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Propulsive and resistive forces in water locomotion  

𝐹! + 𝐹",$ = 0

𝐹! = −𝐹",$ 	

Constant speed
FP = propulsive force
FD,a = hydrodynamic 
resistance (active drag)

Hay 1993

Clean (constant) 
swimming speed
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I dati acquisiti sono stati filtrati con un 
filtro passa-basso di Butterwoth (fre-
quenza di taglio 5 Hz) per cercare di 
ridurre le piccole oscillazioni del se-
gnale dovute a rumore. Per identificare 
ogni vasca (50 mt) è stato analizzato il 
dato di accelerazione nella direzione di 
avanzamento e ogni volta che questo 
VHJQDOH�LQWHUVHFDYD�O¶DVVH�GHOOH�DVFLVVH�
(zero crossing) significava che il nuo-
tatore aveva raggiunto la fine della va-

sca. Inoltre si sono anche trovati i massimi e i minimi del segnale sopra ad una 
certa soglia impostata per cercare di determinare i cicli di bracciata. Per lo stile 
libero e per il dorso è stata analizzata la componente y del segQDOH�GHOO¶DFFHOHUR�
metro, mentre per la rana e la farfalla è stata analizzata la componente x (ovvero 
OXQJR�O¶DVVH�GL�DYDQ]DPHQWR��� 

Un altro studio in cui sono state 
identificate le diverse bracciate del 
nuoto è stato fatto da Neil Davey 
³9DOLGDWLRQ�WULDO�RI�DQ�DFFHOHUR�
meter-based sensor platform for 
VZLPPLQJ´. Per questo studio è 
stato utilizzato un sensore inerziale 
posto sul sacro di diversi nuotatori 
e di questo sensore sono state ana-
lizzate le diverse componenti 
GHOO¶accelerometro. La compo-
QHQWH� [� GHOO¶DFFHOHURPHWUR� q� VWDWD�
usata per rilevare gli istanti di inizio e fine vasca (50 metri), la componente y è 
servita per determinare le diverse bracciate della nuotata mentre la componente 
z presenta GHL�SLFFKL�EHQ�YLVLELOL�LQ�FRUULVSRQGHQ]D�GHOO¶LQYHUVLRQH�GHO�VRJJHWWR�
ad ogni fine vasca. Questi segnali sono stati usati per implementare un algoritmo 
FKH�DQDOL]]DQGR� L�PDVVLPL�H�PLQLPL�GHOOD�FXUYD�SRWHVVH� IRUQLUH� O¶LQWHUYDOOR�GL�
tempo tra una bracciata e la successiva. Questi parametri sono utili agli allenatori 

Figura 9 - Numero bracciate per i diversi stili: stile 
libero, dorso, rana e farfalla 

Figura 10 - Componenti x,y e z del segnale in uscita 
GDOO¶DFFHOHURPHWUR 

Accelerometer data 
(200 m race, 25 m pool)



Resistive forces: passive drag

Chp 2

Chapitre 2. Force de propulsion et forces de résistance en natation

(a) (b)

Figure 2.6 – Force de traction nécessaire pour tracter les athlètes A1 et A2 à la surface en
fonction de la vitesse de traction. Les traits pointillés correspondent au modèle F = kbV 2.
(a) Athlète A1 (b) Athlète A2.

Figure 2.7 – Évolution du coe�cient de trâınée kb = F/V 2 en fonction de la vitesse avec
et sans dimension pour les athlètes A1 et A2. (a) Coe�cient kb en fonction de la vitesse
V . (b) Coe�cient adimensionné Lkb/M en fonction du nombre de Froude Fr = V/

p
gL.

Nous choisissons le nombre de Froude plutôt que le nombre de Reynolds puisque nous nous
attendons à une influence des vagues sur le coe�cient de trâınée.

écart de temps de 14 % entre le record du monde masculin (20.91 s) et le record du monde
féminin (23.67 s). L’écart relatif de vitesse étant plus important que l’écart relatif de taille,
les athlètes de sexe masculin nagent donc à un nombre de Froude plus élevé que les athlètes
de sexe féminin. Nous sommes donc quasiment toujours dans les conditions Fr < 0.41, sauf
pour les meilleurs mondiaux sur 50 m nage libre. Nous considérons donc lors des phases de
nage à la surface, que l’approximation F = kbV 2, avec kb constant est valable.

Toutefois dans les phases non nagées, qui suivent la poussée sur le plot de départ ou la
poussée au mur, les vitesses de nage se trouvent dans la zone de Froude [0.41, 0.8]. Il est
donc nécessaire d’avoir un modèle capable de prendre en compte les variations du coe�cient
de kb en fonction de la vitesse.

