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Abstract: This paper presents a numerical model of the boat—oars-rower system in a three-
dimensional multibody dynamics approach using the ADAMS commercial software. The sys-
tem is composed of four main parts: a skiff, two oars and a rower. The boat and oar mechanical
model takes into account all boat settings and kinematic constraints, thus permitting a
sophisticated model personalization. The rower skeletal model is built in LifeMOD (an ADAMS
plug-in) software. In the example, a skilled rower is modelled with 19 human segments and
18 human joints which are personalized to the rower using the 32 external anthropometric data
of the GEBOD program. In order to focus the tests on the rower on boat model, simulations are
performed with basic hydrodynamic models for a single degree of freedom for the boat at first
and then three degrees of freedom are used to show the potential of the model. The model is
driven with five command signals, three oar rotations, seat movement, and lower torso rotation.
The computed boat velocity is in good agreement with on-water measurements and a sensi-
tivity test consisting of small variations of rowing technique allows the authors to be confident
of the ability of the model regarding future optimization studies.
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1 INTRODUCTION

1.1 The benefits of the numerical simulation
in optimizing the rowing performance

An elite rower is an athlete who has considerable
muscular power and has also trained him/herself to
manage that power in an optimal way, the perfor-
mance criterion being the time duration for rowing
2000 m. Baudouin and Hawkins [1] in their analysis
and Soper and Hume [2] in their literature review
highlighted the parameters on which performance
depends. To summarize, the mechanical and bio-
mechanical key working parameters fit into three
categories:
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(a) the morphology and physical capacities of the
rower;

(b) the oar settings and the rower installation in the
boat;

(c) the rowing technique itself, i.e. the sequence and
the proportioning of the muscle actions.

The parameters of the different categories are not
independent and are correlated more or less strongly.
Barrett and Manning [3] have exhaustively studied
these parameters, their values, and their correlations.
They showed that, for a skiff, the power developed by
the rowers was the main factor influencing perfor-
mance. Thus, the tallest and most powerful rowers
are also the fastest and their settings arise from their
morphologies. The results were obtained, however,
with a sample of 15 rowers whose times over 2000 m
have a standard deviation of 11.9s. It is possible to
therefore reverse the findings and suppose that ath-
letes have similar power and morphology when the
time intervals between their boats are in the order of
a few seconds at the end of a race; then the question
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is how to improve the performance of elite rowers
who have equivalent morphologies and energetic
potential levels. To answer this question, a look at the
factors less statistically correlated with performance
becomes necessary; the optimization approach has
to be more deterministic and consequently more in-
dividualized. Ultimately, the problem is the follow-
ing: how to suggest to an elite rower, or to a crew,
reliable indications for improving their performance
by adjusting the boat and oar settings and the rowing
technique.

It is impracticable to answer this question experi-
mentally only with on-water tests because rowers
need a long time to adapt their technique to new
settings or installations [4, 5]. That would require far
too much availability of rowers in addition to the
physiological risks. Another possibility consists in
using numerical simulations in order to identify
some reliably optimized sets of parameters and thus
limit the on-water tests to validate these parameters.
This was the original method chosen. Since the
objective was to improve the performance of elite
rowers, who by definition are already close to the
optimum, the approach using numerical simulations
would be relevant only if the complete system
‘boat + oars + rowers’ was accurately modelled.

1.2 Evolution of simulations: from
one-degree-of-freedom boat motion
toward three degrees of freedom (and more)

Propulsion by oars naturally produces an unsteady
and cyclic behaviour of the system. The most app-
arent characteristic is the significant boat velocity
fluctuation which makes the hydrodynamic and
aerodynamic phenomena more complex. The pro-
blem can be described by starting with the expression
of the fundamental principle of mechanics written
with one degree of freedom along the surge axis [6].
This one-degree-of-freedom equation is sufficient to
see that the fields of mechanics (boat and oars),
biomechanics (oarsman), and fluid mechanics (water
and air interaction) are involved in the performance.
Indeed, the scientific publications in each one of
these fields have been very prolific in recent years.
Many authors perform simulations by solving the
one-degree-of-freedom equation, generally for a
skiff. The results given by this simple model [6-10]
confirm that the velocity unsteadiness is generated
first by the intermittent propulsion forces and second
by the movement of the rower on the boat. This
unsteadiness has a significant influence on dissipated
energy and thus on efficiency [11]. It could also be
interesting to take into account the lack of perfor-
mance caused by the boat’s secondary movements
(mainly pitching, heave, and yaw). Hydrodynamic
resistance is influenced by these movements, which

