about 90% of the existent literature. A bibliographic search (Scopus, EBSCO 

and SportDiscus) revealed 19 research reports related to biomechanics of flat-

water kayaking, and very few have involved analysis of performance in on-water 

situations (only two reports were published after 2000 that were conducted in 

on-water situation) and with recent kayak and paddle designs (Table 1).  

The first published reports about paddling technique appeared in the 70’s and 

80’s (Plangenhoef, 1979; Mann & Kearney, 1980; Shephard, 1987), and more 

recently, in the 90’s (Aitken & Neal, 1992; Sanders & Kendal, 1992a, 1992b; 

Sanders & Baker, 1998; Baker, Rath, Sanders & Kelly, 1999). These studies 

focused on variables that identified and determined: kinematic aspects that 

distinguished elite competitors, changes in kayak technique related to changes 

in paddle design, and the on-water forces generated by a paddler. In view of the 

scarcity of studies about kayaking, mostly in biomechanics, more studies are 

required to fully understand this sport and to improve athletes’ performance. 
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Table 1. Scientific studies and reviews about kayak paddling biomechanical 
analysis. 

Author Year Article Environment Article 
type 

Plagenhoef 1979 Biomechanical analysis of Olympic 
Flatwater kayaking and canoeing 

On-water Research 

Mann & Kearney 1980 A biomechanical analysis of the 
Olympic-style flatwater kayak stroke 

On-water Research 

Stothart  et al. 1986 Paddle ergometer kinematics of elite 
kayakers 

Ergometer Proceeding 

Aitken & Neal 1992 An on-water analysis system for 
quantifying stroke force 
characteristics during kayak events 

On-water Research 

Kendal & Sanders 1992 The technique of elite flatwater 
kayak paddlers using the wing 
paddle 

On-water Research 

Sanders & Kendal 1992a A description of Olympic flatwater 
kayak stroke technique 

On-water Research 

Sanders & Kendal  1992b Quantifying lift and drag forces in 
flatwater kayaking 

On-water Research 

Sanders & Baker 1998 Evolution of technique in flatwater 
kayaking 

 Review 

Baker et al. 1999 A three-dimensional analysis of 
male and female elite sprint kayak 
paddlers  

On-water Research 

Staniak et al. 1999 Analysis of canoe boat acceleration On-water Research 
Begon et al. 2003 Comparison of kayak stroke 

kinematics on ergometer and in situ 
Ergometer Proceeding 

Sumner et al. 2003 Fluid forces on kayak paddle blades 
of different design 

Experimental Research 

Sprigings et al. 2006 A method for personalising the blade 
size for competitors in flatwater 
kayaking 

Ergometer Research 

Petrone et al. 2006 Biomechanical Analysis of Olympic 
Kayak Athletes During Indoor 
Paddling 

Ergometer Research 

Begon & Colloud 2007 A kayak ergometer using a sliding 
trolley to reproduce accurate on-
water mechanical conditions 

Ergometer Proceeding 

Saga et al. 2007 About Ideal Form of Flat-water 
Kayak using a Paddling Machine 

Ergometer Proceeding 

Puccio & Mattei 2008 Kayak rowing: kinematic simulation 
of different techniques  

Ergometer Proceeding 

Begon et al. 2009 Measurement of contact forces on 
kayak-ergometer with a sliding 
footrest-seat complex 

Ergometer Research 

Michael et al. 2009 Determinants of kayak paddling 
performance  

 Review 

Brown et al.  2010 Activation and contribution of trunk 
and leg musculature to force 
production during on-water sprint 
kayak performance 

On-water Proceeding 

Sturm et al. 2010 A kayak training system force 
measurement on-water  

On-water Proceeding 

 

This low number of reports seems to be consequence of the constraints 

imposed by aerodynamic/hydrodynamic factors on on-water data collection 

(Staniak, Nosarzewski, Karpilowski, & Sitkowski, 1999). Despite the lack of 

research in this field, previous work analysing paddling technique or movement 
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patterns are helpful in building an understanding of factors affecting 

performance. However, it is apparent that to riche understanding of 

performance it is necessary to analyse in detail both the propulsive and resistive 

forces that act during kayaking. The force developed by the paddler is 

transferred to the kayak through the application of forces against a foot-bar and 

seat (Shephard, 1987), being dependent on the drag acting on the system 

paddler-kayak-paddle (both aerodynamic and hydrodynamic) (Figure 1). 

 

Figure 1. Propulsive and resistive forces acting on the system paddler-kayak-paddle 
(adapted from Michael et al., 2009). 
 

As well as there being few publications in flat-water kayaking, there are none 

related to the biomechanics’ of kayaking in crew boats, despite the fact that 

60% of the kayak competitions in the Olympic Games and in World and 

European Championships are held in crew boats. Research should be 

conducted into what are the main differences, if they exist, in terms of paddling 

force profile between performing in single and double-seat kayaks.  
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2.1 Kayaking kinematics 

2.1.1 Paddle stroke 

Kayaking technique is a cyclic movement composed of alternate left and right 

strokes, being a stroke cycle the sum of a left and right strokes. As proposed by 

McDonnell, Hulme, and Nolte (2012), each stroke is defined as including two 

phases: (1) the water phase (from entry to exit of the paddle blade from the 

water) (Figure 2), and (2) the aerial phase (from the paddle blade exit to the 

entry instant on the contralateral side) (Figure 2). Considering the existence of 

sub-phases, the water phase could be divided into the entry, pull and exit (Mann 

& Kearney, 1980; Sanders & Kendal, 1992a; Baker et al., 1999; Sperlich & 

Baker, 2000; McDonnell et al., 2012).  

 

  

Figure 2. Stroke phases and sub-phases, and defining positions: paddle blade contact 
with water (1); paddle blade immersion (2); beginning of the extraction of the paddle 
blade from the water (3); and paddle blade exit from the water (4) (adapted from 
McDonnell et al., 2012). 

 

 

The paddling stroke technique implicates not only arms movement but also 

trunk and legs. Anecdotal evidences collected from coaches involved in 

research suggest that as skill increases more body parts and muscle groups are 

used. This is supported by Brown, Lauder, and Dyson (2010) who showed that 

the trunk and legs play an important role in paddling force production among 

elite paddlers. This requires a very complex coordination and synchronisation 

process between the different segments.  
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The padding stroke begins with the paddler entering the blade as forward as 

possible and close to the kayak (entry position). This position is achieved by 

torso rotation to the paddling side and the draw arm being extended. To be able 

to reach the water, the athletes’ thrust hand moves slightly forward and the 

draw hand essentially downward (Plagenhoef, 1979), pivoting about an 

instantaneous axis of rotation. During this entry sub-phase is when catch occurs 

(moment when propulsive forces start to be generated), with a change from a 

dominance of resistive forces to propulsive (the kayak starts to accelerate). The 

catch should occur as soon as possible during the entry phase or even being 

coincident with its beginning. This sub-phase (entry) ends when the blade is 

completely submerged. At this time, the paddle blade should be locked in the 

water and continue throughout the pull sub-phase, i.e. the blade should be 

stationary in the water. The effect of blade slip occur when the force applied to 

the paddle is greater than the resistance on the blade in the water, dissipating 

power by imparting kinetic energy to the water (Fernandez-Nieves & de las 

Nieves, 1998).  

The blade is then moved backwards and laterally (using lateral motion of the 

blade, and consequently, with lift forces playing an important role (Sanders & 

Baker, 1998) until it passes the kayak seat and starts to exit the water. It is in 

this pull sub-phase, when the blade is at vertical position and its surface area is 

maximised, that the drag forces which act perpendicular to the blade contribute 

more to the kayak’s longitudinal propulsion (Sanders & Kendal, 1992a). So, it 

was been hypothesised that the most effective stroke force profile would be one 

in which the peak propulsive force was large and quickly achieved, maintained 

near peak for as long as possible, then reduced to zero as quickly as possible 

(Michael et al., 2012).  

Still in the pull sub-phase, the draw knee and hip are extended during paddle 

movement in the water to help drive the draw hip backward, producing torso 

rotation (combined movement in transversal plane of the shoulder girdle, 

thoracic and lumbar spine and pelvic girdle – Michael et al., 2009). The exit sub-

phase starts with the blade exiting the water as cleanly as possible, and the 

thrust hand starting to rise. During the aerial phase the thrust hand continuous 
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to rise slightly above the shoulder (moment that initiate the water phase on the 

other side) and then pushed to full arm extension combined with a little crossing 

over the athlete’s face to the other side (Begon, Colloud, & Lacouture, 2009).   

The paddling stroke rate is an important factor for kayak performance (Sanders 

& Kendal, 1992a). SR is inversely proportional to stroke time (SR = 1/stroke 

time) and usually presented in kayaking as strokes per minute (spm) - stroke 

rate, or stroke frequency. 

 
2.1.2 Kayak displacement 

The fact that kayakers use a boat as a vehicle makes it important not only to 

study the linear and angular kinematic data of the paddling movement, but also 

to analyse the kayak’s motion as a result of paddler’s movement and associated 

forces. During each paddling stroke, the kayak has a fluctuating acceleration 

due to the dynamic movement of the paddler and the varying magnitude of 

force application via the paddle, resulting in a velocity fluctuation (Mononen & 

Viitasalo, 1995). Therefore, boat velocity fluctuates within a stroke (Kendal & 

Sanders, 1992), as a result of propulsive forces and drag forces (Mann & 

Kearney, 1980; Jackson, 1995; Baudouin & Hawkins, 2002; Michael et al., 

2009). When propulsive forces prevail velocity tends to be increased, while 

when drag forces are dominant, velocity tends to decrease. High intracyclic 

velocity fluctuations tend to increase energy expenditure due to inertial effects, 

and should be perceived as deleterious for performance. 

Initiating in the entry and during the pull sub-phases of the stroke, the paddle is 

submerged and drawn through the water creating a force greater than the drag 

(air and water resistance opposed to the kayak and paddler), resulting in a 

positive (forward direction) acceleration of the kayak. When there are no 

propulsive forces being applied, the drag acts to slow down the kayak. A 

kayaker’s efficiency in generating propulsive forces, and minimising velocity 

variations within a cycle is, therefore, a key determinant of success (Brown, 

Lauder, & Dyson, 2011).  

Thus, these data on the kayak’s movement provide important insights into the 

effect of the technique variables on performance. In the literature, kayak 
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movement analysis has been overlooked, however, in studies examining the 

boat motion in rowing it was established a relationship between the stroke 

parameters and changes in acceleration and velocity of the vessel (Loschner, 

Smith, & Galloway, 2000). 

 

 
2.2 Kayaking kinetics 
 2.2.1 Paddle forces  
The paddling force-time curve variables and force profile determine the kayak 

acceleration and, consequently, the kayaking performance (Jackson, 1995; 

Michael et al., 2009). According to Sperlich and Baker (2002), the on-water 

force analysis has two main functions that complement each other. One 

function is concerned with the actual results that are produced (peak force and 

impulse values). This type of evaluation allows comparison of the results with 

established norms to identify possible areas of improvement, and monitoring 

year-to-year improvement of the individual athletes. The other function is related 

to the shape analysis of the force curves for stroke error detection (differences 

in force curve shapes can indicate different technique faults).   

The paddle blade has evolved from a laminate blade (flat) to the wing blade, 

which has an aerofoil shape. Although the shape of the optimal paddle blade is 

a complex matter (Sumner, Sprigings, Bugg, & Heseltine, 2003), the evolution 

on blade shape has increased its efficiency in 15%, when comparing the flat 

with the wing blade (Jackson, 1995). When paddling with the wing blade it as 

been hypothesised that propulsion is generated by combining lift and propulsive 

drag forces (drag forces applied to the propulsive blade of the paddle), having 

different predominant moments along the water phase (Sanders & Baker, 

1998). When the blade is in contact with water, drag and lift forces act parallel 

and normal, respectively, to the direction of motion of the blade relatively to the 

water (Jackson, 1995). According to wind tunnel analysis, the advantages in 

modern blades occur especially during entry and exit sub-phases (Sumner et 

al., 2003). Wing blades can have different shapes, sizes and degrees of 

stiffness (Ong et al., 2005). So far, innovation in blades’ shape has been a 
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manufacturers’ task, using probably an empirical approach. The current most 

successful paddle blade’ manufacturer has for flat-water kayaking three main 

shapes, each one with 9 possible sizes, making a total of 27 different blades. It 

is suggested that each athlete has to find his ideal blade according to his type of 

stroke in terms of the water phase (entry, pull and exit). Adding to this variety is 

the possibility to choose two degrees of stiffness of the blade and four of the 

shaft (from soft to extra stiff). Therefore, to help coaches and athletes, research 

should be conducted to characterise the forces during paddle stroke to allow 

determining, afterword, differences between shapes, sizes and degrees of 

stiffness of paddle blades.  

Considering the path of the paddle blade on the water during a stroke and the 

contribution of drag and lift forces for kayak propulsion it can be considered for 

study the forces that act perpendicular and parallel to the blade larger surface 

area, however the one with higher magnitude is the perpendicular one. This 

force acts upon the centre of the blade – hypothetical centre of hydrodynamic 

pressure (Sturm, Yousaf, & Eriksson, 2010). In Table 2 previous paddle force 

measures are presented; however, the instrumentation and the calibration 

processes of the blade are rarely described in detail by the authors; thus, the 

reported data may differ once it can report force on the paddle shaft hand grip 

or force on the blade.  

 

Table 2. Paddle peak forces in previous investigations. 
Boat Method N paddler Peak forces (N) Reference 

K1 Strain gauges 1 subelite ≈ 206 N Aitken & Neal, 1992 

K1 Force sensor 1 elite ≈ 220 N Mononen & Viitasalo, 1995 

K1 Not specified Not specified 375 N Baker, 1998 

K1 Force sensor  375 N Sperlich & Baker, 2002 

Dragon 
boat 

Strain gauges 6 elite ≈ 270 N Ho et al., 2009 

K1 Strain gauges 6 elite 354 N Brown et al., 2010 

K1 Force sensor 1 recreational ≈ 120 N Sturm et al., 2010 
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Although the paddle force variables have not been investigated in studies of 

kayaking, the relationship between the shape of the force-time curve and 

performance has been recognised in rowing studies. Millward (1987) showed 

that maintaining a force close to the peak force, from entry to paddle exit, 

optimised the boat speed. For a given time of force application and maximum 

force achievable, given the constraints of the frontal area of the blade 

(Sprigings, McNair, Mawston, Sumner, & Boocock, 2006), the greatest impulse 

is achieved when the force is at its maximum throughout the period of force 

application, i.e. a rectangular force profile. 

Combined analysis of paddle force and kinematics has been conducted on 

kayak ergometer (Michael et al., 2012) but conclusions are limited by the fact 

that the performance did not fully replicate on-water conditions. Studies of on-

water paddling kinetics have been performed (Aitken & Neal, 1992; Sperlich & 

Baker, 2002; Sturm et al., 2010), but were focused mainly on procedures, 

methods and devices rather than on data analysis and discussion of force data.  

According to Sperlich and Baker (2002), in terms of biomechanical testing in 

elite kayaking, the force applied to the paddle should be the prime variable 

measured, with boat velocity and acceleration also being combined with that 

information.  

 

2.2.2 Kayak centre of mass and inertial array 

Among various aspects, the kayak paddler can adjust his longitudinal position 

on the boat and the placement of weights in the kayak, aspects that will affect 

the centre of mass of the system kayak/athlete and the inertia momentum. If the 

mass of the system kayak/athlete is diverted towards the kayak bow, when 

paddling, the boat will tend to sink the bow and sway, as in the opposite 

situation, the boat will response in the same way towards de stern. The 

possibility of when performing, the kayak might not be balanced, can cause 

changes in the wet surface of the hull that can lead to a disadvantageous 

hydrodynamic and subsequent kinematic (increased intracyclic velocity 

variations) situations.  

As the kayak moves through the water it experiences instability thus, 
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parameters such as the paddlers’ technique, longitudinal position of the kayak 

paddler on the boat, the distribution of mass (moment of inertia) and water 

conditions (with or without waves), can lead to kayak three axes angular 

oscillations (Figure 3). 

 

Figure 3. Kayak axes of rotation. 
 

The distribution of mass in the kayak is a predominant factor on its 

hydrodynamic behaviour, leading to changes in performance (Michael et al., 

2009). These oscillations can represent not only a loss of energy, but also can 

induce changes in the wet surface of the hull and an increase in drag force. 

 
 

2.3 Kayaking in crew boats 

To date, the research related to the biomechanics of crew boats has been 

neglected in literature; however it is an area of valuable research for coaches 

and kayaking sport (Cox, 1992). Competing in crew boats requires specific 

characteristics to add those from single-seat kayak: synchronisation, adapt to a 

different rhythm, ability to efficiently paddle at higher stroke rate and boat 

speed, coordination in terms of stability in the kayak with the other crew 

members and join tactical approach to competition (Cox, 1992; Hernández & 

Marcos, 1993; Szanto, 2014).  

Information regarding biomechanical aspects of crew kayaking can be found in 

coaches’ manuals and reports of biomechanical testing programmes (Baker, 
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1998; Szanto, 2014) or books related to the science of canoeing (Cox, 1992; 

Hernández & Marcos, 1993). However, a great amount of this information is 

based on years of coaches’ experience and on their point of view. Two of the 

aspects presented interfering with the paddle technique in crew boats are the 

increased velocity of the kayak and the higher’ paddle SR (Hernández & 

Marcos, 1993; Szanto, 2014). Therefore, the velocity of execution in which the 

technique is performed is considerable higher (Hernández & Marcos, 1993). 

Hernández and Marcos (1993), and Szanto (2014) focus their analysis on the 

water phase, considering the need for a fast and vigorous entry to allow 

grabbing the water, a pull sub-phase more dynamic and a rapid exit to avoid 

dragging the paddle blade, compared with K1. Therefore, the water phase tends 

to decrease in time duration and consequently the SR can be higher. Cox 

(1992) noticed a slight pause in the aerial phase, at the moment where the 

paddle is in a horizontal position and begins the drop to the water. According to 

the authors it can promote synchronization. Although it has not been studied, it 

is suggested that the main changes in K2 are related to synchronization 

(Szanto, 2014), being few the modifications on the technique when compared 

with K1 (Hernández & Marcos, 1993). More changes are expected in K4 

(Hernández & Marcos, 1993; Szanto, 2014). 

In terms of the paddle it is suggested that the feather of the blade used by both 

the kayak paddlers should be the same (Cox, 1992; Szanto, 2014), but the 

paddler at the stern should use a fractionally longer paddle to avoid catching the 

wave created by the forward movement of the boat (Cox, 1992). Szanto (2014) 

goes on to suggest 2 cm longer paddle for the paddler at stern position in K2 

and even higher increases in K4. 

It has been suggested that the paddle force analysis in crew kayaking can be 

an important tool to select crew members and to improve efficiency of a crew by 

meaning of testing (Hernández & Marcos, 1993; Baker, 1998); however, it lacks 

information on scientific literature. Probably due to this lack, all authors/coaches 

suggest selecting kayak paddlers with similar technique, ability, strength, 

endurance, physical profile and temperament (Cox, 1992; Hernández & Marcos, 

1993; Szanto, 2014).  
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According to Szanto (2014) de amount of training in crew boat for a kayaker 

that will compete in K2 can go up 90% in competition period. However, the 

author also suggests that training exclusively in crew boats can be 

counterproductive, due to a negative effect on paddle technique. In K1 the 

paddler uses more strength. Baker (1998) suggested that the decrease in force 

in crew boats should not be higher than 10%, and if so, it is an indicator of a 

kayak paddler not suited for crews.  

 
 

2.4 Resistive forces in kayaking (hydrodynamic drag) 
To increase the velocity of a boat an athlete may either increase the propulsive 

forces or decrease the drag forces (Baudouin & Hawkins, 2002). The forward 

movement of a kayak is predominately opposed by hydrodynamic drag of the 

boat and paddler, and to a lesser extent by aerodynamic drag (Jackson, 1995; 

Michael et al., 2009), since the kayak passes semi-submerged through both 

media, water and air. Thus, the power required to sustain a specific velocity is 

primarily dependent on the hydrodynamic resistance of the kayak and paddler 

(Tzabiras et al., 2010).  

The total hydrodynamic drag includes the drag created by the friction between 

the hull and the water – friction drag, the drag due to the separation of the water 

to allow the hull to pass through - pressure drag, and the drag that results of the 

acceleration of the water away from the kayak – wave drag (Pendergast et al., 

2005). The shape of the kayak hull (boat design) can significantly affect drag 

(Pendergast, Bushnell, Wilson, & Cerretelly, 1989). The drag of the system 

kayak/kayaker is highly dependent on the wetted area of the boat (Pendergast 

et al., 2005). In addition, the body weight of the kayaker determines, in part, the 

depth of the boat in the water and thus the wetted area (Pendergast et al., 

1989).  

An analysis over the years of the top performances in kayaking Olympic sprint 

events has shown that improvements in performances times were closely 

associated with changes in boat design (Robinson et al., 2002). The changes in 

kayak design evolved towards a narrowed hull shape that provided a decrease 
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in wetted surface and frontal area (Michael et al., 2009), which may have led to 

a decrease in hull resistance.  

Few analyses of the hydrodynamic hull resistance related to the kayak hull 

design have been published (Table 3). Three studies were performed in water 

towing tank (Bible, 1998; Triperinas, Damala, & Katsaounis, 2009; Tzabiras et 

al. 2010) and one using computational fluid dynamics (CFD) methods (Mantha, 

Silva, Marinho, & Rouboa, 2013). To determine the passive drag, Bible (1998) 

attached a single-seat kayak (K1) to a cable-car mechanism and Triperinas et 

al. (2009) and Tzabiras et al. (2010) attached the K1 to a running carriage. Bible 

(1998) and Triperinas (2009) propelling the kayak through a range of constant 

velocities for the length of the tank (approximately 200 m), and Tzabiras et al 

(2010) testing the influence on drag of calm water and regular waves. In these 

studies the data were collected with only one kayak model and simulating one 

kayak paddler’s weight. In another study, Mantha et al. (2013) analysed three 

kayak designs models (Nelo K1 Vanquish I-L, II-L, and III-L), but only one kayak 

paddler weight was considered. On that study (Mantha et al., 2013) it was 

demonstrated a reduction in passive drag as the hulls were developed through 

successive design solutions.  
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Table 3. Scientific studies and reviews about kayak hydrodynamics. 
Author Year Article Environment Article type 
Pendergast et al. 1989 Energetics of kayaking. Field – slalom 

kayak 
Research 

Jackson 1995 Performance prediction for 
Olympic kayaks. 

 Review 

Bible 1998 The kayak hull technology. Water towing 
tank 

Research 

Robinson et al.  2002 The technology of sprint racing 
canoe and kayak hull and 
paddle design 

 Review 

Pendergast et al. 2003 Energy balance of human 
locomotion in water. 

Field – slalom 
kayak 

Research 

Pendergast et al. 2005 The influence of drag in human 
locomotion in water 

Field – slalom 
kayak 

Research 

Triperinas et al. 2009 Olympic Class Kayak K-1 
Resistance Test. 

Water towing 
tank 

Doctoral 
thesis 

Tzabiras et al. 2010 Experimental and Numerical 
study of the Flow Past the 
Olympic Class K-1 Flat Water 
Racing Kayak at Steady 
Speed. 

Water towing 
tank 

Research 

Mantha et al. 2013 Numerical Simulation of Two-
Phase Flow Around Flatwater 
Competition Kayak Design-
Evolution Models. 

CFD Research 

 

Based on this review and the approaches from other publications (Michael et 

al., 2009; Ong et al., 2005; Sanders & Kendal, 1992a), the Figure 4 attempts to 

give a biomechanical overview on the factors that affect kayaking performance. 
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Figure 4. Biomechanical view of the parameters influencing kayaking performance. 

	  





25 

 

Chapter 3 

 

 

 

 

3. Innovation and Development 
Contributions 





27 

Chapter 3. 

Innovation and development contributions 
 

Considering the goals of describing, measuring and analysing the propulsive 

and resistive forces in kayaking, the systems developed followed a circle 

process: design – build – test. The engineering development, in terms of 

sensors and computing has been an opportunity for new performance analysis 

systems in sports research (Baca, Dabnichki, Heller, & Kornfeind, 2009). 

However, in kayaking there is a gap in both sports technology available and 

performance analysis habits that needs to be bridged. This project intends to 

contribute in this direction.  

 
3.1 Paddle forces measurement system (FPaddle) 
 

3.1.1 FPaddle system development 

On-water measurement of paddle force was what prompted the development of 

the FPaddle system combined with kayak acceleration (Figure 1). The process 

of creating this tool had to take into account the following requirements: (1) be 

portable, (2) waterproof, (3) lightweight (not increasing more than 2% the 

combined weight kayak/paddler), (4) not interfering with paddler’s technique, (5) 

force transducers must be stable across changing ambient humidity and 

temperature conditions, (6) must be able to collect data for at least five minutes, 

and (7) to simultaneous record two different paddles. The final system 

comprised deformation sensors, a force transducer, a transmitter and radio 

receiver, and signal processing software.  
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Figure 1. FPaddle system setup. 
 
 

3.1.2 Strain gauges 
Strain gauges attached to the paddle shaft have been used to study the kinetics 

of kayak paddling performance (Aitken & Neal, 1992; Issourin, 1989; Sturm et 

al., 2010) and to the footrest (Sturm et al., 2010). Strain gauges allow accurate 

determination of the strain (which leads to stresses and to the forces), in the 

direction of its primary measurement axis, that is, along the length of the gauge. 

The resistivity of the gauge changes linearly with strain, that is, the change in 

length of the wire filament in the gauge grid. In turn, strain is directly 

proportional to the forces causing the change in length in accordance with 

Hooke’s Law (strain is directly proportional to stress). The measurement system 

normally includes the strain gauge and the electrical circuits (Watson, 2008). 

So, to actually determine the force applied to the paddle, a calibration process 

of the strain gauges is needed. The calibration process is performed by 

measuring the relative change in resistance of a strain gauge stretched by a 

reference strain input, for example, 50 to 300 N in the study of Aitken and Neal 

(1992).  

Aitken and Neal (1992) used four aluminium strain gauges, attached to each 

end of the paddle shaft. The strain gauges were arranged in a full-bridge circuit, 

with the gauges applied 180º apart at both ends of the paddle in their sensitive 

axis parallel to the longitudinal axis of the paddle shaft. The design aimed a low 

additional weight to the paddle. Sturm et al. (2010) reported testing strain 

gauges (HBM 1-LZ-48-6/350, Darmstadt Germany) setups, in order to develop 
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a kayak training system for on-water force measurement.  

The strain gauge assesses the surface strain beneath the active measuring 

area of the gauge (gauge length x grid width) (Kuphaldt, 2006). The gauge has 

an initial length and when stretched by the specimen to whom it is attached, it 

changes is final length corresponding to a change in electric resistance. Strain 

gauges are design and intend to allow accurate determination of the strain 

beneath the gauge. Although, it should be evident that deformation of the foil 

from any direction will cause changes in electrical resistance. Hence, the gauge 

responds not only to strains in the intended direction, but also strains from 

every direction (this sensitivity is negligible when compared with in-plane 

sensitivity).   

The most common electrical circuit used with strain gauges, and forming the 

basis of strain gauge instrumentation, is the Wheatstone bridge (or diamond 

method). A Quarter-bridge circuit arrangement, with a single element of the 

bridge changing resistance in response to the measured variable can be used 

to determine stress induced by a mechanical force.  

The use of strain gauges brings potential sources of error that were taken into 

account during the system development and data collection methodology 

established. These considerations are related to the need for noise and 

temperature control, and lead wire resistance (both static and dynamic). 

Kayakers use a large variety of paddles (Ong et al., 2005) therefore using their 

own design paddle is a requirement. There were two possibilities: bond the 

strain gauge directly in the paddle shaft or create a portable paddle shaft node. 

Both possibilities were tested. 

 

3.1.3 Paddle node vs. gauge bonded directly on the paddle shaft 

A detachable aluminium prototype node (Figure 2) was designed using 

SolidWorks Premium® 2013 (Waltham, Massachusetts, USA) and tested for 

mechanical resistance using computational simulation (ANSYS - Canonsburg, 

Pennsylvania, USA). Measurement accuracy of the paddle shaft bending was 

the key element for choosing the best option.    
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Figure 2. Detachable aluminium node prototype. 
 

Simultaneous data was recorded from the detachable node and the strain 

gauge directly bonded onto the shaft performing a paddle calibration (increasing 

loads) (Figure 3). The best measurements were observed with the strain gauge 

bonded on the paddle shaft. The idea of creating a detachable system (not 

bonded onto the paddle shaft) increases versatility, however may also introduce 

possible erroneous sensing data (Sturm, 2012) due to its lower signal to noise 

ratio and backlash.  

 

 
Figure 3. Paddle shaft deformation due to increasing loads from 0 to 294 N (49 N, 98 
N, 148 N, 196 N and 294 N); A – detachable node; B – strain gauge bonded directly on 
the paddle shaft. 
 

Thus, in the FPaddle system the strain gauges were bonded directly onto the 

paddle shaft, in each side at the same longitudinal position from the tip of the 

blades (80 cm). Also contributing to diminish the sources of error it was used a 

three-wire connection to the strain gauge (Figure 4) that affords two benefits: 
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(1) reduces the offending resistance to only one wire length, and (2) places 

equal resistances of leadwire into adjacent arms of the Wheatstone bridge 

(maintaining electrical balance with respect to the leadwire system, and even 

with temperature change). To control the influence of the change in temperature 

the strain gauge calibration was performed immediately after the on-water 

analysis. 

 

Figure 4. Quarter bridge strain gauge circuit with three wire connection of the strain 
gauge. 
 