42

𝑭𝑫,𝒑 = 𝒌𝒑	𝒗𝟐

𝒌𝒑 =
𝑭𝑫,𝒑
𝒗𝟐

Pretot et al. (2022)

Passive drag values show a 
remarkable consistency 

across different 
experimental designs

(Havriluk 2005)



Resistive forces: active drag

Sacilotto et al. (2023)

FDa / FDp⋍ 2-3

FDa / FDp⋍ 1-1.2

FDa / FDp⋍ 1, or less

FDa / FDp⋍ 2

FDa / FDp⋍ 2

FDa / FDp⋍ 2

active to passive drag ratio

The variability of the active 
drag values reflects the 

difficulty in measuring active 
drag and the imaginative 
attempts that have been 
designed to analyze the 

complex activity of human 
swimming (Havriluk 2005)



Methods based on perturbations

Equal thrust assumption

• MRT method (and NABA method)
• Biophysical method

Equal power assumption

• Velocity perturbation method
• Assisted towing method

Other methods

• Planimetric method
• MAD system

Resistive forces: active drag



The MAD system (FDa / FDp⋍ 1-1.2)

Toussaint et al. (1988)

Assumption: when pushing on 
pads no energy is wasted in 

giving water kinetic energy and 
propelling efficiency = 100% 

No leg action is allowed (the swimmer uses a pully buoy):
this system measures the active drag of the arm stroke only.

Assumption: at constant speed 
the mean force  measured by 

the underwater pads equals the 
swimmer’s drag force



Havriluk (2005): this method underestimate active 
drag because the pads:

• only measure hand force and do not include any 
propulsive force generated by the legs

• only measure force when the hand is in contact 
with a pad and not the entire time the hand is 
submerged

• do not permit the hand to move laterally, 
vertically or horizontally as during actual 
swimming

• The legs are floated by a pull buoy: the swimmer 
is more horizontal in water than it would be 
without the pull buoy (lower frontal area than in 
actual swimming conditions) 

The MAD system (FDa / FDp⋍ 1-1.2)



The planimetric method (FDa / FDp⋍ 1.5)

𝐹" =
1
2
𝜌	𝐴	𝐶𝑑	𝑣'

In front crawl: 
Aa = 1.5 Ap

Fda = 1.5 Fdp
(average over one cycle)

Gatta et al. (2015)

FDp = 18,3v1,97

R² = 0,98

FDa = 27,5v1,97

R² = 0,98

0

50

100

150

200

250

0 0,5 1 1,5 2 2,5 3

v (m/s)

D (N)

Assumption: differences 
between passive and active 
drag depend (essentially) on 
differences in frontal area



The measured residual thrust method
(MRT, FDa / FDp⋍ 2) 

Cortesi et al. (2024)

Full and semi-tethered tests - Equal thrust assumption

Narita et al. (2017)Takagi et al. (1999)



𝐹!,( = 𝐹(

𝐹!,)( = 𝐹)( +	𝑘$,)( 𝑣)('

Full tethered swimming

Semi tethered swimming

Cortesi et al. (2024)

𝑘*,)( = (𝐹! −	𝐹)() / 𝑣)('

𝐹!,)( − 𝐹)( = 	𝑘$,)( 𝑣)('

The residual thrust is 
the active drag

Carmignani et al. (2025)

Assumptions:

Equal thrust (Fp = costant)

(ka = costant)𝑭𝑫,𝒂 = 𝒌𝒂	𝒗𝟐



FP,fit

Free swimming

Carmignani et al. (2025)

𝐹)( = 𝐹! − 𝑘*𝑣)('

FP, fit = 144 N
kaST, fit = 41 Kg/m

FT

Input output input

Cortesi et al. (2024)

The measured residual thrust method
(MRT, FDa / FDp⋍ 2) 



The Biophysical method (FDa / FDp = 2-3)

di Prampero and Pendergast (1974)

Zamparo et al. (2003)

(FDa / FDp⋍ 3)

(FDa / FDp⋍ 2)

Equal thrust assumption



Kolmogorov and Duplishcheva (1992)
Kolmogorov (2023)

P1 = F1 x v1

F1 = active drag

v1 = free swimming speed (max)

P2 = F2 x v2

v2 = swim speed with AHB (max)

F2 = F1 + Fb

Fb = passive drag of AHB

Equal power assumption

P1 = P2

The velocity perturbation method (FDa / FDp⋍ 1)

The equal power assumption 
is is easily violated 

V1 and V2 should not differ 
more than 10%
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V1 and F1: free swimming
V2 and F2: assisted towing
Fb = towing force (at v >10% of vmax)

Formosa et al. (2012)

The assisted towing method (FDa / FDp⋍ 2)

The equal power assumption: P1 = P2

MAD data

MAD data

VPM

ATM

Toussaint, Roos, Kolmogorov (2004)



Methods FDa / FDp Materials and data analysis Outcomes

MAD system ⋍ 1-1.2 Easy to use; MAD system front crawl (arm stroke)
range of speeds (F vs. v)

VPM method ⋍ 1 Easy to use; very cheap all strokes
maximal speed only

ATM method ⋍ 2 Easy to use; force transducer front crawl 
maximal speed only

Planimetric 
method

⋍ 1.5 Easy to use; force transducer (Dp)
The protocol is for research only

all strokes
range of speeds (F vs. v)

Residual thrust 
method 

⋍ 2 The protocol is for research only
and it is time consuming

front crawl 
range of speeds (F vs. v)