also directly cause a dissipation of energy because
of hydrodynamic damping (wave radiation and vis-
cous dissipation). To estimate the influence of boat
behaviour on performance the movements have to
be calculated by solving the coupled equations of
mechanics on all the degrees of freedom. From a
practical point of view, the writing of the system of
equations is elaborate when the number of degrees of
freedom increases, but this is not the worst problem.
The difficulty is to develop consistent models to cal-
culate the unsteady hydrodynamic loads. Several
attempts have been made in this area by hydro-
dynamic specialists. In recent works, Formaggia et al.
[12] took into account the pitch and heave movement
and showed that the energy dissipated by the sec-
ondary movements accounts for approximately 10
per cent of all dissipated energy. They developed a
12-segment model using the MIST program of NASA
to estimate the mass segments, angular inertia being
neglected. This body model was exploited to drive
simulations with up to four rowers on a boat moving
with three degrees of freedom (surge, heave, and
pitch). This feature imposed the calculation of suit-
able hydrodynamic coefficients to obtain the fully
coupled hull-rower system behaviour. A resolution
of the unsteady hydrodynamic problem for one deg-
ree of freedom and three degrees of freedom, using
the non-linear RANSE computational fluid dynamics
(CFD) code with free water surface, was suggested in
references [13] to [15]. Given the complexity of the
flows around the oar blades, the modelling of the
hydrodynamic loads on the oars also remains a
topical question [16, 17]. In this respect, progress is
being made in computing unsteady loads on blades
with CFD code [18, 19].

To be fully exploited in the future, progress in
hydrodynamic and aerodynamic modelling must be
accompanied by a parallel improvement in boat +
oars + rower mechanical and biomechanical model-
ling. In particular, the modelling of the displacement
of the rower mass centre in all directions and the
rower inertial moments is absolutely necessary for
accurate calculation of the excitation loads in surge,
heave, and pitch. Those considerations will probably
lead to the generalized development of three-
dimensional (3D) mechanical models.

1.3 Reasons for using commercial software

Owing to a large mass ratio, the rower’s movement
produces important inertial forces and moments
which influence the velocity variations of the boat
already induced by the intermittent propulsive for-
ces. The rower’s technique, the movements of the
body segments, and the displacement of the rower’s
centre of mass are strictly linked. It is easy to under-
stand why all the authors who propose rowing
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simulators are seeking to refine the oarsman body
modelling [10, 12]. They rightly expect better rele-
vance of the working analysis from this modelling. A
complex biomechanical model of a rower has already
been developed. Hase and colleagues [20-23], for
example, evaluated mass and inertia characteristics
of segments [24] and developed a 3D musculo-skel-
eton with 13 rigid segments. They added 32 muscles
to understand the biomechanical activity and risks
in rowing for fitness. Since the study considered the
rower on an ergometer, however, the behaviour of the
rower was not coupled with a boat movement.

When the rowers are on a boat moving not only in
translation but with six degrees of freedom, the
writing and the solving of the mechanical model of
the boat coupled with a biomechanical model of the
rowers becomes complicated. This is why the reali-
zation of a 3D model of the whole system was
undertaken using commercial software. The techni-
cal benefit of such a solution is a powerful calculating
and graphic facility which does not require the writ-
ing of mechanical equations for building the model
and for each change in the model (number of rowers,
number of elements, number of degrees of freedom,
etc.). This kind of model can be modular and able to
incorporate progress in aerodynamic and hydro-
dynamic modelling. It can also be interfaced with
parametric optimization codes.

The task is to merge an advanced biomechanical
model of a human body and a mechanical model of
boat and oars in the same software environment. The
attempt presented here treated the simplest config-
uration, i.e. a system composed of four main sub-
systems: a skiff, two oars, and a rower. In order to
focus the tests on the rower-and-boat mechanical
model, some simulations were carried out with basic
hydrodynamic models and only three degrees of
freedom for the boat.

