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Sound inverse dynamics modeling is lacking in aquatic locomotion research because of the difficulty in
measuring hydrodynamic forces in dynamic conditions. Here we report the successful implementation
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and validation of an innovative methodology crossing new computational fluid dynamics and inverse
dynamics techniques to quantify upper limb joint forces and moments while moving in water. Upper
limb kinematics of seven male swimmers sculling while ballasted with 4 kg was recorded through
underwater motion capture. Together with body scans, segment inertial properties, and hydrodynamic
resistances computed from a unique dynamic mesh algorithm capable to handle large body deforma-
tions, these data were fed into an inverse dynamics model to solve for joint kinetics. Simulation validity
was assessed by comparing the impulse produced by the arms, calculated by integrating vertical forces
over a stroke period, to the net theoretical impulse of buoyancy and ballast forces. A resulting gap of
1.273.5% provided confidence in the results. Upper limb joint load was within 5% of swimmer's body
weight, which tends to supports the use of low-load aquatic exercises to reduce joint stress. We expect
this significant methodological improvement to pave the way towards deeper insights into the
mechanics of aquatic movement and the establishment of practice guidelines in rehabilitation, fitness or
swimming performance.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Inverse dynamics provides kinetic quantities such as net joint
moments, compressive and shear joint forces, or power flow across
segments, from differentiated kinematics and external forces acting
upon the body (Hatze, 2002). This approach has proved crucial to
answer fundamental questions common to biomechanics and phy-
siology, unveiling, among others, the mechanical determinants of
overground locomotion metabolic cost and efficiency (Sawicki and
Ferris, 2009, 2008), how joints modulate net power output (Farris
and Sawicki, 2012; Roberts and Belliveau, 2005), how muscles work
(Winter, 1983), strategies to reduce joint loading in the prevention
and treatment of running-related injuries (Heiderscheit et al., 2011),
or the mechanical bases to design biomimetic prostheses (Collins
et al., 2015; Hansen et al., 2004).

These key questions have received considerable attention in
terrestrial locomotion; yet, they remain unanswered in water-
based activities, impeding our understanding of human aquatic
es, 73376 Le Bourget du Lac
‘performance’. Unlike on land where external forces are easily
measured via force platforms, they are very hard to estimate in
water. The prediction of fluid forces on a swimmer's hand has
been achieved through pressure measurements (Kudo et al.,
2008), sensors however only provide pressure at specific hand
locations and thus do not offer a complete hydrodynamics pic-
ture, nor do they precisely reflect the actual instantaneous point
of force application. Furthermore, external forces at the hand are
insufficient to solve the inverse dynamics problem, and those at
the forearm and upper arm are simultaneously needed. This
method is therefore poorly suited to inverse dynamics modeling.
The strip theory approach, which is a different one that consists
in partitioning a system made of geometrical shapes into many
thin strips on which fluid forces are computed, has also been
carried out (Biscarini and Cerulli, 2007; Orselli and Duarte,
2011), though lift was ignored and the analysis was restricted to
the lower limb in the sagittal plane. In the case of 3D motions, or
upper limb movements where lift likely takes a more prominent
place as forces are generated from cambered body surfaces
(Takagi et al., 2013), such an approach would introduce com-
plicated mathematical expressions to account for all forces act-
ing on the moving segments and, thus, is not satisfactory for the
purpose of estimating the joint load.
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Over the last decade, the use of computational fluid dynamics
(CFD) has emerged in aquatic locomotion research as a pro-
mising alternative to those issues. It has the advantage of pro-
viding enhanced hydrodynamic force calculations, yet mostly
limited to the investigation of swimmer's gliding positions
(Costa et al., 2015; Zaïdi et al., 2008) or rigid arm models in
various configurations (Marinho et al., 2011; Rouboa et al.,
2006). Rouboa et al. (2006) recognized the difficulty in pre-
scribing true kinematics with acceleration/deceleration, multi-
axial rotations, limb deformation at the joints, and mesh motion.
This is because commercial CFD software solutions lack features
to deal with complex 3D deformations, which in turn does not
allow the quantification of resistive forces acting upon a whole
limb in dynamic conditions. As of today, this problem poses one
of the major challenge of aquatic movement research (Biscarini
and Cerulli, 2007), and by extension, hydrotherapy, competitive
swimming, and aquatic fitness.