The method used to bond the strain gauge was (Figure 5): 

1st - polishing with sandpaper 180 (for up to 2000) the specimen surface in 

one direction; 

2nd – cleaning a 1st time with acetone (used for nails cleaning preferably 

because it is less strong); 

3rd - application of cross-hatched rougthness with sandpaper 500 (finest) - 

only two passes at 45 degrees in relation of the measuring direction; 

4th - M-prep neutraliser for extensometry (suitable for this task); 

5th - marking the area of interest with Staedtler H pencil (we can also infer 

its location by finite element); 

6th - placing the gauge on a tape; 

7th – place adhesive tape on the spot to put the strain gauge; 

8th - raises the tape and put a drop of glue on the specimen surface. After 

drying, placed a drop of methacrylate glue on the total specimen surface 

and in the strain gauge; 
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9th - load with enough force using teflon tape during two minutes; 

10th - lift the adhesive tape carefully to separate the contacts; 

11th - placement of liquid rubber insulation in the contacts using 150 ng 

abdeckmittell. 

 
Figure 5. Process of bonding strain gauges on a kayak paddle shaft and assembly of 
the electric system. Image in horizontal sequence. Last image refers to the testing 
process of data collection. 
 

 

3.1.4 Nodes 
The strain gauges were bonded on the paddle shaft and connected to the 

voltage node V-Link-mXRS (Microstrain, Williston, USA) (Figure 6, B) by wires. 

Gain and offset were set automatically by software. The kayak was also 

instrumented with an accelerometer (G-Link-mXRS, Microstrain, Williston, USA) 

(Figure 6, A) placed inside the kayak in a level position.  
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Figure 6. Nodes. A – accelerometer (G-link node); B – voltage node (V-Link node); C – 
wireless synchronisation system (WSDA-Base). 
  

Both items of the measuring equipments G-Link and V-Link nodes, were 

working synchronously (node to node synchronisation with a limit error of ± 32 

µsec) in a wireless communication system and transferring in real time to the 

WSDA-Base (Microstrain, Williston, USA) (Figure 6, C). Signal processing 

software was Node Commander 2.4.0, (Microstrain, Williston, USA) and 

receives in real time the raw data (Figure 7). 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Example of the raw on-water data collected by the strain gauges on the 
paddle shaft and accelerometer positioned on the kayak. 
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3.1.5 Calibration  

The calibration of the system was performed by loading the paddle with known 

masses (from 5 to 30 kg) (Figure 8).  

 

 

Figure 8. Instrumented paddle calibration. 
 

The paddle was calibrated using the following procedures: (1) one support was 

positioned on the right hand grip position where the athlete grabbed the shaft 

(considering the 3rd finger), (2) the other support was positioned on the middle 

of the left blade (assuming that the force was acting upon the centre of the 

blade – hypothetical centre of hydrodynamic pressure) (Aitken & Neal, 1992; 

Sturm et al., 2010), and (3) the different masses were suspended on the left 

hand grip position (considering the 3rd finger) (Figure 9). The process was 

performed for both paddle sides.  

 

Figure 9. Calibration process. Forces and distances used. 
 

A strong linear relationship was found between the force on the paddle shaft 

hand grip (FS) and the change in resistance within the Wheatstone bridge for 

both sides (r=-1.00, p<0.00) (Figure 10).  
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Figure 10. Paddle calibration for left and right paddle sides; relation between strain 
gauge deformation and force.  
 

Based on equilibrium of moments, the FS was used to determine the force 

applied on each blade (FB) (equation 1) by taking into consideration the 

distance between the centre of the area of the blade and the near grip (dA) and 

between grips (dB) (Sturm, 2012).  

 

                                    equation 1 

There are different paddle blades sizes and shapes, which probably leads to 

the change of the paddle blade force centre. Sanders and Kendal (1992) refer 

to the centre of the paddle in their publication but do not specify their 

methodology. The centroid of the blade’ project area was defined as the 

position of the theoretical blade force centre to standardise the calibration 

process. The frontal blade area and centroid were determined with the 

assistance of SolidWorks Premium® 2013 (Waltham, Massachusetts, USA), 

using the area function on the 2-D digital images taken of the different blades 

(Figure 11). 

 

        

Figure 11. Paddle blade projected area and centroid determination. 
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3.1.6 Software - data analysis routine 

The force and acceleration data were exported to MatLab R2010a (The 

MathWorks Inc., Natick, USA) and analysed using a routine especially 

developed for this application. The routine inputs in addition to the data files (left 

and right forces and acceleration) were: (1) sampling rate, (2) number of 

strokes to be analysed in each paddling side, (3) paddle calibration of the 

electric output to units of force for each side, (4) left and right distances 

between the centres’ blade and the near grip (dA) area, and (5) between grips’ 

areas (dB).  

A 4th order low-pass Butterworth filter with a cut-off frequency of 20Hz was used 

for data smoothing and remove the random error (Winter, 2009). The choice of 

cut-off frequency was based on residual analysis of the difference between 

filtered and unfiltered signals over a wide range of cut-off frequencies using the 

percentage variance accounted (VAF) (Moorhouse & Granata, 2007) to 

estimate the optimum cut-off frequency. For the applied cut-off frequency the 

mean VAF was 98.87 ± 1.03 %, representing a difference between the filtered 

and unfiltered signals of less than 2%.  

The paddling technique was analysed considering the two-phase model 

proposed by McDonnell et al. (2012) that divides a stroke into the water phase 

(from entry to paddle blade exit from the water) and the aerial phase (from the 

paddle blade exit to the entry instant on the other side). The definition of the 

entry and exit of the paddle on the water corresponded to the start and end of 

force application (Baker, 1998). The software routine detected automatically the 

water phase of each stroke by identifying the onset and offset of the force 

application. A visual inspection of the strokes was performed to ensure correct 

data selection.  
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Figure 12. Paddle force curve variables representation (these variables are calculated 
based on non-normalised data). 1 – peak force; 2 – mean force; 3 – impulse (area 
under de curve); 4 – coefficient of intraindividual variation; 5 – water phase duration; 6 
– time to peak force (in seconds and in % of the water phase duration). 

 

Figure 13. Mean paddle force and mean kayak longitudinal acceleration for left and 
right sides (from the paddle entry in one side till the paddle entry on the other side) 
(these variables are calculated based on non-normalised data and for each stroke). 1 – 
stroke duration; 2 – delay between the force start and kayak acceleration; 3 - delay 
between the start of kayak deceleration and end of force application. 
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Figure 12 present some of the variables analysed based on the water phase 

force profile. The highest point of force in each stroke (Fpeak), the time from the 

start of the water phase to the Fpeak (time to reach the Fpeak), the mean of the 

force values of the water phase by stroke (Fmean) and the impulse (calculated 

as the integral of the water phase of the force-time curve) were calculated for 

each stroke. The Fmean/Fpeak ratio was calculated to reflect the force profile. 

This ratio, expressed as a percentage, is 100% if the force is rectangular 

(constant force) and 50% if it is triangular in shape (Kleshnev, 2008). For 

graphical analysis of the force-time profile, the force-time curve data was time 

normalised to the median of the water phase duration.  

The kayak acceleration profile was analysed together with the synchronised 

force data for the whole stroke to identify the times that correspond to the start 

of positive acceleration and the instant the kayak starts to decelerate, both as a 

percentage of the stroke duration (Figure 13).  

 

3.1.7 Example of stroke report 
The data collected allowed producing a report to athletes and coaches about 

the force stroke parameters and performance variables. The example below 

refers to a pilot test in which the same athlete (elite level) was tested with two 

paddles of the same model (Jantex Gamma) with different blade sizes (800 cm2 

and 815 cm2) (Table 1; Figure 14; Figure 15). 

 

Table 1. Example of paddle stroke report. 

Paddle 800 cm2 815 cm2 
Number of strokes analysed 41 41 
Time to perform 200 m (s) 39.61 39.01 
Peak velocity (m.s-1) 19.8 19.5 
Mean velocity (m.s-1) 18.2 18.5 
Stroke frequency (spm) 129.34 ± 6.38 129.69 ± 4.12 
Peak  force (N) 274.94 ± 37.31 263.79 ± 34.52 
Mean force (N) 160.82 ± 19.61 165.38 ± 17.18 
Impulse (N.s) 65.73 ± 20.68 63.36 ± 20.12 
Fmean/Fpeak ratio (%) 64.28 ± 1.87 64.79 ± 1.92 
Time to peak (s) 0.1774 ± 0.0293 0.1768 ±0.0233 
Water phase duration (s) 0.3562 ± 0.0142 0.3540 ± 0.0104 
Stroke time (s) 0.9298 ± 0.0440 0.9261 ± 0.0298 



39 

 

 

 

 

 

 

 

Figure 14 Paddle force curves (mean ± SD of 45 strokes) of an elite kayaker 
performing at race pace with paddles with different blade size (800 cm2 and 815 cm2). 
 

 

Figure 15. Combined analysis (force curve) of the performance of an elite kayaker 
performing at race pace with paddles with different blade size (800 cm2 and 815 cm2). 
Mean of 45 strokes ± SD in three points. 

 

3.1.8 Crew kayaking analysis 

The Fpaddle system was developed to accept information coming from one or 

two paddles (each one using two strain gauges and recording left and right 

sides). The system allowed recording information coming from each of the four 

strain gauges on the paddles and accelerometer positioned on the kayak 

recording synchronously the data (Figure 16). 
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Figure 16. FPaddle system’ scheme: inputs sensors, wireless nodes, gateway and 
software used in double-seat kayak. 
 

The combined analysis of the paddle force of two kayak paddlers and kayak 

forward acceleration allowed studying all the variables analysed in K1 

performance together with time synchronisation of the start and end of the 

water phase (Figure 17). According to Kleshnev (2011) the simplest method to 

measure synchronisation in crews is to check the time of entry and exit of the 

paddle blade from the water. 

 
Figure 17. Example of data collected using the FPaddle system in double-seat kayak, 
considering the athlete in bow and at the stern of the kayak. Force on the paddle on 
each side (left and right) and from the kayak paddler at bow and stern and forward 
kayak acceleration of the system kayaker-paddle-kayak. 
 
 
3.2 Development of a drag measuring system 

The measurement system development took into consideration the need to 

meet some fundamental requirements. Namely it should allow: (1) 

determination of the hull resistance during field assessment; (2) determine hull 
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resistance at different velocities; (3) data collection over a distance of 200 m to 

allow stabilisation of the velocity over a time period required for measurement.  

 

3.2.1 Phase 1 
The experimental setup (Figure 18) included a bimaran motorboat, a platform 

positioned perpendicular to the edge side of the motorboat, a load cell (LCCA-

2K, Omega Engineering, INC.) attached to the platform at 2 m a side of the 

motorboat, a GPS (Garmin, Forerunner 310XT) and a pre-stretched nautical 

cable with 6 m length, that was attached to the load cell and to the kayaks’ bow. 

Results are presented in the Appendix V. 

 

           

 
Figure 18. Experimental set-up on the phase 1 of the development of the drag 
measuring system. 
 

 

With this set-up it was difficult to maintain a stable kayak velocity, the kayak 

displacement was influenced by the wave produced by the bimaran motorboat 

and it was not possible to increase de kayak velocity above 16 km.h-1. These 

facts led to a 2nd phase of trials for drag assessment. 
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3.2.2 Phase 2 

For this second phase of drag assessment development, a field-towing device 

fixed on land and capable of pulling the kayak till velocities of 21 km.h-1 was 

conceived. The device included a sliding platform with an electro-mechanical 

device attached, which was composed of a drum of 559 mm diameter driven by 

a 750 W electric motor (Direct Drive, Madrid, Spain). The electric motor had a 

variable power source controllable by a hand accelerator, allowing the change 

of the angular velocity of the drum. Both sides of the centre of the drum were 

attached to a load cell (iLoad Pro, Loadstar, Fremont, USA) by a steel cable. 

The load cell, in turn, was attached to a fixed point behind the device at the 

same height as the centre of the drum (Figure 19).  

 

Figure 19. Field towing system for hydrodynamic drag assessment. 
 

A calibrated wireless speedmeter (BC 8.12, Sigma Sport, Germany) was 

positioned on the wheel to determine its revolution rate, and thus kayak speed. 

The kayak was pulled by an inelastic cable 300 m in length (Caperlan, 

Villeneuve, France, 0.8 mm diameter, 180 g total weight and made of 

fluorocarbon) that was lightweight, and attached to the kayaks’ cockpit and bow 

tip. 

Passive drag was determined by towing the kayak with a paddler in a kayak 

sprint course. The kayak paddler was seated in the boat, but did not paddle 

(Figure 20). 

 

 

 

 

Kayak

Sliding+troley

Electro2mechanical+motor
&+drum
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Figure 20. Experimental setup for kayak’s passive drag assessment. 
 

 

3.3. Kayak centre of mass and inertial array measurement 
Besides the fact that kayak paddler has to choose the kayak design that best 

suits him, there are some tuning aspects that have to be decided by the athlete, 

namely: (1) relative position of the footrest and seat, determining the body 

relative position on the kayak, and (2) distribution of the ballast weights, since 

the minimum kayak weight in sprint races should be 12 kg. These adjustments 

will affect the location of the centre of mass and the moment of inertia of the 

system, and consequently the performance. 

A specific inertia (centre of mass and inertial array) measuring system (Figure 

21) was instrumented with strain gauges for the determination of the 

longitudinal position of the centre of mass of the kayak (with or without the 

kayak paddler), and was able to measure the oscillation period to calculate the 

inertial array (Figure 22). 

 

 

 

Field&towing,system Computer

Sprint,course,(250,m)
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Figure 21. The specific inertia measuring system – centre of mass and inertial array 
with a kayak on top. 
 

The knowledge from the analysis of the centre of mass and inertial array 

(Appendix II) was considered mainly in the protocol and choices made during 

the passive drag analysis presented in Chapter 7. 

 

Figure 22. Process of measuring the centre of mass position and inertial array. 
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Chapter 4 

 

 

 

 

4. Paddling Force Profiles at Different 

Stroke Rates in Elite Sprint Kayaking1 

Gomes, B. B., Ramos, N. V., Conceição, F., Sanders, R., Vaz, M., & Vilas-

Boas, J. P. (2015). Paddling Force Profile at Different Stroke Rates in Elite 

Sprint Kayaking. Journal of Applied Biomechanics, 31(4), 258-263.  

 

 

 

 

 

_______________________ 
1 This chapter is formatted and references are presented according to the Journal’ instructions 

where it was published, and may differ from the body of the present Thesis. 
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Chapter 4. 

Paddling Force Profiles at Different Stroke Rates in 

Elite Sprint Kayaking 
 

Abstract 
In sprint kayaking the role that paddling technique plays in optimising paddle 

forces and resultant kayak kinematics is still unclear. The aim of this study was 

to analyse the magnitude and shape of the paddle force-time curve at different 

stroke rates, and their implications for kayak performance. Ten elite kayak 

paddlers (five males and five females) were analysed performing 200 m on-

water trials, at four different paces (60, 80, 100 strokes per minute and race 

pace). The paddle and kayak were instrumented with strain gauges and 

accelerometer respectively. For both sexes, the force-time curve were 

characterised at training paces by having a bell shape and at race pace by a 

first small peak, followed by a small decrease in force and then followed by a 

main plateau. The force profile, represented by the mean force/peak force ratio, 

became more rectangular with increasing stroke rate (F(3,40)=7.87, P<.01). To 

obtain a rectangular shape to maximise performance kayak paddlers should 

seek a stronger water phase with a rapid increase in force immediately after 

blade entry and a quick exit prior to the force dropping far below the maximum 

force. This pattern should be sought when training at race pace and in 

competition.    

 
Key words: biomechanics, kayak, force-time curve, stroke profile, acceleration. 
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Introduction 

In sprint kayaking, due to changes in the magnitude of the force applied by the 

paddler, there is an intracyclic variation of the kayak forward acceleration during 

each paddle stroke. To create forward acceleration the paddler has to produce 

a force greater than the aerodynamic and hydrodynamic drag.1 A kayaker’s 

efficiency in generating propulsive forces is therefore a key determinant of 

success.2 Therefore, in terms of biomechanical testing, the force applied to the 

blade should be the prime variable measured in elite kayaking, together with 

performance indicators such as boat speed.3 

The magnitude and shape of paddle force-time curves variables determine the 

kayak acceleration and, consequently, the kayaking performance.1,4 Although 

the importance of these variables has not been investigated in studies of 

kayaking, the relationship between the shape of the force-time curve and 

performance has been recognised in rowing studies. Millward5 showed that 

maintaining a force close to the peak force (Fpeak), from entry to paddle exit, 

by minimizing the speed variations of the kayak. Thus, the optimal force profile 

is rectangular rather than triangular. Further, for a given time of force 

application and maximum force achievable, given the constraints of the frontal 

area of the blade,6 the greatest impulse is achieved when the force is at its 

maximum throughout the period of force application, i.e. a rectangular force 

profile.  

Combined analyses of paddle force and kinematics have been conducted on a 

kayak ergometer7 but conclusions were limited by the fact that the performance 

did not fully replicate on-water conditions. Studies of on-water paddling kinetics 

have been performed,3,8 but were focused mainly on procedures and methods 

rather than on data analysis and discussion of force profiles.  

The process of training involves competition simulation using high stroke rates 

(SRs), but also training at a variety of training paces, that can go from 55 

strokes per minute (spm) up to 140 spm.9 During sprint kayak races the kayak 

paddler self select the stroke rate (SR) according to the race distance (200 m, 

500 m or 1000 m). SR is a key determinant of kayak velocity,10 being 

considered one of the best biomechanical predictors of sprint kayak 
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performance.11,12 For the past years, coaches and athletes have used the SR as 

a variable that allows identifying training zones.9 The question of which shape of 

the force-time curve is adopted by elite paddlers at different SRs is still to be 

answered. It seems logical that if a rectangular pattern of force application is 

desirable to optimise performance in competition then this pattern should be 

practiced in training. However, it is not known at present whether the pattern 

used at training paces do resemble those used by elite kayak paddlers at race 

pace.  

The aim of this study was to analyse the magnitude and shape of paddle force-

time curves of elite kayak paddlers (males and females) at different intensity 

conditions (different training paces and race pace), and their implications for 

performance and training. It was hypothesised that there would be differences 

in the paddling force profile between training paces and race pace, and that the 

best performances will be achieved with a force-time curve that tend for a 

rectangular shape. 

 

 

Methods 
Subjects 

Ten elite kayak paddlers (five females and five males) participated in the study 

(Table 1). All the kayak paddlers had a very high performance level. The 

criterion for subjects’ inclusion in the present study was selection to compete 

internationally in the qualification races of the Olympics 2012. Six of the ten 

kayak paddlers (four females and two males) participated at London Olympic 

Games and then qualified for the finals. Subjects were fully informed of the 

nature of the investigation, and provided written informed consent prior to data 

acquisition. The study was approved by the local ethics committee and was 

performed according to the Declaration of Helsinki. 
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Table 1. Subjects physical characteristics for each sex group, mean (±SD). 

Variables 
Male kayakers 

(n=5) 

Female kayakers 

(n=5) 

Age (years) 24.17 ± 2.39 25.80 ± 3.81 

Body mass (kg) ** 86.42 ± 4.11  63.52 ± 3.46 

Height (cm) ** 183.10 ± 3.53  165.70 ± 3.66  

Sitting height (cm) ** 97.72 ± 2.84  88.75 ± 1.30  

** P < 0.01, highly significant differences between sexes groups. 

 

Procedures 

The kayak paddlers performed four trials of 200 m at different paddling SRs: 60, 

80, 100 spm and at race pace in which the athlete was free to select the SR, 

with five minutes recovery between trials. The SR represented different training 

zones (aerobic to race pace) as prescribed by the World Canoe Sprint Coaches 

Technical Group.9 The subjects were instructed to search for the best 

performance in each of the SR conditions. Each of the trials began with the 

kayak at a velocity of 2,78 ± 0.04 m.s-1 (represents a very low intensity) and, at 

a signal the athlete started the trial. The data were collected in calm water, with 

no influence of currents and with a wind velocity below 0.42 m.s-1 

(corresponding to calm to light air on the Beaufort scale).13 Paddle forces 

generated by paddler on the shaft and the kayak acceleration were collected 

continuously, recording at a sampling rate of 256 Hz. In the trials that had a 

specific SR to accomplish, the athlete used an audible metronome device 

(TempoTrainerPro, Finis, Livermore, USA) set to that SR. A GPS tracker 

(Forerunner 310XT, Garmin, Olathe, Kansas, USA) allowed triggering the start 

and the end of the each trial, and helped the athlete to control the velocity 

immediately before the start, since differences in start velocity would interfere 

with the time that the athlete took to perform the 200 m.  

 

Data analysis and equipment 

The individual equipment (paddle and kayak) of each kayak paddler was 

instrumented prior to the trials. The paddle was instrumented with the FPaddle 

system and the kayak with a tri-axial accelerometer (G-Link-mXRS, Microstrain, 
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Williston, USA) placed inside the kayak and attached to the central rail for 

ballast in a level position (parallel to the kayak seat platform).  

The FPaddle system14 comprises deformation sensors, a force transducer, a 

transmitter and radio receiver, and signal processing software (Node 

Commander 2.4.0, Microstrain, Williston, USA). The paddle shaft was 

instrumented with two strain gauges for composite materials (HBM, Darmstadt, 

Germany) bonded directly onto the paddle shaft, thus decreasing possible 

erroneous sensing data.15 They were positioned in each side at the same 

longitudinal position from the tip of the blades (80 cm), to respond to the 

bending of the shaft in one plane parallel to the larger surface of the blade. 

Also, the strain gauges were connected to the voltage node V-Link-mXRS 

(Microstrain, Williston, USA) by wires. Gain and offset were set automatically by 

software.  

The calibration of the system was performed statically by loading the paddle 

with calibrated masses (from 5 to 30 kg in steps of 5 kg). The paddle was 

calibrated using the following procedures: (1) one support positioned on the 

right hand grip position where the athlete grabbed the shaft (considering the 3rd 

finger), (2) the other support positioned on the middle of the left blade 

(assuming that the force was acting upon the centre of the blade – hypothetical 

centre of hydrodynamic pressure),8,16 and (3) the different masses were 

suspended on the left hand grip position (considering the 3rd finger). The 

process was performed for both paddle sides. A strong linear relationship was 

found between the force on the paddle shaft hand grip (FS) and the change in 

resistance within the quarter-bridge circuit (Wheatstone bridge) for both sides 

(r=-1.00, p<0.00). Since force data were samples at a high sampling rate 

frequency, at paddling frequencies from approximately 60 to 124 spm, that did 

not influenced significantly the dynamic analysis.  

Based on equilibrium of moments, the FS was used to determine the force 

applied on each blade (FB) (equation 1) by taking into consideration the 

distance between the centre of the area of the blade and the near grip (dA) and 

between grips (dB).15  
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                                     equation 1 

 

The equation 1 assumes that the longitudinal instantaneous centre of rotation of 

the paddle (pivot point on the paddle) is maintained stationary and positioned 

on the grip opposite to the propulsive side throughout the water phase (left and 

right). The shaft deformation measured by the FPaddle system during the water 

phase of the stroke combined the force applied by both top and bottom hands, 

and was analysed by the strain gauge closer to the bottom hand and parallel to 

the larger surface of the blade that was submerged. 

Both items of equipments G-Link and V-Link nodes, were working 

synchronously (node to node synchronisation with a limit error of ± 32 µsec) in a 

wireless communication system and transferring in real time to the WSDA-Base 

(Microstrain, Williston, USA). The force and acceleration data were exported to 

MatLab R2010a (The MathWorks Inc., Natick, USA) and analysed using a 

routine especially developed for this application. A 4th order low-pass 

Butterworth filter with a cut-off frequency of 20 Hz was used to smooth the data 

and remove the random error.17 The choice of cut-off frequency was based on 

residual analysis of the difference between filtered and unfiltered signals over a 

wide range of cut-off frequencies using the percentage variance accounted 

(VAF)18 to estimate the optimum cut-off frequency. For the applied cut-off 

frequency the mean VAF was 98.87 ± 1.03%, representing a difference 

between the filtered and unfiltered signals of less that 2 %.  

The paddling technique was analysed considering the two-phase model 

proposed by McDonnell et al.19 that divides a stroke into the water phase (from 

entry to paddle blade exit from the water) and the aerial phase (from the paddle 

blade exit to the entry instant on the contralateral side). For the present study 

the definition of the entry and exit of the paddle on the water corresponded to 

the start and end of force application.20 The software routine detected 

automatically the water phase of each stroke by identifying the onset and end of 

the force application. A visual inspection of the strokes was performed to 

ensure correct data selection. All the strokes performed during the 200 m were 
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analysed, from the moment the kayak paddler reached the requested SR. 

The Fpeak (highest point of force in each stroke), the time to reach the Fpeak 

(time from the start of the water phase to the peak force), the Fmean (mean of 

the force values of the water phase by stroke) and the impulse (calculated as 

the integral of the water phase of the force-time curve) were calculated for each 

stroke. The Fmean/Fpeak ratio was calculated to reflect the force profile. This 

ratio, expressed as a percentage, is 100% if the force is rectangular (constant 

force) and 50% if it is triangular in shape.21 Since it is a ratio and independent of 

strength differences, the results of the male and female paddlers were pooled 

for statistical analysis. For graphical analysis of the force-time profile of males 

and females elite kayak paddlers at different SRs, the force-time curve data 

within each SR was time normalised to the median of the water phase duration. 

Since the duration of force application varied along the trial for each SR, time 

normalisation to the median time enabled valid comparison of force profiles. 

The on-water force variables and shape of the force-time curve, indicated by 

the Fmean/Fpeak ratio in conjunction with inspection of the characteristics of 

the force-normalised time graphs, were analysed for each of the different SR 

trials.  

The mean kayak velocity was determined based on the time to travel the 200 

m. The time variables analysed based on the force-time curve were duration of 

a stroke and of the water and aerial phases (each as a percentage of the stroke 

duration). Mean SR for the entire trial was computed as the inverse of the mean 

stroke duration.  

The kayak acceleration profile was analysed together with the synchronised 

force data for the whole stroke to identify the times that correspond to the start 

of positive acceleration and the instant the kayak starts to decelerate, both as a 

percentage of the stroke duration.  

 

Statistics 

Statistical analyses of the effect of SR on Fpeak/Fmean ratio, duration of the 

water and aerial phases and time to Fpeak, Fpeak, Fmean and impulse were 

conducted using SPSS 12.0 for Macintosh (SPSS Inc., Chicago, IL, USA). The 
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data were checked for distribution normality and homoscedasticity with the 

Shapiro-Wilks and Levene tests, respectively. The inter-trial comparison was 

performed using a repeated measures one-way ANOVA (factor considered was 

SR with four levels – 60, 80, 100 and race pace frequency); pairwise 

comparisons were performed using a Bonferroni post hoc procedure. 

Correlations between variables were obtained using the Pearson moment 

correlation coefficient. For all tests, the level of significance was set at .05. 

 

 

Results 
The on-water force-time profiles for both sex groups changed in magnitude and 

shape with the increase in SR (Figure 1). The coefficient of variation of the force 

curve for females ranged from 19.55 at 60 spm to 42.78 at race pace, and for 

males from 25.08 at 60 spm to 44.90 at race pace.  With increase in SR, the 

slope of the force-time curve at the beginning of the water phase increased 

(expressed by the decrease in the time to Fpeak), and the time of force 

application decreased. For both sex groups, the force-time curves at race pace 

showed a first peak followed by a small drop prior to the main peak force. There 

was a significant inter-trial correlation between the mean velocity and Fpeak (r = 

.663, P < .001) and Fmean (r = .804, P < .001). The impulse values did not 

change significantly when performing an inter-trial comparison (F(3,40) = .09 P 

= .966). However, the intra-trial correlation showed that the higher mean 

velocities where obtained by the athletes who had higher mean impulses in 

each trial (60 spm, r = .888, P < .01; 80 spm, r = .896, P  < .001; 100 spm, r = 

.823, P > .01; race pace, r = .847, P  < .01).  
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Figure 1. Mean force-time curves for each sex and paddling SR. Each data curve 
represents the mean normalised curve (270, 300, 330 and 360 strokes from both sides 
at 60, 80, 100 spm and race pace, respectively). 
 

Significant differences were observed between SRs for the Fmean/Fpeak ratio 

(highly significant between the two low SR in analysis (60 and 80 spm) and the 

two higher SR (100 spm and race pace) (Table 2). The shape of the force-time 

profile, indicated by the Fmean/Fpeak ratio, became more rectangular with 

increasing SR (F(3,40) = 7.87, P < .01) and was positively correlated with mean 

velocity (r = .416, P < .01) (Table 2).  
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Table 2. The mean ± SD for the paddling force–time curve variables for each 
sex and Fmean/Fpeak for the total sample (TS). 

  SR (spm) 
 Sex 60 80 100 Race Pace 

Male 63 ± 5 81 ± 3 99 ± 6 124 ± 7 SR (spm) Female 60 ± 3 79 ± 6 100 ± 6 112 ± 3 
Male 54.35 ± 2.29 47.85 ± 2.00 43.67 ± 1.88 38.68 ± 0.83 Time to perform 

200 m (s) Female 61.35 ± 0.95 53.76 ± 1.73 48.08 ± 2.36 44.94 ± 1.21 
Male 3.68 ± 0.15 4.18 ± 0.18 4.58 ± 0.20 5.17 ± 0.11 Mean velocity 

200 m (m.s-1) Female 3.26 ± 0.05 3.72 ± 0.12 4.16 ± 0.16 4.45 ± 0.12 
Male 0.56 ± 0.03 0.50 ± 0.04 0.43 ± 0.03 0.37 ± 0.03 Water phase 

duration (s) Female 0.64 ± 0.03 0.55 ± 0.02 0.48 ± 0.01 0.43 ± 0.02 
Male 0.40 ± 0.05 0.24 ± 0.03 0.18 ± 0.04 0.14 ± 0.03 Aerial phase 

duration (s) Female 0.35 ± 0.01 0.23 ± 0.05 0.17 ± 0.05 0.12 ± 0.02 
Male 0.22 ± 0.03 0.21 ± 0.02 0.19 ± 0.02 0.16 ± 0.02 Time to Fpeak (s) Female 0.26 ± 0.03 0.24 ± 0.03 0.21 ± 0.02 0.20 ± 0.01 
Male 225 ± 31 234 ± 32 266 ± 33 274 ± 35 Fpeak (N) Female 126 ± 11 130 ± 8 146 ± 7 153 ± 11 
Male 118 ± 16 128 ± 18 157 ± 18 # 171 ± 18 Fmean (N) Female 72 ± 6 80 ± 9 92 ± 13 # 99 ± 15 
Male 66.3 ± 7.3 63.9 ± 7.3 63.7 ± 9.5 63.2 ± 8.4 Impulse (N.s) Female 46.5 ± 5.9 45.1 ± 5.5 44.2 ± 6.3 42.3 ± 6.6 

Fmean/Fpeak 
ratio (%) 

TS 53.3 ± 3.3b,c,d 57.2 ± 3.9 a,c,d 61.0 ± 3.8 a,b,d 64.8 ± 3.7 a,b,c 

Note. Male n = 5 and female n = 5. All analyzed for each stroke rate, mean ± SD. spm = strokes 
per minute; TS = Total Sample 
a P < 0.05, significantly different to 60 spm. 
b P < 0.05, significantly different to 80 spm. 
c P < 0.05, significantly different to 100 spm. 
d P < 0.05, significantly different to race pace. 