2 THE BOAT + OARS + ROWER MODEL

2.1 Boat-and-oars mechanical model

The boat-and-oars mechanical model was developed
by means of the mechanical modeller ADAMS (MD
2008 R3), which works with a Lagrangian formalism.
The advantage of using ADAMS was to avoid elabo-
rate mechanical calculations.

The boat components were modelled as rigid
solids. Each real mechanical element was specified in
terms of its mass and inertia matrix. To include flex-
ible elements is possible (oars, for example), but this
feature was not used. The 3D mechanical system
boat + oars is presented in Fig.1. The origin of the
boat reference frame (Og) was located at the front
upper point of the seat when this point was lying in

the vertical transverse plane containing the rowlock
pins. As shown in Fig. 1, the oar kinematics took into
account the relative position of the different rota-
tional axes of the rowlocks.

The model could be adjusted for different rower
morphologies. The setting parameters were those
used on competition boats. To adjust these para-
meters, some reference points were localized in the
boat reference frame:

(a) the rowlock pins reference points;
(b) the foot stretcher reference point as shown in Fig. 1.

The feet and the hands of the rower were attached
at a nominal position on the foot stretchers and on
the oar handle, respectively. The principle for install-
ing the rower in the boat was based on virtual and
massless setting devices. These devices were built
with suitable joints which permitted translations and
rotations depending on their type.

This principle was applied for setting the position
and the angle of the foot stretcher, the angle of the
seat slides, the rowlock, and the oars. It was possible
to adjust [, the effective inner lever and [y, the
effective outer lever with two sliding joints and the
centre of mass and the inertia of the oars were auto-
matically modified. The lever arms /;,, and [, are
defined in Fig.1. The virtual setting devices could
eventually be driven during the simulation like the
other commands without interrupting the simula-
tion. Table1 gives the adjustable parameter values
introduced into the personalized model. These values
were measured on the boat of the rower which was
modelled for the presented simulations.

To simulate the movement of the boat on the water
a six-degree-of-freedom virtual joint was adopted
whose degrees of freedom could be blocked accord-
ing to the aim of the simulation. The greater the
number of degrees of freedom, the more relevant the
knowledge of hydrodynamics coefficients. This point
will be discussed later.

2.2 Rower biomechanical model

The biomechanical model of the rower was devel-
oped with the ADAMS plug-in LifeMOD. The posi-
tions and inertial parameters of the body segments
and the joint locations were generated by the GEBOD
(GEnerator of BOdy Data). Using regression equa-
tions, GEBOD could generate automatically 32
external anthropometric measures from four input
parameters (age, weight, height, and gender). The
direct inputting of these 32 measures was preferred
in order to personalize the model of the rower. The
measurement protocols and the geometric models
used in GEBOD are detailed by Cheng et al. [25, 26].
Table2 gives the 32 anthropometric measurements
used to generate a personalized model with 19 body
segments and 18 human joints (Fig. 2).
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Fig.1 Main parts of the 3D skiff model, reference frame, and adjustable set-up. The rowlock detailed
view shows the different rotation axes. The adjustable parameters were: h, the rowlock height, hg
the foot stretcher height, I the foot stretcher longitudinal position, [, the inner arm lever
length, I, the outer arm lever length, /;, the inter axes distance, « the foot stretcher angle, and
B the slide angle
Table1 Values of the personalized model 2.3 Mechanical mutual actions
Parameters Values Parameters Values The mechgr}ical actions exerted by the subsystem
‘rower + sliding seat+ oars’ on the boat were com-
Zo 315; cm éfs g; cm posed of gravitational effects (static contribution)
fs cm in cm . . . . .
L 160 cm [ 183.7 cm and inertial effects (dynamic contribution)
@ 45° 8 0°

Each human joint was built with three revolute
joints, each of which corresponded to one degree of
freedom. The number and the choice of the degrees
of freedom of each joint depended on the nature of
the human joint (example: knee=one degree of
freedom; shoulder = three degrees of freedom).