In view of the above-mentioned issues, we developed two
innovative integrated techniques to assess upper limb joint load
in water: a dynamic mesh CFD algorithm to smoothly handle
large body deformations and compute instantaneous hydro-
dynamic forces at the hand, forearm and upper arm in dynamic
conditions, coupled with an inverse dynamics model specifically
designed for complex joints. We first tested the methodological
hypothesis that CFD, when integrated with inverse dynamics,
could reliably be used to assess upper limb joint load in water.
Second, given the growing popularity of aquatic therapy but the
lack of mechanical evidence for its benefits, we computed upper
limb joint forces and moments to check whether joint load would
be low and supportive of the implementation of upper limb
aquatic exercises for rehabilitation.
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Fig. 1. Middle finger tip trajectories in the frontal (top) and transverse (bottom) pla
numerically deformed every 0.05 s (19 frames). Black traces are downstroke (when the ar
abducted after stroke reversal). Note how virtual upper limb motion matches experiment
reader is referred to the web version of this article.)
2. Material and methods

2.1. Kinematic data collection and pre-processing

Seven experienced, right-handed male swimmers (25.372.6 years, 1.8070.06 m,
73.576.8 kg) provided written informed consent to participate in the study. Approval
for all experimental procedures was granted by the University of Porto ethics com-
mittee. Participants were sculling at the middle of a 25-m long, 2-m deep indoor
swimming pool, while ballasted with 4 kg (effective underwater weight: 34 N) tied at
the waist. They were instructed to remain stationary head above the water surface for
about 10 s. Such an 1-shaped sculling motion (divided into down and upstroke; see
Fig. 1) was chosen since it naturally incorporates flow phenomena that are responsible
for high force production in regular competitive strokes (Takagi et al., 2014), and is an
exercise frequently used in fitness and rehabilitation programs.

3D kinematics data were captured in the inertial coordinate system (ICS) by
automatically tracking 12 reflective markers positioned along the right upper
limb and thorax (see Fig. 2) using a 12-camera underwater motion capture set-
up (Qualisys, Gothenburg, Sweden). Ten cameras were mounted along two
opposite sides of the pool, just below the water surface, and the two others at
the bottom of the pool facing upwards. A volume of approximately 9 m3 (3 m
long, 2 m wide, 1.5 m deep) was calibrated using an L-shaped reference structure
and moving a wand with two markers (inter-point distance: 0.7495 m)
according to manufacturer's recommendations. Marker reconstruction accuracy
reached 99.8%.

Of the 10 s of data collection, we retained for processing four sculling strokes
per subject satisfying the task instruction to move as little as possible, selected on
the basis of the stability of xiphoid process marker vertical displacement. Markers
trajectories were low-pass filtered (4th order Butterworth filter, cutoff frequency of
6 Hz). Segment coordinate systems (SCS; thorax, upper arm, forearm and hand)
were constructed according to the right-hand rule with the X-axis directed ante-
riorly (abduction/adduction axis), the Y-axis superiorly (internal/external rotation
axis) and the Z-axis laterally to the right (flexion/extension axis), and embedded
respectively at the suprasternal notch, glenohumeral joint center (estimated from
the calculation diagram provided by Reed et al. (1999)), ulnar styloid and third
metacarpal (Table 1 and Fig. 2). Joint angle time series—later on required into the
dynamic mesh algorithm to realistically deform the body—were computed from
the relative motion between two adjacent SCS through the Z–X–Y Euler angles
sequence. These procedures agreed with the International Society of Biomechanics
nes captured from Qualisys cameras superimposed on the upper limb geometry
ms are horizontally adducted); red traces, upstroke (when the arms are horizontally
al kinematics. (For interpretation of the references to color in this figure legend, the
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(ISB) convention (Wu et al., 2005), and were carried out in MATLABs R2014a (The
MathWorks, Inc., Natick, MA, USA).