 

The time between the instant that the kayak started to decelerate and the end 

of the water phase expressed in percentage of the stroke duration decreased 

with increasing SR (F(3,40) = 4.80, P =.008). Also, the observable 

characteristics of the force-time profile together with the Fmean/Fpeak ratio 

indicated a transition from a triangular to rectangular shape with increasing SR.  

As the SR increased there was a decrease in the duration of the water and 

aerial phases. When these phases were represented as a percentage of the 

stroke duration there was a tendency for the water phase to increase in relation 

to the aerial phase duration, for both sexes (Table 2; Figure 2). Also, the 

duration of kayak accelerating increased as a percentage of the total stroke 

duration as SR increased. 
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Figure 2. Water and aerial phase durations, and the moment during the water phase 
when the kayak started to accelerate and decelerate. All are expressed as a 
percentage of the duration of a stroke, means (±SD). 

 

There was a modest negative correlation between the Fmean/Fpeak ratio and 

the delay between the start of force application and the beginning of kayak 

acceleration (r = -.453, P  = .008). 

 

 

Discussion 
The aim of this study was to analyse the paddling force profile and force-time 

curve variables at different SRs, and their implications for kayak performance. 

Although few studies have focused on paddle force analysis in kayaking, many 

authors have analysed oar force in relation to technique in rowing considering 

its importance in analysing rowing technique.1,22-24 Variables related to the 

shape of the force profile, such as the area under the force curve (impulse) and 

the Fmean/Fpeak ratio have been studied in rowing. 5,21,22 Similarly, this type of 

analysis in kayaking has the potential to help kayak paddlers and coaches’ work 

towards successful performances. 

The deformation of the paddle shaft was correlated with the force and its 

calculation considered that the pivot point of the paddle have been maintained 

positioned on the top hand (equation 1). Although this assumption can 
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overestimate the force produce during some part(s) of the water phase, it has 

been reported that elite kayak paddler tend to maintain a high paddle pivot 

resulting from a restricted horizontal movement of the top hand and much of the 

bottom hand.25 

In this study the Fmean/Fpeak ratio values increased with the increase in SR 

and mean velocity indicating a change towards a rectangular force profile. This 

rectangular shape should be more efficient, since it maximises the area under 

the force-time curve for a given achievable Fpeak, while minimising the period 

of force application to enable a high SR. A high SR is known to be related to 

good performances in kayaking.10,25,26 

It was also observed that as the Fmean/Fpeak ratio values increased with the 

increase in SR, the delay between the start of force application and the 

beginning of the kayak acceleration decreased. This fact indicated a tendency 

for a vertical slope at the beginning of the water phase and a rapid achievement 

of the Fpeak, considered to be an indicator of stroke efficiency.1  

Near the end of the water phase the delay between the beginning of the kayak 

deceleration and the end of force application decreased with increasing SR. 

This result suggests that, at low SR, maintaining the blade on the water at the 

end of the water phase may slow down the kayak. The amount of force that is 

being produce in this section of the stroke seems that it is insufficient to 

overcome the increase in drag produced by the blade on the water. 

For both sexes, in the first three trials, the force-time curve had a bell shape. In 

the race pace trial, with the increased rate of force application, the athlete 

sought to increase the force rapidly and achieve a plateau early in the water 

phase. Creating a plateau on the top of the force-time curve maximises the 

impulse for a given attainable Fpeak and duration of water phase and reflects 

the tendency towards a rectangular profile of the force-time curve as a way to 

improve performances.22  

The force-time curve shape on the race pace trial was characterised by a first 

small peak, followed by a small decrease in force and then followed by the main 

plateau. The decrease in force immediately after the initial rise may be in part 

explained by the elastic response of the paddle shaft due to its degree of 
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stiffness, a response that probably starts when the kayak paddlers try to 

diminish the aerial phase duration, accelerating the paddle to reach the water 

as fast as possible. Increasing the stiffness of the paddle shaft may allow a 

more rapid force rise to the plateau and reduce the force ‘bounce’, so that a 

high force is maintained more constant without the small drop in force prior to 

the main plateau. Nowadays, paddle manufacturers provide paddle shafts with 

different degrees of stiffness and the athlete is responsible for choosing the one 

he/she thinks can get better performances. Paddling with different shaft’ 

stiffness should be investigated to understand its influence on paddling force 

shape. Even if it is found that an increase in shaft stiffness decreases the force 

‘bounce’, further study will be required to determine the influence of stiffness on 

power development, muscle coordination and injury risk.  

The correlation between impulse and mean velocity in each SR trial was highly 

significant, expressing that, if the area under the force-time curve is increased 

and the SR maintained, the kayak velocity would increase.  The mean velocity 

was strongly correlated with Fmean, more than Fpeak. Different authors5,7 have 

suggested that the maintenance of force near the Fpeak throughout the water 

phase is of greater importance to performance than the Fpeak itself, since the 

force pattern can vary from almost triangular to rectangular22 with the same 

Fpeak.  

Also contributing for to rectangular force profile was the fact that, with the 

increase in SR (representing a decrease in stroke duration) the slope at the 

beginning of the stroke increased even though the time to peak in percentage of 

the water phase duration increased due to the decrease in the water phase 

duration percentage after the Fpeak. Therefore, as the SR increased and the 

kayak paddlers search for higher performances, there was a decrease in the 

time spent in an ineffective part of the water stroke. A similar finding was 

observed by Kendal and Sanders11 when analysing the paddling technique of 

elite kayakers. Since the Fpeak occurs near the time when the paddle is 

vertical,11,25 prolonging the water phase beyond that point is only valuable if the 

force can be maintained near the level of the peak force. Kendal and Sanders11 

found that a long paddle backward reach, although it contributes to longer water 



	   60	  

phases, does not result in a greater mean velocity and yields a profile that tends 

to be triangular rather than rectangular shape. Thus, it is not surprising that in 

this study the athletes sought to remove the paddle shortly after achieving the 

vertical blade position, to rapidly start the next stroke.  

In summary the results showed that the force profile becomes more rectangular 

in shape with increasing SR and performance. The results suggested that best 

performances are achieved when the Fmean is close to Fpeak, that is the 

Fmean/Fpeak ratio approaches 1.0 reflecting a rectangular shape.  

The paddling technique plays a fundamental role in kayaking performance. 

Analysis of the force-time curve variables and force profile should be a prime 

objective in terms of technique analysis. In the present study the force profile 

became more rectangular in shape with increasing SR. To obtain the 

rectangular force profile the athletes need to take the paddle blade out of the 

water close to the instant when the propulsive forces are still close to the peak 

force, rather than prolonging the stroke during an inefficient part. This enables 

optimal propulsive impulse at high SRs. Also, kayak paddlers should seek a 

rapid increase in force immediately after blade entry. This pattern should be 

sought when training at race pace and in competition. 
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Chapter 5. 

Paddling Time Parameters and Paddling Efficiency with 

the Increase in Stroke Rate in Single-seat Kayaking 
 

Abstract 
The paddling stroke rate is the key determinant of flat water kayak performance. 

The aim of this study was to analyze the way in which the kayak paddler 

changes the duration of the water and aerial phases due to the increase in 

stroke rate. Ten elite kayak paddlers (five males and five females) were 

analysed performing 200 m on-water trials in a single-seat kayak, at four 

different paces (60, 80, 100 strokes per minute and race pace). Based on the 

data collected using the FPaddle system the duration of the water and aerial 

phases, stroke rate and impulse were computed. Results corroborate the 

importance of reaching higher SR to increase kayak velocity (r=0.904, 

p<0.001). Both water and aerial phase durations correlated negatively with SR 

(r=-0.929, p<0.001; R=-0.909, p<0.001, respectively). However, with the first 

the dependence was linear (r2=0.883) and for the second the trend of 

dependence was curvilinear (r2=0.893). Due to differences in dependence, the 

results suggests that at high SR to continue increasing SR it will be more 

productive to reduce duration of the water phase.  

 

Key words: kayak, kinematics, stroke phases, water phase, aerial phase, 

impulse. 
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Introduction 

Kayaking technique is a cyclic movement composed of alternate left and right 

strokes. During each paddling stroke, the kayak has a fluctuating acceleration 

due to the dynamic movement of the paddler and the varying magnitude of 

force application of propulsive forces and drag forces (Mann & Kearney, 1980; 

Jackson, 1995; Baudouin & Hawkins, 2002; Michael, Smith, & Rooney, 2009), 

resulting in a velocity fluctuation (Mononen & Viitasalo, 1995). 

The paddling SR is an important factor for kayak performance (Sanders & 

Kendal, 1992). Stroke rate is inversely proportional to stroke time (SR = 

1/stroke time) and usually presented in kayaking as strokes per minute (spm). 

Higher mean kayak velocity was been attributed to a higher SR (Hay & Yanai, 

1996; Burgois, Van Renterghem, Janssens, Vrijens, & De Blieck, 1998; Brown, 

Lauder, & Dyson, 2011). Brown et al. (2011) proposed that shorter water phase 

duration (s) and longer relative water phase duration (%) were associated with 

better performance. Also, Plagenhoef (1979) suggested that the increase in SR 

should be achieved mainly by decreasing the duration of the aerial phase. 

Therefore, the kayak paddlers were able to maintain the kayak displacement 

per stroke and at same time increase SR. Kayaking coaches’ manual (Szanto, 

2014) also emphasis the direct relationship between the increase in SR and 

consequent increase in kayak velocity, however mentioning the need to 

maintain the same paddling efficiency. 

Kleshnev (1998) has suggested that, in rowing, the nature of the relationship 

between SR and the duration of the two phases of the stroke (defined in rowing 

as drive and recovery times) differs according to the SR. Above 40 spm the 

decrease in recovery time is very low, suggesting that at high SR the attempt to 

increase SR even more will be achieved more readily by reducing drive time 

(corresponding in kayaking to the water phase) than recovery time.  

Baker (1998) suggested that the work done on the water by the paddler to 

propel the kayak is analogous to the impulse (area under the force-time curve); 

and that an efficient technique is fundamental to attaining high impulses. Since 

impulse is equal to the product of force and the time over which the force acts 

the SR will affect impulse in an inverse relationship. Therefore, increasing the 
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SR without increasing the force would reduce the impulse. To be able to 

maintain the impulse as high as possible with the increase in SR, the force must 

be increased to maintain the impulse. A slight decrease in impulse with the 

increase in SR has been observed (Gomes et al., 2015). Concurrently, analysis 

of the paddle force profile revealed that elite kayakers tended to prolong the 

water phase with forces that are below the resistive force acting on the kayak. 

This period could then be regarded as inefficient, since the kayak was 

decelerating (Gomes et al., 2015). Considering these findings and recognising 

that SR is a key determinant of kayak velocity (Kendal & Sanders, 1992; Hay & 

Yanai, 1996; Brown et al. 2011; McDonnel, Hume, & Nolte, 2013), the purpose 

of this study was to analyse the relationship established between the duration of 

the water and aerial phases in respect to SR, and between impulse, SR and 

kayak velocity, in a range from low to high SRs. 

 

Methods 
Subjects 

Ten elite kayak paddlers (five females and five males) participated in the study. 

Their main physical characteristics were 25.8 ± 3.81 yrs of age, height 63.5 ± 

3.5 cm and body mass 63.5 ± 3.46 kg for the female group, and 24.2 ± 2.4 yrs 

of age, height 183.1 ± 3.5 cm and body mass 86.4 ± 4.1 kg for the male group. 

All the kayak paddlers had a very high performance level. The criterion for 

subjects’ inclusion in the present study was selection to compete internationally 

in the qualification races of the Olympics 2012. Six of the ten kayak paddlers 

(four females and two males) participated at London Olympic Games and then 

qualified for the finals. Subjects were fully informed of the nature of the 

investigation, and provided written informed consent prior to data acquisition.  

 

Procedures 

The kayak paddlers performed four trials of 200 m in single-seat (K1) at 

different paddling SRs: 60, 80, 100 spm and at race pace in which the kayaker 

was free to select the SR, with five minutes recovery between trials. The SR 

represented different training zones (aerobic to race pace) as prescribed by the 
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World Canoe Sprint Coaches Technical Group (2001). The subjects were 

instructed to search for the best performance in each of the SR conditions. 

Each of the trials began with the kayak at a velocity of 2,78 ± 0.04 m.s-1 

(represents a very low intensity) and, at a signal, the subject started the trial. 

The data were collected in calm water, with no influence of currents and with a 

wind velocity below 0.42 m.s-1 (corresponding to calm to light air on the 

Beaufort scale) (Saucier, 2003). In the trials that had a specific SR to 

accomplish, the kayaker used an audible metronome device (TempoTrainerPro, 

Finis, Livermore, USA) set to that SR. A GPS tracker (Forerunner 310XT, 

Garmin, Olathe, Kansas, USA) allowed triggering the start and the end of the 

each trial, and helped the athlete to control the velocity immediately before the 

start, since differences in start velocity would interfere with the time that the 

athlete took to perform the 200 m.  

 

Data analysis and equipment 

The time variables (stroke, water and aerial phases durations) were determined 

based on the force-time curve obtained by the instrumentation of the paddle 

with the FPaddle system (Gomes et al., 2015). The FPaddle system comprises 

deformation sensors, a force transducer, a transmitter and radio receiver, and 

signal processing software (Node Commander 2.4.0, Microstrain, Williston, 

USA). The paddle shaft was instrumented with two strain gauges for composite 

materials (HBM, Darmstadt, Germany) bonded directly onto the paddle shaft, 

thus decreasing possible erroneous sensing data (Sturm, 2012). They were 

positioned in each side at the same longitudinal position from the tip of the 

blades (80 cm), to respond to the bending of the shaft in one plane parallel to 

the larger surface of the blade. Also, the strain gauges were connected to the 

voltage node V-Link-mXRS (Microstrain, Williston, USA) by wires. Gain and 

offset were set automatically by software. The calibration of the system, the 

equation used for determining the force applied on each blade and the data-

filtering are described in detail in Gomes et al. (2015). Data were recorded at a 

sampling rate of 256 Hz. 
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Although the description of the phases of the stroke for biomechanical analysis 

varies in the kayaking literature, this study adopted the observational model of 

Mcdonnell, Hume, and Nolte (2012). In this model each stroke is defined as 

starting with the blade’s water entry in one side and ending on the blade’s entry 

on the opposite side. This stroke is defined as including two phases: (1) the 

water phase (from entry to paddle blade exit from the water), and (2) the aerial 

phase (from the paddle blade exit to the entry instant on the contralateral side).  

Data were analysed using MatLab R2010a (The MathWorks Inc., Natick, USA) 

with a self-produced dedicated software. The definition of the beginning of the 

water and aerial phases corresponded to the start and end of force application 

(Baker, 1998), respectively. The mean force (Fmean) represented the mean of 

the force values of the water phase by stroke. The impulse was calculated for 

each stroke and based on the integral of the force-time curve over the duration 

of the water phase. The time variables analysed based on the force-time curve 

were duration of a stroke and of the water and aerial phases. Mean SR for the 

entire trial was computed as the inverse of the mean stroke duration. 

Considering the suggestion of Baker (1998), the variable impulse by SR 

(impulse*SR) was computed to analyse the dynamic of changes due to the 

increase in kayak velocity. The mean kayak velocity was determined based on 

the time to travel the 200 m. 

 

Statistics 

Both descriptive and inferential statistical analysis were conducted using SPSS 

22.0 for Macintosh (SPSS Inc., Chicago, IL, USA). The inter-SR comparison 

was performed using a repeated measures one-way ANOVA with four levels of 

SR (60, 80, 100 spm and race pace); pairwise comparisons were performed 

using a Bonferroni post hoc procedure. Correlations between variables were 

obtained using the Pearson moment correlation coefficient. For all tests, the 

level of significance was set at .05. 
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Results 

SR had a strong positive correlation with mean kayak velocity (r=0.904, 

p<0.001). Both water and aerial phase durations correlated negatively with SR 

(r=-0.929, p<0.001; R=-0.909, p<0.001, respectively), however with the first the 

relationship was linear (r2=0.883) (Figure 1a) and for the second the 

relationship cubic (r2=0.893) (Figure 1b). 

 

Figure 1. Water (a) and aerial (b) phases duration vs. stroke rate, with tendency line. 
 

A slight decrease in impulse was observed with increase in SR and K1 mean 

velocity, however not significant (Table 1). However, when the impulse was 

analysed in each of the paddling intensities (60, 80, 100, and race pace) it was 

highly correlated with mean velocity (p=0.904, p<0.01; p=0.891, p<0.01; 

p=0.842, p<0.01; p=0.867, p<0.01). 

 
Table 1. The mean (±SD) for SR, mean velocity, Fmean and impulse for each 
sex (male n=5 and female n=5), All analysed for each SR, mean (±SD). 

  Paddling Intensity (SR - spm)  
 Sex 60 80 100 RP 

M 63 ± 5 81 ± 3 99 ± 6 124 ± 7 SR (spm) F 60 ± 3 79 ± 6 100 ± 6 112 ± 3 
M 3.68 ± 0.15 4.18 ± 0.18 4.58 ± 0.20 5.17 ± 0.11 Mean velocity (m.s-1) F 3.26 ± 0.05 3.72 ± 0.12 4.16 ± 0.16 4.45 ± 0.12 
M 118 ± 16 128 ± 18 157 ± 18 # 171 ± 18 Fmean (N) F 72 ± 6 80 ± 9 92 ± 13 # 99 ± 15 
M 66.3 ± 7.3 63.9 ± 7.3 63.7 ± 9.5 63.2 ± 8.4 Impulse (N.s) F 46.5 ± 5.9 45.1 ± 5.5 44.2 ± 6.3 42.3 ± 6.6 

Note: SR, stroke rate; M, Male; F, Female; RP, race pace; spm, strokes per minute. 
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When the impulse was multiplied by the SR as an estimate of work (across the 

total range of SRs analysed) a linear positive correlation (R=0.892, p≤0.001) 

was found between the Impulse*SR and the K1 mean velocity (Figure 2). 

 

 
 
Figure 2. Relation between Impulse*SR and kayak, with tendency line. 
 
 
 

Discussion 

Kayak velocity is highly dependent on SR (Mononen & Viitasalo, 1995; Hay & 

Yanai, 1996; Burgois e tal. 1998; Brown et al., 2011); so, understanding the 

way in which kayak paddlers are able to increase SR will be one of the key 

determinants in paddling performance.  

As expected, durations of the water and aerial phases duration were both very 

dependent on SR, although the nature of this dependence was different for the 

two phases, as previously reported by Kleshnev (1998) for rowing. When water 

and aerial phases were analysed in percentage of the total stroke duration, the 

aerial phase decreased and consequently the water phase increased. However, 

as the SR became higher, the percentage of the aerial phase tended to 

decrease. Above 120 spm, the decrease in terms of aerial phase became 

limited (Figure 1b). The analysis of the line tendencies of Figure 1, above 100 

spm, shows that the decrease in aerial phase time slows down. Therefore, the 

attempt to increase SR already at high SRs (above 120), probably will be more 
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productive to emphasis the reduction in water phase duration. Kleshnev (1998), 

studying rowers, has also observed a different trend of dependence between 

the duration of the stroke phases and the SR. He suggested that to achieve 

very high SRs, it has to happen mainly by the decrease in the duration of the 

drive phase (the propulsive phase in rowing), but maintaining the stroke length. 

This suggests that the athlete has to perform the same stroke length at higher 

velocity, and consequently leading to an increase in the power output. Although 

this suggestion is relevant, the results of K1 for the force-time curve analysis 

synchronized with kayak forward acceleration showed that kayak paddlers tend 

to continue the water phase stroke beyond the time when the force is 

accelerating the kayak, since the kayak starts to decelerate prior to the end of 

the water phase. Therefore, maintaining the exact same stroke length may not 

allow the water phase duration to be reduced significantly. This suggestion is 

supported by Sanders and Kendal (1992) who have reported stronger 

relationship between speed and stroke rate than with stroke length.  

Since impulse is equal to force times time, changes in the SR will affect impulse 

in an inverse relationship, suggesting that the higher the SR, probably lower will 

be the impulse. In this study a decrease (although non-significant) of the 

impulse with the increase in SR was observed. Kayak paddlers were able to 

limit the possible decreases in impulse with the increase in SR, by increasing 

the peak and mean forces of the force-time curve per stroke (Gomes et al., 

2015). This indicates that paddlers achieve higher kayak velocities by applying 

greater forces, which compensates for the reduction in duration of force 

application. The tendency shown for a rectangular force profile (Fmean/Fpeak 

ratio) observed in K1 performance with the increase in SR was explained by the 

increase in paddle force slope at the beginning of the water phase and negative 

slope at the end of the water phase. If considering that the total work done in 

moving the kayak is related to SR multiplied by impulse (Baker, 1998), the 

results show that the increase in SR can for the small decrease in impulse (high 

linear correlation between impulse*SR and kayak velocity). Therefore, paddlers 

should focus on maintaining high SR and high forces throughout the stroke 

rather than trying to maximise stroke length. This can be achieved by 
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minimising the duration of the inefficient parts of the water phase (beginning 

and end) when the forces applied by the paddle are less than the resistive 

forces acting on the kayak. However, further study is needed to understand if 

the propulsive force is no longer being applied, the drag dominance will be 

much more expressive and deceleration even more expressive. 

 

Conclusion 
The present study results corroborate the importance of reaching higher SR to 

increase kayaking performance. This can be achieved by minimising the 

duration of the periods at the beginning and end of the water phase when the 

force applied is less than the resistive forces acting on the kayak   This agrees 

with the results of Gomes et al. (2015), related to the synchronization of paddle 

force-time curve and kayak forward acceleration. In that study of force profiles it 

was found that elite paddlers have a fast increase in the force curve at entry 

and maintain a high force until very close to the time of exit, that is a tendency 

towards a ‘rectangular’ force profile. Advice to the paddler would be to push 

hard and then remove the blade quickly from the water and to look for a quick 

start of the next stroke on the opposite side. 
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Chapter 6. 

Is the Paddling Force Profile Similar in Single and 

Double-seat Kayaking Performance?  
 

Abstract 
The differences in paddle force-time characteristics between single (K1) and 

double-seat kayak (K2) have not been establish in previous research. In this 

study the force-time pattern of 11 elite kayak paddlers (six males and five 

females) where analysed paddling at the same stroke rate in K1 and K2 (at bow 

and stern) were analysed. The paddle and kayak were instrumented with the 

FPaddle system to record synchronously force on the paddle and kayak forward 

acceleration. Both in K1 and K2 performances, the paddle force-time pattern 

showed a tendency for a two-peak shape at 110 strokes per minute. For both 

sexes, there was a decrease in mean force and impulse in K2, compared with 

K1. Results support the suggestion of coaches that paddle forces in K1 are 

greater than in K2. The variable that best correlated with the performance in K2 

was the sum of the impulses of the crew per kg of weight of the kayakers 

(r=0.786,p=0.01). There was a time asynchrony of 0.034 s at start of the water 

phase between bow and stern kayakers, with the stern paddler’s forces being 

ahead of the bow paddler’s forces. There was a delay between the start of the 

water phase and kayak forward acceleration, suggesting that the paddle entry, 

especially at the stern position, should be earlier and more forceful to 

compensate for the faster moving water, and an earlier exit of paddle blade to 

minimise the period of kayak deceleration, since it starts prior to the end of the 

water phase. 

 

Key words: force-time curve, kayak crew, synchronisation, FPaddle system. 
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Introduction 

The competitions in flat-water kayaking take place in single-seat (K1) and crew 

kayaks (K2 and K4), using a double-blade paddle. Currently there is a lack of 

publications related to crew boats, although approximately 60% of the kayak 

competitions in the Olympic Games and World and European Championships 

are held in K2 and K4. In rowing, where the force-time pattern of the oars are 

recognised to be fundamental to successful performances (Smith & Spinks, 

1995; Smith & Loschner, 2002), research has been focusing on crew analysis 

(Millward, 1987; Kleshnev, 1998; Hill, 2002; Kleshnev, 2002; Doyle et al., 2010; 

Kleshnev, 2011).     

In a previous study (Gomes et al., 2015b) analysing the performance in K1, it 

was observed that the force-time curve of elite kayakers at competition pace 

was characterised by having a two-peak shape. A first small peak followed by a 

small decrease in force and then followed by a main plateau. Also, the results 

suggested that the force profile became more ‘rectangular’ (represented by the 

mean force/peak force ratio) with increasing performance. It was suggested that 

to obtain a rectangular shape to maximise performance kayak paddlers should 

seek a stronger water phase with a rapid increase in force immediately after 

blade entry and a quick exit prior to the force dropping far below the maximum 

force. At race pace, male and female elite kayakers were able to produce a 

peak force over 250 N and 150 N, respectively. In regard to mean force the 

values drop to approximately 170 N and 95 N, respectively. Also investigation of 

paddle force in association with K1 acceleration (Gomes et al., 2015b) has 

shown that there is a delay between the start of the water phase (application of 

force) and the start of kayak forward acceleration. Similarly, at the end of the 

water phase when the force produced in not enough to overcome drag, the 

kayak starts to decelerate prior the end of the water phase.  

Information regarding biomechanical aspects of crew kayaking can be found in 

coaches’ manuals and reports of biomechanical testing programmes (Baker, 

1998; Szanto, 2014) or books related to the science of canoeing (Cox, 1992, 

Hernández & Marcos, 1993). However, much of this information is based on 

years of coaches’ experience and their point of view that requires scientific 
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confirmation. Factors presented as interfering with the paddle technique in crew 

boats included the increased velocity of the kayak and the higher paddle stroke 

rates (Hernández & Marcos, 1993; Szanto, 2014).  

Based on the analyses of the Australian Kayak team, Baker (1998) attributed a 

reduction in force when moving from single to crew boats to the increase in 

kayak velocity. Also, it was suggested that the reduction in force should be less 

than 10%, and a greater reduction than that, indicates that the kayak paddlers 

are not suited to crew boats. In rowing, results also suggest that forces applied 

by individuals’ decreases with increasing crew members (Kleshnev, 1998).  

In terms of time synchronisation of rowers’ movements (indicated by differences 

in the beginning and end of the water phase) it is considered by rowing authors 

to be an imperative condition of effectiveness (Hill, 2002; Baudouin & Hawkins, 

2004; Kleshnev, 2011). No previous study in kayaking as reported or analysed 

time synchronization in crew boats in kayaking. Although, in kayaking, Baker 

(1998) suggested that an asynchronous force application is often successful 

and is characterised by the combined force profiles of the two paddlers, which 

reflects the benefits of compensating for each other’s low force sections. 

However, nothing is suggested about time synchronization between the paddler 

at bow and stern.  

Although Baker (1998) have made some suggestions about the paddle force 

performance in K2, his document do not present the sample size, the 

methodology or equipment used. The document is a report of his experience 

testing the biomechanical performance of kayakers. Therefore, a more 

scientifically based analysis should be undertaken to test Baker’ suggestions 

besides the fact that the instrumentation system used (Fpaddle system) allows 

synchronized paddle force analysis with kayak forward acceleration. Also, 

nothing is mentioned on the literature in relation to possible differences in 

paddle force according to the position on the kayak (bow or stern) besides Cox 

(1992) mentioned that the kayak paddler at the stern is more susceptible of 

catching with the paddle blade the wave created by the forward movement of 

the boat (Cox, 1992). 
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The purpose of this study was to examine differences in force-time curve when 

paddling in K1 or double-seat kayak (K2) at similar stroke rate (SR). 

Considering the possibility of existing differences between paddling at bow or 

stern in K2, the force stroke profile of each kayaker was analysed in both 

positions, together with stroke time synchronisation of the start of the water 

phase. Also, the kayak forward acceleration was analysed synchronously to 

investigate the response due to force application. 

 

Methods 

Participants 

Eleven elite kayak paddlers (six males and five females) participated in the 

study. Their main physical characteristics were 26.4 ± 5.9 yrs of age, height 

163.4 ± 3.9 cm and body mass 62.8 ± 5.1 kg for the female group, and 25.2 ± 

3.8 yrs of age, height 181.4 ± 3.6 cm and body mass 83.2 ± 5.5 kg for the male 

group. Their average of kayaking competition years was 12.4 ± 6.3 and each 

had competed at least three times in World/ European Championships. The 

inclusion criterion for subjects’ participation was to have been in the National 

flat-water kayak team in the last two years.  Subjects were fully informed of the 

nature of the investigation and provided consent prior to data acquisition. 

 
Procedures 

All the participants performed in K1 and in K2. In the K2 the athlete was asked 

to perform in the bow and in the stern. All the kayak paddlers were accustomed 

to competing and training in crew boats. Also, due to coach testing they had 

experience paddling at bow and stern. All paddlers were tested using Nelo® 

(Mar Kayaks, Lda, Portugal) kayaks’, both in K1 and K2. Each paddler was 

recorded paddling at 110 strokes per minute (spm) for 150 meters. The athlete 

performed three trials: in K1, in K2 at the bow (K2B) and at the stern (K2S). The 

rest between trials, of K1 and K2 and by kayak paddler, was never less than 30 

minutes or greater than 48 hours, and performed in random order. 