Biophysical  
method

⋍ 2 The protocol is for research only
and it is time consuming

Metabolic data should also be collected

front crawl (breaststroke)
range of aerobic speeds

(F vs. v)

The variability of the active drag values reflects the difficulty in measuring active drag and the imaginative 
attempts that have been designed to analyze the complex activity of human swimming (Havriluk 2005)



Propulsive forces (in water)

The forces are actually measured
• MAD system
• Full and semi-tethered tests

Other measures
• Hand paddles (pressure sensors)
• Inertial sensors
• Kinematic data

Assumption: at constant speed 
the mean force  measured by 

the underwater pads equals the 
swimmer’s drag force

MAD system

Assumption: when pushing on 
pads no energy is wasted in 

giving water kinetic energy and 
propelling efficiency = 100% 
muscle force = useful force



Full and semi-tethered tests

propelling efficiency < 100% 
muscle force does not correspond to the useful force



Other measures: Hand paddles

FOREARM CONTRIBUTION: 
25% of upper-arm contribution 

BACKGROUND

October 10, 2021 - XII Congresso Nazionale SISMeS § PADOVA           /103

Pressure Sensors

Bottoni,2011

Takagi,1999

Homma,2019

Ungerechts,2016

Pereira, 2015

Tsunokawa,2018

RESULTS

October 10, 2021 - XII Congresso Nazionale SISMeS § PADOVA           /1010

ECOLOGICAL VALIDITY

REAL-TIME FEEDBACK

CONTINUOUSLY TECHNIQUE MONITORING

EQUAL PRESSURE

Conclusions

ESTIMATED HAND VELOCITY

Kinematic Analysis
NO HAND PLANE ORIENTATION

FHAND

FHANDFPROP

FPROP

Tsunokawa (2018) 

Koga (2020) 

Swimming
direction

Come valutare
se l’atleta migliora

la propulsione?

TECNICA TECNOLOGIA ALLENAMENTO TECNOLOGIA
Matteo Cortesi  m.cortesi@unibo.it 

Sono accurati? 

Come possono essere usati?

P = F/A Force = pressure x areaMatteo Cortesi  m.cortesi@unibo.it 

TECNICA TECNOLOGIA ALLENAMENTO TECNOLOGIA

PRESSIONE DIFFERENZIALEPRESSIONE DIFFERENZIALE

PRESSIONE 
DINAMICA palmo

> PROFONDITA’ ACQUA = 
> PRESSIONE STATICA

101.4 

103.7

106.3 KPa 

PRESSIONE 
DINAMICA dorso

FORZA = 
PRESSIONE * SUPERFICIE

(PDIFF = PPALMO – PDORSO)



Other measures: inertial sensors and kinematic analysis

19/02/2014 

4 

I sensori inerziali Laboratorio di biomeccanica 

Definizione e validazione  
del protocollo 

Analisi in laboratorio della nuotata a crawl Analisi in laboratorio della nuotata a crawl 

F = ma

At (mean) constant speed a = 0
During starts and turns a ≠ 0
the added mass should be taken into consideration

Sprint running



𝐹! = (𝐹",$ +	(𝑀, + 𝑀*,$))	𝑎

𝐹! + 𝐹",$ = 0

𝐹! = −𝐹",$ 	

𝐹! + 𝐹",$  + 𝐹𝑖𝑛	 = 0

Constant speed Unsteady speed

𝐹! = −(𝐹",$ + 𝐹𝑖𝑛)

𝐹𝑖𝑛 = 7	(𝑀, + 𝑀*,$  𝑎

𝐹! = 	 (𝐹",$+	(𝑀, + 𝑀*,$))
𝑑𝑣
𝑑𝑡

FP = propulsive force
FD,a = hydrodynamic resistance (active drag)
M0 = swimmer’s body mass
MA,a = added mass (active conditions)
v = speed
t = time
a = acceleration

The standing start test

(to measure/estimate propulsive force and hydrodynamic resistance during a sprint)

During a sprint, besides 
the drag force, the 

swimmer experiences an 
additional (inertial) force: 

some of the water 
around the swimmer is 

set in motion and this can 
be thought of as an 

added mass the swimmer 
has to accelerate, in 

addition to body mass



acceleration reaction depending if the water is accelerating and
the object is stationary, or opposite (Vogel, 1996).

The effect of added mass is well documented in theoretic
hydrodynamics, in research of the shipbuilding industry and in
marine biology (e.g. Brennen, 1982; Daniel, 1985). Previously
only two other studies have investigated added mass on
swimmers during passive gliding (Klauck, 1999; Eik et al.,
2008). On the basis of data reported by Klauck (1999) and by
using a conservative added mass coefficient of 0.5, Kjendlie and
Stallman (2008) estimated added mass and found a 34% increase
of drag when added mass was taken into account. This
exemplifies the importance of knowing more about the added
mass of human swimmers. The purpose of this study was to (a)
find added mass on human swimmers, (b) investigate the effect of
shape and body size and (c) to establish predictive linear
regression equations for future added mass calculations. This
study examined added mass on swimmers in a submerged
position, where wave drag (Dw) has lower influence on total drag
(Pendergast et al., 2005).

