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ABSTRACT:

Stereophotogrammetry as a method for the surface scanning can be used to capture some properties of the human body parts. The
objective of this study is to quantify the foot stress distribution in 3D during its quasi-static stand using a footprint into an imprinting
material when knowing its mechanical properties. One foot of a female, having the mass of 65kg, was chosen for the FEM foot
model construction. After obtaining her foot imprint to the dental imprinting material, its positive plaster cast was created, whose
surface was possible to scan using stereophotogrammetry. The imprint surface digital model was prepared with the help of the
Konica-Minolta Vivid 9i triangulation scanner. This procedure provides the measured object models in a high resolution. The
resulting surface mesh of the foot imprint involved 9.600 nodes and 14.000 triangles, approximately, after reduction due to the FEM
analysis. Simulation of foot imprint was solved as the 3D time dependent nonlinear mechanical problem in the ADINA software.
The sum of vertical reactions calculated at the contact area nodes was 320.5 N, which corresponds to the mass of 32.67 kg. This
value is in a good agreement with the subject half weight — the load of one foot during its quasi-static stand. The partial pressures
resulting from this mathematical model match the real pressures on the interface of the foot and imprinting material quite
closely. Principally, these simulations can be used to assess the contact pressures in practical cases, e.g., between a foot and its
footwear.

1. INTRODUCTION suitable method for the investigation of foot stress distributions.
(Chen, 2001)
Topographical scanning of the surface, which is nowadays veryhe use of anatomically accurate finite element (FEM) models
actual, is also used to view the surface of the human bodyf the human foot in research studies has increased rapidly in
various parts (Urbanova, 2015). In the case of the foot aregecent years. Some studies creates a 3D mathematical model
however, not only the unloaded condition, but, in particular, theising the reconstruction of the foot by MRI or CT (Cheung,
moment of the foot weight bearing is interesting, when thep05a; Cheung, 2005b; Camacho, 2002; Chen, 2001), or the
pressure distribution across the whole foot surface in 3D is n@bot scanning (Lochner, 2014; Telfer, 2010). Both methods
completely known. Although the research of the biomechanicgrom MRI and CT) for developing patient-specific anatomical
of the foot is widely developed, it still offers further geometry are time consuming, expensive and impractical for
improvements and refinements of this structure capturinguse on a per-patient basis.
particularly in the field of mathematical models. The study of Camacho uses CT scans to make the foot FEM
In recent studies, the plaster cast from the foot imprint wagnodel. However, it has had several limitations. One important
created, which ~was possible to scan  usingconsideration has been the small amount of load applied to the
stereophotogrammetry. The foot 3D mathematical model wagadaver foot, while being scanned (Camacho, 2002).
then created with help of the FEM computer simulation toMost of the linearly elastic FEM models reported used a
capture the partial pressures on the interface of the foot andlatively large value of soft tissue stiffness in their analysis
imprinting material and its surroundings, respectively. In recen{Chen, 2001). These values overestimated the actual plantar soft
literatures, many other theoretical models, such as kinematigssue stiffness, and reduced the adapting ability of the plantar
models (Scott, 1993), mathematical models (Jelen, 200%oft tissue to the supporting surface. This will lead to inaccuracy
Teétkova, 2009), and finite element models (Halloran, 2009in predicting the plantar pressure and contact area especially
Cheung, 2005a; Cheung, 2005b) of the foot had bee@When a geometrical accurate plantar foot contour was defined
developed. The two most common approaches, as the result @heung, 2005a).
the simulations, are the finite element method and multi-bodyo simplify the analysis in the study of Cheung et al.,
method (Fanta, 2013). Finite element method has been us@dmogeneous and linearly elastic material properties were
increasingly in many biomechanical investigations with greatssigned to the bony and ligamentous structures and the
success due to its capability of modelling structures withigaments within the toes and other connective tissue, such as
iregular geometry and complex material properties, and théhe joint capsules, were not considered. The FEM model
ease of simulating complicated boundary and loading conditiongeveloped can be refined to simulate more realistically the
in both static and dynamic analyses. Therefore, it has becomeagtual situations by incorporating nonlinear and viscoleastic
material properties for the ligamentous and soft tissue
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structures. The use of the surface contact simulation enable22 Preparation of theimprint

