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Utilizing force paddles for mean propulsive force measurements in swimming
A study on force paddle reliability and the possibility to measure propulsive forces
and power outputs in swimming
ANTON WALLIN
Department of Industrial and Materials Science
Chalmers University of Technology

Abstract

Right now, there is a rapid development within swimming where large number of
data points are used to quantify and improve the swimming performance [1]. One
of the sensors that is used to gather this performance data is theeo SwimBETTER
force paddles that measures the propulsive pressure on the palms of a swimmers
hands with sensor �lled handsets [2].

In this report, I present the results from a project where I have studied if it could
be possible to use theeo SwimBETTER handsets to measure the power output of
a swimmer. The �rst part of the project was focused on studying the reliability of
the eo SwimBETTER measurements where I focused on the repeatability of theeo
SwimBETTER handsets and the pressure sensor accuracy. In the second part of the
project, I performed an initial study of the possibility to use theeo SwimBETTER
handsets to measure the mean propulsive force of a swimmer. I tried to design a
method for converting the propulsive pressure measured by theeo SwimBETTER
handsets into a mean propulsive force. Measuring the mean propulsive force of a
swimmer could then be an integral part in a method for measuring the power output
of a swimmer.

For the reliability part, it was found that the repeatability appears to be good
regarding the mean propulsive pressure. The method used has some limitations re-
garding the repeatability of the instantaneous propulsive pressure but more resources
would probably be required to get a better understanding of the instantaneous val-
ues. The pressure sensor accuracy part indicates that the pressure sensors gives
reasonable results but it is hard to draw any good conclusions.

From this study, it appears that it is possible to experimentally �nd an area that
the mean propulsive pressure can be multiplied with to �nd the mean propulsive
force of the swimmer. There is however a need for more experiments to get a
better understanding of the possibility of using this method for propulsive force
measurements.

Keywords: Swimming, Propulsive force, Power output, Repeatability analysis.

v





Acknowledgements

I would like to thank:

ˆ My supervisor and examiner Martin Fagerström for assistance throughout the
project.

ˆ Maria Vitazka for lending and assisting with theeo SwimBETTTER force
paddles.

ˆ The team at TRACKS/FUSE for assistance with building the repeatability
rig.

ˆ Magnus Karlsteen for lending the force gauge.

ˆ Gunnar Westman, Johan Setterberg and Johan Wallberg for valuable inputs
regarding what has been done previously within force and power measure-
ments.

ˆ The swimmers that volunteered for the measurements.

Anton Wallin, Gothenburg, August 2024

vii





List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:

bpm Beats Per Minute
DPS Distance Per Stroke
IMU Inertial Measurement Unit
MAD Measured Active Drag
NABA Naval Architecture Based Approach
RMSE Root Mean Square Error
rpm Rotations Per Minute
SWUM SWimming hUman Model
VPM Velocity Perturbation Method
WA World Aquatics

ix





Contents

List of Acronyms ix

List of Figures xiii

List of Tables xv

1 Introduction 1
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Purpose and goals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2.1 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 Theory 3
2.1 Mechanics in swimming . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.1.1 Power and water resistance measurements in swimming . . . . 3
2.1.2 Power measurements in other sports . . . . . . . . . . . . . . 4
2.1.3 Force measurements in swimming . . . . . . . . . . . . . . . . 5

3 Reliability 7
3.1 Repeatability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

3.1.1 Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
3.1.2 Data analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3.1.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

3.2 Sensor accuracy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.2.1 Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.2.2 Data analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.2.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

4 Initial force measurements 17
4.1 Initial measurements of forces and their correlations in fully tethered

swimming . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.1.1 Experiments and setup . . . . . . . . . . . . . . . . . . . . . . 18

4.1.1.1 Data analysis . . . . . . . . . . . . . . . . . . . . . . 19
4.1.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

5 Further force measurements 21
5.1 Testing equivalent area hypothesis on more swimmers . . . . . . . . . 21

5.1.1 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

xi



Contents

5.1.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
5.1.2.1 Swimmers with small comparison values . . . . . . . 23
5.1.2.2 Swimmers with large comparison values . . . . . . . 24