F=Fs+Fp=mg+mag
T (0y) = Ts(05) + To(os) = 0BG xXm g + Tp(oy)
+ 0gGxm ag

(1)

with Fs and Ts being the static force and torque
contribution, Fp and Tp the dynamic force and tor-
que contribution, m the subsystem mass, as the
subsystem centre of mass acceleration, g the gravity
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acceleration, Og the boat reference frame centre and
G the subsystem mass centre.

2.3.1 Hand-oar mechanical actions

Mechanical links between hands and oars were built
in two steps.

1. A revolute joint was added to the handle of each
oar in order to permit the free rotation of the oar
shaft in the handle.

2. A 3D viscoelastic joint was defined between the
hand and the oar handle (see Fig. 3).

Table2 The 32 anthropometric measurements data used
to personalize the rower model

Measurements Value Measurements Value

Weight 89.2kg  Hip breadth standing 34.1cm
Standing height 182cm  Shoulder to elbow length 41.5cm
Shoulder height 151.8cm Forearm-hand length 49.5cm
Armpit height 137.2cm Biceps circumference 34.5cm
Waist height 112cm  Elbow circumference 33cm

Seated height 92 cm Forearm circumference  30.5cm
Head length 2lcm  Waist circumference 18.5cm
Head breadth 15.8cm  Knee height seated 58 cm

Head to chin height 23cm Thigh circumference 61.5cm

Neck circumference 38cm Upper leg circumference 41.5cm

Shoulder breadth 48.3cm  Knee circumference 42 cm

Chest depth 25.6cm  Calf circumference 40.5cm
Chest breadth 34.3cm  Ankle circumference 25.5cm
Waist depth 22.8cm Ankle height, outside 11.5cm
Waist breadth 29.7cm Foot breadth 10.5cm
Buttock depth 27cm Foot length 28.5cm

Second body
segment

First body
segment

Human Joint principle

Let R,, and Ry, be respectively the frame of refer-
ence of the oar handle and hand. Let x, y, and z be the
coordinates of O, expressed with respect to R,},. Let
6y, 6y, and 6, be the characteristic orientation angles
of R, with respect to R,,. The mutual mechanical
actions between the hand and the handle were
defined as an isotropic model for the generalized
efforts (F,, Ty) given by

Fy = Kyx + Crx

Fy = { F, =Kry + Cry
F, = Kyz+ Cyz
T, = K6y + Crly

T, = Ty = KRGy + CRéy

T, = Kb, + CRéz
(2)

where F,, F,, F; and T, T,, T, were forces and torques
components, respectively, Kr and Cr being the
translational stiffness and damping isotropic coeffi-
cients and Kz and Cg being the rotational stiffness
and damping coefficients. Owing to the handle rota-
tional degree of freedom around y,, the T, compo-
nent was null.

2.3.2 Foot—foot stretcher mechanical actions

Mechanical links between feet and foot stretcher
were modelled by 3D viscoelastic joints located

V-
-Z.“?
.'.

"
4

—

Fig.2 The left diagram shows the human joint principle used in LifeMOD. All the joints were composed
of three revolute mechanical joints, each one associated with one degree of freedom. The middle
diagram presents the 19 human segments and 18 human joints generated by GEBOD in LifeMOD
and the right diagram shows the representation of the generated skeletal model
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3D Viscoelastic link

Fig.3 The oar handle and the hand were linked by a 3D viscoelastic joint. The viscoelastic joint was
defined by translational and rotational stiffness and damping between the centre hand fixed frame
Ry, (Oy, [Xn, ¥, 20]) and the centre oar handle fixed frame Ryp, (Oon, [Xon, Yohs Zonl)

between metatarsus number 2 and its first associated
toe. This point corresponded to the limit of the fore
part of the shoes effectively attached to the foot
stretcher. This feature allowed the heels to rise from
the foot stretcher.

2.3.3 Lower torso sliding seat mechanical actions

The mechanical link between the sliding seat and the
lower torso was a 3D viscoelastic joint at the seat level
and a revolute joint around the axis defined by the
line passing through the two femoral articulations.
This revolute joint allowed the lower torso to rotate
on the sliding seat. It was located at a vertical dis-
tance from the sliding seat corresponding to the
gluteus muscle thickness. This feature permitted
differentiation between the seat and hip movements
owing to the rotation of the rower trunk.

