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ABSTRACT

The purpose of this study was to develop a thremdsional digital model of a human hand and fore&arapply
Computational Fluid Dynamics to propulsion analysisswimming. Computer tomography scans of the et
forearm of an Olympic swimmer were applied. Theada¢re converted, using image processing technjqots
relevant coordinate input, which could be used onmutational Fluid Dynamics software. From that bsés, it
was possible to verify an almost perfect agreenbetiveen the true human segment and the digital mates
technique could be used as a means to overcondiffleailties in developing a true three-dimensionabdel of a
specific segment of the human body. Additionatlyould be used to improve the use of Computatidihaid

Dynamics generally in sports and specifically inmming studies, decreasing the gap between therienxgretal

and the computational data.
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INTRODUCTION research, a common weakness still remains.
Practically all the models have been developed
The finite element method is currently one of thébased on approximate analytical representations of
best established numerical tools in the field othe human structures and their geometrical
biomechanical engineering and has been used &gcuracy has never been discussed. This approach
the computational analysis of the fluid flow aroundhas been commonly adopted, for example, to
human structures. In the sports scope, it has beegduce the computational cost of memory
used in the study of the propulsive forces producequirements (Aritan et al., 1997). However, one
by the hand and forearm in human swimmingof the main reasons for such limitations is the
Despite the increasing amount of high qualitydifficulty to design a true digital model of the
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human limbs. consists of a mathematical model applied to the
In most cases, the authors used two-dimensionglid flow in a given domain. This domain replaces
models (Bixler and Schloder, 1996; Silva et al.the Navier-Stokes equations with discretized
2005; Rouboa et al., 2006) and when threealgebraic expressions that can be solved by
dimensional models were used, these were veiterative calculations. This domain consists of a
simple and reductive representations of the humahree-dimensional grid or mesh of cells that
limbs (Gardano and Dabnichki, 2006). Theseimulates the fluid flow around structures. The
differences between the true and computed modeflsiid ~ mechanical  properties, the  flow
could lead to less accurate numerical resultsharacteristics along the outside grid boundaries
(Candalai and Reddy, 1992). In an experimentand the mathematical relationship to account the
simulation of the effect of the ischial tuberossty’ turbulence were also considered:

geometry on the shear and compressive stress in

buttock tissue, Candalai and Reddy (1992) showedivv =0 (1)

H 2
that t_he influence of the geometry on the st_ressivtvﬂvmptm vie X (IZIV+IZIV')=O 2)
magnitude could be significant. In a numerical at Mg
simulgtion of this experimental work, a possible o, , o fna) funa) (&
variation of more than 60% was found in the sheag  a vk a vk avk (o ) (o d) (o (3)
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stress. a & Y oz Y LY a
Magnetic resonance imaging and computer . . ij ({th {th G
tomography scans seem to be a good approach for) a ,) a ,) & ,)_o&) (od) (c@ o KTk

designing the true human models. However, thex & & & & o o
use of these kinds of scans is not a straightfawar _ o _
task and requires the implementation of imagdVherekis the turbulent kinetic energy ands the
processing and other numerical techniques, such Bgbulent kinetic energy dissipation ratid,, V,
the conversion into relevant coordinate input. INdV. represent the x, y and z components of the
should be noted that mesh generation, the firgt st&velocity V. i is the turbulent viscosity ang
in finite element modeling, is a tough procedurefepresents the fluid density. is the kinematic
especially when solving the three-dimensionaViscosity, @is the pressure strai@,, C,, ; and o
problems (Aritan et al., 1997). Ideally, a meshare model constants, 1.92, 0.09, 1.30 and 1.00,
should allow modifications, usually by changingrespectively.
some predefined parameters and it should be baskd order to create the three-dimensional digital
on directly obtained anatomical data. Thus, it ignodel, computer tomography scans of a hand and
important to use the magnetic resonance imagirfigrearm segments of an Olympic swimmer were
or the computer tomography data to provideapplied. With these data, the values were
geometrical input for generation or modification ofconverted into a format that could be read in
finite element models. Most of the well- Gambit Fluenf pre-processor. Fluéhtsoftware
established finite element software packagewas used to simulate the fluid flow around
provide special tools for parametric modificationstructures, allowing the analysis of values of
of an existing mesh. These tools help the user foressure and speed around (i.e. the hand and
reduce the time and to increase the accuracy afi@rearm of a swimmer). With these values, force
reliability of model modifications. components through the integration of pressures
Therefore, the aim of the present study was ton the hand/forearm surfaces were calculated,
develop a true three-dimensional model of theising a realistic model of these human segments,
human hand and forearm, through thehus decreasing the gap between the experimental
transformation of computer tomography scans intand the computational data.
input data to apply Computational Fluid DynamicsThe numerical method used by Flugig based on
to the propulsion analysis in swimming. the finite volume approach. The solutions of the
governing system equations are given in each
square element of the discretized whole domain. In

METHODS order to solve the linear system, Flfentode
adopts anAlgebraic Multi-Grid (AMG) solver.
Computational Fluid Dynamics Velocity components, pressure, turbulent kinetic

Computational Fluid Dynamics methodologyenergy and turbulent kinetic energy dissipation
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ratio are degrees of freedom (DOF) for eachused. The subject was an Olympic level swimmer,

element. who participated in the 2004 Olympic Games in
Athens. The subject was lying with his right arm
Computer tomography scans extended upwards and fully pronated. The thumb

Eighteen cross-sectional scans of the right arwas adducted and the wrist was in a neutral
(hand and forearm) were obtained using @osition (Fig. 1). This protocol has been approved
Toshib& Aquilion 4 computer tomography by the appropriate ethical committee of the
scanner. Computer tomography scans wenastitution in which it was performed, and the
obtained with configuration of V2.04 ER001. A 2 subject consented to participate in this work.

mm slice thickness with a space of 1 mm was

Figure 1 - Computer tomography scans protocol.