direct comparison of the plantar pressure and contact area to the

experimental measurement, especially for the compariso@ne foot — in this case the left one — of 24-year old female
between highly contoured surfaces (Cheung, 2005a). subject, the 65kg weight and 164cm height, without any foot
Besides the mathematical simulation, many experimentapathology during a balanced quasi-static stand, was chosen for
techniques were developed and employed for the quantificatiohie construction of the FEM foot model. The footprint was
of foot biomechanics, such as the gait analysis (Curtis, 200$aken by means of sinking both feet in the Phase Plus Chromatic
Stebbins, 2006), the pressure sensing platforms (Mickle, 2011plastic substance, while being in the resting stance. This
the in-shoe pressure transducers (Woodburn, 1996), tHlbstance is used in stomatology and orthodontics to teeth
cadaveric experiments (Nester, 2007b) and the in-vivo forcémprinting for fabrication of dental equipment, ordinarily. We
measurements (Arndt, 2007; Lundgren, 2008; Nester, 2007&)sed this material because of its well known, exactly defined,
Despite the ongoing controversy about the reliability, validityrepeatable process for preparing. The dimensions of two
and variation in the measurement techniques of the foot (Cobelpounding boxes with the mass were 28x20x7cm, where the
1981), the footprint-based parameters are systematically useddepth of the imprinting mass was 27mm. The female subject
assess the configuration of the arch (Nikolaidou, 2006was asked to lean with both hands, slowly and gradually
Onodera, 2008; Rose, 1985; Volpon, 1994; Engel, 1974integrate her both feet each into one box with the material until
Hawes, 1992; Kanatli, 2001; Kernozek, 1990; Wearing, 2004)the full load. After 60 seconds, when the process of plunging
Most common indexes are Cavanagh and Rodgers Arch Indddad been finally stopped, she was asked to leave the box with
(Al) (Cavanagh, 1987), Chipaux-Smirak Index (CSI)the mass again in the same manner. From this imprint, the
(Chippaux, 1947; Smirak, 1960; Forriol, 1990; Villaroya, positive plaster cast was created, whose surface was possible to
2009), Footprint Angle (FPA) (Clarke, 1993), (Villaroya, 2009) scan using stereophotogrammetry.

a Staheli Index (Sl) (Staheli, 1987).

The above-mentioned measurement techniques are commoryd Stereophotogrammetric measurements of plaster cast

used in predicting the joint kinetics and quantifying the plantar o ]

pressure distributions. Methods using the 2D footprint of thd h& measurement of the settlement of individual points on the
foot have an advantage in a simple application and calculatiofPot surface has bee.n carried out by the stereophotogrammetric
According to some sources they show a good repeatabilitfpethod performed in the laboratory of the Department of
(Nikolaidou, 2006) and inter- and intra-observer reliability Gomatics. The digital model of the imprint surface was
(Queen, 2007). However, the bones, the soft tissue, and tiéepared with the help of triangulation scanner Konica-Minolta
associated joint stresses inside the foot were less investigat¥id 9i. This device contains a red strip laser which displays a
and remained unclear. It is very difficult to quantify the in-vivo MoVving trace on the scanned object that is being tracked by the
bone and soft tissue stress with the existing experimentligital camera. The laser and camera are located one above the
techniques. As for in vitro studies, the loading conditions werdther in the exactly known distance. The individual points of the
often different from the actual physiological loading situation adaser trace (the trace shape), are measured in the picture
the foot structure was compromised. Therefore, no overall stre§§0rdinates automatically and their positions are computed with

distributions of the whole foot is known using the currentlythe help of triangulation method. o .
available measuring techniques (Chen, 2001). This procedure provides model of the measured object in a high

Footprints that watch only the foot-ground contact may nof(_asolution (the hundreds of thousands of points for the object
reflect the position of the higher structures that the methodize about 30 cm).

cannot capture. Moreover, by these methods it is not possible to
capture the contact forces between the foot and its surroundings
over its entire contact surface.