3 HYDRODYNAMIC MODEL

The aim of the presented simulation was to demon-
strate the ability of the mechanical model to work
with three degrees of freedom, and the modelling of
the hydrodynamic efforts acting on the hull and on
the oars was drastically simplified. The following sec-
tions detail the hypothesis and simplification. At this
first stage, only the surge, heave, and pitch degrees
of freedom of the boat were considered, the other
degrees of freedom being blocked. Table 3 gives the
numeric values of the hydrodynamic parameters used
in the model to simulate the behaviour of a skiff. It
can be seen that aerodynamic drag was neglected.

3.1 Hydrostatic and wave radiation forces

Only the main components of the hydrostatic stiff-
ness, added masses, and wave radiation damping
were taken into account. The coupled components
were neglected in view of the quasi-symmetry of the

Table3 Numerical values of the hydrodynamic para-

meters
Parameters Values Parameters Values
p 10°kg/m® Ly 8m
v 10~%m?/s Sp 0.11m?
Ca 1.8 Sy 2m?
K., 17000 N/m Ko 80000 Nm/rad
D,, 350N/ms Dyy 1120 Nm/rad s
Amy, 2 kg Am,, 55 kg
Al 150kg m?

hull. The surge wave radiation damping and the non-
linear heave and pitch damping were also neglected.
Considering that the gravity forces and buoyancy
forces were balanced at rest, the components Fyygy,
Fwg., and Ty, (ws stands for water on boat) of forces
and torque acting on the hull were reduced to

Fwpy = —R — Amy Xz

FWBz = _Kzz ZB — Dzz ZB - Amzz ZB
Twey = —Kpg 0 — Dy Op — Al O
(3)

where R is the resistance (>0). K., and K,, are the
hydrostatic stiffness about zg (heave) and 6y (pitch),
respectively. They were estimated from the hull char-
cteristics of the skiff. Considering the small ampli-
tude of the movements, the stiffness coefficients
were considered to be constant. D,, and Dy, are the
linear damping coefficients owing to wave radiation
and Am,,, Am_,, and Al are the added masses and
added inertia in surge, heave, and pitch, respectively.

Plausible values of added mass and damping
hydrodynamic coefficients of the skiff were obtained
by applying the Froude similitude law to the coeffi-
cients calculated by Formaggia et al. [12] for a four-
rower boat. The scale factor for length was 1.6, the
cubic root of the weight ratio assumed to be four. The
numeric values of hydrodynamic parameters of the
model are given in Table 3.
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3.2 Hydrodynamic resistance of hull

Although it is an approximation [13-15], a quasi-
static approach was used for calculating the hydro-
dynamic resistance. That is sufficient for the purpose
of this article. Thus, the resistance was assumed to
depend only on the hull velocity component V(#) and
could be estimated (by measurements or CFD cal-
culations) at each time ¢ as if the velocity was steady.
Here, the resistance was calculated according to the
recommendations of the International Towing Tank
Conference (ITTC) [27], so the hydrodynamic force
on the hull was expressed by

R=1/2pSey Cr V(t)* (4)

where Cr is the total resistance coefficient expressed
by

Cr= Cf(1+k)+Cw (5)

where p is the water density, Sy, the nominal wetted
surface of the hull (at rest), C; the friction coefficient,
V(#) the boat velocity at the instant ¢, k a form factor,
and Gy the wave resistance coefficient. The form
factor and the wave resistance coefficient were esti-
mated from tests of a skiff at full scale carried out in
the towing tank of the Ecole Centrale de Nantes [28].
The form factor was evaluated at 0.14 using the Pro-
haska procedure [27] and the wave resistance was
about 8.5per cent of the friction resistance at the
mean velocity reached in the simulation presented in
this paper. This gave a total resistance of R=1.2 Ry.
The ITTC formula

Cirrrc = 0.075/(logy, Re — 2)° (6)
was assumed to be valid at each time, with
Re = Re(t) = V(t)Ly/v (7)

where L,, and v are the boat wetted length and the
kinematic viscosity of the water, respectively. Some
authors [12, 29] have also used this formula to esti-
mate the friction resistance. This was an approxima-
tion because the boundary layer around the hull is
highly perturbed by the large surge motion of rowing
boats.