2. Methods

2.1. Subjects

Thirty subjects were recruited into three groups; boys (n¼9), women (n¼10)
and men (n¼11).

Anthropometrical measurements for all subjects were collected for body
height, reaching height, shoulder width (in an upright streamlined position), body
mass, age and frontal area (FA) is reported in Table 1. A vertical oscillation test was
performed to estimate added mass in the ocean laboratory at Norwegian Marine
Technology Research Institute (MARINTEK). Written and informed consent was
obtained from the participants. The study was approved by the Regional
Committee for Medical Research Ethics, Oslo, Norway.

2.2. Procedures

The subjects were connected to a 2.8 m long bar (1.975 kg) in a vertical
equilibrium position under water (15 1C). Three moveable handles (415 g)
were attached to the bar to keep the subject in a streamlined position. The
vertical oscillation was set in motion by pulling the spring system upwards
(Fig. 1).

3. Measurements

3.1. Added mass

The computation of added mass was based on a harmonic
oscillating system. The natural frequency of a damped spring
system is o0, and the oscillation period (T) is given by
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where Ma is the added mass, k the spring constant and M the mass
of the swimmer and the bar with springs. The computation was
based on a half oscillation period between a crest and trough of
the force–time curve. The oscillating bars were attached to a force
cell, and four (460 g) or six (690 g) springs with a spring constant
k¼212 N/m and k¼318 N/m, respectively. By oscillating the
spring system vertically, the subjects’ oscillating period was
recorded. The sampling frequency was set to 200 Hz with a low
pass-filter (20 Hz). A routine was made in Matlab 2007a (The
MathWorks, Inc., Natick, USA) to estimate added mass from force
data. The known masses of the bar and swimmer made it possible
to find the added mass of the system.

3.2. Accounting for shape and body size parameters

Body shape and body size parameters were measured from a
photo (Camera Nixon D50, Nikon Corp, Japan) taken from above of

Fig. 1. A swimmer attached to the bar during vertical oscillations.

Table 1
Anthropometrical measurements and age for boys, women and men. Mean and standard deviation (SD).

Boys (n¼9) Women (n¼10) Men (n¼11) Total (n¼30)

Body height (cm) 163.6 (8.2) 167.5 (4.8) 182.4 (6.4) 171.8 (10.5)
Reaching height (cm) 222.2 (13.6) 225.3 (7.1) 245.7 (9.1) 231.8 (14.6)
Body mass (kg) 50.2 (8.1) 63.9 (5.3) 78.2 (6.3) 65.0 (13.2)
Shoulder width (cm) 33.0 (2.2) 36.5(2.0)%2 41.7 (2.3)%1 37.3 (4.3)%3

Age (years) 13.7 (0.9) 22.2 (3.3) 25.2 (4.9) 20.7 (6.0)
Frontal area (m2) 0.065 (0.008) 0.080 (0.015) 0.089 (0.006) 0.079 (0.014)

The numbers in superscript indicate the number of subjects that were excluded from the specific test.
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acceleration reaction depending if the water is accelerating and
the object is stationary, or opposite (Vogel, 1996).

The effect of added mass is well documented in theoretic
hydrodynamics, in research of the shipbuilding industry and in
marine biology (e.g. Brennen, 1982; Daniel, 1985). Previously
only two other studies have investigated added mass on
swimmers during passive gliding (Klauck, 1999; Eik et al.,
2008). On the basis of data reported by Klauck (1999) and by
using a conservative added mass coefficient of 0.5, Kjendlie and
Stallman (2008) estimated added mass and found a 34% increase
of drag when added mass was taken into account. This
exemplifies the importance of knowing more about the added
mass of human swimmers. The purpose of this study was to (a)
find added mass on human swimmers, (b) investigate the effect of
shape and body size and (c) to establish predictive linear
regression equations for future added mass calculations. This
study examined added mass on swimmers in a submerged
position, where wave drag (Dw) has lower influence on total drag
(Pendergast et al., 2005).

2. Methods

2.1. Subjects

Thirty subjects were recruited into three groups; boys (n¼9), women (n¼10)
and men (n¼11).

Anthropometrical measurements for all subjects were collected for body
height, reaching height, shoulder width (in an upright streamlined position), body
mass, age and frontal area (FA) is reported in Table 1. A vertical oscillation test was
performed to estimate added mass in the ocean laboratory at Norwegian Marine
Technology Research Institute (MARINTEK). Written and informed consent was
obtained from the participants. The study was approved by the Regional
Committee for Medical Research Ethics, Oslo, Norway.

2.2. Procedures

The subjects were connected to a 2.8 m long bar (1.975 kg) in a vertical
equilibrium position under water (15 1C). Three moveable handles (415 g)
were attached to the bar to keep the subject in a streamlined position. The
vertical oscillation was set in motion by pulling the spring system upwards
(Fig. 1).