6 Conclusion 27
6.1 Repeatability and accuracy . . . . . . . . . . . . . . . . . . . . . . . . 27
6.2 Force and power measurements . . . . . . . . . . . . . . . . . . . . . 28

6.2.1 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

Bibliography 31

A Instantaneous propulsive pressure I

xii



List of Figures

1.1 The �gure shows howeo SwimBETTER handsets are mounted. . . . 1

3.1 The �gure shows the repeatability rig used for the measurements.
The crank is to the left and the �arms� are to the right. . . . . . . . . 7

3.2 The �gure shows the rig assembled on the side of the pool that was
used. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

3.3 The �gure shows where the handsets were mounted on the wooden
hands compared to a handset mounted on my hand. . . . . . . . . . . 8

3.4 The �gure shows a comparison between the regular mounting position
(left) and the outer mounting position (right). . . . . . . . . . . . . . 9

3.5 The �gure shows how the cycle timetcycle for the left handset varies
for di�erent measurement conditions. �Outer� denotes measurements
with the outer mounting position and �changed� denotes measure-
ments where the handsets changed hands. . . . . . . . . . . . . . . . 10

3.6 The �gure shows how the cycle timetcycle for the right handset varies
for di�erent measurement conditions. �Outer� denotes measurements
with the outer mounting position and �changed� denotes measure-
ments where the handsets changed hands. . . . . . . . . . . . . . . . 10

3.7 The �gure shows how the mean cycle propulsive pressure�pprop;c for the
left handset varies for di�erent measurement conditions. �Outer� de-
notes measurements with the outer mounting position and �changed�
denotes measurements where the handsets changed hands. . . . . . . 11

3.8 The �gure shows how the mean cycle propulsive pressure�pprop;c for the
right handset varies for di�erent measurement conditions. �Outer�
denotes measurements with the outer mounting position and �changed�
denotes measurements where the handsets changed hands. . . . . . . 11

3.9 The �gure shows the� p values for both handsets. . . . . . . . . . . . 14
3.10 The �gure shows how the� p values are distributed for both handsets. 14

4.1 The �gure shows some of the equipment that were used for the mea-
surements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

4.2 The �gure shows the key parts of the setup. The left picture shows
the force gauge connection and the right picture shows me swimming
with a StrechCordz,eo SwimBETTER handsets, a front snorkel and
a pull buoy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

xiii



List of Figures

4.3 The �gure shows the results of the initial measurements as well as the
least-square �t of a line corresponding to a constantAe with a pull
buoy. The k-value of the line is proportional toAe. . . . . . . . . . . 20

5.1 The �gure shows the results of the measurements on the 8 swimmers
as well as the least-square �t of a line corresponding to a constantAe

for each swimmer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
5.2 The �gure shows the measurements on the 5 swimmers with small

comparison values. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
5.3 The �gure shows the measurements on the 3 swimmers with large

comparison values. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
5.4 The �gure shows the measurements on the 3 swimmers with large

comparison values after the points determined as outliers have been
removed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

A.1 The �gure shows thepprop pro�les of the left handset �strokes�. . . . . II
A.2 The �gure shows thepprop pro�les of the right handset �strokes�. . . . III

xiv



List of Tables

3.1 The table shows some key dimensions of the test rig. . . . . . . . . . 8
3.2 The table shows how the mean cycle time�tcycle, the standard deviation

� t and the tcycle uncertainty � t=�tcycle varies for di�erent conditions.
�Round 1� and �round 2� is the 100 bpm measurements performed
during di�erent days. . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3.3 The table shows how the mean of the mean cycle propulsive pressure
�pprop;c, the standard deviation� p and the �pprop;c uncertainty � p=�pprop;c

varies for di�erent conditions. �Round 1� and �round 2� is the 100
bpm measurements performed during di�erent days. . . . . . . . . . . 12