The stroke rate (SR) was based on previous studies in K1 (Gomes et al., 

2015b) that showed that above 100 spm the force-time curve show a profile 
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similar to the one observed at race-pace. At race pace the SR in K1 is lower 

than in K2. However, the goal was to compare the force profile, and for that 

reason it was a requirement that the athletes paddled at the same SR in K1 and 

K2. For both, K1 and K2, 110 spm represents high intensity. Each of the trials 

began with the athlete(s) paddling at a very low intensity, and at a signal started 

the trial. The kayak paddler used an audible metronome device 

(TempoTrainerPro, Finis, Livermore, USA) set to 110 spm to ensure that the SR 

was maintained uniformly and at the target. Paddle forces generated by 

paddlers on the shaft and the kayak forward acceleration were collected 

synchronously and continuously at a sampling rate of 256 Hz.  

 
Data analysis and equipment 

Twenty five strokes from left and right sides at the target SR were sampled 

during each trial. As in a previous study (Gomes et al., 2011; Gomes et al., 

2015b) the paddling force pattern was recorded using the FPaddle system that 

comprises deformation sensors (strain gauges (HBM, Darmstadt, Germany)), a 

force transducer (voltage node V-Link-mXRS (Microstrain, Williston, USA)), a 

transmitter and radio receiver (WSDA-Base (Microstrain, Williston, USA)), and 

signal processing software (Node Commander 2.4.0, Microstrain, Williston, 

USA). According to the type of assessment, K1 or K2, the system node was 

used with two or four channels of extensometry, respectively. In each paddle 

two strain gauges were positioned on the paddle shaft in each side at the same 

longitudinal position from the tip of the blades (≈80 cm), to respond to the 

bending of the shaft in one plane parallel to the larger surface of the blade. The 

strain gauges were wired into a Wheatstone bridge. The mass of the whole 

measuring system in the paddle and inside the kayak was 750 g for K1 and 850 

for K2. The voltage node and the inertial station (G-Link-mXRS (Microstrain, 

Williston, USA)) worked synchronously in a wireless communication system and 

transferring in real time to the WSDA-Base. The calibration of the system, the 

equation used for determining the force applied on each blade (equation 1) and 

the data-filtering are described in detail in Gomes et al. (2015b).  
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                                    equation 1 

 

where FB is the force on the blade, FS is the force on the shaft, dB is the 

distance between hand grips and dA the distance between the centre of the 

area of the blade and the near hand grip. 

Both, force and acceleration data where analysed using MatLab R2010a (The 

MathWorks Inc., Natick, USA) with a self-produced dedicated software. The 

paddling technique was analysed considering the two-phase model proposed 

by McDonnell et al. (2012) that divides a stroke into the water phase (from entry 

to paddle blade exit from the water) and the aerial phase (from the paddle blade 

exit to the entry instant on the contralateral side). The water phase being 

divided in three sub-phases: (1) entry, (2) pull, and (3) exit. The definition of the 

beginning of the water and aerial phases corresponded to the start and end of 

force application (Baker, 1998), respectively. 

The paddle force variables analysed for each stroke where the highest point of 

force (Fpeak), the mean of the force values of the water phase (Fmean) and the 

impulse (calculated as the integral of the water phase of the force-time curve). 

The Fmean/Fpeak ratio was calculated to reflect the force profile. This ratio, 

expressed as a percentage, is 100% if the force is rectangular (constant force) 

and 50% if it is triangular in shape (Kleshnev, 2008). The time variables of the 

force-time curve analysed were: the duration of the water and aerial phases, 

time to reach Fpeak, and SR computed as the inverse of the stroke duration. 

The mean kayak velocity was determined based on the time to travel the 150 m. 

The variable relative impulse (N.s.kg-1) was computed to establish relation 

between impulse and the performance in K2. In the case of K2, the relative 

impulse value was the ratio between the sum of the impulses of the kayak crew 

and the sum of their weights. Force time-synchronisation of the water phase in 

K2 was checked by determining differences in seconds between the force 

applied at the bow (K2B) and the stern (K2S) at start and end of the water phase 

(Kleshnev, 2011). Negative values represent the K2S starting or ending the 

water phase stroke prior to K2B. 
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The kayak forward acceleration profile was analysed considering the moments 

of the start of the water and aerial phases, identified from the force data. 

Considering the results of the K1 analysis (Gomes et al., 2015b) it was 

important to analyse the delay between the start of force production and the 

beginning of kayak acceleration (delay force-acceleration), between the kayak 

deceleration and end of force application (delay force-deceleration). Variables 

are described graphically in Figure 1. 

 
Figure 1. Mean stroke force and mean kayak forward acceleration (total of 40 strokes, 
20 on each side) from the start of the water phase one side untill the start of the water 
phase on the opposite side. D1 – delay force-acceleration; D2 – delay force-
deceleration. These variables were calculated based on non-normalised data of each 
stroke.  
 

The adjusted coefficient of multiple determination ( ), for evaluating the 

repeatability of waveforms (Kadaba et al., 1989), was calculated to analyse 

intra-individual differences between the force-time curve shape in K1 and K2 (at 

bow and stern positions). When the wave forms are similar the  tends to 1. 

 

Statistics 

Both descriptive and inferential statistical analysis were conducted using SPSS 

22.0 for Macintosh (SPSS Inc., Chicago, IL, USA). The inter-boat comparison 

was performed using a repeated measures one-way ANOVA (factor considered 

was type of boat with three levels – K1, K2B and K2S); pairwise comparisons 

were performed using a Bonferroni post hoc procedure. Correlations between 

D1 D2
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variables were obtained using the Pearson moment correlation coefficient. For 

all tests, the level of significance was set at .05. 

 

Results 
The force-time curve changed mainly in magnitude when performing in K1 or 

K2. Data concerning the variables analysed during the trials in K1, K2B and K2S 

regarding the force-time curve and synchronised with kayak forward 

acceleration are presented in Table 1. No differences were found between trials 

in terms of SR, which allows comparison between boats. 

  

Table 1. For each type of kayak (K1 or K2) and position (bow or stern), the 
mean ±SD is presented for the mean velocity, Fpeak, Fmean and impulse for 
each sex (male n=6 and female n=5). The other variables are presented for the 
total sample – Fmean/Fpeak ratio, difference in time between bow and stern 
kayaker, water and aerial phases duration and delays in force-acceleration and 
force-deceleration).  

Note: SR, stroke rate; M, Male; F, Female; TS, Total Sample. 
a P <.05, significantly different to K1. 
b P <.05, significantly different to K2B. 
c P <.05, significantly different to K2S. 
 

  Boat 
  K1 K2B K2S 
SR (spm) TS 109.08 ± 0.82 110.49 ± 1.03 109.99 ± 1.14 

M 4.84 ± 0.11 5.22 ± 0.09 Mean velocity (m.s-1) F 4.49 ± 0.13 4.84 ± 0.15 
M 265.70 ± 12.92 255.01 ± 11.20 255.61 ± 10.03 Fpeak (N) F 154.12 ± 11.83 151.58 ± 9.34 152.35 ± 10.58 
M 170.73 ± 4.76bc 162.29 ± 6.75 159.90 ± 8.27 Fmean (N) F  97.67 ± 6.12bc 89.49 ±7.74 90.26 ± 7.83  
M  63.78 ± 6.06bc 58.12 ± 7.27 57.96 ± 7.97 Impulse (N.s) F 42. 47 ± 5.06bc 37.74 ± 4.33 37.06 ± 5.15 

Fmean/Fpeak ratio (%) TS 64.13 ± 2.35bc 62.31 ± 2.17 61.91 ± 2.48 
Difference in start  - water 
phase (s) 

TS ---- -0.034 ± 0.016 

Water phase duration (s) TS 0.40 ± 0.02bc 0.38 ± 0.02 0.38 ± 0.03 

Aerial phase duration (s) TS 0.14 ±0.02bc 0.16 ± 0.02 0.16 ±0.01 

Time to Fpeak (s) TS 0.18 ± 0.01 0.18 ± 0.01 0.18 ± 0.00 
Delay force-acceleration (s) – 
D1 

TS 0.05 ± 0.02 0.02 ± 0.02ac 0.05 ± 0.02 

Delay force-deceleration (s) – 
D2 

TS -0.23 ± -0.03 -0.23 ± -0.02 -0.24 ± -0.03 



87 

The visual inspection of the intra-individual differences of the force curves in K1 

and K2 (bow and stern) did not show considerable differences in shape (Figure 

2). This was confirmed by the results of the . When comparing each kayak 

paddler’ force-time curve in K1 with K2B (0.870±0.030) and K2S (0.851±0.048) 

the  values tended to 1, representing similarity. However, differences in 

magnitude were apparent. Fmean, impulse and Fmean/Fpeak were significantly 

higher in K1 when compared with K2B or K2S (Table 1). Also, the duration of the 

water phase was greater in K1 than in K2B or K2S while the duration of the 

aerial phase was less than for K2B or K2S. The Fpeak in K2 was approximately 

4% and 2%, less than for K1 for males and females respectively. Fmean was 

6% and 7% less in K2 than K1 for males and females respectively. When the 

impulse was analysed the differences between K1 and K2 where approximately 

8% for males and 11 % for females. The K2 force-time curve variable analysed 

that best correlated with performance was impulses per kg (r=0.786, p=0.02).  

 
Figure 2. Example of mean force-time curves for K1, K2B and K2S at 110 spm and 
considering the same kayak paddler. The start of the water phases were aligned 
considering that they begun at same time.    
 

In terms of paddle stroke time synchronisation, the paddlers positioned at the 

stern of the kayak tended to start the water phase prior to the paddler 

positioned at the bow. This difference represents 6% of the total stroke duration 

and 9% of the water phase duration. The kayak paddlers performing in K2B 

showed that the kayak acceleration started shortly after they start the water 

phase. The same athletes in K1 or performing at the stern of the K2 have taken 

significantly more time to start accelerating the kayak.  

 



	   88	  

Discussion 

Competing in crew kayaks differs from competing in single kayaks in several 

ways: ability to paddle at higher stroke rate and boat speed with efficiency, 

coordination in terms of stability in the kayak with the other crew members and 

join tactical approach in competition (Cox, 1992; Hernández & Marcos, 1993; 

Szanto, 2014). However, prior to this study it has not been clear how the force 

profiles of paddlers differ when normalised to the same SR between K1 and K2. 

The force-time profiles in K1 and K2 differed mainly in terms of magnitude.  

No significant differences were observed in terms of force profile in K2 (bow or 

stern), comparing it with K1. The force-time curve pattern maintain in K2 the 

tendency for a two-peak shape, already observed in K1 (Gomes et al., 2015b). 

Kayakers seem to maintain a force pattern signature independently of 

performing in K1 or K2. Probably the force profile does not depend on the type 

of boat, but is mainly dependent on the kayakers paddle technique, paddle 

blade design and area and paddle length (Cox, 1992). In rowing different 

authors (Ishiko, 1968, Nolte, 1981, Ishiko et al, 1983 cited by Hill, 2002) have 

reported that rowers develop their own force pattern during rowing. However, if 

the two athletes paddled for a long time together they will adapt their force 

pattern to become more similar, as previously reported in rowing (Haenyes, 

1984 cited by Hill, 2002). The present study methodology does not allow 

understanding the influence of long time practice of the same two paddlers in a 

K2. The force-time curve analysis in the three position tested (K1, K2B and K2S) 

showed that the force curve slope at the beginning of the water phase was 

greater for K1 and K2B comparing with K2S, being a possible explanation an 

higher degree of paddle blade slip when paddling in crews in stern position, due 

to the fact that the kayaker paddles in turbulent water due to the paddle motion 

of the person in the bow and the kayak motion. Therefore, the paddle blade 

entry in stern position should be faster and powerful compared with K1 (Szanto, 

2014), in order to find enough resistance to fix the blade on water. 

Elite kayakers showed decrease in force when performing in K2, compared with 

K1, both at 110 spm. It was observed significant differences in Fmean and 

impulse. However, the decrease in both was less than the limit of 10% 
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suggested by Baker (1998) as acceptable. No significant differences were found 

in terms of force variables (Fpeak, Fmean, Impulse, Fmean/Fpeak ratio) 

between kayak positions - K2B and K2S. Kayak paddlers report some difficulties 

after training for a long period of time in crew boats to paddle in K1 due to a 

feeling of the stroke being harder in terms of force. This situation can in part be 

explained by the present results, since they suggest a decrease in force 

application in each stroke in K2. After a considerable amount of kayak crew 

trainings, changes in stroke force magnitude can be felt when paddling in K1 

(Hernández & Marcos, 1993; Szanto, 2014). Paddling with higher paddle area, 

maintaining the same design, or increased shaft’ length in K2 should be 

investigated to understand its influence on the magnitude of the force-time 

variables, so they can match the capacities of the kayaker in K1.  

The K2 force-time curve variable that best correlated with performance, at the 

same SR, was impulses per kg (r=0.786, p=0.02). The results suggest that the 

combined analysis of the impulse of the two crew members, in respect to the 

total weight inside the kayak, can be of interest when analysing the 

performance of a crew. The drag that acts upon a kayak is affected by the 

weight of the kayaker (Gomes et al. 2015a), therefore the analysis of a variable 

that takes into account the amount of force produced and the weight of the 

kayakers can be of considerable importance. 

The increased kayak velocity in crew boats, compared with K1, probably 

explains the decrease in duration of the water phase and consequent increase 

of the aerial phase, since the SR was the same for K1 and K2. The kayak 

paddlers in K2 had to produce force on the water with the water flowing at 

higher velocity. This can explain in part the higher SR that crew kayaks are 

capable of reaching in race, comparing with the ones observed in K1 

(Hernández & Marcos, 1993; Szanto, 2014). 

A delay between the start of the water phase of both kayakers of the K2 and the 

start of kayak forward acceleration was observed. During the aerial phase the 

K2 experience a negative acceleration, which only becomes positive after the 

athletes produce an amount of force enough to overcome the total drag. As 

already observed in K1 (Gomes et al., 2015b), at the end of the water phase 
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when the force produced was not enough to overcome drag, the kayak starts to 

decelerate prior the end of the water phase. However, considering that the 

water phase duration was lower in K2 and the delay in time between the 

moment the kayak starts to decelerate and the end of the water phase similar, it 

suggests that the kayak paddlers continue the stroke in water far behind the 

efficient, compared with K1. This fact, corroborate the lower values observed in 

Fmean/Fpeak ratio in K2, compared with K1, and reflect a force profile that 

tended more to a triangular shape. This suggests the need for a quick exit of the 

paddle blade at the end of the water phase prior to the force dropping far below 

the maximum force. The exit must be faster and earlier than in K1, since due to 

higher velocity of the K2, there is higher possibility of a dragging paddle blade’ 

that will break boat speed (Szanto, 2014).  

Kayaking coaches’ manuals (Hernández & Marcos, 1993; Szanto, 2014) 

suggest that kayak paddlers should be time synchronous at the entry. Baker 

(1998) suggested that an asynchronous force application, which reflects the 

benefits of compensating for each other’s low force sections. However, does not 

refer if it is only achieved by combining paddlers with different force profiles or 

by having a degree of time asynchrony between the two paddlers. The present 

results show a degree of asynchrony, being the kayak paddler at the stern that 

consistently starts the water phase milliseconds (34 ms) prior to the athlete at 

the bow. This causes the difference in time to make the boat accelerate, taking 

the kayaker at the stern more time in respect to the one at the bow, measured 

in relation to the moment each one started his water phase. Probably with the 

increase in SR the values of time asynchrony will tend to decrease because of 

the decrease in the duration of the stroke, as observed by Hill (2002) in rowing. 

This should be studied in kayaking performance. Considering that the kayak 

paddler at the stern is more susceptible of catching with the paddle blade the 

wave created by the forward movement of the boat (Cox, 1992), due to the 

increase in kayak velocity, paddling milliseconds prior to the one at the bow will 

allow him to find water with greater resistance. In rowing studies, authors 

suggest that rowing performance is positively affected by an exact time 

synchronisation of rowers’ force application (Schneider 1978, cited by Hill, 
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2002; Hill, 2002), as well as force synchronization (Kleshnev, 1998; Hill, 2002). 

However, the two sports may not be comparable at this respect, due to 

differences in force application. In rowing the force is applied in left and right 

sides at the same time and in kayaking both athletes applied force alternately in 

each side. This will interfere with boat axes movements, has suggested by 

Michael et al. (2009) that kayak has more roll and yam movements than rowing 

boat. Probably some degree of time asynchrony can result in force asynchrony 

that was presented by Baker (1998) has more efficient in crew kayaking.  

In summary the results showed a decrease in force application for the same SR 

in K2, compared with K1, and this explains the feeling of a ‘harder’ stroke 

commonly reported by paddlers when transitioning from K2 to K1. The force 

pattern maintained a tendency for a two-peak, in both K1 and K2. This suggests 

that the kayak paddler should be able to switch from K2 to K1 without adverse 

effects, i.e. the pattern is appropriate for both, except the extra force that as to 

be produced in K1. Also, the results suggest that the paddle entry, especially at 

stern position, should be faster and stronger to compensate the faster moving 

water. There was a time asynchronous at the start of the water phase, with the 

kayak paddler at the stern being ahead of the kayaker in the bow. The efficiency 

of some degree of time asynchrony should be deeply investigated. The analysis 

of force combined with kayak forward acceleration suggests the need for a 

faster and earlier exit of paddle blade from the water, compared with K1, since 

in K2 there is a higher possibility of ‘dragging’ the paddle blade, and to avoid a 

longer period of kayak deceleration. 
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Chapter 7. 

Is Passive Drag Dependent on the Interaction of Kayak 

Design and Paddler Weight in Flat-water Kayaking? 
 

Abstract 
Drag is one of the major factors that influences kayaking performance. To focus 

on the drag of the kayak’s hull shape and the paddlers’ weight per se, the 

passive drag (DP) was measured on a flat-water sprint course for one paddler 

with added weights. Dp was measured by an electromechanical towing device 

using a load cell, at incremental and constant velocities from 2.78 to 5.56 m/s. 

Three kayaks of different sizes and shapes (Nelo® K1 Quattro - M, ML, and L) 

were used and the paddlers’ body weight was adjusted with add weights so the 

total weight in the kayak was 65, 75 and 85 kg. The mean DP increased by the 

power function of D=kvn (Mean R2=0.990; SD 0.006). The DP went from 

21.37±1.29 N at 2.78 m/s to 89.32±6.43 N at 5.56 m/s. For the two lighter 

weighted kayaks (65 and 75 kg) the lowest DP was observed with different 

kayak size (M, ML, or L) depending on the target velocity. The manufacturers 

suggest that paddlers should select a kayak size according to their body weight 

to minimise drag; however, the results of this study suggest that target 

velocities, and thus competition distance should also be factored into kayak 

selection. 

 

Key words: hydrodynamics, hull, single-seat kayak. 
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Introduction 

Performance in kayaking is dependent on the paddlers’ ability to provide a 

propelling force sufficient to overcome active drag (DA) at that velocity (kayak 

plus paddler drag). To achieve maximal performance in kayaking the paddler 

should maximise propulsive force, along with improving the factors that 

decrease DA (Jackson, 1995). The forward movement of a kayak is 

predominately opposed by hydrodynamic drag of the kayak and paddler, and to 

a lesser extent by aerodynamic drag (Jackson, 1995; Michael, Smith & Rooney, 

2009), since the kayak is only partially submerged in water, with the rest in air.  

Thus, the power required to sustain a specific velocity is primarily dependent on 

the hydrodynamic resistance caused by the kayak and the stroking of the 

paddler (Tzabiras et al., 2010).  

The total hydrodynamic drag is a result of drag created by the friction between 

the hull and the water, the drag due to the separation of the water to allow the 

hull to pass through - pressure drag, and the drag that results from the 

acceleration of the water away from the kayak – wave drag (Pendergast et al., 

2005). The shape of the kayak hull (kayak design) can significantly affect drag 

(Pendergast, Bushnell, Wilson & Cerretelly, 1989). The total drag (kayak plus 

the drag created by the paddler) is highly dependent on the wetted area of the 

kayak (Pendergast et al., 2005). The wetted surface area is, in part, determined 

by the depth of the kayak in the water, which in-turn, is partially determined by 

the body weight of the paddler and the buoyant force resulting from the volume 

of the kayak (Pendergast et al., 1989).  

Reduction in the best performance times in kayaking Olympic sprint events has 

been reported to be due to improvements in boat design (Robinson, Holt & 

Pelham, 2002). The changes in kayak design have evolved to a narrowed hull 

shape that has a decrease in wetted surface and frontal area (Michael et al., 

2009), which may have led to a decrease in hull resistance. In addition, the 

manufacturers of kayaks have developed, within a specific kayak model, a 

range of boat sizes to fit a wide range of paddlers’ body weights. Each kayaker 

is responsible for selecting the kayak size/shape, which he/she thinks or 

demonstrates to have their best performance. Typically kayakers’ kayak 
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selection is based on the manufacturer’s recommendation (http://www.nelo.eu; 

http://www.plastexboats.com) based on the kayakers’ body weight and in some 

cases the paddlers’ subjective perception of the kayaks’ performance. 

During actual paddling, the paddlers’ skill level (Gray, Matheson & McKenzie, 

1995; Pendergast et al., 2003; Ong, Elliott, Ackland & Lyttle, 2006) and 

anthropometry (van Someren & Howatson, 2008) and the environmental 

conditions, along with kayak design (Pendergast et al., 2003), will all affect drag 

(DA). Thus, to study the drag that results from only the kayak hull, the 

abovementioned factors have to be eliminated, as they would mask the drag of 

the kayak per se’. In addition, there is no universally accepted method to 

measure DA in kayaking. Thus, in this study, the purpose was to determine the 

passive drag (DP) of the kayak only. 

There are limited data of the hydrodynamic hull resistance (drag) related to the 

kayak hull design. Two studies were performed in a water towing tank (Bible, 

1998; Triperinas, Damala & Katsaounis, 2009) to determine the DP. Bible (1998) 

attached a single-seat kayak (K1) to a cable-car mechanism and Triperinas et 

al. (2009) attached the K1 to a running carriage, both propelling the kayak 

through a range of variable and constant velocities for the length of the tank 

(approximately 200 m). In both of these studies (Bible, 1998; Triperinas et al., 

2009), the data were collected with only one kayak model using one kayak 

paddler (body weight).  

Another study used the computational fluid dynamics (CFD) method (Mantha, 

Silva, Marinho & Rouboa, 2013) to analyse the DP of three kayak designs 

models (Nelo® K1 Vanquish I-L, II-L, and III-L) using a single kayak paddler 

(body weight). The study demonstrated a reduction in DP as the hulls evolved 

through successive design solutions. Although Mantha et al. (2013) tested 

different kayak models, they only tested the large size (L) of the Nelo® (M.A.R. 

Kayaks Lda., Portugal) kayak while a variety of sizes (M, ML, L, and XXL) are 

available and designed for different paddler weight ranges.  

In the present study, DP was determined for three kayak sizes of the same 

model kayak (Nelo® (M.A.R. Kayaks Lda., Portugal); M, ML, and L). As a 

previous study showed a relationship with the kayakers’ mass (Sharobaiko, 
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Temnov, Korotkin & Gladilova, 1994), a single kayaker (65 kg) and that kayaker 

with two added weights to simulate kayakers’ with weights of 75 and 85 kg were 

tested in each of the three kayaks. As kayak velocity varies inversely with 

competitive race distances, average velocities observed for four race distances 

were studied (http://www.canoeicf.com/icf/Aboutoursport/Canoe-Sprint/Results--

Records.html). It was hypothesised that the lowest DP for each of the simulated 

paddlers’ weight analysed (65, 75, and 85 kg) will be for the specific kayak size 

recommended by the manufacturer (M, ML, and L, respectively), independently 

of the velocity.     

     

 

Methods 
Participants 

One national level kayak paddler (19 years, 1.64 m, and 64.1 kg) provided 

written informed consent prior to participation was then towed on a linear 

competitive flat-water kayak course.  

 

Kayak selection 

Nelo® (M.A.R. Kayaks Lda., Portugal) kayak is currently the most widely 

used in elite sprint and marathon races as judged by the highest number of 

medals in 2012 Olympic Games (Olympic Games report, 2012: 

http://www.nelo.eu/en/news/article/olympic_ games _2012 _report; ICF Canoe 

Sprint World Championship Full Results: http://results.imas-

sport.com/kanuduisburg/regatta.php?competition=wettkampf_99). In addition, 

this model of kayak is made in various widths/sizes and the manufacturer 

recommends (http://www.nelo.eu) various sizes for paddlers of different body 

weights. Based on its use and fit for kayaker weight it was selected for use in 

the study.  

 

Experimental set-up 

DP was determined by towing the kayak with a paddler in a competitive kayak 

sprint course (2150 m length, 130 m width and 3 m depth) with a specially 
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designed field-towing system (Oh, Burkett, Osborough, Formosa & Payton, 

2013) located on land (Figure 1). The kayak paddler was seated in the kayak, 

but did not paddle. The measurement system development took into 

consideration the need to meet some fundamental requirements, namely: (1) 

determination of the hull resistance (DP) during field assessment; (2) 

determination of hull resistance at different velocities; (3) allow data collection 

over a distance of 200 m to allow stabilisation of the velocity for the time period 

required for accurate measurement.  

	  

	  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The field-towing system included a sliding platform with an electro-mechanical 

device attached. The device was composed of a drum of 559-mm diameter 

driven by a 750-W electric motor (Direct Drive, Madrid, Spain). The electric 

motor had a variable power source controllable by a hand accelerator, allowing 

the change of the angular velocity of the drum. Both sides of the centre of the 

drum were attached to a load cell (iLoad Pro, Loadstar, Fremont, USA) by a 

steel cable. The load cell, in turn, was attached to a fixed point behind the 

device at the same height as the centre of the drum (Figure 1). 	  

Figure 1. Experimental setup for kayak’s passive drag assessment with field towing 
system highlighted. 	  
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A calibrated wireless speed meter (BC 8.12, Sigma Sport, Germany) was 

positioned on the wheel to determine its revolution rate, and thus kayak speed. 

To calibrate the speed meter, the wheel size was measured using the “roll out” 

method as suggested by the manufacturer. The wheel velocity was determined 

by the number of times the magnet passed the sensor, considering the inputted 

wheel size. The kayak was pulled by an inelastic cable that was 300 m in length 

(Caperlan, Villeneuve, France, 0.8 mm diameter, 180 g total weight and made 

of fluorocarbon), that was lightweight, and attached to the kayaks’ cockpit and 

bow tip.  

The load cell was linked to a tablet PC that captured, in real time, the force data 

that was sampled at 50 Hz using LoadVue software (Loadstar). The accuracy of 

the load cell cited by the manufacturer was ±.02% and the linearity and 

accuracy of the load cell (r=0.99, p<.001) was confirmed by suspending 

incrementally increasing known masses (1kg to 12 kg) on the load cell over the 

range of anticipated DPs’.  

 

Data Collection 

The latest model of the Nelo® K1 (Quattro) used in both sprint and marathon 

races was used for all tests. Three different K1 sizes produced for three 

different weight ranges (as indicated by the manufacturer) were tested. The 

recommended weight range for kayaks tested were, up to 70 kg (K1 Quattro M), 

between 70 kg and 80 kg (K1 Quattro ML) and from 75 kg to 85 kg (K1 Quattro 

L). The kayaks had the same length (5.2 m), and weight (12.0 kg), and were 

made of the same construction materials. However, the hull shapes of the 

kayaks’ were different to accomplish different weight range loading. Each of the 

kayaks was pulled with the same paddler, but simulating three different kayaker 

weights (65, 75, and 85 kg) by placing appropriate weights under the kayak seat 

of the 65-kg kayaker. The paddler held a paddle and was asked to maintain a 

vertical and static body position and not to touch the water with the paddle. The 

rudder of the kayak was maintained in a central position. In each of the trials, 

the kayak was initially positioned approximately 250 m away from, and in line 

with, the passive drag towing system. The kayak paddler was towed in a 
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straight line until the cable was totally out of the water, stretched taunt and the 

desired velocity was reached. When the velocity varied less than 0.02 m/s at 

the desired velocity, the data from the load cell was collected for 8 seconds and 

the average represented the mean DP value for that velocity. The DP was 

assessed at six velocities, between 2.78 to 5.56 m/s in increments of 0.56 m/s, 

the selection of which was based on mean velocities for competitive distances 

(ICF Canoe Sprint World Championship Full Results 2013: http://results.imas-

sport.com/kanuduisburg/regatta.php?competition=wettkampf_99). The data 

were collected on four days in calm water with no wind interference and the 

water temperature was 18 ± .3 ºC. 

 

Results 
The mean DP for the three kayaks studied went from 21.4 ± 1.3 N at 2.78 m/s to 

89.3 ± 6.4 N at 5.56 m/s. The analysis of each kayak size independently (M, 

ML, and L) shows that the increase in kayakers’ weight (from 65 to 75 and 85 

kg) resulted in an increase in the kayak DP (Figure 2). The increase in weight-

associated increase in DP were higher at the higher velocities. The relationship 

between DP and velocity was nonlinear, and followed a power function of D=kvn 

(Mean R2 = 0.990; SD 0.006). The following equations describe the curves:  

M 65 - D=3.510v1.832 (1) 

M 75 - D=2.934v1.974  (2) 

M 85 - D=2.570v2.135  (3) 

ML 65 - D=2.599v2.020  (4) 

ML 75 - D=2.617v2.051  (5) 

ML 85 - D=2.550v2.115  (6) 

L 65 - D=2.275v2.112  (7) 

L 75 - D=1.923v2.254  (8) 

L 85 - D=3.510v1.832  (9) 
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Figure 2. Kayak passive drag (DP expressed in N) plotted against kayak velocity for 
each of the kayakers’ added weights (65, 75 and 85 kg) for the three kayak sizes M (a), 
ML (b), and L (c).    
 

When the data were analysed considering the different kayak sizes, used by the 

same weight simulated kayaker (65 kg and 75 kg kayak paddlers), there were 

differences in DP between the kayak sizes that changed across velocities 

(Figure 3). For both 65 kg and 75-kg kayak paddlers at the lowest velocity, the 

lowest DP was obtained using an L-size kayak, while at the highest velocity 

tested the M-size kayak showed the lowest DP. For the 85-kg simulated kayaker 

and total range of velocities tested, the lowest DPs were reached with the L-size 

kayak.  