3. Measurements

3.1. Added mass

The computation of added mass was based on a harmonic
oscillating system. The natural frequency of a damped spring
system is o0, and the oscillation period (T) is given by
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object, the relative damping is small (o10%) as indicated by
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where Ma is the added mass, k the spring constant and M the mass
of the swimmer and the bar with springs. The computation was
based on a half oscillation period between a crest and trough of
the force–time curve. The oscillating bars were attached to a force
cell, and four (460 g) or six (690 g) springs with a spring constant
k¼212 N/m and k¼318 N/m, respectively. By oscillating the
spring system vertically, the subjects’ oscillating period was
recorded. The sampling frequency was set to 200 Hz with a low
pass-filter (20 Hz). A routine was made in Matlab 2007a (The
MathWorks, Inc., Natick, USA) to estimate added mass from force
data. The known masses of the bar and swimmer made it possible
to find the added mass of the system.

3.2. Accounting for shape and body size parameters

Body shape and body size parameters were measured from a
photo (Camera Nixon D50, Nikon Corp, Japan) taken from above of

Fig. 1. A swimmer attached to the bar during vertical oscillations.

Table 1
Anthropometrical measurements and age for boys, women and men. Mean and standard deviation (SD).

Boys (n¼9) Women (n¼10) Men (n¼11) Total (n¼30)

Body height (cm) 163.6 (8.2) 167.5 (4.8) 182.4 (6.4) 171.8 (10.5)
Reaching height (cm) 222.2 (13.6) 225.3 (7.1) 245.7 (9.1) 231.8 (14.6)
Body mass (kg) 50.2 (8.1) 63.9 (5.3) 78.2 (6.3) 65.0 (13.2)
Shoulder width (cm) 33.0 (2.2) 36.5(2.0)%2 41.7 (2.3)%1 37.3 (4.3)%3

Age (years) 13.7 (0.9) 22.2 (3.3) 25.2 (4.9) 20.7 (6.0)
Frontal area (m2) 0.065 (0.008) 0.080 (0.015) 0.089 (0.006) 0.079 (0.014)

The numbers in superscript indicate the number of subjects that were excluded from the specific test.
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The natural frequency of a damped spring system (w0) depends on the spring constant 
(k) and on the total mass in motion (MA =added mass; M = mass of the swimmer)

the subject together with a known measure standard. The
subjects were digitized in Adobe Acrobat 7.0 Professional. A
calibration factor was estimated from the known measure
standard and made it possible to find the swimmers actual
shoulder width and projected frontal area.

3.3. Statistical analyses

Independent t-tests and ANOVA was used to account for
significant differences between groups, and linear regression
analyses to find relevant parameters to estimate added mass from
shape and body size parameters. A po0.05 value was considered
significant. Data are means7SE.

4. Results

Added masses for the three groups were 13.372.1, 15.171.3
and 21.172.5 kg for boys, women and men, respectively. This
corresponds to a relative added mass of 26.872.9%, 23.671.6%
and 26.872.3% of the subject’s body mass, respectively (Figs. 2
and 3). Furthermore, the added mass coefficient was estimated to
Ca¼0.255 for boys and 0.257 for men. This was estimated by
using the buoyancy data from Kjendlie et al. (2004) of similar
subjects. Furthermore, significantly lower added mass (p¼0.001)
and relative added mass (p¼0.002) for women compared to men
were found. There was significantly lower added mass (p¼0.001)
for boys compared to men, but not for relative added mass
(p¼0.996).

Correlation analyses for women and men indicated that body
mass, frontal area and reaching height were all significantly
associated with added mass. Frontal area and reaching height
(RH) had r values of 0.747 and 0.709, respectively. A regression
equation combining all three variables (AM¼16.042+0.235 "BW+
21.996 " FA–0.049 "RH) showed r2¼0.857, but only a significant
coherence (po0.03) with body mass and added mass. Regression
analyses show that fineness ratio (r2¼0.801) and body mass
parameters (r2¼0.857) gave the highest r2 values for added mass
for women and men.

Correlation analyses for boys and men indicated that body
mass was significantly (po0.001) associated with added mass.
Frontal area and reaching height had r values of 0.781 and 0.786,
respectively. A regression equation combining all three body
size parameters (AM¼0.034+0.234 "BW+15.763 " FA–0.001 "RH)
showed r2¼0.888, and only a significant coherence (po0.05)
with body mass and added mass.

5. Discussion

5.1. Size effect on added mass

Boys and men had both a relative added mass of 27%,
indicating that added mass in some way is dependent on body
size. Regression analyses for body size parameters showed that
body mass (89%), frontal area (78%) and reaching height (77%)
separately influenced variations in added mass. This study found
only a significant correlation (po0.004) between body mass and
added mass. This was in agreement with the results that indicated
no significant difference (p¼0.996) between boys and men for
relative added mass (27%). Boys had significantly (0.14970.008)
lower fineness ratio than men (0.16970.014), and it is thus
assumed that boys are less streamlined and with elevated drag
coefficient compared to men. This was not in agreement with the
results of the relative added mass.