In recent studies, we join the work oftkova et al. (Jelen,
2005; T®tkova, 2009), when two mathematical models were
developed. In the first study, the single-layer 3D model with
plastic behavior reduced only to the vertical direction was
applied. For more accurate result, the same model was
performed, but using J2 plasticity, which provided more
accurate pressure values. In the present study, we wanted to
move nearer to an advanced material model, which involves in
itself both the effect of plastic deformation and then creep
obtained in the previous work. Also such instruments were
prepared that enabled the transition from a single-layer model to
a full 3D modelling of the footprint including its surroundings.
The calculation is considering the effects of large deformation
and large displacement.

Figure 1. Triangulation scanner Konica-Minolta Vivid 9i
2. METHODSOF SOLUTION
In this case, the plaster cast was scanned from the several
directions due to the incorporation of shielded parts of the
The objective of this study is to quantify stress distribution ofg EJ.ZEI' V-\l;g: fgg:ggr ixvagréaéfcfg gtrt]ai?w f|t>r<]eed égﬁqo?étghrl:]eo(}gf
the foot during quasi-static stand in 3D using a footprint inPathicuIar scanned images were transformed in?o the globail
imprinting material, when knowing its mechanical properties. coordinate system in the software Polygon Editing Tools. This
software was also exploited for the preparation of triangular
irregular network (TIN), which represents the surface of the
scanned object on the basis of measured 3D points of the object.

2.1 Purpose
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Figure 2. The digital model of the imprint
Figure 4. FE mesh of the initial state of imprint mass

The scanned object was relatively small and therefore the
average distance among nodes was 0.2 mm. The resulting meBktraction of prescribed values of vertical displacements from
was smoothed due to the noise reduction in the measuremehe measured values was another task in the FEM input data
and it was also cut on the foot boundary. Generally, the mod@lreparation process. The nodes on the mesh measured were
precision is not influenced by the smoothing because the plastprojected onto th&XY plane and the nodes in the contact area of
material of the imprint has good emissivity and therefore it iSSE mesh were also projected ontY plane. For the each
suitable for the measurements. The contour lines, with the rais@ntact area node of FE mesh, the corresponding triangular
of 1 mm, were also created from the 3D points measured arglement of the mesh measured was searched, which the given
they are depicted in Figure 3. FE node lied in. The resultingcoordinate on the measured
surface of the FE node was then calculated by the linear
interpolation of noda-coordinates defining the given element
on the surface measured. Modelling of three middle fingers (ll.,
Ill. and IV.) was omitted because of too complex geometry
which resulted in very high demands on computer memory in
ADINA software.

2.5 Mechanical propertiesof theimprint material

The mechanical properties of the imprint material were studied
in laboratory experiment where the rigid cylinder with the given
. . . weight was put on the surface of the mass specimen and its
Figure 3. Contour lines of the imprint vertical displacement was measured in the regular time

. ) intervals. The resulting diagrams of the settlement creep curves
The resulting model was exported in the standard STL formaére depicted in Figure 5.

for the further processing. The number of points in the higl
resolution was quite huge for the capabilities of the standard F

. Time dependent settlement curve of cylinder
computational software and therefore the model was reduce .. P 4

with new average node distance about 3 mm. Resulting surfar ., he
mesh of the foot imprint involved 9.600 of nodes and 14.00( e
triangles approximately. s