 

 
Figure 3. Kayak passive drag (DP expressed in N) plotted against kayak velocity for 
each of the kayak sizes (M, ML, and L) when crewed by a kayaker with added weights, 
65 kg (a), 75 kg (b), or 85 kg (c).    
 

The DP difference between the three kayak sizes (M, ML, and L kayak) at mean 

velocity in the four velocities reported for the main races distances are shown in 

Figure 4. For each of the four races, the mean velocity was calculated based on 

the 2013 male world champion results (http://results.imas-

sport.com/kanuduisburg/regatta.php?competition=wettkampf_99013). For all 

the race distances analysed (which implies different mean velocities) an 85-kg 
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kayaker had the lowest DP using an L kayak size compared with the other two 

sizes (M and ML). However, for the 65- or 75-kg kayakers’ the data for the M 

and ML sizes, respectively, did not have the lowest DP for all velocities. The 65-

kg kayaker in the M kayak size had lower DP at higher velocities (200 m and 

500 m race mean velocities), however, for 1,000-m mean velocity and marathon 

race mean velocity the ML and L kayaks had the lower DP, respectively. For the 

75-kg simulated kayaker in the M size kayak, the lowest DP was observed for 

velocities corresponding to top male performance for the 200- and 500-m event 

mean velocities. For 1,000-m mean velocity, the ML kayak had the lowest DP, 

and for the marathon mean velocity the L kayak had the lower drag.  

 
Figure 4. Changes in kayak passive drag (DP expressed in %) for the three kayak 
sizes and for four kayak races (200 m, 500 m, 1,000 m and marathon). The analysis 
was based on the mean velocity performance of the 2013 male world champion in 
each of the race distances, and considered the weights, 65 kg, 75 kg, and 85 kg, 
recommended by the manufacturer for the M, ML, and L kayaks, respectively. 
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Discussion and implications 

The development of a field-towing system for kayak DP assessment allowed the 

determination of the DP for the different kayak sizes, paddled by a kayaker with 

added weights over a range of velocities seen in competitive kayaking 

distances. Improvements in race times have been related to advances in kayak 

design (Robinson et al., 2002) since they may lead to a decrease in total 

hydrodynamic drag (Mantha et al., 2013). Reduced drag results in less effort 

required from a paddler at a given velocity. The study shows that kayak 

selection to minimise hydrodynamic drag (DP) does not agree with the 

manufacturers recommendations; however, the changes in weight of the 

kayaker in this study did affect DP for in various kayak sizes. 

The main finding in the present study was that for the paddlers weight (65 kg) 

and added with to simulate a 75-kg kayaker the lowest DP, for all velocities 

tested, was observed with different kayak sizes, which had different hull 

designs. The three different kayak sizes did not differ in their lengths or the 

material they were made of, but had differences in hull shapes. According to the 

manufacturer’s recommendation, the three kayak sizes are optimally suited to 

the weight of the paddler (K1 Quattro M till 70 kg, K1 Quattro ML between 70 

and 80 kg, and K1 Quattro L between 75 and 85 kg). However, for a 65,kg 

kayak paddler at velocities from 2.78 to 3.89 m/s, the lowest DP was obtained 

using a K1 Quattro L and K1 Quattro ML, respectively. However, at velocities 

from 4.46 to 5.56 m/s, the kayaks designed for this weight (65 kg; K1 Quattro 

M) became the kayak with lower DP. Considering the present results and the 

male top performance in different race distances that use these type of kayaks, 

a 65-kg paddler would perform better choosing a K1 Quattro M for 200- and 

500-m races, a K1 Quattro ML for 1000 m and a K1 Quattro L for marathon. 

Based on the DP data from the present study for a 75-kg kayak paddler, the 

best kayak option for 1,000-m race (mean velocity 3.89 m/s) would be the K1 

Quattro ML. However, for the other race distances the lowest DP was reached 

using a K1 Quattro M for 200- and 500- m race mean velocities, and for the 

marathon race mean velocity it would be the K1 Quattro L. The K1 Quattro L 

was the only kayak size analysed that showed the lowest DP for the simulated 
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85-kg paddler in the range of velocities analysed in this study. The change in 

the DP observed in this study between the kayaks’ shapes is likely due to 

changes in the submerged kayaks’ volume and/or wetted surface of the hulls 

caused by the increased weight in the kayak, as the length of the kayak was 

constant. The kayak’s hull displacement is a balance of the kayak’s buoyancy 

due to its volume, the weight in the kayak and the lift to the kayak resulting from 

the forward velocity. It could be hypothesised that at low velocities, when the lift 

from the forward velocity was low that the kayak for lighter weights (K1 Quattro 

M), would have less upward lift (less buoyancy), and thus had increased wetted 

surface due to greater submersion. When higher velocities are reached, the 

kayak considered by the manufacturer for lighter paddlers (K1 Quattro M) would 

likely have greater hydrodynamic lift forces, thus reducing the wetted surface 

and DP. Changes in kayak hull design can minimise drag by changing the depth 

that the hull sinks in the water and consequently the wetted surface area 

(Pendergast et al., 2005). Also, due to different hull shapes the contribution of 

the three types of hydrodynamic drag (friction, pressure, and wave) at different 

velocities to the total drag it has to be considered. Further study is required to 

analyse the differences in DP, and its components, due to changes in the weight 

in the kayak.  

As female paddlers’ achieve lower competitive mean velocities 

(http://results.imassport.com/kanuduisburg/regatta.php?competition=wettkampf

_99), differences from the DP presented in Figure 4 for a man would be 

expected. For example, for a 65-kg female paddler at her 500-m mean velocity 

(4.26 m/s) the kayak with the least drag would be the K1 Quattro ML. The 

relationships between DA and velocity for different kayak sizes discussed above 

and sexes demonstrate the need for individualisation of kayak selection for 

better hydrodynamics (DP) and potentially the improvement in overall 

performance. 

Few studies have analysed the kayak DP
 (Toro, 1986; Pendergast et al., 1989; 

Jackson, 1995; Bible, 1998) and fewer with the latest kayak designs (Tzabiras 

et al., 2010; Mantha et al., 2013). The testing of modern kayaks is important as 

since 2000 the International Canoe Federation regulations allowed more narrow 
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kayaks with no beam restriction. The mean DP values from the present study 

are in line with the data presented by Mantha et al. (2013) despite their kayaks 

being earlier models of the Nelo® Vasquish K1 and that they used a different 

method to determine DP (CFD methods) than used in the present study. The 

estimated DP values presented by Jackson (1995) for two velocities (4.83 and 

4.24 m/s) and two body weights (81 and 65 kg, respectively) were slightly 

higher than those in the present study; however, they did not test the latest 

kayak designs which likely have improved hydrodynamics.      

For each of the kayak sizes in this study, the increase in the weight of the 

kayaker by adding weights to the kayak led to an increase of the DP. This 

expresses the importance of the total weight of the kayak plus paddler to drag 

production, since it affects the wetted surface, cross-sectional area and the 

wave drag of the kayak (Michael et al., 2009; Mantha et al., 2013). Athletes with 

lower body weight, or with reduced body weight could result in an increased 

kayak velocity (Ackland, Ong, Kerr & Ridge, 2003) as long as it did not affect 

the athletes’ muscle mass and power output as the latter has been shown to be 

related to kayakers’ performance (van Someren & Palmer, 2003).  

Analysing the data for the mean velocity during 200-, 500-, 1,000-m or 

marathon kayak world championship races, the overall increase in DP, and 

consequently the force that needs to be produced, if the athlete makes an 

inappropriate kayak model choice can increase Dp up to 8%. This is important 

as, to reach high velocities the paddler has to increase drastically his/her effort 

due to exponential increase in drag as a function of velocity (Mantha et al., 

2013). Thus, a small increase in DP will require a substantially higher force and 

metabolic power output to maintain the same velocity (Pendergast et al. 1989). 

Kayaking is a very competitive sport, in which milliseconds can make a 

difference between being on or off the podium. Optimising kayak selection (hull 

design), thus reducing resistive forces, would be one of the key determinants of 

the paddlers’ performance.  

One delimitation of the present study is that DP was measured for one subject in 

controlled environmental conditions to isolate the effect of the weight of a 

paddler in the kayak by eliminating kayaker paddling skill and environmental 
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conditions. During actual paddling the paddlers’ skill level (Gray et al., 1995; 

Pendergast et al., 2003; Ong et al., 2006) and anthropometry (van Someren & 

Howatson, 2008) and the environmental conditions along with kayak design 

(Pendergast et al., 2003) will also affect DA (Pendergast et al., 2003). DA during 

kayaking has been estimated to be higher than DP (Ackland et al., 2003) due to 

the effects of yawing caused by stroking alternately on different sides and also 

due to variations in velocity (acceleration and deceleration) within stroke cycles 

(Pendergast et al., 2003). Thus, application of the present data for DP may be 

useful for kayak design, but further study is required to establish whether the 

results obtained for DP and implications in athletes’ kayak choice are applicable 

to when the paddler is actually paddling. 

 

Conclusion 

To achieve maximal performance in kayaking, it is necessary to improve the 

factors that decrease drag forces (Jackson, 1995). One important factor is the 

selection of a kayak that minimises the kayaks’ drag for the individual weight of 

the kayaker. Kayak manufactures recommend that the choice of the size of the 

kayak should take into consideration the weight of the kayaker, with some 

giving specific size recommendations. The results of the present study suggest 

that the manufacturer’s recommendations are not accurate, especially when 

applied to competition of different distances and thus velocities. For the paddler 

in this study, and the lighter added weight (65 and 75 kg) the lowest DP, for the 

velocities tested that ranged from training to competitive velocities was served 

for different kayak sizes, and from the recommended sizes. For the kayaker 

studied with the higher weight (85 kg), the recommended kayak size was the 

one in study that showed the lowest DP for all the tested velocities.  
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Chapter 8. 

Effect of Wetted Surface Area on Friction, Pressure, 

and Wave and Total Drag of a Kayak 
 

Abstract 
Using theoretical principles, the components of drag (friction DF, pressure DPR 

and wave DW) of a single-seat kayak were analysed. The purpose was to 

examine the effect of changes in wetted surface area due to changes in 

paddlers’ weight and the relative contribution of DF, DPR and DW to the total 

passive drag (DP) as function of velocity. The DP values were based on 

experimental data collected in a single-seat kayak design Quattro, size M 

(Nelo®, M.A.R. Kayaks Lda., Portugal). Three different paddler’ simulated 

weights were considered - 65, 75 and 85 kg. DF was the drag component that 

contributed the greatest percentage (between 60% and 68% at 5.56 m/s – the 

top velocity tested) to the total DP for all the velocities tested and simulated 

weights. DW was the one more affected by the increase in paddlers’ simulated 

weight, mainly when comparing 65/75 kg with 85 kg. Results support the 

importance of a kayak design selection that minimises the kayaks’ drag for the 

individual weight of the kayaker. Also, the results suggest that the path for 

better hydrodynamic kayak performance should seek changes that can reduce 

DF, DPR and DW with DF offering the most potential to reduce DP. 

 

Key words: hydrodynamics, passive drag, drag decomposition. 
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Introduction 

Choosing the correct boat design could be as important as choosing the best 

conditioning program or paddle design to optimise performance. As we 

progress through the age of technology, sports engineering has become as 

important to athletic performances as physical and psychological conditioning 

(Robinson, Holt, & Pelham, 2002). Investigators suggest that the improvements 

in kayaking performance times have been related to advances in boat design 

(Michael, Smith, & Rooney, 2009).  

To move the kayak at high speed, paddling effort has to increase drastically, 

due to sharp increase in drag at higher velocities. Because drag is a major 

factor in the energetics of kayaking, small decreases in kayaking drag can 

significantly affect performance. The kayaks’ hydrodynamic performance is 

mainly dependent on hull geometrical shape (Mantha, Silva, Marinho, & 

Rouboa, 2013), type of hull surface and weight of the kayaker that is sitting in 

the boat, that displaces the hull and changes its wetted surface area and 

hydrodynamic resistance. The design of a kayak is a complex process that has 

multiple constrains, one of these are the rules governing competition. For 

example, kayak maximum length and minimum weight are restricted 

(http://www.canoeicf.com/icf/AboutICF/Rules-and-Statutes.html). In addition, 

there are other constraints imposed on kayak performance by stroke mechanics 

(stroke frequency and the distance the kayak travels per stroke (Pendergast et 

al. 2005)), as well as movement of the trunk and legs that are also involved in 

the paddling motion (Mantha et al. 2013). In spite of these limitations, kayak 

designs have evolved to a narrowed hull shape that has a decreased frontal 

and wetted surface areas (Michael et al., 2009). The change in hull shape may 

have led to a decrease in hull resistance. The total drag (kayak plus the drag 

created by the paddlers’ weight) is highly dependent on the wetted area of the 

kayak (Pendergast et al., 2005). The wetted surface area is, in part, determined 

by the depth of the kayak in the water, which in-turn is partially determined by 

the body weight of the paddler and the buoyant force resulting from the volume 

of the kayak (Pendergast, Bushnell, Wilson, & Cerretelly, 1989). Changes in 

kayak hull design can minimise drag by changing the depth that the hull sinks in 
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the water and consequently the wetted surface area (Pendergast et al, 2005). 

Depending on the hull design the velocity of the kayak also influences the 

frontal and wetted surface area.  

Although the paddler must overcome the total hydrodynamic drag of the kayak 

and the effects of his paddling, the total drag is the sum of drag from the friction 

of the water on the boat (friction - DF), the drag created to move water to form a 

path for the kayak (form or pressure - DPR) and the drag created when a wave is 

generated by the kayak (wave - DW) which are individually determined by the 

shape of the hull, its wetted surface area and the velocity of progression 

(Pendergast et al., 2005). Due to different hull shapes the contribution of the 

three types of hydrodynamic drag (friction, pressure and wave) at different 

velocities to the total drag it has to be considered. For kayaking, the wetted 

surface is critical, as it determines DF (Pendergast et al., 2005), and along with 

hull shape the DPR and DW. 

The development of new kayak designs requires understanding the relative 

contribution of each of the three types of hydrodynamic drag’s contribution to 

the total drag. Considering together, DF, DPR and DW could be influenced by the 

paddling motion of the kayaker, therefore to understand the effect of hull 

design, per se, on drag it has to be determined without the kayaker paddling, 

i.e. passive (DP). The purpose of this study was to examine the effect of 

changes in wetted surface area on the relative contribution of DF, DPR and DW 

(using theoretical models) to the DP as a function of velocity. Previous 

experimental data of a single-seat kayak (K1) demonstrated that the Quattro, 

size M (Nelo®, M.A.R. Kayaks Lda., Portugal) had the lowest DP for a 65 and 75 

kg weights in the kayak at the highest velocities compared to other Quattro 

models tested (Gomes et al., 2015). Thus, this kayak was selected to be used 

in this study to examine changes of the wetted surface area of the kayak as a 

function of velocity using a field towing system (Gomes et al., 2015). The wetted 

surface area was increased by adding weights in the kayak to the kayakers’ 65 

kg weight to have 65, 75 and 85 kg weigh in the kayak for the three trials. It was 

hypothesised that increased simulated paddlers’ weight (from 65 to 75, and 85 

kg), and consequent increase in wetted surface, will significantly increase total 
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hydrodynamic drag due to relative contribution of the hydrodynamic drag 

components most affected by the increase in wetted surface, namely DF and 

DW. 

 
Methods 

A kayaker weighing 65 kg was towed in a M size K1 (Gomes et al. 2015) to 

determine DP, DF, DPR and DW over a range of velocities typically seen in the 

four distances raced in international competition (http://www.canoeicf.com/icf/ 

Abouttoursport/CanoeSpring/ResultsRecords.html). The kayaker was towed 

three times, once with only him, and twice with added weight in the kayak 

totalling 75kg and 85 kg. 

	  

Kayak geometric model 

One of the latest model of the M size K1 (Quattro, Nelo®, M.A.R. Kayaks Lda., 

Portugal) with 5.2 m length was used in the present study. The manufacturer of 

this kayak recommends this model for a paddler weighing till 70 kg. The 3D 

surface geometry model of the kayak was acquired by optical measuring 

techniques (GOM, Braunschweig, Germany).  The 3D surface geometry data of 

the scan was generated in Solidworks CAD software (SolidWorks Premium® 

2013, Waltham, Massachusetts, USA) and is shown in Figure 1. 

 
Figure 1. 3D surface geometry model of the M size K1 (Quattro) with 5.2 m length. 
 

The hydrodynamic geometric dimensions of the kayak (Table 1) were extracted 

during the generation of the geometry in Solidworks. The location of the 
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waterline was determined by in-field measurements with the kayak (12 kg in 

weight) in a stationary position on-water with the same paddler, but simulating 

three different kayaker weights (65, 75 and 85 kg), by placing appropriate 

weights under the kayak seat of the 65 kg kayaker. 

 

Table 1. The hydrodynamic geometric dimensions of the kayak full-scale model 
(K1 Quattro M) with three simulated kayaker weights (65, 75 and 85 kg). 

Total simulated weight  
Paddler Kayak 

Total wetted surface  
area (cm2) 

Frontal wetted surface  
area (cm2) 

65 kg 15244,5 253,4 
75 kg 16271,4 284,1 
85 kg 

12 kg 
17254,6 314,7 

 

 

Measured towing drag 

Passive drag measurements were determined by towing the kayak with a 

paddler in a competitive kayak sprint course with a specially designed field-

towing system. Detailed information about the design of the filed-towing system 

and passive drag data collection can be found in Gomes et al. (2015). For the 

decomposition of the total DP it was assumed that the aerodynamic drag (air on 

the kayak paddler and non-submerged portion of the kayak) was approximately 

10% of the total drag as previously reported by Jackson (1995). Thus, 10% of 

the measured data for DP at all velocities and simulated kayakers weights were 

subtracted to determine the DP due to the water effects alone. 

 

Passive drag decomposition 

Total passive drag was decomposed into its individual components as 

described by Mollendorf, Termin, Oppenhein, & Pendergast (2004), Pendergast 

el al. (2005) and Pendergast, Mollendorf, Cuviello, & Termin (2006). The DF 

was calculated for a flat plate as: 

                                                  (1) 
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where q is the dynamic pressure calculated as q=1/2ρV2 (ρ  is the fluid density); 

AS the wetted surface area; and ReL =  where V is the kayak velocity, L the 

kayak length and v the fluid kinematic viscosity. The DPR was formulated to be 

proportional to the second power of the velocity and directly proportional to the 

frontal surface area (Af). The DW was formulated to be proportional to the fourth 

power of the velocity. Drag decomposition consisted of summing the drag 

components and then determining the proportionality constants using a 

standard multiple, nonlinear regression package (Curve Fitting Toolbox, MatLab 

R2010a, The MathWorks Inc., Natick, USA) with the expression:  

 

                                                  (2) 

 

where DF is given by equation 1 and Af the frontal area of the kayak; and K1, K2 

and K3 are regression coefficients.  

Although the frontal area of the kayak underwater (Af) should vary with the 

change in kayak angle due to changes in kayak velocity, it was assumed that 

the kayak aligned in a horizontal position and stationary in the present study.  

 
 

Results 
The mean DP for the M size K1, measured by the field-towing system, went 

from 22.39 ± 0.45 N at 2.78 m.s-1 to 88.89 ± 10.02 N at 5.56 m.s-1. Figure 2 

shows that the increase in kayakers’ weight (from 65 to 75 and 85 kg) resulted 

in an increase in the total kayak DP. The increments in weight-associated 

increases in DP were higher at the higher velocities. 
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Figure 2. Kayak passive drag (DP expressed in N) plotted against kayak velocity for 
each of the kayakers’ added weights (65, 75 and 85 kg) for the M size kayak. 
 

Decomposing the total DP yielded estimated values for DF, DPR and DW (Figure 

3). The three components of drag increased with velocity, being higher at each 

of the velocities as a function of the paddlers’ weight (paddler weight plus 

added weights). 

 
Figure 3. The data for the DF, DPR and DW are shown for each of the simulated 
paddlers weight (65, 75 and 85 kg) in the K1 size M, as a function of velocity. 
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DF increased as function of velocity and contributed the greatest percentage to 

the total DP. At the maximum velocity tested it represented 66.37%, 68.91% and 

60.27% of the total DP, for 65, 75 and 85 kg, respectively. Differences between 

simulated weights, for each of the velocities tested, was less than 10%, with DP 

for 75 and 85 kg weights being very similar. The DPR increased as function of V2 

and at the maximum velocity tested contributed 24.6%, 23.05% and 21.37% of 

the total DP, for 65, 75 and 85 kg weight in the kayak, respectively. However, it 

was not significantly affected by increases in simulated kayakers weight. DW 

increased as a function of V4 and was significantly affected by the increased 

simulated paddler weights. At the maximum velocity tested, compared to the 65 

kg weight (7.05 N), the 75 kg weight (9.52 N) increased DW by 35% and with the 

85 kg weight by 182% (19.90 N). The increased DW as a function of simulated 

kayaker weight resulted in an increase in the percent contribution to the total DP 

from 9.00% to 11.05% to 19.90%, respectively, at the maximal velocity studied. 

 

Discussion and implications 
The total kayak drag determined passively has components of friction, pressure 

and wave that are important in determining performance. The DP and its 

components are velocity dependent, thus the velocities tested where the ones 

used in training and competition (http://www.kayaksport.net/downloads 

/TrainingZones.pdf.). Theoretically, based upon basic fluid mechanics, the way 

to reduce the drag of a kayak is to: (1) reduce the wetted surface area, (2) 

promote laminar flow over the surface and (3) minimise the production of waves 

(Mollendorf et al., 2004) thus reducing DF, DPR and DW, respectively. 

The main boat construction specifications for competition in sprint kayaking 

events are: (1) of a minimum weight and maximum length, being for a single 

kayak of 12kg and 5.2m, respectively; (2) the kayak’ hull longitudinal lines shall 

not be concaved; (3) no foreign substances may be added to the kayak giving 

competitor unfair advantage; (4) boats may have a rudder; (5) and the athlete 

has to be sit-in on the kayak (as opposed to the kayaks that are sit-on top)  

(http://www.canoeicf.com/icf/AboutICF/Rules-and-Statutes.html). Kayak 

manufacturers are limited in terms of design by the rules presented above, 
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however there is still a diversity of kayak hull shapes. The varying hull shapes 

attempt to minimise drag to achieve the best hydrodynamic kayak performance. 

Also, some aspects related to kayakers comfort and stroke mechanics have to 

be accommodated by the manufacturer, such as, stability. Stability is needed so 

that the athlete can apply force with confidence, allowing the paddle blade to 

enter as close as possible to the kayak longitudinal centre for a clean start. In 

addition, the size of the cockpit should allow the legs to move and be wide 

enough so the athlete can sit in it (Mantha et al., 2013). 

For the three simulated kayak weights tested the DF had the highest 

contribution to the total DP at all velocities tested. The data from the present 

study are in agreement with a previous study (Mantha et al., 2013) who used 

computational fluid dynamics simulation of a single kayak, and the suggestion 

of Michael et al. (2009), that DF is the main component of the hydrodynamic 

drag that acts negatively on the kayaks’ movement.  

One method of reducing DF, which accounted for approximately 64% of the DP, 

can be accomplished by reducing the friction coefficient (Jackson, 1995). 

However, ICF rules (http://www.canoeicf.com/icf/AboutICF/Rules-and-

Statutes.html) are very restrictive in respect to the hull surface material, thus the 

suggestions of Pendergast et al. (2006) of how to reduce DF, i.e. smoothing the 

hull surface by adding substances to the hull (for example silicone lubricant), or 

using riblets or turbulators on the hull are against the actual ICF rules. Another 

method of reducing DF is to reduce the wetted surface area (Mantha et al. 2013) 

by changing the hull design as a function of velocity.  

The DPR, which accounted for approximately 23% of the total drag, can be 

reduced by decreasing the frontal surface area by making the kayak more 

narrow (Mantha et al. 2013). However, this effort is limited by the size of the 

cockpit due to the pelvic girdle diameter (since the kayak paddler goes sit-in) 

and by the fact that narrowing it results in loss of stability. One of the present 

studies limitations was that for the calculation of the pressure drag, using a 

theoretical method, the frontal surface area was not varied with kayak velocity 

(since it is expected that kayak longitudinal angle (pitch) will change and should 

be considered for calculation). Also, the kayak and paddle motion ads a 
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disturbance to the flow around the kayak that has not been accounted for in the 

current study as the kayak was towed.  

DW increased as a function of velocity for all simulated kayaker weights. This 

increase is likely due to the generation of shorter waves at low velocity while as 

velocity increases the waves become longer (Mantha et al. 2013). The longer 

the waves become the higher the levels of energy are dissipated, implying 

greater DW values (Mantha et al. 2013). DW had the lowest contribution to the 

total DP for all measured velocities, however as can be observed in Figure 3, it 

was the drag component that was most influenced by the increase in simulated 

paddlers’ weight. The effect of the weight in the kayak is most likely due to the 

greater volume of the kayak being in the water and thus increasing the wetted 

surface area causing greater waves. As DW increases as the forth power of 

velocity, DF by V and DPR by the second power, the relatively low contribution of 

DW to total DP in the present study is likely due to the velocities used. It would 

be expected that at velocities greater than used in the present study the DW 

would contribute more to DP. As the velocities used in the present study 

represented competitive velocities, studying faster velocities would not be 

relevant to competitive kayaking. 

As observed in Figure 3 the weight of the kayak paddler is an important 

contributor to total DP, influencing not only the DW, but by increasing the wetted 

surface area and the submerged frontal surface area of the kayak it also affects 

DF and DPR, respectively. However, as previously hypothesised the differences 

due to the increase in the simulated paddlers’ weight had the greatest effect on 

DF and DW. 

The kayak’s hull displacement is a balance of the kayak’s buoyancy due to its 

volume, the weight in the kayak and the lift to the kayak resulting from the 

forward velocity. It can be hypothesised that the single kayak for lighter weights 

used in the present study has less buoyancy when carrying a weight of 85 kg.  

The lower buoyancy would increase the wetted surface and reduce the upward 

hydrodynamic lift, resulting in a drastic increase in DW at high velocities. On the 

other hand, the lighter kayak weights (65 and 75 kg) have less wetted surface 

area that allows the development of greater lift forces at high speed. 
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Considering that the goal of the different kayak manufacturers’ is to produce a 

hull shape (according to the ICF rules) with better hydrodynamic performance, 

changes that minimise DF could have greater influence in reducing drag, since it 

is the drag component that account for a larger percentage of total DP. Mantha 

et al. (2013) tested a L size, as opposed to the M size used in this study, of 

three evolution models of a K1 (Nelo®, Vanquish, Models I, II and III) and 

observed improvements in design from Model I to II due to reduction of DF. 

However, as hull designs evolve further, available hull changes to reduce drag 

diminish. The reduced room for improvement of hull design increase the 

demands for accuracy of both the experimental and computational approaches 

to minimise drag (Day, Campbell, Clelland, Doctors, & Cichowicz, 2011). 

In contrast to the drag determined by a passive paddler (DP), during actually 

paddling the movements of yaw and roll (Michael et al., 2009), due to the 

asymmetry of the power application (Day et al., 2011), have a large effect on 

the wetted surface and consequently on DF, and thus total active drag (DA). In 

addition, when the kayak paddler is actually paddling his/her skill level will affect 

drag (DA) (Gray, Matheson, &McKenzie, 1995; Pendergast et al., 2003; Ong, 

Elliott, Ackland, & Lyttle, 2006). It could be expected that the inclusion of the DF 

caused by paddling would be added to that determined by DP, however the 

analysis of the effects of weight would also be relevant to DA, as well as DP as 

measured in this study. Also, the design of the kayak rudder can probably 

change not only the drag itself, but also contribute to diminish kayak axes 

movement.  

 

Conclusion 
The results of the present study suggest that the DF is the component of drag 

that contributes the most to the total DP, at velocities seen in International 

competitions. Also, present results support the importance of a kayak design 

selection that minimises the kayaks’ drag for the individual weight of the 

kayaker, as it was previously reported by Gomes et al. (2015). In addition, this 

study contributes to increase knowledge and experimental accuracy of not only 

total drag, but importantly is components of friction, pressure and wave drag. 
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These data can be applied to design approaches to guide kayak manufacturers 

in the enhancement of hull designs that have the potential to modify the hull 

shape to minimise specifically DF, DPR and DW according to their contribution to 

total drag, thus contributing to better hydrodynamic kayak performance and 

paddling success. Considering the high contribution of the DF to the total DP, the 

use (non-authorized by ICF) of lubricant substances on the hull would reduce 

the friction coefficient, and consequently the DF, having great impact on 

performance. For a fair competition, the need of an adequate boat control in 

competition should not be underestimated. Kayak design should attempt to 

minimize the wetted surface area for the heavier kayakers by changes in hull 

design to reduce DF and DW. Alternatively, the kayaker should try to increase 

the least possible the wetted surface due to the paddle stroke and consequently 

limit the increase in DF and DW.   
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Chapter 9. 

General Discussion 
 

In sprint kayaking the relationship between absolute force development and the 

manner of its production is critical to the final outcome (Plagenhoef 1979, Mann 

& Kearney 1980). Being the winning margins in kayaking competition often very 

small, all the aspects that could influence performance should be studied and 

improved. As presented on the literature review (Chapter 2) there is a scarcity 

of studies about the force development in kayaking – propulsive (Table 1 – 

Chapter 2) and resistive (Table 3 – Chapter 2). Being one of the main tasks in 

sports biomechanics to increase mechanical efficiency by both increasing 

propulsive production and efficiency, and decreasing resistive forces (Kleshnev, 

1998), the main focus of this Thesis was centred in these and associated 

problems. Moreover, once crew boats bring additional problems with double 

force generators and various influencing drag factors, we proposed to extend 

the analysis, analysing both single and double-seat kayaks. 

Both propulsive paddle forces and kayak drag analysis are difficult to perform 

and very demanding in what instrumentation is concerned, namely imposing 

dedicated instrumentation development, able to cope with the constraints 

imposed by water, that have resulted in a lack of research through the years. 