3.3 Hydrodynamic force on oar blades

It is not the intention at this stage to incorporate in
the simulation a sophisticated model for the force on
the oar blade. Moreover, to model this force accu-
rately, it is necessary to take into account the blade
immersion [19], the blade angle with the shaft, the
vertical blade angle, the variation of the application
point of the force, the oar deformation, and the
unsteady characteristics of the blade movement. This
model is currently under development and will be
used when completed. In this paper, the model used

is the basic model of Wellicome [16]. It is a simplified
model which considers that the force is normal to the
blade. This effort is applied at the blade centre on the
oar arm axis and at a distance [y, of the rowlock pin.
It is given by

Fwo(t) = 0.5p Sy CaVi(f) enxex (8)

with Sy, being the blade surface area, C, is the normal
force coefficient, V;, is the normal component of the
blade centre velocity, e, and e, are the unit vector of
the normal to the blade and the unit vector of the
displacement direction in the Galilean frame on
reference. The value of the C, coefficient was roughly
estimated using the results of tests carried out with a
big blade oar at full scale in a towing tank [28].

4 SIMULATION TEST

4.1 Reconstructed rower kinematics and
input data to control the model

In general, human biomechanics models are con-
trolled by joint coordinates experimentally and lar-
gely derived from ergometers and optoelectronic
devices [10, 12, 17]. These kinds of data are not
available for on-water measurements. To overcome
this problem, another approach was adopted. In this
approach the rower kinematics was reconstructed
from boat kinematics consisting of rowlock angular
rotation and in-boat sliding seat displacement.

Consequently, the skeletal model was rendered
passive with the introduction of stiffness and damp-
ing at each rower joint. Rower kinematics were then
adjusted by varying the joint stiffness and damping
coefficients. These coefficients can be considered as
weighting factors for joint angular amplitude. Indeed,
the greater the stiffness and damping, the smaller the
amplitude. The realistic character of the obtained
kinematics was established according to the trainer
and rower expertise. It must be noted that this
expertise could not be possible without 3D anima-
tion.

Boat kinematics were partially derived from on-
water measurements, rowlock pin angle, and sliding
seat displacement. These measurements had been
obtained with the modelled rower on an instru-
mented skiff (see Appendix) at a training rate of
18 strokes per minute (spm). Using a Fourier treat-
ment, these two measurements were smoothed to ob-
tain perfectly periodic signals. To complete the boat
kinematics, three other data were derived according
to expert background; they consisted of the other two
oar rotations and lower torso rotation with respect to
the seat. Also, the head was constrained to a trans-
lational motion in the sagittal plane, the rower con-
tinuing to look in the surge direction.
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All these digital signals were transformed into
cubic splines for ADAMS inputs, as shown in Fig.4,
where the time was scaled in percentages of the
stroke period.

4.2 Results

The results presented are not intended to be directly
interpreted but they are representative of the poten-
tial of the merged mechanical and biomechanical
models. The simulations were performed at a rate of
18 spm corresponding to the stroke rate of the on-
water measurements. The results corresponded to
the model behaviour after obtaining a stabilized
rowing cycle. Two simulations were performed, the
first one with only the surge degree of freedom of the
boat and the second one with three degrees of free-
dom, i.e. surge, heave, and pitch.

4.2.1 One-degree-of-freedom simulation

In the presented simulation, the rower motion only
influences the velocity in the x-direction because five
degrees of freedom of the boat were fixed. The boat

moved as if it were guided by a translational joint in
the x-direction. The 3D mechanical model, however,
allows the computation of the six components of the
fluctuating loads generated by the rower motions in
the boat. Figure5(a) shows the rower mass centre
displacement in the boat. This is one of the principal
elements which characterize the rower’s technique.
Owing to the symmetric input data of the model,
the rower mass centre lies in the (Og, [x, z]) plane. The
amplitude of the rower mass centre is 0.69 m in the
x-direction and 0.1 m in the z-direction. This ampli-
tude of motion in the x-direction was higher than the
sliding seat motion, which is only 0.53 m. This differ-
ence in amplitude and this behaviour underlined the
reason to model the rower body accurately.