4.1 The table shows the settings used on the force gauge. . . . . . . . . . 19

5.1 The table shows the RMSE value, the mean pressure span�pprop;span

and the comparison value (RMSE/�pprop;span ) for each swimmer. . . . . 23
5.2 The table shows the calculated value ofAe for the swimmers with low

comparison values. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
5.3 The table shows the determined value ofAe for the swimmers with

larger comparison values after the determined outliers were removed. 25

xv



List of Tables

xvi



1
Introduction

1.1 Background

In swimming, the goal is to �nish a certain distance in the shortest possible time.
To minimize the time, the average velocity should be maximized. This means that
it is desired to maximize the propulsive force, and in turn the forward accelera-
tion, while the forces in the other directions are kept low, since unnecessary large
forces in these directions just means used energy that is not driving the swimmer
forward. There exists some methods today to measure the propulsive force, power
output and/or water resistance of a swimmer like Measured Active Drag (MAD) [3],
Velocity Perturbation Method (VPM) [4] and Naval Architecture Based Approach
(NABA) [5]. None of these methods does provide a simple way to measure the power
output or propulsive force variations during training. Measuring continuous power
or propulsive force output is something available today in cycling [6], cross-country
skiing [7] and kayaking [8] but not for swimming.

Force paddles, likeeo SwimBETTER [2], is a new technology introduced in swim-
ming with the purpose to measure the force the swimmer is producing, as well as the
direction of this force. These force paddles use built-in pressure sensors to measure
the over-pressure on the palm of the hand, and use dedicated algorithms to deter-
mine the orientation of the hand to convert this pressure signal into a propulsive
pressure signal. Theeo SwimBETTER handsets mounted on a pair of hands are
shown in Figure 1.1. The handsets are held in place by velcro straps.

Figure 1.1: The �gure shows howeo SwimBETTER handsets are mounted.

Even though theeo SwimBETTER handsets are called force paddles, they only
measure the propulsive pressurepprop for each hand and not the propulsive force.
The propulsive pressure and its direction is usually enough for technique analysis

1



1. Introduction

but there is a need to convert this propulsive pressure into a propulsive force in
order to measure the power of a swimmer. To my knowledge, there is also a lack
of independent reviews of the reliability of this type of force paddles. This means
that there is a need to study the reliability of these force paddles to ensure that a
potential power measurement method based oneo SwimBETTER handsets can be
considered reliable.

1.2 Purpose and goals

The purpose of this project is to explore the possibility of usingeo SwimBETTER
force paddles to estimate the propulsive force of a swimmer, which later could lead
into the development a novel power measurement method for swimming.

The �rst goal of the project is to validate the reliability of eo SwimBETTER force
paddles. Both the accuracy and the precision of the paddles will be studied. The
second goal is to develop and evaluate a method for howeo SwimBETTER force
paddles can be used to measure the propulsive force of a swimmer. Measuring the
propulsive force of a swimmer could result in a new method for measuring power
output and water resistance that either can replace or complement existing power
measurement methods like VPM.

1.2.1 Limitations

The precision part of this project is limited to comparing the mean propulsive pres-
sure of �identical� strokes and puts less focus on the instantaneous propulsive pres-
sure at di�erent phases of a stroke. The accuracy part is limited to the accuracy of
the pressure sensor in hydrostatic conditions and not in hydrodynamic conditions.

For the swimming performance measurement part, the focus will be on measuring
the propulsive force of a swimmer and not the whole power measurement concept,
since the propulsive force measurements needs to be solved before a whole power
measurement method based oneo SwimBETTER force paddles can be developed.

This project is only focused on freestyle swimming but many parts could be ap-
plied to the other strokes as well.

2



2
Theory

2.1 Mechanics in swimming

The main force that a swimmer needs to overcome is the water resistanceFw that
usually is considered to be proportional to the swimming velocity squared. Thus, it
can be written as

Fw = Kv 2; (2.1)

whereK is a constant depending on the swimmer's size and technique, andv is the
velocity of the swimmer [9]. If the swimmer has a constant velocity (no acceleration)
Newtons �rst law says that the swimmer is in force equilibrium, meaning that

Fp = Fw ; (2.2)

whereFp is the propulsive force of the swimmer. The power outputP of the swimmer
is