It is increasing the use, in sports, of scientifically based systems to analyse and 

evaluate athletes’ performance. Some of them are emerging from 

Biomechanics. The success on this task is based on the need to provide the 

most relevant results and analysis to coaches and athletes at the appropriate 

time. Thus, is imperative that the critical aspects in kayaking performance can 

be measured accurately and studied in continuation. In addition, it is imperative 

research production that can identify the variables of interest to coaches and 

athletes. 
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9.1 Innovation and Development Contributions 

The lack of systems which can be used on field to measure both paddling force 

and kayak drag was mentioned. At the start, this project had a strong focus on 

the development and testing of the FPaddle system (Appendix I, III and IV) and 

field towing system (Appendix V), which continued throughout the project. For 

both systems there was an interactive prototype development, which involved 

systematic feedback, till the final prototypes (Chapter 3).  

The FPaddle system has the ability to measure synchronously the paddle 

forces in each side, synchronized with kayak acceleration; it is light, with 

wireless signal transmission and data analysed using self-produced dedicated 

software that, in few minutes, can process more than 200 strokes. The system 

design can also be adapted for testing rowers. One of the system development 

goals was to produce a faster feedback so it could be used for maximum benefit 

to improve athletes’ performance.  

To determine force on each blade it was developed an equation (equation 1 – 

Chapter 3) based on Sturm (2012) studies about the paddle force momentums. 

Each kayak paddler chooses is paddle length, position of the hands on the 

shaft, in addition to blade shape and size. The force momentums will depend on 

grip position. In the first research contributions (Appendix I and III) the force 

magnitude calculation did not had taken into account these aspects, reason 

why the magnitude of the forces observed were higher, despite of similar 

magnitude to the ones presented by Baker (1998) and Brown et al. (2010) 

testing elite kayakers. For example, for a given force (400 N) measured on the 

shaft, and considering that was maintained the same paddle length (2.14 m), 

and the same paddle blade design and size (the hypothetical centre of 

hydrodynamic pressure positioned at the same distance from the paddle tip – 

methodology described in Chapter 3.1.5), depending on grip position on the 

shaft there will be changes on the force developed on the blade. For a distance 

between hands of 69 cm, the force on blade will be 227.2 N; however if the 

athlete change the position of each grip 2 cm to the side it will represent a force 

on the blade of 236,4 N, and if each grip is moved 2 cm inside it will represent 

217,6 N on blade. This analysis intend to illustrate the importance of analysing 
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the force data taking into consideration the precise kayak paddler’ grip position, 

not suggesting that the most efficient position of the hands in the paddle shaft is 

with the most wide grip as possible. As analysed in Chapter 5, kayak velocity is 

highly dependent on SR, and probably a very wide grip can interfere with the 

capacity of reaching high SR. Comparative studies are needed to examine 

differences in force pattern and kayaking performance with changes in hands 

grip position.  

Also, equation 1 (Chapter 3) assumes that the pivot point of the paddle during 

the stroke is maintained positioned on the top hand, what can lead to 

overestimation of the values, mainly at the beginning and the end of the water 

phase, due to higher movement of the top hand. Being aware of the limitations, 

kinematic measurements were made on kayak ergometer to analyse the 

possibility to access the instant centre of rotation, and its oscillation on the shaft 

(Figure 1). It will be of interest to introduce on the FPaddle system hardware 

that allows determination of the instantaneous pivot point.  

 

 
Figure 1. Kinematic measures (Qualysis motion capture system) during kayak paddling 
performance on kayak ergometer. Trajectory lines of the shaft’ tips and centre of the 
shaft.  
 

The position of the strain gauges on the shaft using the FPaddle system 

allowed studying the forces that act perpendicular and parallel to the blade 

larger surface area. Chapters 4 and 6 presents the paddling force profile 

considering a position of the strain gauge on a plane parallel to the larger 

surface area of the blade (SG-P). During a pilot study (Appendix III) it was 
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possible to confirm that the deformation measured by the SG-P was of 

considerable higher magnitude than the SG-T. Due to limitation in channels for 

receiving information on the FPaddle system, the deformation selected to 

analyse was the one from the SG-P. However, information from the SG-T will 

be of interest, probably mainly about entry and exit sub-phases, which suggest 

the need to add this data in future analysis. During blades’ entry and exit of the 

water the angled position on the blade trajectory can give important information 

about its efficiency (Figure 2 – Appendix III). Also, as it was suggested in 

chapter 4, 5 and 6, detailed information about paddle exit can be of extreme 

importance to increase water phase efficiency, where it was observed 

improvement potential both in K1 and K2. 

The towing system for outdoor use went through many stages of development. 

The first attempt of measuring kayak passive drag involved pulling it with a 

bimaran motorboat (Appendix V), but presented limitations. The first and, 

perhaps, the most important, was the easily perceived interference of 

turbulence produced by the motorboat on the water the kayak had to face, 

presumably influencing the passive drag measurements. The maximal velocity 

reached during the tests did not approached the velocity of the shorter K1 

races, so the maximal drag effect on kayaking performance could not be 

studied.  

So, the next step was to produce a system that was stationary, capable of 

towing the kayak at high velocity and for a distance that allows the kayak to 

maintain a constant velocity for a period of time to allow measuring drag 

(Chapter 3.2.2).    

 

 

9.2 Paddle force and kayak forward acceleration in single-seat kayak 
The paddling technique plays a fundamental role in kayaking performance. 

Analysis of the force-time curve variables and force pattern should be a prime 

objective in terms of technique analysis (Smith, Spinks, & Torode, 1988; Smith 

& Spinks, 1995; Baker, 1998; Hill, 2002; Michael, Rooney, & Smith, 2012). Also, 

it contributes to establish normative data from elite kayakers that can be used to 
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identify possible areas of improvement for other kayakers. 

It was expected that, as the stroke rate increases (60, 80, 100 spm and race 

pace) and consequently kayak performance (express by the mean velocity to 

perform a certain distance), it would be highly positively correlated with stroke 

impulse. This was not the case; the increase in force production associated with 

the increase in stroke rate was followed by a decrease in the water phase 

duration. Therefore, considering the elite kayak paddlers tested, the stroke 

impulse remained statistically unchanged as the stroke rate increased (for both 

sexes the impulse was slightly higher at 60 spm than at race pace). Thus, to 

analyse and compare force pattern profiles among a range of stroke rates, the 

Fmean/Fpeak ratio, the Fmean (Chapter 4) and the Impulse*SR (Chapter 5) 

were shown as variables able to distinguish performances. Kleshnev (1998) had 

already suggested that (in rowing) both Fmean and Fmean/Fpeak ratio were the 

best force pattern variables to express the blade efficiency. Also, the fact that at 

the beginning of the water stroke the force had a quick increase, associated 

with a rectangular shape of the force curve, suggests slippage reduction of the 

blade on the water (Kleshnev, 2008). Both, Fmean and Fmean/Fpeak ratio, 

have increased significantly with the increase in SR and consequently in 

kayaking performance. Although the stroke impulse did not correlate with kayak 

performance at increasing velocity, when analysed in each of the tested SRs, it 

was highly correlated with performance. This suggests that impulse data 

analysis can be of interest when analysing paddle force pattern at the same SR.  

The individual analysis of the paddle impulse of best elite kayaker tested in K1 

showed that instead of a small decrease in impulse with the increase in SR, his 

values have increased slightly. Probably one of the aspects that can distinguish 

between elite kayakers is the ability to increase the paddling technique 

proficiency at higher stroke rates. Previously it has been observed that some 

male kayakers are more skilled in some paddling intensities, by showing 

different Ė to paddling power output curves trajectories, in kayak ergometer 

performance (Appendix VI). The analysis of the paddling forces at different SR 

showed that the profiles at 60 and 80 spm are significantly different from 100 

spm and race pace. This is in line with previous investigation, which suggested 
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that the best elite kayak paddlers are more proficient at severe intensities than 

at low and moderate regimens, compared with other elite kayakers (Appendix 

VI). Since impulse is equal to force by time, and once SR will affect impulse in 

an inverse relationship, it could be suggested that the higher the SR the lower 

the impulse. Therefore, an equivalent of the total work done in moving the 

kayak can be calculated by SR times impulse (impulse*SR) (Baker, 1998). After 

computing the data of the impulse*SR in K1 performance at different SR 

(Chapter 5) it was possible to observe that this variable could be of great 

interest to evaluate the kayaker’ performance, since It was highly correlated 

with kayak velocity.  

Differences between sexes were observed in terms of paddling force profile for 

all the SR analysed; females had significant less stroke Fpeak, Fmean and 

impulse. Females had already shown significant less GE at different SR 

compared to males counterparts, since for similar intensities have shown similar 

Ė but considerable less power output in kayak ergometer (Appendix VI), being 

suggested that this can, at least in part, be due to different technical ability. One 

of the aspects that can be pointed as reducing the technical ability of female 

kayakers is to have less muscle mass (di Prampero, 2000) and consequently 

less force production.  

The Fmean and mean velocity results in K1 with incremental SR corroborate 

that kayak paddlers do not maintain the same efficiency as SR increase, i.e., 

they do not maintain the same relative position within the distribution in terms of 

these two variables (male group – FDγ = 0.42 ± 0.07; female group – FDγ = 

0.67 ± 0.03), supporting that some kayak paddlers are more skilled in some 

paddling intensities compared to others. This trend is more noticeable in male 

athletes than females. Similar results had already been found in the relationship 

Ė vs. power output (Appendix VI).  

In terms of the analysis of the force curve profile, two main types of force curves 

were observed (Figure 2). The one found at slow SR, with a bell shape that was 

called single-peak force, and the other found at high SR, a clear two-peak 

profile force. Male kayakers have shown a two-peak profile closer to race pace, 

already women shown a tendency to a two-peak profile from 100 spm. One 
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possible reason for the two-peak profile, and consequently force drop off during 

the stroke, is an aggressive catch that unable paddle acceleration. As 

suggested previously increasing the stiffness of the paddle shaft may allow a 

more rapid force rise to the plateau and reduce the force ‘bounce’; however it 

can have consequences in increasing injury risk. Also, this two-peak profile can 

be consequence of a blade size that overestimate the muscle power profile of 

the athlete and consequently he is not capable of moving it in the water with 

proficiently. However, further study will be required to determine if these 

suggestions actually are able to eliminate the force drop-of between the two-

peaks and, consequently, increase the Fmean and impulse of each stroke.  

 

 
Figure 2. Examples of a single-peak and two-peak force curves. Both curves represent 
the mean curve of 10 strokes, including water and aerial phases. The single-peak force 
curve at 87 ± 2 spm and the two-peak force curve at 122 ± 3 spm. 

 
Kayak velocity is highly dependent on SR (Mononen & Viitasalo, 1995), so 

understanding the way in which kayak paddlers are able to decrease water and 

aerial phases duration will be one of key performance determinants. As 

expected water and aerial phases duration were both very dependent on SR, 

although the nature of this dependence was different for the two phases 

(Kleshnev, 1998). With the water phase the dependence was linear, with the 

aerial phase seems to be cubic. When analysed in percentage of total stroke 

duration, the aerial phase decreased and, consequently, the water phase 

increased. However as it approaches 120 spm the decrease in terms on aerial 

phase is limited. Analysing the line tendencies (Figure 1b - Chapter 5) above 
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100 spm, it can be observed that the decrease in aerial phase time slows down. 

Therefore, the attempt to increase SR already at high SRs (above 120), 

probably will be more productive if emphasising the reduction of water phase 

duration. Fact that is corroborated by the tendency shown for a rectangular 

force profile at high SRs (Chapter 4), most likely due to the increase in paddle 

force slope at the beginning of the water phase and the need of the kayak 

paddler to remove the paddle blade shortly after achieving the vertical blade 

position, when the force produced it not able to maintain the kayak accelerating. 

Combining the results from chapters 4 and 5, related to paddle force and kayak 

forward acceleration, and the fact that the kayak paddlers tend to continue the 

water phase stroke beyond the efficient, since the kayak starts to decelerate 

prior to the end of the water phase, is to suggest that there is a segment during 

the water phase where, potentially its duration can be diminish, not interfering 

negatively with kayak acceleration. This suggests that kayak paddlers should 

seek to remove the paddle shortly after achieving the Fpeak, looking for quickly 

start the next stroke on the opposite side. This, however, may impose a higher 

deceleration, mainly at low SR where the aerial phase has a considerable 

duration. Therefore, a kind of performance compromise has to be reached. 

Indeed, the kayak kinematics (acceleration) is determined by the resultant of the 

forces applied; so, at the beginning and end of the paddling action it might 

simply happened that, despite propulsion is being produced, it is not sufficiently 

intense to compensate for drag force, and the kayak will decelerate. Instead, if 

the propulsive force is no longer applied, the drag dominance will be much more 

expressive and the deceleration even more expressive. Further studies are 

needed. 

Sprint kayaking references (Mononen & Viitasalo, 1995; Michael et al., 2009) 

and coach manuals (Hernández & Marcos, 1993) usually refer that, during the 

water phase of the stroke the kayak accelerates, while in between, when no 

propulsive forces are being applied, the drag acts to slow down the kayak. This 

description suggests that during the aquatic phase the kayak is accelerating. 

The synchronise analysis of paddle force and kayak acceleration showed that 

there is a delay between the start of force application and the start of kayak 
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acceleration. For elite kayakers this delay tend to decrease as the stroke rate 

increases, since high paddling stroke rates showed to be characterised by a 

vertical slope at the start of force production and a rapid achievement of the 

Fpeak (Figure 3).  

 
Figure 3. Paddle forces and kayak forward accelerations for two different stroke rates 
(63 and 108 spm). D1 represents the delay between the onset of force and kayak 
acceleration, and D2 the delay between the start of kayak deceleration and end of 
force application. A represents the period of kayak forward acceleration and, PA the 
period of aerial phase. In the Y-axis value 1 represent 200 N for the force curve and 6 
m.s-2 for kayak acceleration.   

 

Also during the water phase it was observed that the kayak started to 

decelerate prior to force end, and that as the stroke rate increased this time gap 

decreased. The relation between paddle force and kayak 

acceleration/deceleration can in part explain the suggestion of different authors 

(Plagenhoef, 1979; Mononen & Viitasalo, 1995; Sanders & Kendal, 1992) that 

good performances in kayaking are related to the ability to achieve and 

maintain high stroke rates, where, during the water phases, the paddler is able 

to produce sufficiently high propulsive force that can compensate the drag effect 

for most of the water phase duration.  
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9.3 Paddle force and kayak forward acceleration in double-seat kayak 

It has been suggested that the paddle force analysis in crew kayaking can be 

an important tool to improve efficiency of a crew and to select crew members by 

meaning of testing (Hernández & Marcos, 1993; Baker, 1998), However, it lacks 

on investigation. 

The study on Chapter 6 shows data analysing paddle force application in K2, 

and compared it with K1. For both sexes, there was a decrease in Fmean, 

Fmean/Fpeak ratio and impulse in K2, compared with K1. Although not 

significantly, also Fpeak tended to be lower in K2. This fact could probably 

explain the suggestion of coaches that paddling in crew boat deteriorate 

paddling technique (Szanto, 2014), due to less force production and fewer time 

of the blade in contact to the water. The fact that no considerable changes are 

observed on the force profile suggests that the kayak paddler should be able to 

switch from K2 to K1 without adverse effects, despite the extra force in K1. 

Also, the fact that the time of contact was lower in K2, explains in part the lower 

impulse values, since impulse is equal to force by time, and decreasing the 

propulsive phase of the stroke, even maintaining the SR, will negatively affect 

impulse. Therefore, Cox (1992) and Szanto (2014) have suggested an increase 

in paddle length about 2 cm to compensate faster water flow. Like for K1 

performance, considering similar SR, the impulse variable demonstrated to be 

of importance to explain performance in K2, being the kayak velocity higher for 

the crews, which have higher sum of impulses per kg of weight of both 

kayakers. Though, Baker (1998) in kayaking and Kleshnev (1998) in rowing, 

have found higher force values in small boats; however the first suggest that the 

power output is similar when performing in single-seat and crew kayaks, as 

velocity compensate the lower force. Already, Kleshnev (1998) suggests that 

the decrease in force in crew boats it is associated with a decrease in power 

output. If so, it generates an idea that reserves of performance enhancement 

are larger in crew boats, by means of optimisation of biomechanical 

parameters. The Fpaddle system do not allow the calculation of paddle power 

output, therefore developments of the system should be undertaken to allow 

determining and analysis of this variable. The velocity of force application 
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should be studied so it can be determined if the increased water phase velocity, 

can compensate the decrease in force, and consequently change the power 

output. 

The kayaker positioned at the stern tended to start and end the water phase 

previously, compared with the one at the bow, showing a given degree of time 

asynchrony. In each stroke, both in K1 and K2, there was a first delay between 

start of paddle force and kayak acceleration and a second delay between the 

start of kayak deceleration and the end of the water phase, being the second 

delay of considerable higher duration (Chapter 4 and 6). Investigation in rowing 

suggests that, the closer the force pattern of the crew members is, the more 

successful are the crews (Hill, 2002). Also Cox (1992), in kayaking, has 

suggested similar blades for kayak paddlers in crew boat, probably because it 

will be easier to have similar force patterns. However, Baker (1998) have 

suggested, based on his knowledge testing elite Australian kayakers, that kayak 

paddlers that show different types of force curves are often successful. Chapter 

6 paper’ reports a tendency for a small degree of asynchrony of force 

application in K2 elite kayakers. Differences between rowing and kayaking are 

found in the form force is applied; in rowing, on both sides at the same time and 

in kayaking the two athletes alternate force application in each side of the boat. 

These differences are translated in higher roll and yaw movements of the 

kayak, compared with the rowing boat (Michael et al., 2009). At blades' entry 

the impact of the blade in the water causes a degree of instability on the kayak, 

being reported by authors that kayak paddlers tend to roll the kayak to the 

opposite side (Cox, 1992; Hernández & Marcos, 1993). The same is described 

for the exit sub-phase where the athlete tends to increase roll movements. The 

force asynchrony benefits reported by Baker (1998), besides the need of 

confirmation, probably are achieved with only a small degree of time 

asynchrony. 
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 9.4 Kayak passive drag 

As mentioned and analysed above (Chapter 5) the increase in SR is 

fundamental to increase kayaking performance, associated with the increase in 

Fmean and Fmean/Fpeak ratio. However, at same time, due to the increase in 

kayak velocity, drag increases considerably, since it increases with 

approximately, the square of the water flow velocity. Therefore, drag influence 

should be minimized as possible, since it will affect performance. Furthermore, 

the physical size of the kayak paddler will affect the resistive forces, since a 

heavier athlete will need to produce more force to overcome kayak larger drag, 

than a lighter athlete, basically due to an also large we surface. Considering for 

example a velocity of 5 m.s-1 (high kayak velocity) it was found an increase in 

passive drag of 6.0 % and 12.4 % for a 75 kg and 85 kg kayak paddler, 

respectively, when comparing with a 65 kg athlete. Also, it was found that kayak 

paddlers’ weight correlated with Fmean (R=0.818, p≤0.001) and Fpeak 

(R=0.903, p≤0.001), confirming the need for higher force production in each 

stroke to compensate the increase in weight in the boat. This aspect seems to 

be of considerable higher importance when the weight in the kayak doubles, the 

case of a K2, together with a considerable increase in K2 velocity. The 

performance in K2 showed to be dependent on the combined analysis of the 

impulse of the two crew members (sum of the impulses) in respect to their 

weight. Due to the fact that the velocities reached in K2 are higher to those in 

K1, and considering the exponential increase in hydrodynamic drag as the 

velocity increases, a change in the K2 wetted surface can considerably affect 

performance. 

The sources of kayak’ design innovation have been centered mainly on the 

manufacturers. Considering that the kayak paddlers’ weight interfere with 

wetted surface area and frontal surface area, manufacturers have develop 

kayaks with similar design but with different buoyancy to accept different ranges 

of athletes’ weights. However, results from passive drag analysis (Chapter 7 

and 8) suggest that above a certain velocity the kayak can experience a lift 

force, which creates the possibly of a kayak bear a weight superior to what is 

suggested by the manufacturer, and could even be more indicated than the one 
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for his weight. Therefore, the choice of a particular kayak should take in 

consideration, besides the kayaker weight, the expected velocities that the 

kayak paddler will reach during competition, as well as presumable lift effects 

produced. 

From the analysis of the results (Chapter 7) the lighter paddlers (between 65 

and 75 kg) could have advantage in short distance races (200 m and 500 m if 

the kayak paddler is able to perform better than 1min 46s) to use the narrower 

kayak (Medium model), since velocity is higher and kayak could experience lift 

forces, and consequently, decrease is wetted surface. This decrease can have 

a significant impact in decreasing drag, since it was observed (Chapter 8) that 

DF accounts for approximately 60% of the total DP. DF can be diminish by 

reducing the wetted surface or the friction coefficient, however this last is highly 

conditioned by ICF regulations. When analyzing the decomposition of the drag 

(Chapter 7), DW was the most influenced by the increase in weight of the kayak 

paddler using the same kayak size. The effect of the weight in the kayak is most 

likely due to the greater volume of the kayak being emerged in the water 

increasing the wetted surface area and the pressure point shich induce wave 

systems, together causing greater waves. 

Due to the fact that DF showed to have an important contribution to the total DP, 

decreasing the friction coefficient can probably have a considerable impact on 

reducing DF and consequently total DP. Although, “no foreign substances may 

be added to the kayak giving the competitor unfair advantage” (ICF, 2015), 

probably the hull wear and cleaning can influence is hydrodynamics. Although it 

was not studied, the design and size of the kayak ruder can probably be used to 

contribute to diminish kayak axes movement. The fact that the shape of the 

rudder interferes with kayak hydrodynamics turns into a field of studies that 

should be undertaken. 

Considering the goal of the different kayak manufacturers to produce a hull 

shape (according to the ICF rules) with better hydrodynamic performance, 

changes that minimise DF could have greater influence in reducing drag, since it 

is the drag component that account for a larger percentage of total DP. Also, 

investigations should be undertaken to analyse the optimal balance of the 
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kayak’s buoyancy due to its volume, the weight in the kayak and the lift able to 

be produced by the kayak resulting from the forward velocity. This way, 

manufacturers’ should work on the optimisation of the different kayak sizes’ 

designs to have maximal enhancement of the lift forces.  

When the kayak paddler is actually paddling, to the total DP of the kayak it has 

to be added mainly the drag effects due to the kayak movements along of yaw 

and roll (Michael et al., 2009) because of the asymmetry of power application 

(Day, Campbell, Clelland, Doctors, & Cichowicz, 2011). These movements, that 

do not occur in the direction of motion, have large effect on increasing the 

wetted surface and consequently on DP. Therefore, reducing boat movements is 

a logical inference, perhaps optimizing the inertial matrix of the kayak and 

kayaker, as it is now possible due to the developed KLab (Appendix II). 

However high forces and impulses are needed to propel the kayak creating 

great kayak movement (Baker, 2012). A balance should be found between 

these two aspects that need individual analysis.  
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Chapter 10 
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Chapter 10. 

General Conclusions and Future Work 
 

Measure, analyse and make practical recommendations in kayaking is of 

considerable complexity (Baker, 2012). When testing elite kayak paddlers the 

measurement of the forces generated by the athlete is a valuable tool that 

provides data in real task situation (Stothart, Reardon, & Thoden, 1987).  

The paddle pulling forces information combined with kayak forward acceleration 

is of helpful interest for understanding the effectiveness of the forces produced. 

Also, the result of these forces is highly dependent on the resistive forces that 

are opposing to kayak and paddler displacement.  

The development of the Fpaddle system allowed quantitative analysis of paddle 

force and synchronized kayak acceleration, giving biomechanists and kayaking 

coaches quantitative data for the analysis of the technique of single and crew 

kayak performance. The hardware and the self-produced dedicated software 

developed to detect each stroke and calculate each of the variables of interest, 

provides the groundwork for further research and athletes advice. Also, the 

development of an equation that allows considering hands position on paddle 

shaft and consequently the force on paddle blades should be considered a 

relevant contribution for measurements accuracy. 

Although the Fpaddle system allowed meeting the goal of quantifying the 

paddle on-water forces, future work should seek a removable system that 

maintains the measurement accuracy of the paddle shaft bending. This way the 

system can be easily attached to the athletes’ paddle. Also, it will allow using 

the system in another sport context, like rowing. Furthermore, the development 

of a paddle node, with 3D accelerometer and gyroscope, should be carried out 

so it can provide information of the attitude and acceleration of the paddle. This 

way the paddle path can be calculated, providing the necessary data to 

calculate power output and obtain the paddle force vector decomposition. This 

improvement will also allow the determination of the instant centre of rotation, 

and its position on the shaft during the stroke, allowing a more precise 
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calculation of force on the blade. Further, the number of force’ synchronise 

channel of the system has to increase, so both parallel and transverse forces 

measurement could be accomplish. 

The field towing system development allowed studying the drag of a kayak 

(single-seat) experimentally with relatively low cost, when compared with build 

and use an indoor tank. The system can be a tool for coaches and athletes 

when choosing the kayak size and design that best suits the kayak paddler and 

his target competition velocities. The current system prototype version, allows 

quantifying DP, however to further study and system upgrade it is required to 

establish whether the results obtained for DP are applicable to when the paddler 

is actually paddling. Being able to determine DA will also allow understanding 

the influence of the kayaker technique and kayak axes movements (roll, yaw 

and pitch) on changing kayak’ DA. Also, being able to do a combined analysis of 

the paddle stroke force, kayak axes movement and DA would allow the 

identification of the aspects that best explain performance, so coaches and 

athletes can use that information to improve performance. This might be tried 

measuring DP and paddling force concomitantly, as suggested for swimming by 

Mason, Sacilotto, & Menzies (2011). 

One important factor to decrease drag is the selection of a kayak adapted to 

individual weight of the kayaker. Kayak manufacturers recommend that the 

selection of the kayak size should take into consideration the kayaker weight. 

The present results suggested that the manufacturer’s recommendations could 

be more accurate, if combining information of paddler’s weight and the 

velocities in which he competes. For the lighter added weight (65 and 75 kg) the 

lowest DP, was served for different kayak sizes, and from the recommended 

sizes, depending on the velocity. For the kayaker studied with the higher weight 

(85 kg), the recommended kayak size was the one in study that showed the 

lowest DP for all the tested velocities.  

The decomposition of drag corroborated the importance of the paddlers’ weight 

to kayak drag. The DF presented as the drag component that contributes the 

most to the total DP, at velocities performed in International competitions. Also, 

these results supported the importance of a kayak design selection that 



149 

minimises the kayaks’ drag for the individual weight of the kayaker. These data 

can be applied to design approaches to guide kayak manufacturers in the 

enhancement of hull designs with potential to modify the hull shape minimising 

specifically DF, DPR and DW according to their contribution to total drag, thus 

contributing to better hydrodynamic kayak performance and paddling success.  

The data collected related to on-water paddle force allowed two main analyses, 

concerned with the values produced during the testing (Fpeak, Fmean, impulse, 

and others), and based upon the shape of the force curves. The evaluation of 

paddle stroke performance in K1 identified variables that should be taken into 

consideration to provide the most relevant results and analysis to coaches and 

athletes. The Fmean, impulse and the Fmean/Fpeak ratio were the variables 

that best correlated with kayaking performance. The results suggested that best 

performances are achieved when the Fmean is close to Fpeak, that is when the 

Fmean/Fpeak ratio approaches 1.0, reflecting a rectangular force to time shape. 

At low and medium intensity, the force profile was characterised by a bell 

shape; however at race pace it had a first small peak, followed by a small 

decrease in force and then followed by the main plateau. 

The findings of the study gave possibility to suggest the following improvements 

in kayak paddling technique in what concerns K1: 

• Work towards the increase in racing SR, maintaining stroke efficiency 

(length and force); 

• During low SR training try to maintain fast force application and as 

similar as possible the temporal structure of the water phase; 

• At high SR (above 110 spm) it should be paid attention to the need to 

short not only the aerial phase duration, but also the water phase, by 

increasing stroke velocity, with probable increase in power output, and 

by removing the paddle blade close after the Fpeak, anticipating the 

stroke exit. 

• Faster rising and more sustained force must be emphasised instead of 

applying highest peak force in the middle of the water phase, leading to 

a higher Fmean and Fmean/Fpeak ratio averages. 
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This Thesis already presents and discusses data about paddle kinetics and 

kayak kinematics in K1. However this work should continue for different kayak 

paddlers’ skill level and kayak events, including, for example, data about 

changes in paddle force with fatigue. This knowledge will allow an effective 

technique analysis to work individually in the optimization of kayak stroke and 

race performance. 

The development of the FPaddle system allowed testing simultaneously two 

paddlers on a same kayak (K2). For the first time the paddle kinetics and kayak 

kinematics in double-seat kayak was presented and compared with the 

performance in K1 at the same SR. With this comparison it was possible to 

observe that the force pattern changes were mainly in magnitude. As previously 

observed in K1, a two-peak force profile was maintained in K2 at SRs above 

100 spm. No significant differences were observed in force-time curve shape in 

K1 and K2, suggesting an individual force profile signature. Already, in terms of 

force magnitude there was an individual decrease in Fmean, Fmean/Fpeak ratio 

and impulse in K2, when compared with K1. This fact can explain in part the 

suggestion of kayak paddlers that paddling in K1 is ‘harder’ in force, compared 

with paddling in crew boats. To add to those variables suggested previously as 

potential landmark of successful performances in K1, is the sum of impulse per 

kg, in K2. This seems of considerable interest since it combines information of 

force produced and the weight that has to be displaced, since the hydrodynamic 

drag of a kayak is highly affected by the weight of the kayaker and kayak 

velocity. The considerable importance of hydrodynamics drag for K2 

performance suggests the interest of studying both DP and DA in K2.  

The K2 tested showed consistently a time asynchrony at the start of the water 

phase (variable used to test synchronization), being the stern paddler’s forces 

ahead. Doubts remain about the advantage of a time synchronisation of both, 

bow and stern athletes, and therefore should be deeply investigated. 