2.2. Numerical method

Body geometries were obtained from a Mephisto 3D scanner (4DDynamics,
Antwerp, Belgium), further edited and converted into a 3D computer-aided design
model prior to import into ANSYSs Fluents Release 14.5 software (ANSYS, Inc.,
Canonsburg, PA, USA). The computational domain was a cube of 3-m edges, single
phase with no air-water interface, and discretized into unstructured tetrahedral
cells. Domain size independence was checked with domain boundaries gradually
moved further away from the geometry until no change in hydrodynamic forces
occurs to guarantee that the results are not affected. A virtual rectangular body of
Fig. 2. Right upper limb kinematic model. Markers are shown as open circles and
joint centers as red dots. Right-handed segment coordinate systems follow ISB
recommandations (Wu et al., 2005), the X-, Y- and Z-axes respectively pointing
anteriorly, superiorly and laterally to the right. PX: xiphoid process; IJ: suprasternal
notch; C7: spinous process at C7; T8: spinous process at T8; AC: acromion process;
EL: lateral epicondyle; EM: medial epicondyle: US: ulnar styloid; RS: radial styloid;
M3: third metacarpal; M5: fifth metacarpal; and an additional piece of reflective
tape at the tip of the middle finger (not represented here). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Table 1

Definitions of the segment coordinate systems for the right-hand side. mSUBSCRIPT stands
Reed et al. (1999).

Segment X-axis

Thorax tx ¼ ty � tz

Upper arm uax ¼ uay � uaz

Forearm f ax ¼ mUS �mRS

mUS �mRS �f ay

����
Hand hx ¼ mUS �mRS

mUS �mRS �hy
����
influence was created to refine the mesh around the moving segments, where high
velocity and pressure gradients are expected.

No velocity was imposed at the inlet, all gradients were null at the outlet, and
the no-slip condition enforced at the body surface. The numerical flow simulation
rests on the finite volume approach. The 3D incompressible, unsteady Navier–
Stokes equations are discretized at the level of the body-conforming grid via the
Fluent pressure-based segregated solver (Patankar, 1980), leading to the following
system of nonlinear second-order partial differential (continuity and momentum)
equations:

∇Uu¼ 0; ð1Þ

and

ρ
∂u
∂t

þ uU∇ð Þu
� �

¼ ρg�∇pþμΔu; ð2Þ

where u is the velocity vector, g the body force per unit mass, p the pressure, and ρ
and μ the density and dynamic viscosity of the fluid, respectively. The first-order
implicit formulation was used for time discretization. No turbulence model was
used in this study for the following reasons: (i) for a maximum stroke speed of
2.5 m s�1 and a characteristic arm–forearm length (the dimension along which the
boundary layer develops) of either 0.08 m (thickness) or 0.10 m (width), this yiel-
ded a Reynolds number of 2.9�105, indicative of a transitional flow; and (ii) for
flow with massive separation at edges, the separation point location is theoretically
insensitive to the Reynolds number (Hoerner, 1965)—numerically confirmed by
Marinho et al. (2011) who found constant drag coefficient regardless of water flow
speed—hence a very low effect of turbulences on hydrodynamic forces. For complex
flow crossing the mesh lines obliquely, the second-order discretization was adop-
ted to limit numerical diffusion. The PISO algorithm with skewness correction
(uncoupled from neighbor correction) was used to deal with distorted meshes
(ANSYS Fluent Release 14.5, Help System, ANSYS Fluent Theory Guide, ANSYS, Inc.).
The convergence criterion was set at 10�3.

2.3. Dynamic mesh algorithm

Most difficulties arise when numerically controlling joint deformation; the
geometry is highly constrained. Joints must connect smoothly to the adjacent rigid
surfaces to prevent negative cell volumes and the simulation to stop before com-
pletion. Triangle aspect ratios also require to be preserved for the solution to
converge. These requirements must absolutely be respected to simulate full aquatic
upper limb movements, and to compute the external forces necessary for inverse
dynamics modeling. Yet, at present, no solutions are available in commercial CFD
software. To achieve this, we built upon previous works in computer graphics
(Kavan et al., 2008) and implemented a dual quaternion blending algorithm in C
programming language within Fluent. Briefly, each 4�4 transformation matrix Tj
that defines the instantaneous configuration of an upper limb joint j was computed
and converted to its dual quaternion form q̂j. These dual quaternions were linearly

blended into a new, unit (normalized) dual quaternion b̂
0 ¼ Pn

j ¼ 1
wj q̂j

‖wj q̂j‖
where n is

3, the number of upper limb joints; and wj are the weights computed based on the
distance from a vertex v in neutral pose to its neighboring joints. The transformed

vertex vc in the current pose then readily derived from the following relation: vc

¼ b̂
0
vb̂

0�
; where b̂

0�
is the conjugate of b̂

0
: The resulting blended transformation

does not contain shear or scale factors, which results in a smooth, skin-like ani-
mation free from skin-collapsing artifacts.