The mechanical actions exerted by the subsystem
rower + seat + oars are given in Fig.5(b). They were
composed of gravitational effects (static contribu-
tion) and inertial effects (dynamic contribution).
Owing to the model symmetry characteristics only F,,
the efforts along x (surge motion excitation), F,, the
effort along z (heave motion excitation), and T, the
torque around y (pitch motion excitation), were not
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Fig.4 Data introduced as cubic splines to control the kinematics of the model. Upper curves represent
the three rotations of oar controlling the oar motion at rowlock level. Lower curves represent the
lower torso rotation and the seat displacement
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The one-degree-of-freedom surge simulation at 18 spm. (a) Rower mass centre displacement and

sliding seat displacement during one stroke. The coordinates were expressed in the boat reference
frame. (b) Mechanical actions applied on boat by the subsystem rower + sliding seat + oars. The
forces and torques applied by the subsystems were expressed in the boat reference frame. The
torques were calculated at Og the origin of the boat reference frame. The shaded areas indicate

the hydrodynamic propulsive phase

zero. The force F, varied between +200 and —230N,
F, varied between —855 and —980N, and T, varied
between 500 and —270 Nm.

Figure 6(a) presents the results for the boat velo-
city. It appeared that the propulsive hydrodynamic
effort vanished before the velocity peak. In fact, close
to the peak at 30 per cent of the total stroke duration,
the acceleration of the boat was only caused by rower
inertial contribution (see F, component in Fig. 5(b)).
This result confirmed an observation well known to
the rowing community. Figure6(b) compares the
boat velocity computation with measured data. The
measured mean velocity is 3.35m/s compared with
3.22m/s for the simulated mean velocity.

As the model will be used for the optimization of
the rower technique, its sensitivity when modifying a
parameter of the technique must be tested. As an
example, Fig.7 shows the sensitivity of the model
with respect to the rower lower torso rotation. The
amplitude of this rotation influenced the velocity

profile and consequently the mean velocity as shown
in Table 4. The more the rower launches backward,
the higher the mean velocity. The relative increase
was 2.1 per cent when the lower torso rotation angle
varied from 0° to 30°. Notice that such an exaggerated
variation was applied to test the sensitivity of the
model but is not realistic for biomechanical reasons.

To confirm the interest of a multi-segment rower
model [10, 12], the boat velocity was also computed
using a single equivalent mass fixed on the sliding
seat. This is shown in Fig. 7 with a different velocity
behaviour leading to a smaller velocity.

4.2.2 Three degrees of freedom simulation

Figure 8 shows the calculated secondary movements
with the periodic commands used for the one-
degree-of-freedom simulation. They were compared
with the same movements derived from on-water
measurements (see Appendix) during an equivalent
temporal sequence. The comparison was not easy
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Fig.6 (a) One-degree-of-freedom simulation at 18spm: results for hydrodynamic forces and boat
velocity. (b) Comparison between calculated and measured velocity of the boat
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Fig.7 Model sensitivity to change of technique parameter. The parameter tested here was the magnitude
of the rower lower torso rotation at 18 spm

because the measured data were not perfectly peri- wave radiation (added masses and damping), derived
odic. The pitch amplitude was well reproduced but from the results of Formaggia et al. [12], were calcu-
the heave is damped in comparison with the mea- lated at the stroke rate considered as the funda-

sured movement. The hydrodynamic coefficients of =~ mental frequency of the movement. Given the
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excitation efforts plotted in Fig. 5, this hypothesis was
justified for pitch but the heave excitation appeared
to be a transient one at the release. Thus, the fre-
quency of the main component of the heave response
is manifestly higher and probably near the natural
frequency after the excitation. Since the hydrodyn-
amic coefficients depend on frequency, the added
mass and damping of heave are not evaluated very
well. It can be seen that the main frequencies of
heave are not the same. This fact shows clearly the
limit of the harmonic approach of the radiation pro-
blem for rowing and the convolution approach will
be preferred in the future. Since the coupled hydro-
dynamic coefficients were neglected and the influ-
ence of the secondary movements on the resistance

Table4 Mean velocity versus lower torso rotation angle
Mean boat velocity (m/s)
3.22 3.19 3.15 3.12
Lower torso rotation 30 15 0 Equivalent mass
angle (deg) point on seat

was not taken into account, the boat velocity is
weakly modified by the secondary movements. This
is another point which must be accounted for.