A regression equation combining all three body size para-
meters showed a higher r2 (0.86) than for body mass alone
(r2¼0.84), which explained more of the variation in added mass
than reaching height and frontal area between genders. Women
had significantly (po0.001) lower body mass than men, which
indicated smaller body size and probably reduced total drag. This
could also be applied for added mass.

There are disagreements in the literature on how body size
influences active drag (Huijing et al., 1988; Clarys, 1978, 1979;
Zamparo et al., 2009). Clarys (1978, 1979) found that body shape
and composition did not affect active drag. On the contrary,
Huijing et al. (1988) found high correlation for height and
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acceleration reaction depending if the water is accelerating and
the object is stationary, or opposite (Vogel, 1996).

The effect of added mass is well documented in theoretic
hydrodynamics, in research of the shipbuilding industry and in
marine biology (e.g. Brennen, 1982; Daniel, 1985). Previously
only two other studies have investigated added mass on
swimmers during passive gliding (Klauck, 1999; Eik et al.,
2008). On the basis of data reported by Klauck (1999) and by
using a conservative added mass coefficient of 0.5, Kjendlie and
Stallman (2008) estimated added mass and found a 34% increase
of drag when added mass was taken into account. This
exemplifies the importance of knowing more about the added
mass of human swimmers. The purpose of this study was to (a)
find added mass on human swimmers, (b) investigate the effect of
shape and body size and (c) to establish predictive linear
regression equations for future added mass calculations. This
study examined added mass on swimmers in a submerged
position, where wave drag (Dw) has lower influence on total drag
(Pendergast et al., 2005).

2. Methods

2.1. Subjects

Thirty subjects were recruited into three groups; boys (n¼9), women (n¼10)
and men (n¼11).

Anthropometrical measurements for all subjects were collected for body
height, reaching height, shoulder width (in an upright streamlined position), body
mass, age and frontal area (FA) is reported in Table 1. A vertical oscillation test was
performed to estimate added mass in the ocean laboratory at Norwegian Marine
Technology Research Institute (MARINTEK). Written and informed consent was
obtained from the participants. The study was approved by the Regional
Committee for Medical Research Ethics, Oslo, Norway.

2.2. Procedures

The subjects were connected to a 2.8 m long bar (1.975 kg) in a vertical
equilibrium position under water (15 1C). Three moveable handles (415 g)
were attached to the bar to keep the subject in a streamlined position. The
vertical oscillation was set in motion by pulling the spring system upwards
(Fig. 1).

3. Measurements

3.1. Added mass

The computation of added mass was based on a harmonic
oscillating system. The natural frequency of a damped spring
system is o0, and the oscillation period (T) is given by

T ¼
2p
o0

ð3Þ

In a system where the added mass is near the mass of the
object, the relative damping is small (o10%) as indicated by

Øgrim et al. (1990). By neglecting the relative damping and since

o0 ¼
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added mass can be found as

Ma ¼
T2k
4p2
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where Ma is the added mass, k the spring constant and M the mass
of the swimmer and the bar with springs. The computation was
based on a half oscillation period between a crest and trough of
the force–time curve. The oscillating bars were attached to a force
cell, and four (460 g) or six (690 g) springs with a spring constant
k¼212 N/m and k¼318 N/m, respectively. By oscillating the
spring system vertically, the subjects’ oscillating period was
recorded. The sampling frequency was set to 200 Hz with a low
pass-filter (20 Hz). A routine was made in Matlab 2007a (The
MathWorks, Inc., Natick, USA) to estimate added mass from force
data. The known masses of the bar and swimmer made it possible
to find the added mass of the system.

3.2. Accounting for shape and body size parameters

Body shape and body size parameters were measured from a
photo (Camera Nixon D50, Nikon Corp, Japan) taken from above of

Fig. 1. A swimmer attached to the bar during vertical oscillations.

Table 1
Anthropometrical measurements and age for boys, women and men. Mean and standard deviation (SD).

Boys (n¼9) Women (n¼10) Men (n¼11) Total (n¼30)

Body height (cm) 163.6 (8.2) 167.5 (4.8) 182.4 (6.4) 171.8 (10.5)
Reaching height (cm) 222.2 (13.6) 225.3 (7.1) 245.7 (9.1) 231.8 (14.6)
Body mass (kg) 50.2 (8.1) 63.9 (5.3) 78.2 (6.3) 65.0 (13.2)
Shoulder width (cm) 33.0 (2.2) 36.5(2.0)%2 41.7 (2.3)%1 37.3 (4.3)%3

Age (years) 13.7 (0.9) 22.2 (3.3) 25.2 (4.9) 20.7 (6.0)
Frontal area (m2) 0.065 (0.008) 0.080 (0.015) 0.089 (0.006) 0.079 (0.014)

The numbers in superscript indicate the number of subjects that were excluded from the specific test.
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Added mass (passive)

Added mass coefficient 
≈ 0.25

Added mass = 0.25 · 70 kg 
≈ 17.5 kg 



The inertia of the kayaker and his boat depends on the total mass (Mtot)

Mk = the mass of the kayaker (70 kg)
Mb = the mass of the boat (12 kg)
Ma = the added mass 

The added mass coefficient  could be estimated based on the aspect ratio of the kayak
(a/b where a = length and b = width)
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where Me = Mt + Ma is the sum of the total mass Mt = Mk + Mb (Mk is the mass of the
kayaker and Mb is the mass of the boat) and of the added mass Ma, which accounts for the
mass of the water entrained by the boat. In Equation (2), the force Fm(t) is the propulsive
force exerted by the blade on the water in the direction of motion and FD(t) is the total drag.