2.4. Inverse dynamics model

Since no existent interface readily links the external forces computed through
CFD to the measurement of the joint load, we coded and implemented an inverse
dynamics model of the upper limb through the homogeneous matrix approach, a
compact notation derived from robotics that treats concomitantly linear and
for marker locations, and gh; the glenohumeral joint center location estimated as in

Y-axis Z-axis

ty ¼ mIJ þmC7ð Þ=2� mPX þmT8ð Þ=2
mIJ þmC7ð Þ=2� mPX þmT8ð Þ=2j

�� tz ¼ mIJ �mC7

mIJ �mC7 �tyjj

uay ¼ gh � mEL þmEMð Þ=2
gh � mEL þmEMð Þ=2j
�� uaz ¼ mUS � mEL þmEMð Þ=2

mUS � mEL þmEMð Þ=2 �uayj
��

f ay ¼
mEL þmEMð Þ=2�mUS

mEL þmEMð Þ=2�mUS j
�� f az ¼ f ax � f ay

hy ¼ mRS þmUSð Þ=2�mM3

mRS þmUSð Þ=2�mM3 j
�� hz ¼ hx � hy
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rotational components (Legnani et al., 1996). There are sound reasons for the choice
of this approach over the classical Newton–Euler vectorial equations: (i) the
notation is convenient for computer applications; (ii) the method is poorly sensitive
to kinematics measurement errors; (iii) importantly, no assumption about the type
of joint being modeled is required, which makes the model suitable for complex
joints (Doriot and Chèze, 2004).

Model inputs were the acceleration, pseudo-inertial, and action (drag, weight
and buoyancy) matrices at every time step of the simulation. From the homo-
geneous transformation matrix M0;s representing the attitude of the segment s
with respect to the ICS, the acceleration matrix is obtained by:

Hsð0Þ ¼ €M0;sM
�1
0;s ; ð3Þ

with €M0;s the second order derivative of the transformation matrix M0;s and M�1
0;s

its inverse.
Segment massesm and center of mass positions rCOM in the SCS were estimated

from scaling equations based on subject anthropometry (Dumas et al., 2007), and
used to build the inertial matrix IsðCOMÞ: This matrix was displaced from the seg-
ment center of mass to the origin of the SCS according to the parallel axis theorem:

IsðSCSÞ ¼ IsðCOMÞ þm RURð ÞE3�R � R½ � ¼
Ixx Ixy Ixz
Iyx Iyy Iyz
Izx Izy Izz

2
64

3
75; ð4Þ

where IsðSCSÞ is the new inertia matrix, R the displacement vector, and E3 the 3�3
identity matrix. The pseudo-inertial matrix J of the segment s was finally derived as
follows:

JsðSCSÞ ¼

tr IsðSCSÞð Þ
2 � Ixx � Ixy � Ixz qx

� Iyx
tr IsðSCSÞð Þ

2 � Iyy � Iyz qy

� Izx � Izy
tr IsðSCSÞð Þ

2 � Izz qz
qx qy qz m

2
6666664

3
7777775; ð5Þ

where tr IsðSCSÞ
� �

denotes the trace of the inertial matrix, and q¼mrTCOM the product
of the segment mass by the center of mass position.

Fluid forces and moments were calculated in the SCS from the action of the
fluid on each face of the segment. Net fluid force fs on the segment s was computed
as follows:

fs ¼
Xn
i ¼ 1

f i ; ð6Þ

where fi is the sum of pressure and friction drag acting on the face i expressed in
the SCS, and n the number of faces composing the segment surface. The resulting
moment ms was given by:

ms ¼
Xn
i ¼ 1

ri � f i ; ð7Þ

where ri is the position vector of the centroid of face i in the SCS. Fluid forces and
moments acting on the segment s were stored in the skew-symmetric action
matrix ϕF,s:

ϕF;sðSCSÞ ¼
ms fs

�fs
' 0

" #
¼

0 �mz my fx
mz 0 �mx fy
�my mx 0 fz
�fx �fy �fz 0

2
66664

3
77775: ð8Þ

Weight and buoyancy action matrices (ϕW,s and ϕB,s) were evaluated in the ICS.
Volume of upper limb segments and centers of buoyancy were determined from
participants’ upper limb scan models, which allowed for the computation of
moments of buoyancy. Both action matrices were converted back in the SCS as
follows:

ϕW ;sðSCSÞ ¼Ms;0ϕW ;sð0ÞM
�1
s;0 ; ð9Þ

ϕB;sðSCSÞ ¼Ms;0ϕB;sð0ÞM
�1
s;0 : ð10Þ

Inverse dynamics calculations were then performed iteratively to solve for
upper limb net joint forces and moments. The acceleration matrix Hsð0Þ was simi-
larly converted in the SCS, and further multiplied by JsðSCSÞ to yield the matrix A
containing the forces and moments producing the linear and angular acceleration
of the segment s:

AsðSCSÞ ¼HsðSCSÞJsðSCSÞ � JsðSCSÞH
T
sðSCSÞ: ð11Þ

The net forces and moments acting on a segment were stored in the following
matrix:

ΦsðSCSÞ ¼ϕF ;sðSCSÞ þϕW ;sðSCSÞ þϕB;sðSCSÞ þAsðSCSÞ; ð12Þ

and those acting at the proximal joint j of segment s were ultimately derived from:

ΦjðSCSÞ ¼ΦsðSCSÞ þMs;s�1Φj�1ðSCSÞM
�1
s;s�1; ð13Þ
withΦj�1ðSCSÞ; the action matrix describing net forces and moments at the joint j–1
distal to j in the distal SCS; Ms;s�1 ; the transformation matrix of the distal SCS
expressed in the proximal one; and M�1

s;s�1 ; its inverse.
To get a more coherent anatomical and clinical understanding of joint

dynamics, joint forces and moments were described in non-orthogonal joint
coordinate systems (JCS; (Schache and Baker, 2007; Wu et al., 2005)) according to
formulas in Desroches et al. (2010) with the first axis (the above-mentioned Z) fixed
in the proximal segment, the third axis (Y) fixed in the distal one, and the second
(floating) axis defined as the cross product of the two others. Positive joint forces
were compression, lateral and anterior shears; positive joint moments were flex-
ion, adduction and internal rotation. Joint forces and moments were respectively
normalized to body weight and body weight times arm length (Hof, 1996). To
evaluate time series intra-individual variability (for each joint and about each axis),
the mean deviation was computed across the four strokes of a single participant
(Hanlon et al., 2012).

2.5. Preliminary validation

In order to stay vertically still at the surface, the momentum imparted to the
body should equate to zero over a stroke, hence a null net impulse. In other words,
according to Eq. (14), the impulse delivered by the action of both arms should
balance the impulse of the 34-N ballast and the net buoyancy (13.773.5 N, mea-
sured via the extra load necessary to immerse the body just below the surface after
maximal inspiration):

2
Z t

0
fydt ¼ f BALLAST þ f WEIGHT � f BUOYANCY|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

net buoyancy

0
B@

1
CA∙t; ð14Þ

where the center term is the integral over a stroke period t of the external forces
acting on the upper limb segments, of which solely the vertical components fy were
retained, multiplied by two to account for both arms (assuming symmetry). This
impulse supposedly capable of supporting the ballasted swimmer computed from
CFD was compared to the right term in Eq. (14) to assess the validity of the present
simulations.
3. Results

The first necessary step was to evaluate simulation validity. The
net impulse applied to the body over a stroke was 16.774.4 N s,
while that produced by the arms and computed from the present
numerical simulations was 16.474.2 N s, resulting in a gap of
1.273.5%.

Wrist, elbow and shoulder reaction forces and moments time
series are plotted in Figs. 3 and 4. On an stroke-by-stroke basis,
they were identical in profile, with mean deviation scores across
four strokes o0.06%BW and 0.11%BW �AL for joint forces and
moments, respectively. Joint load was within 5%BW, with notable
exceptions for shear forces along the posterior direction at the
elbow (8.170.6%BW), and anterior (7.172.1%BW) and lateral
(7.071.3%BW) directions at the shoulder. Moment curves dis-
played two local extrema, with peaks occurring about 30 and 70%
of stroke duration at the elbow, and about 20 and 80% at the
shoulder; peaks were largely indiscernible at the wrist. The
greatest moments were observed at the shoulder joint, with
extension (6.070.6%BW �AL), external rotation (4.970.4%
BW �AL), and adduction (4.171.5%BW �AL) in a descending order
of magnitude, whereas they were flexion (3.670.5%BW �AL),
internal rotation (3.170.4%BW �AL) and adduction (3.070.6%
BW �AL) at the elbow, and adduction (0.770.1%BW �AL), flexion
(0.570.1%BW �AL) and external rotation (0.0670.01%BW �AL) at
the wrist.
4. Discussion