=
2.4 Numerical simulation of foot imprint E

@
The simulation of the foot imprint with the help of Finite §‘° == measureeit
Element Method (FEM) starts from the original undeformedTg - =-2. measurement
state of the imprint mass specimen whose form was given t% - 3. measurement
the bounding box used. The load with the foot had been applie>4 4. measurement
by the gradually increasing displacements prescribed in th +ADINA simulation
contact area, until the final imprint shape was attained. The foc |

a 2 4 6 8 10 12 14 16 18 20 22 24 % 28

contact area had been planar at the beginning of simulation a Times]

therefore the mesh, provided by the stereophotogrammetr
measurement, could not be used directly for the FEM analysigigure 5. Creep curves (time vs. settlement) of the imprint mass
The FEM method has also different requirements on the

property of particular triangle/tetrahedron elements. For thesg can be observed from these experiments that the behaviour of
reasons, only the 2D shape of foot contour was extracted froffie imprint material is nonlinear and time dependent. In the
the mesh measured and used as the input to the T3D generat@iNA software, the nonlinear time dependent behaviour can
(Rypl, 2004) of 3D finite element (FE) mesh. Resulting FEpe simulated with a plastic-creep material, where hgield
mesh involved 21.000 nodes and 108.000 tetrahedron elemerdsterion is defined as

(see Figure 4).

flo.9) == @ = [3sys5—H@, @)
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whereJ, is the second invariant of stress deviafpiis the yield
stress function and is the hardening parameter. This yield
function is used together with the following definition of creep
strains
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wherea,, a; anda, are parameters defining the shape of creey
curve, g is the effective stress (scaled the second invariant ¢
stress deviator) antis the time. The resulting creep curves
from the measurements were used for the fitting of the materi:
model parameters in the ADINA simulation of the experiment.
Figure 6 depicts the distribution of shear stresses in the fin:
stage of the simulated experiment on the half of 2D section.
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Figure 6. Creep experiment simulation — shear stress
distribution [Pa]

2.6 Numerical analysis of the pressuredistribution (b)

The foot imprint simulation in the dental imprint mass was
solved as 3D time dependent nonlinear mechanical problem in
the ADINA software. The simulation started from the
undeformed state of prismatic specimen. The nodes on the
specimen bottom surface and its sides were fixed during the

whole simulation while the nodes on the top surface, out of the¢pe deformed shape from the ADINA simulation matches the
contact area, were free. The nodes in the contact area Weieasyred values almost exactly because these values were
subjected to the foot load generated as the vertical prescribgflascribed directly from the measurement. A minor error can be
displacements that were increased gradually in the course gf,sed pecause of tlinear approximation of the-coordinate
time. These nodal prescribed displacements were proportiongl,e to the transfer of the values from the measured mesh to the
to the z-coordinate obtained from the stereophotogrammetriG-g\j mesh. Another error stems from the fact that three middle
measurement. Resulting distribution of vertical stres§geg were not modelled because of too complex geometry,
component is depicted in Figure 7a, while the deformed shapghich resulted in an excessive demands on the computer
of FE mesh can be seen in Figure 7b. memory. On the other hand, the pressure values between the
middle fingers and the imprint material are not too high in the
steady stand and they do not play a significant role in the total
pressure balance. Thus the validation of the foot imprint model
had to be performed with the help of knowledge of the total
mass of the female subject, which was 65 kg. In this case, the
sum of vertical reactions calculated at the nodes in the contact
area was 320.5 N, which corresponds to 32.67 kg. This value is
in a good agreement with the female subject half weight — the
load of one foot during the quasi-static stand. For these reasons,
we can state that the partial pressures resulting from this
mathematical model match the real pressures on the interface of
the foot and imprinting material and its surroundings,
respectively, quite closely. Principally, these simulations can be
used to determine the contact pressures in practical cases, e.g.,

Figure 7. Distribution of the vertical stress component on the
top surface [Pa] (a), the mesh deformed [N] (b)

3. CONCLUSIONS
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between the foot and its footwear. There are expected furth€&heung, J. T., Zhang, M., Leung, A. K., Fan, Y. B., 2005b.
methodological steps with the possibility to be used, e.g., in th€hree-dimensional finite element analysis of the foot during

design of footwear construction. standing--a material sensitivity study. Biomech, 3&), pp.
1045-1054.
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