We wanted to evaluate the different contributions of this equation and find a simple
model of the evolution of the velocity in the kayak. In the first experiment, we set Fm(t) = 0.
This pure deceleration trial allowed us to evaluate the drag of the kayak. In the second
experiment, we performed a standing start, measuring Fm(t) and linking this force to
the evolution of the velocity. Finally, we set MedV/dt = 0 in steady motion at different
velocities to exhibit a velocity–stroke rate relationship thanks to the balance of forces.

2.2. Experimental Set-Up
2.2.1. Athletes and Boats

The experiments were conducted at the nautic club of Ecole Polytechnique with two
male expert kayakers who used their own kayaks. We named them A1 and A2. The main
characteristics of the kayakers and their boats are presented in Figure 2. A1 is a national U23
athlete, of height 1.70 m and weight 64 kg. A2 is an international U23 athlete, height 1.81 m,
and weight 74 kg. The athletes both used a Gamma Rio M blade from Jantex mounted on a
Kevlight MFTech shaft equipped with strain gauges (see Figure 3). The athletes could vary
the paddle lengths based on their preferences. The total mass of the paddle was 730 g and
was neglected compared to the boat and athlete masses.

Figure 2. Main characteristics of the athletes, boats, and paddles used in the experiments.

2.2.2. Force Measurement
Strain gauges were placed on the paddle and linked to an acquisition card attached to

the middle of the paddle (see Figure 3). The force was recorded at a sample rate of 100 Hz
and the data were stored in a waterproof box MaxiPhyling placed in the boat. We used
Bluetooth to connect the acquisition card and the MaxiPhyling box. In the same waterproof
box, there was an accelerometer and a gyrometer, evaluating the contribution of the yaw,
pitch, and roll. The data are stored on an SD card in the box. The force sensor was calibrated
with calibration masses attached to the center of the immersed part of the paddle (Figure 3).
Both sides were calibrated separately.

Added mass (passive, kayaking)

Pretot et al. (2022)

Added mass coefficient
(Ma/Mtot )

≈ 0.017

Added mass = 0.017 · 82 kg
≈ 1.4 kg 
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Figure 9. Time evolution of the velocity (solid black line with units on the left vertical axis) and the
forces (solid colored curves with units on the right vertical axis) corresponding to the chronopho-
tography presented in Figure 10. (a) Data for Athlete A1. The blue arrow indicates the cycle that is
detailed in Figure 8. (b) Data for Athlete A2. The blue color is used for the force measured on the
right paddle while the red color is used for the left. The quantity F is the intensity of the force exerted
in the direction normal to the paddle surface.

4.2. Experimental Data of the Standing Start
The two kayakers were asked to perform a standing start “as fast as they could” to

characterize the acceleration phase. A chronophotography composed of the superposition
of six pictures taken at equally spaced times Dt = 1.66 s is presented in [Figure 10a for
Athlete A1 and Figure 10b for Athlete A2].

Figure 10. Chronophotography of a standing start. The time lapse between images is Dt = 1.67 s:
(a) Athlete A1. The length scale is given by the length of the boat (5.2 m). (b) Athlete A2. The length
scale is given by the length of the boat.

The corresponding time evolution of the velocity is presented with black solid lines in
Figure 9 for the two kayakers. The grey squares underline that the velocity was measured
every 0.16 s at a frequency of 6 Hz. Qualitatively, the velocity build-ups were similar
for the two athletes and we first analyzed the one obtained with Athlete A1 (Figure 9a).
The velocity increased from 0 to 5 m/s over a characteristic time of the order of 5 s.
The associated acceleration is thus of the order of 1 m/s2. The fluctuations observed on the
velocity signal are associated with the periodic motion of the paddle. This is shown with the
force signal reported in blue for the right blade and in red for the left blade. The maximal
values of the blade force are of the order of 200 N.

Even if the maximal forces were larger for the second kayaker (Figure 9b), the same
features were observed in the time evolution of his velocity. This observation reveals that
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4.1. Single Paddling Stroke
An example of a single paddling stroke is presented in Figure 8. This stroke corre-

sponds to the third stroke after the start in the present case (see blue arrow in Figure 9).
The sequence in (a) decomposes the stroke from the entrance of the paddle (image 1) to its
exit (image 12). The time lapse between images was constant (Dt = 0.05 s) so the whole
stroke lasted 0.55 s. The angle q between the paddle and the water surface is defined in
Figure 8b together with the measured normal force F.