P = ~F � ~v = ( Fp; Ft ; Fv) � (v;0; 0) = Fpv = Kv 3; (2.3)

where ~F is the force vector from the swimmer,~v is the velocity vector of the swimmer,
Ft is the transverse force andFv is the vertical force from the swimmer. After time-
averaging the time-dependent quantitiesP and v into the average power output �P
and the average velocity�v, the equation can be rewritten as

�v =
3

s
�P

K
: (2.4)

From this it is possible to see that �P should be maximized andK should be min-
imized to obtain the largest �v. Therefore, the values ofK and �P (or �Fp since
�P = �Fp�v) are interesting to measure since they in�uence the swimming velocity and
ultimately the �nish time. �v can easily be measured by measuring the time it takes
to swim a predetermined distance with a stopwatch or video analysis. There is only
one equation but two unknowns (�P and K ) meaning that we do not have enough
information for determining these unknowns. That means that di�erent methods
have to be used to determine these unknowns.

2.1.1 Power and water resistance measurements in swim-
ming

One method that has been introduced to measure�P and K is the Measured Active
Drag (MAD) method [3]. This method uses �xed grips placed in the water that the

3



2. Theory

swimmer grips onto while performing the pulling phase of the stroke. The applied
force to the grip is measured and no propulsive force is generated by the arm moving
through the water, since the arm is held stationary in the water by the grips. By
using force equilibrium the water resistance of the swimmer can be calculated for
di�erent velocities, meaning that K can be determined. A disadvantage with this
method is that this system is large and hard to use in everyday training. The
stationary grips do also change the stroke since there is no need to catch the water
during the stroke.

Another method introduced is the Velocity Perturbation Method (VPM) [4]. The
basis for this method is that a small disturbance (a perturbation) to the velocity
is introduced by having the swimmer tow a raft with a known water resistance.
By measuring the maximum velocity with and without the raft, and then assuming
that the power output is the same in both tests, �P and K can be calculated since
the swim with the raft provides an additional equation. This method is much more
portable but it can only measure the peak power output since the swimmer needs
to be rested to be able to provide the same power output during both tests.

A newer method similar to VPM is the Naval Architecture Based Approach
(NABA) [5]. Like the VPM the swimmers velocity is disturbed by a force, but
this time the force is towing the swimmer to a higher speed than the free swimming
velocity. The theory behind this method is that the swimmers body is thought of as
the hull of a ship and the arms as the propeller. The drag of the �hull� without any
active swimming (passive drag) can be measured by towing the passive swimmer at
di�erent speeds and measuring the towing force. By assuming equal power as well
as equal Distance Per Stroke (DPS) (meaning that the frequency increases when the
velocity increases) the drag of the swimmer (active drag) can be calculated. This
method has the advantage of much lower uncertainty, but like VPM it can only
measure the peak power and not the current power while swimming.

A problem with VPM and NABA is that they only enable the measurement of
maximum power while rested and not the measurement of current power during
training or maximum power while fatigued. Therefore it is interesting to turn to
other sports where such power measurements are performed today.

2.1.2 Power measurements in other sports

A sport where power measurements are much more common is cycling. The most
common approach is to use strain gauges in the drive-chain to measure the torque
produced by the cyclist. By measuring this torque and the angular velocity, the
power of the cyclist can be calculated [10]. The introduction of power meters in
cycling has for example enabled studies of power pro�les during a race [11] and
measurements of the power a cyclist can produce depending on the frequency [12].

Another type of sport where power measurements have been introduced is rowing
and kayaking. The mechanics of kayaking are similar to the mechanics of swim-
ming, since both are based on propulsion in water and the propulsive forces are
cyclic. These force variations means that the instantaneous velocity varies around
an average velocity that is the velocity most often used when measuring power. The
propulsive power is measured by strain gauges in the paddle handle that measure
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2. Theory

the propulsive force produced by the athlete and either GPS or video analysis is
used to determine the velocity [13] [14].