4.2.3 Visualization and animation

The powerful graphic interface of ADAMS is a feature
that has to be discussed with the coaching staff and
rowers. For example, Fig.9 shows an instantaneous
picture picked up during an animation and shows the
possibilities offered by the ADAMS environment to
render visually the calculated results, particularly the
well known and typical absolute motion of the blade
centre [17].

5 DISCUSSION

The level of agreement between the computed results
and the measured data gives credence to the meth-
odology and the realism of the model.

The release degree of freedom in the model is not a
mechanical problem when a powerful mechanical
modeller such as ADAMS-LifeMOD is used but it
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Fig.8 Comparisons between calculation and measurements for heave and pitch movements. Above the
rowlock signals are used to synchronize measurements and calculations
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Path of blade centre

Fig.9 3D visualization of the global model kinematic. Picture from 3D animation obtained with the

ADAMS postprocessor

needs to integrate a more complex set of hydro-
dynamic coefficients to take into account the water
actions. The results presented in this paper show the
possibilities offered by this model in terms of opti-
mization. The goal for future study will be to use this
model as a relevant tool for determining sets of
optimized parameters.

6 CONCLUSION

Special attention was given to the biomechanical
model of the rower and to the multibody model of the
boat, the main reason being that a well-defined 3D
mechanical model of the rower and the boat con-
stituted the necessary first stage to obtain relevant
estimations of instantaneous velocity and secondary
movements. The decision to develop the coupled
models in a specialized commercial software envir-
onment avoided the need to write mechanical equa-
tions when the mechanical elements of the system
became quite numerous.

The rower’s skeletal model was built in LifeMOD. It
is composed of 19 human segments and 18 human
joints and can be personalized with 32 external
anthropometric data.

ADAMS allowed a multibody dynamic model of
the boat equipped with virtual setting devices to be
built, which allowed the model to match any rower
morphologies. The rowlock kinematics were mod-
elled with a high degree of realism, taking into acc-
ount the three non-concentric rotational axes. More-
over, all kinematical joints were considered as perfect
joints without friction and the oars as rigid bodies.
It should be noted that friction and flexible oars
could be introduced to obtain more parameters for
optimization studies.

Although the hydrodynamic models used here for
the boat/water and blade/water interactions were
simplified at this preliminary stage, the model of the
whole 3D system includes all the fields involved in

rowing: mechanics, biomechanics, and hydrodyna-
mics. The simulations carried out aimed at showing
the possibilities offered by the oar -+ boat-+ rower
model. The method of driving the model was adop-
ted in order to test the model with few kinematic in-
puts at rowlock and sliding seat. Thus, the rower was
considered as a passive system with adjustable rota-
tional stiffness and damping at each human joint.
The human joint stiffness and damping coefficients
were chosen according to trainer expertise to obtain
realistic rower kinematics. This method was not
adapted for detailed analysis of rower technique or to
propose relevant optimization parameters. For that,
the rower’s technique has to be precisely analysed
before being correctly introduced into the model.
Before the model is used for rowing optimization, the
priority is to build a parametric modeller of the
rowing technique.
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APPENDIX

On-water measurements

The horizontal oar angles were measured with high
precision potentiometers (Novotechnik P1411). The
global accuracy was about £0.5°. The seat position
was measured with a seat slide equipped with two
pulleys and an endless timing belt which drove a
potentiometer (Megatron A05). The accuracy was
about £3mm. The boat velocity was measured by
a sensor fixed on the boat fin. This sensor was
composed of a ducted Schiltknecht micro propeller
and a magnetic micro switch which counted the
passage of the propeller blades. This sensor had a
high dynamical response and its accuracy was about
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+0.02 m/s. It was calibrated in a towing tank on the
skiff.

The pitch and heave movements of the boat were
obtained with two accelerometers (Entran EGCS 5g),
one fixed on the aft part of the boat, the other on the
fore part at a known distance. The accelerometers
measured the vertical accelerations which were used

to calculate the heave acceleration and the pitch
angular acceleration. Those quantities were inte-
grated to obtain the heave and the pitch movement.
The calculations were facilitated by the fact that the
pitch and heave and their derivatives all had zero
means. The measurements were centralized in a light
data logger (IRAAM CC3).
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