We presented the first thorough picture of 3D upper limb joint
kinetics during underwater cyclical movements, taken from the
integrated use of numerical fluid flow simulation and inverse
dynamics modeling. The first featured a novel dynamic mesh
algorithm capable to smoothly deform body geometries from
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Fig. 3. Wrist, elbow and shoulder joint reaction (compression/distraction, lateral/medial and anterior/posterior shear) forces. The black solid line and dark gray area are
group means and standard deviations (N¼28 strokes), whereas the light vertical gray line represents the instant of stroke reversal; i.e., the transition between the
downstroke and the upstroke.
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Fig. 4. Upper limb 3D joint moments about internal/external rotation, flexion/extension, and adduction/abduction axes. See Fig. 3 for color legend.
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actual kinematics and compute instantaneous hydrodynamic for-
ces at the upper limb in dynamic conditions. The latter was
approached through the homogeneous matrix formulation, well
adapted to Fluent programming language and suitable for mod-
eling complex joints. The impulse calculated from the present
simulations agreed (1.2% gap on average) with that theoretically
determined from the impulse of net buoyancy and ballast forces,
therefore validating our first hypothesis that this approach would
be feasible and yield accurate results. In comparison to pressure
sensors and strip theory approaches, our new methodology has
the added benefits of providing a dual level of 3D kinetic evalua-
tion, either at the surface of the segments through CFD or at the
joint through inverse dynamics. Moreover, simulation spatial and
temporal resolutions are respectively of the order of few milli-
meters and milliseconds, which lead to potent and ecological
modeling, and discrimination of thin differences in morphology or
kinematics, for example.

More practically, we predicted that upper limb joint load would
be low enough to support the benefits of water on the body
structure. Upper limb 3D joint forces were grossly within 5%BW,
which is similar in magnitude to the joint load during walking in
shallow water (Orselli and Duarte, 2011). On land, values of up to
35%BW were observed at the shoulder joint of disabled patients
walking at o1 m s�1 with crutches (Slavens et al., 2010), and
approximately within 10%BW during manual wheelchair propul-
sion at 3 km h�1 (Gil-Agudo et al., 2010). Altogether, this supports
the use of low-load upper limb aquatic exercises in males to pre-
vent joint stress and confirms our second hypothesis. However,
despite performing at low intensity, our approach highlights the
fact that certain dimensions at certain joints (shoulder anterior
and elbow lateral shears) might in some instances reach much
higher stress of nearly 10%BW. These results question empirical
rehabilitation protocols, and open the way to the scientific estab-
lishment of aquatic therapy.

Joint moments were similar in magnitude, revealing the
balanced contribution of all muscle groups in this complex aquatic
3D motion. Surprisingly though, shoulder moments peaked earlier
than at the elbow during the downstroke and vice versa during
the upstroke, regardless of the axis of rotation. In other words, two
loading patterns of the upper limb musculature were observed
within the same movement. A proximo-distal sequencing of peak
net joint moments has been identified since long as a fundamental
motor control strategy of healthy biological systems to redistribute
mechanical energy among segments and transmit power to the
extremity (e.g., Marshall and Elliott, 2000; Putnam, 1993; Winters
and Woo, 2012). Nonetheless, a disto-proximal organization is
intriguing since it has never been discovered before at the upper
limb. It may function as a strategy of stiffness regulation during
on-land locomotion, essentially to provide a distal, compliant
interface with the environment, and facilitate energy absorption
by larger proximal muscles (Nichols et al., 2016). By analogy,
perhaps aquatic environment instability is sensed distally at the
hand and forearm, and the disto-proximal sequencing of peak net
joint moments seen during the downstroke is a natural yet highly
dynamic response to damp the perturbations.

The integrated use of CFD and inverse dynamics is a sig-
nificant methodological improvement towards unique, funda-
mental insights into aquatic movement biomechanics. This is
crucial to more applied forms of research on aquatic rehabilita-
tion and other popular exercises in water (e.g., competitive
swimming, fitness), for example, to document how to perform
faster, or to provide clinicians with best practice guidelines. The
present numerical simulations are based on real kinematics and
body scans at very dense spatial and temporal resolutions, which
make them suitable to explore differences between males and
females in order to draw broader conclusions about joint load in
humans. Future works are directed towards the examination of
joint power modulation and muscle function with emphasis on
injury etiology and hydrotherapy implications.
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