In cross-country skiing the company Skisens, based on a Chalmers project, have in-
troduced a solution similar to the kayaking solution where strain gauges are installed
in the ski pole handles to measure the force in the poles. An Inertial Measurement
Unit (IMU) is used to determine the angle of the pole to determine how much of
the force is propulsive and a GPS system is used to determine the velocity of the
athlete [7].

2.1.3 Force measurements in swimming

In order to be able to apply the power measurement method used today in kayaking
and cross-country skiing to swimming we need to know what propulsive forces we
want to measure. The current focus is only on the arms since the arms produce
more propulsion than the legs and are easier to work with [15]. When the swimmer
performs a stroke the pressure increases on the palm of the hand while the pressure
decreases on the back of the hand. This results in a pressure di�erence that in turn
results in a force propelling the swimmer [16]. To know how large the propulsive
force is during the stroke there is a need to know the pressure di�erence between
the palm and the back of the hand as well as the orientation of the hand in order
to determine how much of this force is propulsive.

It is possible to measure this pressure di�erence by placing pressure sensors on
both sides of the hand and then using video analysis to determine the hand ori-
entation. It is however important to note that the pressure di�erence from each
place in the hand has a di�erent contribution to the mean pressure across the hand,
which is the interesting pressure to know to determine the propulsive force without
covering the whole hand with pressure sensors [16] [17]. The commercially available
product Aquanex [18] appears to work in this way. Since this alternative has wired
connections to the pressure sensors and rely on external video analysis to determine
the hand orientation they appear more suited for research than for everyday use in
training.

There is however a newer alternative that claims to be able to measure this propul-
sive force in an easier way, which seems suitable for everyday use in training. The
solution is to have handsets with pressure sensors as well as an IMU with an ac-
celerometer and a gyroscope that can calculate the path of the hand and the hand
orientation during the stroke. Two commercial products have been launched, the
Trainesense SmartPaddle (appears to be discontinued) and theeo SwimBETTER
[2]. Both these products collects the IMU and pressure sensor data while swimming,
and then transfer the data to a smartphone app after the swim.

It has been shown that IMUs could be used to create a reliable system for calcu-
lating the orientation of the hand during the stroke [19]. There is not however that
many studies performed where the accuracy of the commercial handsets have been
tested and no one appears to have studied the repeatability of these handsets or the
repeatability of this method as a whole. When the SmartPaddle was compared to
the Aquanex system both systems produced similar results [20]. These results are
promising but it is uncertain if the Aquanex system can be considered as a �golden
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2. Theory

standard�. When comparing the propulsive force from a strain gauge in a kayak
paddle with the propulsive force from a SmartPaddle sensor mounted on the paddle
blade the results are similar [21].
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3
Reliability

The �rst part of this project is done by looking at two key metrics for determining
how a measured value compares to the true value, the precision and the accuracy.
The precision describes how repeatable a measurement is, or in other words how
large the di�erence is between di�erent measurements with the same conditions.
The accuracy describes how close a measurement is to the true value [22].

The optimal way of determining how reliable the handsets are would probably be
to use a �mechanical twin� of a swimmer that can perform the stroke and measure
the forces in the joints. An example of a mechanical twin known as SWimming
hUman Model (SWUM) exists, but it has a very complex system of joints to recreate
a regular swimming stroke [23]. This is considered to be too complex to implement
in this project meaning that other methods have to be used. The selected parts that
were studied in project were the repeatability of the mean propulsive pressure and
the accuracy of the pressure sensors.

3.1 Repeatability

Figure 3.1: The �gure shows the repeata-
bility rig used for the measurements. The
crank is to the left and the �arms� are to the
right.

For this part a rig that could repeat
the same �stroke� many times had to
be constructed and tested. The main
requirements was that this �stroke�
should follow the same path time af-
ter time, that this �stroke� should re-
semble a regular swim stroke (entry,
pull, exit and recovery phases) and
that the handsets could be mounted
on the rig. It was decided that the rig
would be cranked manually since an
electric drive system would require an
electric motor with a very high torque
at low angular velocities or the use
of a large gearbox between the motor
and the axle. This is due to that the
rig would require a very large torque
at a low angular velocity. The rig that
was built is shown in Figure 3.1.

The rig is built around an axle held

7
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