Figure 8. (a) Time sequence of a single paddling stroke performed by Athlete A1. The time lapse be-
tween each image is Dt = 0.05 s. (b) Definition of the paddle angle q and the normal force F. (c) Time
evolution of the paddle angle q (black squares) and the normal force intensity F (blue squares).

The time evolution of q and F = kFk during the stroke is shown in Figure 8c. Focusing
on the paddle angle, we observe that this angle starts at qin ⇡ 50°, quickly increases to
60°, and then evolves with an almost constant slope of wP = 3.2 rad/s up to the exit angle
qout ⇡ 160°. Concerning the force, it increases during the entrance of the blade (first 0.1 s)
and decreases during its exit (last 0.1 s) and exhibits a mean value of the order of 155 N
in between. We observe little variations of qin and qout between the stroke cycles and the
athletes between the different tests (less than 5° on the typical variation of 100°).

Standing start test (kayaking)
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Figure 3. Calibration of the instrumented paddle used for the experiments. The mass “m” symbolizes
the mass of calibration. On the right bottom corner, we show the waterproof box MaxiPhyling placed
on the boat.

2.2.3. Velocity Measurement
We recorded the trials via a fixed camera (GoPro) set on a tripod placed on the lake

bank. The sample rate was 60 frames per second. The selected angle of view made it
possible to observe 40 m of the kayak displacement on the water. We tracked both the front
extremity (xF,yF) and back extremity (xB,yB) of the boat. We call M the center of the boat
(xM, yM) = ( xB+xF

2 , yB+yF
2 ). All the coordinates are defined Figure 4. Knowing the boat

length LB (in meters), we could compute the velocity as:

V(t) =

q
(xM(t + Dt)� xM(t � Dt))2 + (yM(t + Dt)� yM(t � Dt))2

q
(xF(t)� xB(t))

2 + (yF(t)� yB(t))
2

Lboat
2Dt

(3)

The coordinates (x, y) are in pixels. We used this formula to correct the effect of
perspective along the trajectory. We checked that the length of the boat in pixels did not
vary in the interval of time [t� Dt, t+ Dt]. Depending on the experiment we performed, we
used different values of Dt. This was a trade-off between filtering the noise of measurement
and capturing the fast evolution of the velocity.

Figure 4. Description of the notation used to compute the velocity of the boat. The coordinates (x, y)
are in pixels whereas Lboat is in meters.
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FP = propulsive force
FD,a = hydrodynamic resistance (active drag)
ka = speed - specific drag (active conditions)
M0 = swimmer’s body mass
MA,a = added mass (active conditions)
v = speed
t = time
a = acceleration

Assumptions: 
FP = costant
FD,a = kv2
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speed-specific drag in active conditions can be 
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swimmer (based on values of passive/active added mass)
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𝑀, + 𝑀*
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Carmignani et al. (2025)
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With a standing start test it is possible to estimate the (active) 
added mass during swimming and at the surface (based on values 
of propulsive force or of active drag coefficient)

Added mass 
coefficient

Added mass 
Range 

Caspersen et al. (2010) 25 ± 3% 15 - 21 kg 

F; = F3 30 ± 15% 11 - 43 kg 

F; = F;,<3 =01 29 ± 15% 8 - 44 kg 

k. = k.,<3 =01 26 ± 15% 7 - 42 kg 

k. = k.,<3 30 ± 17% 6 - 53 kg 

M>,. /	M,

𝑣6$7 	𝜏 =
𝑀, + 𝑀*,$

𝑘$

𝑣6$7
𝜏

=
𝐹!

𝑀, + 𝑀*,$

Carmignani et al. (2025)
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Methods FDa / FDp Materials and data analysis Outcomes
MAD system ⋍ 1-1.2 Easy to use; MAD system front crawl (arm stroke)

range of speeds (F vs. v)

VPM method ⋍ 1 Easy to use; very cheap all strokes
maximal speed only

ATM method ⋍ 2 Easy to use; force transducer front crawl 
maximal speed only

Planimetric method ⋍ 1.5 Easy to use; force transducer (Dp)
The (original) protocol is for research only

all strokes
range of speeds (F vs. v)

Residual thrust method ⋍ 2 The protocol is for research only
and it is time consuming

front crawl 
range of speeds (F vs. v)

Biophysical  method ⋍ 2 The protocol is for research only
and it is time consuming

Metabolic data should also be collected

front crawl (breaststroke)
range of aerobic speeds

(F vs. v)

Sprint start method ⋍ 2 The protocol is for research only
and it is time consuming

Front crawl
(Kass, Ma, Fpss)



Take home message

The propulsive force a swimmer can generate in water and the active drag can be 
assessed by means of the MRT method (based on full and semi-tethered tests)

The propulsive force a swimmer can generate in water and the active drag can be 
assessed by means of a standing start test (based on kinematic data and on values 
of added mass)

These two methods are in agreement: the propulsive force a swimmer can generate 
in water corresponds to the full tethered force and active drag is about twice than 
passive drag

Added mass is about 25% of body mass, both in passive and active conditions



Matteo Cortesi Silvia Fantozzi Vittorio Coloretti

Rémi Carmigniani