The findings of the study gave possibility to suggest the following improvements 

in kayak paddling technique in K2: 

• Use force testing in K2 and compare it with K1, since elite kayak paddler 

showed to have a small decrease (<10%) in force magnitude in K2;  
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• A faster and powerful blade entry, especially in stern position, in order to 

find enough resistance to “fix” the blade on the water; 

• The need for a quick exit of the paddle blade at the end of the water 

phase prior to the force dropping far below the maximum force, avoiding 

a longer period of kayak deceleration. 

More experiments with paddle size, blade design, area and blades’ angle, 

should be undertaken, as this is one of the areas where changes could have 

the great potential to enhance performance, especially in crew boats.  
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RESUMO: O estudo cinético da técnica de pagaiada em canoagem revela carência de 
produção científica. Esta escassez poderá em parte ser explicada pela dificuldade de 
recolha de dados na situação real de prática. Neste trabalho procurou-se desenvolver 
um sistema (FPaddle) que permitisse quantificar a força aplicada na pagaia, com 
elevada sensibilidade, fosse à prova de água e disponibilizasse os resultados em 
tempo real, não limitando a mobilidade do canoísta. Neste resumo são descritos de 
forma sumária os procedimentos de concepção e calibração do FPaddle, bem como, a 
recolha de dados piloto e respectivos resultados encontrados. Os resultados obtidos 
sugerem que o FPaddle é um sistema adequado para a recolha de dados da cinética 
da técnica de pagaiada em canoagem.  

 

 

 
 
 
 
 
 
 

_______________________ 
* Gomes, B., Viriato, N., Monteiro, J., Vilas-Boas, J. P., Conceição, F., & Vaz, M. (2011). 
FPaddle – Sistema para a aquisição de dados cinéticos em canoagem. In: Roseiro, L., & Neto, 
A. (Eds.), 4º Congresso Nacional de Biomecânica, 53-54. Coimbra, Portugal, Sociedade 
Portuguesa de Biomecânica. 
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1 INTRODUÇÃO 
A Canoagem é uma modalidade desportiva representada no Jogos Olímpicos 
desde 1936, contudo apenas nos anos 70 a modalidade recebeu o interesse da 
comunidade científica. O número total de investigações biomecânicas em 
canoagem (um total de 19) revela uma carência de produção científica, em 
parte explicada pela dificuldade de recolha de dados em desportos náuticos.  
Na sua maioria, estas investigações focaram-se em questões de análise 
cinemática da técnica de pagaiada: (i) descrição da técnica de pagaiada,  (ii) 
identificação de aspectos cinemáticos que distinguem canoístas de elite, e (iii) 
alterações na técnica de pagaiada motivadas por diferentes designs de pagaia. 
As principais forças que impulsionam o caiaque são as aplicada na pagaia [1], 
sendo exigido ao canoísta capacidade para gerar elevadas forças e transmiti-
las à pagaia e ao caiaque, demonstrando assim, habilidade  técnica [2]. A 
forma como as forças são aplicadas nas diferentes fases da pagaiada continua 
a ser um factor crucial a ser estudado para melhor compreender as questões 
relativas à propulsão do caiaque. Apenas três das investigações consultadas 
reportam-se à quantificação das forças aplicadas na pagaia pelo canoísta [3, 4, 
5], sendo que em apenas duas destas foi efectivamente desenvolvido um 
sistema de medição. Face à escassez de estudos em canoagem, 
principalmente na área da biomecânica, considera-se fundamental a 
investigação no âmbito da cinética da pagaiada já que a sua relação com a 
propulsão do caiaque e consequente rendimento do canoísta ainda se encontra 
por desvendar. Este estudo apresenta assim, um sistema (FPaddle) que 
permite quantificar as forças aplicada na pagaia, bem como todo o protocolo de 
calibração e aquisição de dados no decorrer de um estudo piloto.  

2 MATERIAL E MÉTODOS 
O desenvolvimento do sistema FPaddle tem por objectivo quantificar as forças 
geradas em cada um dos lados da pagaia (esquerdo e direito) pelo canoísta. O 
FPaddle é composto por sensores de deformação, um transdutor, um 
transmissor e receptor rádio e software de tratamento de sinal. Este sistema 
envolve a colocação de dois extensómetros, para compósito, no tubo da pagaia 
que permitem inferir acerca da deformação do tubo em ambas as pás da 
pagaia. Cada extensómetros foi colado no tubo paralelo ao eixo de 
deslocamento da pagaia dentro de água, a 60 cm da ponta da pá e disposto 
cada um em quarto de ponte de Wheatstone. Foi utilizado um sistema de 
telemetria, colocado no caiaque e adquirindo sinal a uma frequência de 
1024Hz. Cumpriram-se os procedimentos de calibração dos extensómetros 
para ambas as pás. Encontrou-se uma correlação linear altamente significativa 
entre a força aplicada na pá (de 0 a 300N) e a alteração de resistência na 
ponte de Wheatstone (r=1,00,p<0,00), para ambos os lados.  
Um kayak e uma pagaia foram instrumentados com o FPaddle e a recolha de 
dados realizada. Participou no estudo uma canoísta feminino de elite (30 anos, 
168,3cm, 67,1Kg) que cumpriu a recolha de dados utilizando o FPaddle. A 
recolha de dados teve início com a canoísta em posição de partida (conforme 
competição) e ao sinal a atleta realizava à máxima intensidade o maior número 
de pagaiadas. A análise incidiu sobre a 1ª pagaiada e as seis pagaiadas 
seguintes (três de cada lado).  
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3 RESULTADOS – DISCUSSÃO 
Os resultados motivam o uso do sistema para futuras investigações cinéticas 
da técnica de pagaiada. 
Foi possível analisar diversas variáveis relativas à força aplicada na pagaia 
(Tab.1), bem como, o padrão das curvas de produção de força (Fig. 1).  
 

Tabela 1 – Descrição intra-cíclica da 1ª pagaiada e de pagaiadas do lado esquerdo (n=3) e 
direito (n=3). 

 1ª 
Pagaiada 

Pagaiada 
Esquerda 

Pagaiada 
Direita 

  Média±DP Média±DP 
Pico de força (N) 285,69 286,99±6,17 303,35±7,27 
Força média (N) 153,99 177,14±16,0 220.90±9,26 

Tempo até ao pico de força 
(s) 0,34 0.18±0,03 0.14±0,04 

Duração fase aquática (s) 0,42 0,34±0,04 0.24±0,05 
Duração total da pagaiada 

(s) 1,80 0,65±0,10 0.6±0,10 
 

 
Fig. 1 Curvas de força durante a 1ª pagaiada  e de três pagaiada realizadas do lado esquerdo e 

direito. 

4 CONCLUSÕES 
As informações recolhidas pelo sistema apresentado neste resumo e a 
correlação linear significativa encontrada nos procedimentos de calibração 
sugerem que o FPaddle e respectiva metodologia de utilização, são adequados 
para o estudo cinético da pagaiada.  
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RESUMO: A selecção e afinação de um caiaque, em canoagem de alta 
competição, tem-se baseado na sensação subjectiva do atleta [1]. O canoísta 
possui diversas opções em relação ao caiaque, modelo, colocação do banco, 
colocação do finca-pés e das massas de lastro desde que a embarcação não 
ultrapasse os 12kg. Neste trabalho desenvolveu-se um sistema que permite 
determinar o centro de massa (CM) e matriz de inércia do caiaque ou do par 
canoísta/caiaque. Neste resumo é apresentado o equipamento KLab que foi 
projectado e construído com o objectivo de cumprir as funções enumeradas 
anteriormente. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
_______________________ 
** Gomes, B., Viriato, N., Conceição, F., & Vaz, M. (2011). KLab - Sistema para a optimização 
individualizada do caiaque. In: Roseiro, L., & Neto, A. (Eds.), 4º Congresso Nacional de 
Biomecânica, 695-696. Coimbra, Portugal, Sociedade Portuguesa de Biomecânica. 



	   xxxviii	  

1 INTRODUÇÃO  
O sucesso em canoagem depende não só das capacidades físicas e técnicas 
do canoísta, mas também da optimização do sistema canoísta/caiaque/pagaia. 
A procura de melhores desempenhos conduziu, ao longo dos tempos, não só o 
desenvolvimento de novas metodologias de treino e alterações da técnica de 
pagaiada, mas também a alterações no design dos equipamentos 
(embarcações, pagaias e restantes acessórios) com o objectivo de os tornar 
mecanicamente mais eficientes.  
Os atletas e treinadores de canoagem deparam-se então com a necessidade 
de seleccionar equipamentos e tomar decisões que podem alterar o 
desempenho [1].  Uma incorrecta escolha de equipamento e respectiva 
afinação poderá afectar o conforto e optimização das características do 
canoísta, levando à diminuição do seu desempenho. Nas competições sob 
alçada da International Canoe Federation o regulamento impõe que as 
embarcações mono-lugar possuam uma massa mínima de 12kg e um 
comprimento máximo de 5,2m. O facto deste regulamento, relativo ao design 
do caiaque, ser pouco limitativo leva a que a selecção do caiaque e respectivos 
ajustes estejam muito dependentes das opções dos atletas e equipas técnicas 
e centradas numa perspectiva de tentativa/erro (devido à escassez de 
informação científica).  
Assim, o caiaque é um equipamento susceptível de diferentes afinações e que 
exige opções, relativamente a: (i) local de colocação do banco e finca-pés 
determinando a posição relativa do canoísta na embarcação, e (ii) colocação 
da massa de lastro. Estas afinações irão afectar a localização do centro de 
massa e o momento de inércia do sistema, e consequentemente o 
desempenho do canoísta.  
Uma vez que o caiaque se encontra numa situação de instabilidade, quando 
em condições de competição, parâmetros como a técnica do canoísta, 
distribuição da massa (momento de inércia) e condições da água (com/sem 
ondulação, etc.), levam a que o caiaque esteja sujeito a oscilações nos três 
eixos (Fig. 1). 
A distribuição de massa no caiaque é um factor preponderante no seu 
comportamento hidrodinâmico, conduzindo a alterações do desempenho do 
canoísta [2]. Estas oscilações não só representam uma perda de energia, como 
induzem alterações na superfície molhada do casco e um aumento na força de 
arrasto.  

 
Fig. 1 Eixos de rotação do caiaque 
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À medida que a evolução do projecto e a tecnologia de materiais, vai 
permitindo novas soluções, a engenharia do desporto ganha maior importância 
no desempenho final do atleta [3]. 
 
2 MATERIAL E MÉTODOS 
Foi projectado e construído um equipamento (KLab) capaz de avaliar a posição 
do centro de massa do caiaque (com e sem canoísta), bem como determinar o 
seu momento de inércia. Trata-se de um sistema de fácil transporte com registo 
directo em qualquer computador portátil. 
 

3 RESULTADOS E DISCUSSÃO 
Durante uma prova de competição existem inúmeros factores que podem 
condicionar o desempenho do atleta. A tendência actual neste desporto 
aponta, cada vez mais, para novas soluções de projecto que optimizem o 
desempenho do canoísta.  
O sistema desenvolvido no âmbito deste trabalho, permite caracterizar as 
propriedades mecânicas do caiaque (com e sem canoísta) bem como a 
distribuição do lastro, força de arrasto e acelerações a que o caiaque está 
sujeito. Desta forma será possível obter as forças e momentos gerados durante 
a competição. 
Paralelamente à construção do sistema KLab, foi desenhado o caiaque num 
programa de CAD. Os dados adquiridos pelo sistema, quando comparados 
com o desenho em CAD, revelaram-se consistentes e com boa fiabilidade. 
Estes dados serão utilizados em programas de simulação numérica para 
conhecer o comportamento hidrodinâmico do casco.  
 

4 CONCLUSÕES 
O sucesso na canoagem, depende não só da qualidade do canoísta, mas 
também, da optimização interdependente entre canoísta/pagaia/caiaque, o que 
permite maximizar a potência, proporcionando maior propulsão e redução do 
arrasto. 
O sistema de medição descrito neste trabalho poderá contribuir para que 
atletas e treinadores, baseados em dados científicos, optimizem os aspectos 
relativos à afinação e correcta colocação do canoísta no caiaque.  
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The purpose of this study was to develop a system (FPaddle system) to quantify the forces 
generated on each side of the kayak paddle (left and right), in the blades’ plane of maximal 
force application and in other planes, and to gain more insights about the on-water paddling 
force profile and associated variables. Using the FPaddle system forces applied on the paddle 
by an elite female kayaker were measured. Results suggested that the use of strain gauges on 
two different planes provides more detailed information about the forces applied on the paddle 
throughout the paddling stroke including the exit phase relatively to the used of strain gauges 
only in the plane of maximal force application.   
 

KEY WORDS: kayak, paddle, force measurement. 
 
 

 
INTRODUCTION: The way the forces are applied at different stages of kayak 
paddling is a crucial factor with regard to optimising performance. Force 
measurement systems to quantify kayak on-water stroke force have been used 
by Aitken and Neal, 1992; Sperlich and Baker, 2002; and Sturm et al., 2010. 
The location of the strain gauges on the paddle shaft was the same for the 
studies and assumed that the force of interest is the force that is perpendicular 
to the plane of the blade. However, the force produced and the component in 
the desired direction of travel depends on the pitch angle of the blade (variation 
of the angle of the blade plane to the flow) (Sanders & Kendal, 1992), and 
others variables such as blade shape and size (Usoskin cited in Hérnandez & 
Marcos, 1993). 
According to Sperlich and Baker (2002) on-water force analysis allows the 
comparison of the athletes’ results with established norms to indentify possible 
areas of improvement and monitoring year-to-year improvement. Analysis of the 
shape of the force curves can be used also for stroke error detection 
(differences in force curve shapes can indicate different technique faults). 
 
_______________________ 
*** Gomes, B., Viriato, N., Sanders, R., Conceição, F., Vilas-Boas, J. P., & Vaz, M. (2011). 
Analysis of the on-water paddling force profile of an elite kayaker. Vilas-Boas, J. P., Machado, 
L., Wangdo, K., & Veloso, A. P. (eds.), Biomechanics in Sports 29, Portuguese Journal of 
Sport Sciences, 11 (Suppl. 2): 255-258. 
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The goal of this study was to develop a system to measure the forces 
generated on each side of the paddle (left and right) in the blades’ plane of 
maximal force application and in other planes. A second aim was to gain more 
insights about the on-water paddling force profile and associated variables.  
 
METHODS: A female subject (30 years old; 168,3 cm and 67,1 kg), 2009 world 
flat-water medallist, was tested using her kayak and paddle (wing blade type). 
To quantify forces generated during the paddling stroke the ‘FPaddle’ system 
was developed. The system comprises of deformation sensors, a transducer, a 
transmitter and radio receiver, and signal processing software. The athletes’ 
paddle was instrumented with four strain gauges for composite materials 
(Micro-Measurements® & SR-4®) attached to each side of the paddle shaft. 
Two strain gauges measured the strain on the shaft in the plane of the blade 
(SG-P). The other two strain gauges were placed with their axis parallel to the 
longitudinal axis of the paddle shaft in a plane at 90º to the other two strain 
gauges (SG-T). All the strain gauges were on the paddle shaft at the same 
longitudinal position from the blades’ tip, arranged in a quarter-bridge circuit (V-
Link® Wireless Voltage Node – placed inside the kayak) and recording at a 
sampling rate of 1024 Hz. During data collection the FPaddle was working in a 
wireless communication system and transferring in real time to the 3DM-GX2® 
Software Development Kit.  
The experimental procedures were conducted in a 25m indoor swimming pool. 
The athlete was instructed to perform the maximum number of strokes that the 
pool length allowed. Commencement of data collection coincided with a start 
signal that also signalled the paddler to commence paddling. Calibration of the 
strain gauges was achieved by loading the paddle with masses (from 5 to 35kg 
in 5-kg steps) at one grip position (normally used by the athlete) while 
supporting it in the centre of the paddle blade and at the grip on the opposite 
side. The process was performed for both paddle sides and for the four strain 
gauges. Strong linear relationships were found between the force applied to the 
paddle and the change in resistance within the Wheatstone bridge for both 
sides and strain gauges (r=-1.00, p<0.00).  
Based on force data collected it was possible to visualize a detailed force profile 
for each paddle stroke as well as assessing the following variables from the SG-
P: the peak force, the mean force, the time taken to reach peak force and the 
time of contact of the paddle with the water. For the SG-T the analysis took into 
account the force profile during the on-water phases of the stroke and the 
highest value reached. All results are presented as mean±S.D..  
 
RESULTS: The FPaddle system allowed the acquisition of real-time force data 
and its in-land visualization. The data were separated into 1st stroke (athlete 
started from a stationary position) and strokes performed on the left and on the 
right sides. The first part of the results’ presentation is related to the data 
acquired from the strain gauges positioned parallel to the maximum force plane 
(SG-P). As suggested by Sperlich and Baker (2002) the on-water force was 
analysed from two viewpoints, one concerned with the actual results that are 
produced (Table 1), and the other concerned with the shape analysis of the 
force curves (Figure 1).  
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Table 1. Intra-stroke performance description of the paddle force. Mean and SD data 
are presented for peak force, mean force, time to peak, wet time of paddle and stroke 
duration for left (n=3) and right sides (n=3) and for the start stroke (n=1), SG-P. 
 

 1st Stroke Left Paddle Right Paddle 
  Mean SD Mean SD 
Peak force (N) 285.69 286.99 ±6.17 303.35 ±7.27 
Mean Force (N) 153.99 177.14 ±16.0 220.90 ±9.26 
Time to peak (s) 0.34 0.18 ±0.03 0.14 ±0.04 
Wet time of paddle (s) 0.42 0.34 ±0.04 0.24 ±0.05 

 

In terms of force curve profile it is observable that the 1st stroke has a different 
shape compared with the strokes performed with the kayak in motion (Figure 1). 
After the start, the following strokes, both left and right, presented an initial rapid 
increase in force, probably due to the impact of the paddle blade on the water – 
when it reaches a 1st peak. However, after that, there was a decrease on force 
followed again by an increase and a plateau (Figure 1b,c). Subsequently, the 
force applied begun to decrease until the paddle exits the water. In each 
paddling side it was possible to observe a reduction in the paddling duration 
time due to the fact that paddling frequency was increasing.  

 

 
Figure 1. Force profile of the starting stroke (a) and three strokes in each side (left (b) and right 
(c)) by an elite female kayaker – SG-P. 

 

In respect to the data collected from the strain gauges positioned at 90º with the 
plane of maximum force application (SG-T) (Figure 2) it is observable that when 
the blade comes in contact with the water, there are applied forces that 
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deformed the shaft towards the convex side of the blade (Figure 2a,b – dark 
line) and towards the rounded leading edge of the wing blade (Figure 2a,b – 
light line). Both strain gauges reach their maximum deformation at 
approximately the same time. At the end, when the force values of the SG-P 
begun to target zero (it is being reach the paddling exit phase) there is 
observable a sudden change (the SG-T values go from negative to positive) in 
deformation in opposite direction of the rounded blade edge (Figure 2 – red line) 
representing the exit phase.  
 

 
Figure 2. Force profile of two example strokes (on-water phases) with data from the SG-P and 
SG-T. Starting stroke (a) and a stroke performed with the kayak in movement (b). 

 
DISCUSSION: the 1st stroke force curve shape is consistent with the starting 
technique used, since, in this stroke, the paddle blade was already in the water 
before the start. A force curve shape with two peaks has not been reported in 
previews studies. The differences may be due to the fact that the strokes 
analysed in the present study were collected during a kayak start, performed at 
maximum intensity and by an elite athlete. In the study by Aitken and Neal 
(1992) the mean peak force was around 200.6N and 213.5N for the left and 
right strokes respectively, compared with the present study were the values 
were higher and around 286.99N and 303.35N, respectively. The decrease in 
force immediately after the initial rise in both SG-P and SG-T may be explained 
in part by the elastic response of the paddle shaft due to its degree of stiffness. 
Also can be a response of the muscular mass that is accelerating the blade out 
of water to the time it reaches the water and finds higher resistance. This 
analysis has to take into consideration one of the study’s limitation, the small 
sample size confined to an athlete, although an elite kayaker. 
Due to the rounded leading edge on the wing blade, that according to Usoskin 
(cited in Hérnandez & Marcos, 1993) is exposed to high pressures in the 
concave side, applied force increases the perpendicular deformation (SG-T) as 
well as in the plane of maximum force application (SG-P). This fact is in keeping 
with the lateral motion that characterizes the paddling technique with a wing 
blade (Sanders & Baker, 1993). 
The changes between negative and positive values in the deformation of the 
SG-T is also in line with the suggestions of Usoskin (cited in Hérnandez & 
Marcos, 1993) and Sanders and Kendal (1992) about the change of the pitch 
angle of the blade during the on-water displacement, changing the direction of 
force and pressure on the blade. Although, the introduction of the wing blade 

!"#$%

!"$$%

!#$%

$%

#$%

"$$%

"#$%

&$$%

&#$%

'$$%

'#$%

"%

!"
#$
%&
'(
)&

*+,%&

()*+,%-*./-*)%0123,% ()*+,%4$5%

!"#$%

!"$$%

!#$%

$%

#$%

"$$%

"#$%

&$$%

&#$%

'$$%

'#$%

"%

!"
#$
%&
'(
)&

*+,%&

()*+,%-*./-*)%0123,% ()*+,%4$5%

b	  a	  



xlv 

enabled a ‘cleaner exit’ that the earlier blades, i.e. when the paddler is 
withdrawing the blade at the end of the stroke he/she finds minimal forces 
counter to the desired direction of travel (Sanders & Baker, 1993), based on the 
present study, the results from the SG-T show that the highest counter forces 
during the exit phase were 20.56 ± 1.52 N. The highest value was obtained in 
the starting stroke (23.27 N). There is a lack of values from other studies with 
wing blades and even with laminate blades (blade shape prior to the wing) to 
confirm the greater efficiency of the wing blade on the exit phase and even to 
compare different shape and sizes of wing blades.  
 
CONCLUSION: The development of the FPaddle system allowed the collection 
of paddling force with wireless data transmission to the investigators’ bases. 
The use of strain gauges on two different planes gave more detailed information 
about the forces applied on the paddle shaft and about the exit phase of the 
paddling stroke.  
This analysis will be continued in order to analyse which paddling force profiles 
are associated with skilled performances. Moreover, combining this information 
with data from paddle blade position, could allow studying the mechanisms of 
generating force with a wing blade to explain the paddling propulsion on kayak 
including the relative contributions of drag or lift forces). 
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Appendix IV 
 

ANALYSIS OF SINGLE AND TEAM KAYAK ACCELERATION **** 

Beatriz Gomes1, Nuno Viriato2, Ross Sanders3, Filipe Conceição4, Mário 
Vaz2,5 and João Paulo Vilas-Boas4,5  

CIDAF, Faculty of Sport Sciences and Physical Education, University of Coimbra, Coimbra, 
Portugal1 
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CIFI2D, Faculty of Sport, University of Porto, Porto, Portugal4 

LABIOMEP, Porto Biomechanics Laboratory, University of Porto, Porto, Portugal5 

 

The purpose of this study was to gain more insights about 3D acceleration patterns in kayaks 
with different numbers of paddlers. Four female international level paddlers participated in this 
study. A tri-axial accelerometer was positioned on the deck of the kayaks. The paddlers were 
tested in kayaks of one, two and four athletes. The acceleration data were observable in real 
time as well as stared for subsequent analysis. Results suggested a similar vertical and lateral 
acceleration-time pattern curve for the three kayaks in the study. The shape of the curve of 
acceleration in the direction of travel was different for the kayaks with single paddlers from those 
of the kayaks with two and four paddlers.  

KEY WORDS: kayaking, accelerometer, velocity, team boat. 
 
 
 
INTRODUCTION: The oscillations in boat movement and velocity that occur in 
sports such as sprint kayaking challenge the investigators to find a way to 
provide accurate measurements as the boat does not travel at a consistent 
velocity. The fact that kayakers use a boat as a vehicle makes it important not 
only to study the linear and angular kinematic data of the paddling technique, 
but also to analyse the kayak’s motion. However, boat speed measuring 
transducers are troublesome due to the problem of using and calibrating 
electrical equipment in water and the relatively low levels of sensitivity (Staniak 
et al., 1999). Taking these facts into consideration and the limitations of GPS 
(commonly available GPS’s are capable of a data rate of 10Hz – Smith, 2010) it 
was considered that a suitable option is to collected the acceleration data on the 
kayaks’ deck. According to Staniak et al. (1999) it is more useful to study 
acceleration than measuring speed because it has a high operational reliability, 
straight-line calibration procedure and works without contact with water.  
The purpose of this study was to gain more insights about 3D acceleration 
patterns in kayak with different numbers of paddlers and to validate the 
calculation of the velocity-time curve integrated from acceleration data obtained 
from accelerometer.  
_______________________ 
**** Gomes, B., Viriato, N., Sanders, R., Conceição, F., Vaz, M., & Vilas-Boas, J. P. (2011). 
Analysis of single and team kayak acceleration. In: Vilas-Boas, J. P., Machado, L., Wangdo, K., 
& Veloso, A. P. (eds.), Biomechanics in Sports 29, Portuguese Journal of Sport Sciences, 11 
(Suppl. 2): 259-262.	  	  
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METHODS: Four female (n=4) international level paddlers, world K4 sprint 
medallists in 2009, were tested during kayak performance using a 3D 
accelerometer attached to the deck of the kayak immediately in front of the 
cockpit (for the kayak of two (K2) and four (K4) the accelerometer was in front 
of the cockpit of 2nd and 3rd paddlers, respectively). The athletes performed 
different trials in kayaks of one, two and four places. Data collection was 
performed in flat-water conditions (without waves and wind) over a distance of 
150 m. It was suggested to the athletes to paddle at 95 strokes.min-1, to allow 
all the boats (K1, K2 and K4) to perform the distance at the same stroke rate. 
Anedoctal evidence collected from coaches suggests that as increases the 
number of paddlers on the kayak increases the competition paddling frequency. 
By requesting a rate slightly below the performance in K1 (≈110strokes.min-1) 
all the boats could meet the rate requested. A MicroStrain Inertia-Link® tri-axial 
accelerometer with wireless communication interface was used with a sampling 
rate of 100 Hz. During wireless communication, data were transferred in real 
time to the 3DM-GX2® Software Development Kit. 

 
Figure 1: Kayak acceleration variables in study. 

 
Five complete paddling strokes (a total of five left and five right strokes) were 
selected from each trial for analysis. The onset of each stroke was considered 
to be the moment of transition from negative to positive values in the channel 
representing forward-backward motion of the kayak. The change in velocity 
during a stroke cycle was obtained by integration of the acceleration-time 
function curve within a range of a paddling stroke (n=10). As suggested by 
Staniak et al. (1999) to facilitate analysis it was accepted that the value of 
speed at the beginning of the paddling stroke was equal to zero (boundary 
condition velocity(0)=0). 
 
RESULTS AND DISCUSSION: Acceleration data from the K1, K2 and K4 were 
recorded and transmitted in real time to the on-land data storing system. Figure 
2 shows the mean 3D acceleration profile of the analysed padding strokes (time 
corresponding to the duration of a paddling stroke – left and right strokes) for 
the three types of kayak assessed. 
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Figure 2: Forward-backward (a), left-right (b) and up-down (c) mean acceleration profile for 
paddling stroke (n=10) on K1, K2 and K4.   

 
It is observable (Figure 2a) that the pattern of acceleration in the direction of the 
kayak motion is very similar for K2 and K4, being different only in the range of 
positive acceleration (maximum acceleration value for K2 is 3.26m.s-2 and for 
K4 is 4.27m.s-2). The acceleration profile for K1, after achieving the maximum 
value, had a plateau rather than a peak as observed for K2 and K4. The lateral 
and vertical acceleration profiles are very similar for K1, K2 and K4. In relation 
to lateral acceleration it was observed higher amplitude between the maximum 
and minimum values (4.79m.s-2) for K2 compared with K1 (4.15m.s-2) and K4 
(3.20m.s-2). With increase in the number of paddlers in the kayak, the velocity-
time curve rises more steeply, reaches a higher maximum value, and finishes at 
a higher velocity.  
 
 

Figure 3: Acceleration and velocity curves for paddling stroke (n=10) on K1(a), K2(b) and K4(c).   
 
 
CONCLUSION: The use of a 3D accelerometer is a useful way to study the 
acceleration and change in velocity of the kayak, allowing the study of the intra-
cyclic velocity variation during the paddling stroke. Further research is required 
to fully characterize the acceleration and velocity-time curve profile in kayaks 
with different number of paddlers, and should include more subjects. 
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Smith, R.M. (2010). Field measurement of biomechanical performance. 
Proceedings of the 28th Conference of the International Society of 
Biomechanics in Sports, Michigan USA, 82-85. 
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FIELD ASSESSMENT OF THE KAYAKS’ TOTAL DRAG FORCE***** 
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ABSTRACT 
The purpose of this study was to develop a system that allows quantifying the 
total drag force that acts on a kayak. Using the in-house built measuring 
system, two different kayak sizes where analysed, being one of them also 
tested with added resistances that are usually used during kayak training. The 
results showed differences in drag forces between the two kayaks’ tested, and 
as expected, a drag increases with increasing velocity. Also, was possible to 
quantify the increase in drag force associated with the addition of resistances. 
 
INTRODUCTION 
An analysis over the years of the top performances in 
kayaking Olympic events shows that improvements in 
performances times are closely associated with 
changes in boat design (Robinson, 2002). The changes 
in kayak’ design evolved towards a narrowed hull shape 
that provided a decrease in wetted surface and frontal 
area (Michael, 2009), witch may have led to a decrease 
in drag. The hydrodynamic drag is the predominant 
resistance opposed to the kayak movement considering 
both air and water resistances, both present since the 
kayak passes semi-submerged through the water 
(Jackson, 1995). Nowadays, the kayaks’ manufacturers 
have a range of boats’ sizes to allow a different range of 
body weights. However, athlete is responsible for 
selecting the size with which he can achieve better 
performances. Knowing the amount of drag forces 
(Fdrag) acting on the kayak, it will help selecting the kayak that best suits the 
athlete's characteristics.  
 
_______________________ 
***** Gomes, B., Viriato, N., Conceição, F., Vilas-Boas, J. P., & Vaz, M. (2012). Field 
assessment of the kayaks’ total drag force. In: Silva Gomes, J. F., Vaz, M. A. P. (editors). 
Experimental Mechanics: New Trend and Perspectives. Proceedings of the 15th International 
Conference on Experimental Mechanics, p: 643 [ISBN 978-972-8826-25-3]. Porto, Edições 
INEGI.	  