Conversion into relevant coordinate input defined the relevant points and deleted the
The transformation of values from the computeirrelevant ones. This step was also conducted
tomography scans into nodal coordinates in anosing the software FreeForm Sens&blEinally,
appropriate coordinate system demands the use thie data was converted into an IGES format
image processing techniques. The imagé*.igs), that could be read by Gambit/FIu&rib
processing program used in this study was thdefine the finite elements approach through the
Anatomics Pr8. This program allowed obtaining three-dimensional surfaces.

the boundaries of the human segments, creating a

three-dimensional reconstruction of the swimmer

hand and forearm. This program useRESULTS AND DISCUSSION

computational functions, graphics functions and

mouse functions. Figure 2 shows the hand and forearm model
At first, before processing and convertingproduced by the image processing techniques. It
procedures the data was prepared, namely Bghowed an almost perfect agreement with the true
observing the computer tomography data an@duman segment. This technique could lead to
erasing the non-relevant parts of the anatomicavercome the difficulty to develop a true three-
model. For example, surfaces supporting theimensional model of a specific segment of the
subject were also scanned, reason why it had to beuman body.
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Figure 2 - Two different perspectives of the hand and foreanodel produced by the image
processing techniques.

One of the main limitations of the application ofthis study, only the outer contour of the hand and
numerical techniques in swimming research is théorearm were considered. The generation of the
quality of the models used to represent the humamesh of cells to define the finite elements,
limbs. Indeed, there are few studies applying thiallowing the analysis of the fluid flow takes place
computational tool in the analysis of humanaround those segments. The mesh of the whole
swimming propulsion and they used very simplelomain was defined ittambit Module, a mesh
representations of the human body (Bixler andool of the Fluerft software. The hand/forearm
Schloder, 1996; Silva et al., 2005; Gardano anthodel was placed centred in the domain with
Dabnichki, 2006; Rouboa et al., 2006). Despite thiarger dimensions in order to determine the
important contributes of those studies, the desigandisturbed boundary conditions. The schematic
and the use of a more realistic model is amlesign of the computational model is shown in
essential feature to the development ofigure 3. The whole domain was meshed with a
Computational Fluid Dynamics in swimming hybrid mesh composed of prisms and pyramids.
analysis (Gardano and Dabnichki, 2006). With this model, it was possible to export the
The generation of a three-dimensional model frongenerated mesh to the Flumntrocessor, where
the computer tomography scans of the humathe conditions suitable to be computed were
limbs has been used in other fields, such as idefined. It was possible to compute the force
biomedical and engineering scopes (e.g. Tu et alkalues produced by the hand and forearm model
1995; Aritan et al.,, 1997; Long et al., 1998).through the integration of pressures on the
Prosthetic design and analysis, for instancéhand/forearm surfaces (Fig. 4). Fluent software
require a correct description of the limb geometryallows the analysis of the force components in the
allowing the output from the program to be used athree directions of the space, with the model with
a digital input for manufacturing prosthetics ordifferent orientations, as it occurs in swimming.
limb models. Moreover, the magnetic resonancélowever, one should note that simulation or
imaging techniques could allow clear separation ainodelling of water flow conditions around the
the skin, fat and muscle layers. Furthermore, theand and forearm when treated as one segment
local compartment fat content can be estimatedoes not illustrate the complexity of propulsion
with a high level of accuracy (Aritan et al., 1997) generating process. It is widely known that
These applications suggest that there is scope fpropulsion generated by the upper extremity is a
some physiological applications such as findingesult of mutual displacement of each segment in
muscle cross-sections or volumes. However, ithree dimensions (Toussaint et al., 2002).
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Figure 3 - Hand and forearm model inside the domain withatdenensional mesh of
cells.

Moreover, the upper arm can provide effectiveoy performing transient time-dependent numerical
propulsion through most of the stroke (Gardansimulations including user-defined functions and
and Dabnichki, 2006). Thus, further research mushoving meshes allowing simulating the
consider these concerns and the movement at teeimmer’'s movements (Lyttle and Keys, 2006).
wrist, elbow, and shoulder joints must be added iffhus, the computer tomography scans allowed the
the modelling of the arm propulsion. The humarcreation of a complete and true digital anatomic
model obtained with computer tomography scansodel of a swimmer hand and forearm. This could
can be used to evaluate accurately various aspetislp to improve the use of Computational Fluid
of unsteady motion, such as accelerationd)ynamics in swimming studies, decreasing the
decelerations, and multi-axis rotations of thegap between the experimental and the
propelling segments. This aim could be achievedomputational data.
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Figure 4 - Computational vision of the relative pressure oarg on the hand/forearm surfaces.
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