Fig.1	  Kayaks’	  pulling	  system	  
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The goals of the present study where to built and test a system that allows 
quantifying the Fdrag acting upon the kayak. Thus, it could be possible to 
compare different kayak sizes moving at different velocities, and even, to 
compare different training adjustment to the kayak, such as, the use of tennis 
balls attached to the hull of the kayak to increase resistance. 
The experimental setup (Fig. 1) included a bimaran motorboat, a platform 
positioned perpendicular to the edge side of the motorboat, a load cell (LCCA-
2K, Omega Engineering, INC.) attached to the platform at 2 m a side of the 
motorboat, a GPS (Garmin, Forerunner 310XT) and a pre-stretched nautical 
cable with 6 m length, that was attached to the load cell and to the kayaks’ bow. 
It was tested a K1 medium (K1M) weight category (till 70 kg) and a K1 medium-
large (K1ML) category (70-80 kg). The two boats had the same length (5.2 m) 
and weight (12.0 kg) but the K1M was narrower. In both experiments the kayak 
was pulled with the kayaker (82.1kg including kayak, kayaker, blade) using the 
paddle to help in balance. The athlete was asked to maintain a static position 
and not touch the water with the blade. The Fdrag measurements were 
performed for velocities ranging from 2.78 to 4.44 m.s-1 in steps of 0.28 m.s-1 
increments. The tests took place on a canoeing sprint course with no influence 
of stream, and all the measurements where taken in the same direction (start to 
finish line).   
 
RESULTS AND CONCLUSIONS 
Data concerning the results are shown in Fig. 2, for both analysed situations: 
comparison of two kayak sizes (Fig.2 left panel) and the use of resistance balls 
(Fig.2 right panel).  

 
Fig.2 Fdrag measurements at different velocities 

 

The possible change in the Fdrag trend between the two kayak’ sizes could be 
due to changes in the wetted surface of the hulls. Since both kayaks were 
tested having a displacement of 82,1 kg, and being the M model narrower than 
the ML, it suggests that at low velocity the hull of the K1M tend to be more 
underwater (with increased wetted surface) than the K1ML. When reached 
higher velocities the K1M tends to be more efficient possibly by the emergence 
of lift forces. 
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In relation to the analysis of the kayak with resistances (tennis balls) it was 
observed that at low velocity (2.78 m.s-1), the increment in K1M Fdrag, when 
added the resistances, was approximately 17 and 27% for one and two balls, 
respectively. When reached 4.17 m.s-1, these differences raised (to 25 and 
42%, respectively), in accordance with the drag equation.  
Further tests should be performed in order to confirm the data at higher 
velocities and also to compare the results with a reference method. 
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Appendix VI 
 

Gross Efficiency and Energy Expenditure in Kayak Ergometer  
Exercise ****** 

 

Document developed during the PhD program led to the publication of the 

following manuscript:  

Gomes, B. B., Mourão, L., Massart, A., Figueiredo, P., Vilas-Boas, J. P., 

Santos, A., & Fernandes, R. J. (2012). Gross Efficiency and Energy 

Expenditure in Kayak Ergometer Exercise. International Journal of Sports 

Medicine. 33, 1-7. 
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****** Gomes, B. B., Mourão, L., Massart, A., Figueiredo, P., Vilas-Boas, J. P., Santos. A. M. C., 
& Fernandes, R. (2012). Gross efficiency and energy expenditure in kayak ergometer exercise. 
International Journal of Sports Medicine, 33(8): 654-60. DOI: 10.1055/s-002-23539.	  
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Abstract 

We purposed to study energy expenditure, power output and gross efficiency 

during kayak ergometer exercise in 12 elite sprint kayakers. Six males (age 

24.2±4.8 yrs, height 180.4±4.8 cm, body mass 79.7±8.5 kg) and six females 

(age 24.3±4.5 yrs, height 164.5±3.9 cm, body mass 65.4±3.5 kg), performed an 

incremental intermittent protocol on kayak ergometer with O2 and blood 

lactate concentration assessment, being observed a non-linear increase 

between power output and energy expenditure. Paddling power output, energy 

expenditure and gross efficiency corresponding to O2max averaged 

199.92±50.41W, 75.27±6.30ml.kg-1.min-1, and 10.10±1.08%. Male kayakers 

presented higher O2max, and power output and gross efficiency at the 

O2max, and lower heart rate and maximal lactate concentration than females, 

but no differences were found between sexes regarding energy expenditure at 

O2max. Aerobic and anaerobic components of energy expenditure evidenced 

a significant contribution of anaerobic energy sources in sprint kayak 

performance. Results also suggested the dependence of the gross efficiency on 

the changes in the amount of the aerobic and anaerobic contributions, at heavy 

and severe intensities. The inter-individual variance of the relationship between 

energy expenditure and the corresponding paddling power output reveled a 

relevant tracking for females (FDγ=0.73±0.06), conversely to the male group 

(FDγ=0.27±0.08), supporting that some male kayakers are more skilled in some 

paddling intensities than others.  
 

Key Words: kayaking, gross efficiency, energy expenditure, gender. 
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Introduction 

Kayak competitions first appeared in the Olympic Games in Berlin’ 1936, but 

only in 1970s it begun to receive the interest of the scientific community. This 

may be explained by the influence of extrinsic variables to the athlete control in 

kayak performance, as wind and water temperature that makes difficult to 

obtain the required controlled performance situation for scientific approaches. 

Due to these constraints, the use of the kayak ergometer has been decisive in 

physiological testing in this sport [2, 13], once comparisons between simulated 

kayaking and open water paddling suggest that the kayak ergometer accurately 

simulates the physiological demands of kayaking [29].  

In cyclic sports, such as kayaking, the movement efficiency is an important 

performance determinant, and its monitoring is essential [6], once it establishes 

the relationship between the energy required to perform a certain task and the 

work actually performed. Efficiency assessment is normally tough to achieve 

due to difficulties related to work evaluation [24]. As a consequence, in most 

cases movement economy is preferred to allow a gross measure of global 

movement proficiency  

For the movement economy assessment, it is traditionally evaluated the energy 

cost of movement, as the amount of metabolic energy (from the aerobic and 

anaerobic pathways) required to perform that particular movement [27]. The 

energy cost assessment is well reported since the 1970s, particularly in running 

and cycling ergometer exercise, and is considered a valuable parameter with 

significant applications both in training and testing of competitive athletes [5,12]. 

At submaximal intensities, energy cost is usually assessed through the ratio 

between the steady-state oxygen consumption ( O2) and the corresponding 

exercise intensity [23, 27, 35], but this methodology does not take into account 

the contribution of the anaerobic energy sources which are very relevant in 

efforts of heavy and severe intensities [16]. 

The energy cost of locomotion (ratio energy expenditure (Ė) and velocity (v)) 

can be described in terms of movement gross efficiency (GE) and resistive 

forces (R) opposed to the movement [24]: 
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                                                               (1) 

 

As a consequence it can be easily recognised that the energy expenditure (Ė) 

at a given exercise intensity and gross efficiency are key parameter for the 

understanding of performance. For further understanding of energy cost, only 

the knowledge on the resistive forces is able to add extra relevant information.   

A complete understanding of the energetics requires not only the estimation of 

the metabolic expenditure but also the work and the GE. Concerning kayaking, 

few studies assessed the energy expenditure at distinct workloads [4, 35] and 

GE [22], and none analysed eventual gender particularities, which is surprising 

once competitive distances differ between male and female events. Also, few 

data exists about the within gender group differences in a range of different 

intensities, being unknown if kayakers, from the same gender group, and having 

similar level of performance, maintain the same trend in terms of Ė with the 

increase of the exercise intensity. 

The main purpose of the present study was to analyse Ė, power output and GE 

at different exercise intensities in kayak ergometer during an intermittent 

incremental protocol, performed from moderate to severe exercise intensity. 

These variables were analysed by gender group, given that there are no data 

with respect to kayakers’ sex-specific differences. In addition, it was also 

intended to observe the existence of an inter-individual pattern within gender 

groups regarding to the kinetics of Ė vs. power output.  

 

Material and Methods 

Subjects 

Twelve elite kayak paddlers, six males and six females, volunteered for the 

present study. Their main physical characteristics were 24.3±4.5 yrs of age, 

height 164.5±3.9 cm and body mass 65.4±3.5 kg for the female group, and 

24.2±4.8 yrs of age, height 180.4±4.8 cm and body mass 79.7±8.5 kg for the 

male group. No differences were found between genders for age (t(10)=-0.06, 

p=0.95), and males were statistically taller (t(10)=6.21, p<0.001) and heavier 
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(t(10)=3.79, p=0.04) than their females counterparts. All the kayakers had a 

high performance level and their average of kayaking competition years was 

13.08±5.42 (female group – 13.67±5.96 years, male group – 12.50±5.32 years; 

no differences between genders (t(10)=-0.36, p=0.73)). Also, had an average of 

12.03±5.89 participations in World/ European Championships (female group – 

15.00±5.73 participations, male group – 10.67±5.68 participations; no 

differences between genders (t(10)=-1.32, p=0.22)). The inclusion criterion for 

subjects’ participation was to be selected to participate at the European 

Championships.  Subjects were fully informed of the nature of the investigation 

and provided written consent prior to data acquisition. Local ethics committee 

approved the experimental procedures. In addition, the experimental 

procedures were conducted in accordance with the ethical standards proposed 

by Harriss and Atkinson [18]. Testing took place at the beginning of the 

competition period on the 6th macrocycle of the season, 10 weeks before the 

main competition. All the kayakers were involved in a training process of 12 

training sessions (lasting ~20 h) per week. However, the male group were 

dominantly preparing for the 1000 m (~215 s), and the females for the 500 m 

(~11 s) and 200 m (~42 s) events, which employed a higher preponderance of 

anaerobic training in the female group.  

 
Experimental procedure 

Each subject performed an individualised intermittent incremental protocol on a 

calibrated kayak ergometer (Dansprint-Pro, Denmark) with five steps of 40, 55, 

70, 85 and 100% of the mean power output obtained in a 4 min maximal pre-

test (male group 242.83±6.81 W and female group 157.00±5.25 W), performed 

72 h before. The male group mean power output obtained in the pre-test was 

significantly higher than those of the female group (t(10)=6.15, p<0.001), even 

when express per unit of body mass (t(10)=6.97, p<0.001) (male group 

3.04±0.19 W.kg-1 and female group 2.40±0.12 W.kg-1). Each step of the 

intermittent incremental protocol had 4 min duration, and 1 min rest period was 

observed between steps (adapted from Heck et al. [17]). O2 and heart rate 

(HR) were continuously assessed, and samples of capillary blood were 
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collected from the fingertip (10 µl) for blood lactate concentration ([La-]) 

determination at rest and during the intervals of the incremental protocol. The 

test stopped at the point in which the subject could no longer maintain the 

required power output. A 24 h rest was respected before each testing day, and 

the protocol was conducted always during the afternoon. During exercise, HR 

was monitored and registered continuously each second through a heart-rate 

monitor system (Polar S-810, Finland); the mean HR values were obtained for 

the last min of exercise in each step test. VO2 was continuously monitored 

using a Metamax Ergospirometry System (Cortex Biophysik GmbH 1991-1998, 

Leipzig, Germany). This equipment had a mixing chamber and samples were 

averaged to 10 s acquisition. The Metamax oxygen sensor was calibrated 

immediately before each test using a certified gas mixture (of 5.99% Molar). For 

[La-] analysis, it was used a miniphotometer Dr. Lange’s Lp20 (Berlin, Germany) 

that was regularly calibrated using precision standards.  

 
Data Analysis and Equipment 

Maximal oxygen consumption ( O2max) was considered to be reached 

according to primary and secondary traditional physiological criteria [10, 19], 

particularly the high levels of [La-] (≥8 mmol.l-1), elevated respiratory exchange 

ratio (RER) (R≥1.0), elevated HR (HR > 90% of (220-age)) and exhaustive 

perceived exertion (controlled visually and case to case). O2max and maximal 

heart rate (HRmax) were determined as the highest values recorded during the 

protocol (representing the mean value of 10 s). Maximal blood lactate 

concentration ([La-]max) was presented as the highest lactate  

value collected after the kayaker ended the test (in the first 1 min of the 

recovery). Power output corresponding to O2max (P O2max) was considered 

to be the paddling intensity (in watts) corresponding to the stage in which the 

O2max was reached.  

The Ė values for each exercise step were obtained through the addition of the 

net O2 values  (difference between the averaged value from the last min of 

exercise and the rest value obtained prior to the beginning of the exercise 

protocol) and the values resultant from the transformation of the net [La-] 
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(difference between the last step [La-] and the previous step or rest) in to O2 

equivalents [cf. 13], and it was considered the proportionality constant of 3.3 

mlO2.mM-1.kg-1 proposed by di Prampero et al. [26] and used before for 

kayaking [35]; the energetic contribution of high-energy phosphates was 

considered negligible [32]. The energy expenditure corresponding to O2max 

(Ė O2max) was considered to be the Ė value corresponding to the stage in 

which the O2max was reached. The aerobic component of the Ė (Ėaero) was 

obtained considering the net O2 values as a percentage of the overall Ė. 

Similar methodology was used to obtain the anaerobic component of the Ė 

(Ėanaero) in percentage of the overall Ė, and considered the transformation of the 

net [La-] in to O2 equivalents. Both Ėaero and Ėanaero were computed for each step 

of the intermittent incremental protocol. 

The GEkayak was obtained for each step of the protocol considering the ratio 

between the mechanical work (power output) and the Ė (power input) (Equation 

2) [33]. Throughout this paper, it was assumed that the energy equivalent for 

O2 is 20.9 kJ.l-1 [28, 30]:  

                                       (2) 

 

The GE O2max was considered to be the GE obtained during the protocol step 

where the VO2max was reached.  

All the kayakers where familiar with this specific ergometer, once they had 

already trained and been tested. The foot-bar position on the kayak ergometer, 

as well as the markers with the distance between hands in the shaft, were 

adjusted prior to each test to resemble the paddler’s own kayak; in addition, the 

stroke rate was self-selected by each individual. The ergometer was interfaced 

with a computer that continuously acquired, processed and stored the values of 

power output using specifically design software (Moebius, Dansprint analyser 

1.11, Denmark). The kayak ergometer power assessment continuously 

measures the breaking forces on the flywheel and keeps track of the kinetic 

energy stored. 
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Statistical analysis 

All data were checked for distribution normality and homocedasticity with the 

Shapiro-Wilk and Levene tests, respectively. The mean was used as a measure 

of central tendency, and the standard deviation (SD) and the coefficient of 

variation, as dispersion estimators. An independent sample T-test was used to 

test for mean differences between the gender groups. Regression lines 

representing the ratio between paddling power output and Ė were calculated by 

mean of the least square methods. Correlation between variables was obtained 

using the Pearson correlation test. For the inter-individual variance analysis of 

the Ė obtained for each step of the protocol, it was used the γ Foulkes and 

Davis (FDγ) tracking index (LDA 3.01), which aimed to examine the tendency of 

a subject to maintain a particular course over time relative to others [21]; thus, a 

calculation of the probability of two curves or profiles of random performance of 

non-intersection was conducted, being the tracking perfect when this occurs 

(γ=1), and irrelevant when γ≤0.5. Significance level was set at 5 %. 

 

Results  

Data concerning the variables obtained in the incremental and intermittent 

protocol regarding O2max (relative and absolute), [La-]max, HRmax, P

O2max, Ė O2max, GE O2max for the total sample, and for each gender 

groups, are presented in Table 1.  
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Table 1 Mean ± SD values for O2max (relative and absolute), [La-]max, 
HRmax,      P O2max, Ė O2max, GE O2max  for each gender group and 
the total sample. 

Variables Male kayakers 
(n=6) 

Female kayakers 
(n=6) 

Total sample 
(n=12) 

O2max (ml.kg-1.min-1) * 68.07±6.16 58.45±5.59 63.26±7.52 

O2max (l.min-1) ** 5.36±0.58 3.83±0.35 4.59±0.92 
[La-]max (mmol.l-1) * 11.63±2.54 14.62±1.68 13.12±2.58 
HRmax (b.min-1) * 179.50±10.93 193.17±3.06 186.33±10.47 
P O2max (W) ** 242.83±33.81 157.00±5.25 199.92±50.41 
Ė O2max (ml.kg-1.min-1) 75.89±7.89 74.64±4.89 75.27±6.30 
GE O2max  (%)** 10.95±0.88 9.24±0.23 10.10±1.08 
VO2max – maximal oxygen consumption; [La-]max – maximal blood lactate concentrations; 
HRmax – maximal heart rate; PVO2max – mean power output corresponding to VO2max; 
ĖVO2max – energy expenditure corresponding to VO2max; GEVO2max – gross efficiency 
corresponding to the protocol step where VO2max was reached; significant differences between 
gender groups are shown by * (p≤0.05) and ** (p≤0.01). 

 

Male kayakers presented higher O2max (relative and absolute), P O2max 

and GE O2max values, and, conversely, lower [La-]max and HRmax than their 

female counterparts. No differences were found between genders in Ė O2max 

(express relative to body mass). The relationship between power output and Ė 

by gender group are shown in Figure 1 (the regression equations are also 

displayed). The individual power output vs. Ė determination coefficient ranged 

between 0.90 and 0.99 for the total sample. 
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Figure 1. Relationships between power output (watts) and Ė (ml.kg-1.min-1) during the 
kayak ergometer intermittent incremental protocol for both genders. Mean and IC±95% 
values for each gender. Regression line and respective regression equations.	  
 

 

The percentage contribution of the Ėaero and the Ėanaero sources to the overall Ė 

in every step of the incremental and intermittent protocol, for both gender 

groups, are reported in Figure 2.  

 

 
Figure 2. Contribution of the aerobic (Ėaero) and anaerobic lactic (Ėanaero) energy 
sources to the overall Ė (%) in each step of the intermittent incremental protocol, for 
male and female groups. Significant differences between gender groups are shown by 
* (p≤0.05) and ** (p≤0.01). 
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In Table 2 the coefficient of variation for the Ė values for both gender groups is 

presented. It is possible to observe a decrease in the female group along the 

protocol (achieving the lower value in the 5th step), and an opposite behaviour 

on the male group (highest value in the 5th step). 

 

Table 2 Coefficient of variation (%) for the Ė values within the male and female 
groups for the five steps of the intermittent incremental protocol. 

Step of the intermittent incremental protocol  
#1 #2 #3 #4 #5 

Male group (n=6) 4.56% 7.99% 9.87% 9.70% 10.55% 
Female group (n=6) 16.18% 12.66% 13.74% 10.12% 6.55% 

 

When analysed the variance of inter-individual patterns of the Ė kinetics along 

the incremental intermittent protocol and the corresponding intensity, it was 

found a relevant tracking effect for the female group (FDγ=0.73±0.06, 

IC±95%=0.60, 0.86), i.e., during the different steps, each female kayaker tend to 

maintain the same relative position. For the male group, the FDγ values 

evidenced the inexistence of a performance tracking effect (FDγ=0.27±0.08, 

IC±95%=0.09, 0.45) (Figure 3). 

 

 
Figure 3. Individual performance trajectories of the energy expenditure profile during 
the five steps of the intermittent incremental protocol on kayak ergometer for male and 
female groups (left and right panels, respectively). 
 
The GE was analysed for each gender group and for each step of the 

intermittent incremental protocol (Figure 4). For both genders GE increased 

from the first to the second step of the protocol, and decreased afterwards, 
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suggesting an inverted “U” shape relationship between GE and exercise 

intensity. The mean GE ranged between 10.95% and 12.97% for the male 

group and between 9.25% and 12.18% for the female group, in the 2nd and 5th 

steps, respectively. Differences between genders in GE were statistically 

significant in the 4th (t(10)=2.80, p=0.022) and 5th (t(10)=4.56, p=0.001) steps of 

the intermittent incremental protocol. 

 

 
Figure 4. Mean gross efficiency ± SD (%) for each step of the intermittent incremental 
protocol and for male and female groups. Significant differences between gender 
groups are shown by * (p≤0.05) and ** (p≤0.01). 
 

 

Discussion 
This study aimed to provide a quantitative representation of the physiological 

demands of kayaking. The GE, accepted as the most relevant expression of 

efficiency [28] was assessed at intensities ranging from moderate 

(predominantly aerobic [16, 35]) to severe intensities, that are usually attained 

during elite kayak competitions (particularly at the 1000m, with ~4 min duration). 

In the current study, the contribution of the anaerobic energy sources was taken 

into account, addressing Ė with data from both aerobic and anaerobic energy 

systems. Thus, it was possible to obtain data of the behaviour of the paddling 

economy related parameters at intensities similar to competition kayak flat-



lxvii 

water events, in which the anaerobic contribution should not be neglected [1, 

11]: 40 and 17% at 500 and 1000m, respectively [35].  

The O2max values (expressed in both absolute and relative terms) observed 

for the male group were higher than those reported for international level 

kayakers during kayak ergometer testing [13, 22, 30]. Nowadays, anecdotal 

evidences suggest that as paddling skill level increases, more body parts and 

muscle groups are accepted to be involved in the movement; this is supported 

by Brown et al. [3], who showed that the trunk and legs play an important role in 

paddling force production among elite paddlers. So, changes in paddling 

technique, with higher involvement of the lower limbs, can partially explain the 

higher O2max values obtained in the present study in comparison with data 

obtained in studies between 1970s and 1990s. Female kayakers also presented 

higher O2max values than those described in the literature [4, 9]; these 

studies involved a higher number of subjects (n=23), possibly implying a 

significant sample heterogeneity, which may partly explain the results 

divergence from the current study. In addition, the male group achieved higher 

absolute and relative O2max values than female kayakers, in accordance with 

the data previously presented [23, 29, 35]. In fact, the females’ O2max, when 

expressed in absolute terms, tend to be lower 15%, or more, than values for 

males [8], once they typically have a lower muscle and body mass than men 

[28]. Even when adjusting O2max to body mass, the differences are still 

present (although being less expressive); these differences are justified by 

central limitations in oxygen delivery, caused by lower stroke volumes and lower 

oxygen carrying capacities [8]. Probably, if we had the opportunity to adjust the 

O2max in relation to fat free body mass this differences would be even less 

expressive.  

The high [La-]max values observed at the final of the intermittent incremental 

protocol suggest that the athletes performed a maximum effort, being really 

committed to the task, and evidences a well-developed anaerobic capacity. 

These results were in line with the specific literature for male elite kayakers [2, 

31], although for the female group it were higher than those presented for elite 

female kayakers [1], which can be justified by the progressive increase, in the 
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last decade of the anaerobic training due to changes in competition distances. 

Since 1994, beyond the 1000 m and 500 m on the kayak sprint program, it was 

introduced the 200 m. Since than, this distance has been gaining importance 

until its introduction in the Olympic program on 2009. With this changes the 

sprint female kayakers tended to specialize in shorter distances. All the athletes 

reached the O2max at the 5th step of the intermittent incremental protocol, 

precisely at the power output obtained in the pre-test. For the male group, the P

O2max values are in accordance with the study of García-Pallarés et al. [21], 

that evaluated elite kayakers using the same kayak ergometer, and are lower 

than the result presented by Michael et al. [22] also with elite kayakers; 

however, in this study a different ergometer was used, the athletes performed a 

shorter protocol (2 min), and there mean height was higher than those of the 

kayakers evaluated in the present study. No literature is available for the female 

group regarding this variable. The significant differences found between 

genders in terms of P O2max express the differences between male and 

female groups obtained in the pre-test, even when expressed per unit of body 

mass.  

Based on above referred data, on the results presented in Figure 2, and in the 

fact that no difference in Ė O2max was observed between gender groups, it is 

suggested that each group used distinct energy systems contribution, being the 

anaerobic contribution higher in the female group. This can reflect a training 

process more oriented to shorter distances, performed at higher intensities, in 

females rather than in males, once female kayakers analysed competed in 200 

m and 500 m and the male group mainly in 1000 m events. In fact, Zamparo et 

al. [35] showed a 23% higher contribution of the anaerobic system in the 500 m 

comparing to the 1000 m events. So, although some studies evaluated Ė 

considering the O2 values [20, 34], it seems fundamental to quantify the 

contribution of the two main energy sources [10, 35] in competitive kayak 

performance.  

The GE O2max values observed for the male group (~ 11%) at the 5th step of 

the protocol (highest intensity step) where lower than those reported by Michael 

et al. [22] (~19%). However, on their study the estimation of the Ė only had in 
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consideration the O2 values obtained on a 2 min all-out protocol performed in 

kayak ergometer. Probably the fact that the anaerobic contribution was not 

taken into account led to an underestimation of Ė and, consequently, an 

overestimation of the GE. Indeed, the anaerobic contribution on a 2 min 

maximal exercise could not be neglected [35]. No literature is available for the 

female group regarding this variable. Significant differences where found 

between genders in terms of GE O2max, with the male group presenting 

higher values. These results enhance the similarities found between genders in 

terms of Ė O2max associated with significant differences in the P O2max. 

The highly significant differences found between genders in the anaerobic 

contribution to the overall Ė, on the step where the O2max was obtained (5th 

step), lead to the suggestion that probably the athletes that have higher 

anaerobic contribution tend to be less efficient (it was found an inverse 

correlation between the anaerobic contribution to the Ė  and the GE O2max  

(r=-0.619, p=0.03)). 

The best curve fit to the relationship between power output and Ė, by gender 

group and for the exercise protocol showed to be a logarithmic regression. For 

both genders the increase of the power output didn’t traduced in an equivalent 

increase in Ė, but rather increasingly in a greater proportion. However, the 

regression slope showed to be higher (almost double) for the male groups 

compared to their female conterparts, suggesting a higher efficiency of the male 

kayakers. This analysis tend to be limitated by the reduced number of data 

points for each gender (five protocol steps). 

The analysis of the aerobic and anaerobic contribution to the Ė showed a 

decrease in the Ėaero from moderate to severe intensities. The male group had a 

higher contribution of the Ėaero in every step of the intermittent incremental 

protocol, when compared with the female kayakers. These differences were 

significant in the 2nd and 5th step of the protocol. Both genders increase their 

Ėaero between the 1st and the 2nd step test, but the increase is higher for the 

male kayakers. The fact that Ėaero increased between the first two protocol steps 

may be due to the fact that the 1st step represents the onset of the exercise 

where the metabolic mechanisms take time to adjust to exercise. On the last 
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step of the protocol (5th), where the intensity simulated the competition, it was 

observed highly significant differences (p<0.01) between genders, with the 

females presenting lower Ėaero and higher Ėanaero than males. As mentioned 

before, the female group had a higher amount of anaerobic training due to the 

fact that training was oriented to 200 m and 500 m compared with male 

kayakers that where oriented to the 1000 m distance. Regardless of the gender 

differences is important to consider that, in the first steps of the protocol, the 

Ėanaero tend to be underestimated since the exercise is performed below the 

anaerobic threshold, where a higher lactate metabolization occurs. 

The combined analysis of the power output and the Ė is accepted as a measure 

of GE (equation 2). It was expected that maintaining the same paddling 

technique during the incremental protocol, kayakers will have within-group 

similar trajectories in the Ė vs. power output, i.e., they would maintain the same 

relative position within the distribution. This trend was observed for the female 

group, once the FDγ IC95% was inside the significant interval proposed before 

[21], evidencing the existence of a performance’s tracking. For the male group, 

no performance tracking were found (FDγ=0.27±0.08, IC95%=0.09, 0.45), 

supporting that some male kayakers are more skilled in some paddling 

intensities compared to others, showing different Ė to paddling power output 

curves trajectories. This corroborates the findings of Buglione et al. [4], which 

found a large interindividual performance variability of the male kayakers when 

compared with their female counterparts. 

In both genders the changes in GE data due to changes in exercise intensity 

led to the suggestion of an inverted “U” shape relationship. In previous studies 

where the GE was analyses in a range of exercise intensities [14, 33] this “U” 

shape relationship probably was not observed due to differences in Ė 

assessment, not having in consideration the anaerobic contribution. The mean 

GE values ranged between 12.97%  (2nd step) and 19.95% (5th step) for the 

male group and between 12.18% (2nd step) and 9.25% (5th step) for the female 

group. In both genders the higher GE values were achieved in the step where it 

was found the higher aerobic sources contributions to the overall Ė. A similar 

relation was found between the GE and Ėaero values for the 5th step, where the 
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greatest contributions of anaerobic sources were associated with the lowest 

values of GE. In all of the steps protocol the female kayakers demonstrated to 

be less efficient than their male counterparts, being statistically different on two 

protocol steps with higher intensity. Since both genders where able to have 

similar Ė values it suggest that a source of variability in relation to the GE can 

be due to technical ability differences. In fact, investigators have suggested that 

more skilful athletes might obtain higher mechanical efficiency [14]. Also, the 

fact that it has been suggested that fiber type composition and its amount of 

recruitment has an influence on efficiency [5, 6], being type I muscle fiber 

demonstrated to be more efficient, can help explain differences between this 

two groups, since the female group where more specialised in short distances, 

and consequently, probably had a higher recruitment of type II muscle fibers 

(also suggested by the significant higher [La-]max of the female kayakers when 

compared with the male group). 
In summary, the current results highlight the significant contribution of the 

anaerobic energy sources in sprint kayak performance, and the importance of 

considering it when assessing Ė. The results also suggest that the GE depends 

on the changes in the amount of the aerobic and anaerobic contributions, being 

the most efficient performances related to higher aerobic contributions to the 

overall Ė. The study of Ė vs. power output performance’s tracking showed the 

existence of kayakers that changed their relative paddling skill (compared to 

others) with the intensity increment, evidencing that some kayakers have a 

more efficient paddling technique at moderate intensity (losing technique quality 

with velocity increase), and vice-versa. So, it should be questioned if the 

optimum standard technique used at severe intensities kayaking can be 

perfected when performing at low and moderate training regimens. Further 

research is required to fully understand the kinetics of the Ė, power output and 

GE in an incremental kayaking exercise, particularly conducting it in real training 

and competition conditions. 
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