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Abstract

Running surfaces are estimated to account for up to one percent of the en-
ergy necessary for running. How much of this energy is dissipated in the
surface and how much is returned to the runner is not known. A method has
been designed to calculate the energy that is absorbed and returned by a
running surface. In this method the time of energy return is of importance.
Energy can only be returned if this return coincides with the take off phase.
A two dimensional finite element model (FEM) was generated to calculate
the energy. Linear elastic, plane strain elements with linear Rayleigh damp-
ing were used. Data obtained by a force platform for toe running were used
as input for the model. The FEM consisted of two layers of surface of which
the stiffness was varied independently. Additionally, the Rayleigh damp-
ing ratio for the whole model was varied. The results indicate that there
are combinations of top layer stiffness, bottom layer stiffness and damping
ratio for which the performance of the surface from an energy standpoint
is optimal. The results indicate that very stiff surfaces do not necessarily
improve performance.
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Chapter 1

Introduction

The performance of a runner depends, among other aspects, on the amount
of energy available in the athlete’s body, the speed at which this energy can
be released, and the amount of energy needed by the runner to run a certain
distance. The focus in this report will be on the reduction of the amount of
energy needed for a certain achievement.

The amount of energy used for running a race depends, among other
factors, on the energy absorbed by the body and the energy absorbed by
elements other than the body. These other elements include drag, shoes
and running surface. Drag is a factor which is difficult to change in running.
The shoes are estimated to account for about 3 percent of the energy dissip-
ated in running [12]. Research also indicates that the stiffer the sole of the
running shoe the less energy will be dissipated in the sole [8]. Frederick at
al., however, showed that the amount of energy dissipated in running does
not follow the trend of the energy dissipated in the sole [5]. Lately, an in-
terest has developed for the third factor, the running surface, since there is
evidence that certain surfaces can induce overuse injuries [6, 11]. Research
also indicates that the stiffness properties of a surface can influence run-
ning performance [9] and can influence jumping heights of volleyball players
[17]. Running surfaces are estimated to absorb one percent of the energy of
locomotion [12].

The purpose of this project, therefore, was to discuss the return of energy
from a running surface for toe running for a surface built of two layers.
Since the body can only use external energy at specific moments the energy
produced by the track is only considered returned energy if the moment of
energy production coincides with a moment at which the body can use this
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energy for take-off.

The goal of this project is achieved by first applying the first law of ther-
modynamics to toe running. The mechanisms involved in absorption and
returning of energy are dealt with on a mechanical one-dimensional level
in Chapter 2. This renders an algorithm to calculate the energy used in
toe running. A Finite Element Model, necessary to calculate the displace-
ments of the surface, is presented in Chapter 3. The mesh and the boundary
conditions are presented together with the material properties used to ap-
proximate the running surface. The results are presented in Chapter 4.
These results are discussed in Chapter 5. The results are explained and

tested for validity. Finally, the conclusions are drawn in Chapter 6.



Chapter 2

The Energy-Equation in
Running

2.1 Energy equation

The first law of Thermodynamics states that for any body that interacts
with its surroundings Equation 2.1 applies,

dQ + dW = dU (2.1)

where:
dQ = the change in thermal energy stored in the body

dW = the change in external energy exerted on the body
dU = the change in internal energy of the body

Since d() represents the changes in thermal energy or chemical consist-
ency of the body and this report deals with running surfaces which can be
assumed adiabatic this term is assumed to be zero and can be neglected.
This renders Equation 2.2.

dW =dU or, W = U + Constant (2.2)

In other words: The energy put into a body externally, for instance by
exerting a force on it and displacing it concurrently, equals the internally
stored energy, for instance the elastic energy of the body.
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2.2 External energy, W

The external energy put into a body by a force acting upon a point of that
body is calculated by multiplying the force by the distance the point has

..... 1 a faree § i
travelled. If the force is not constant over the trajectory that the body fol-

lows but depends on the position of the body, the velocity of the body and/or
the time then the external energy exerted on the body can be calculated as
shown in Equation 2.3.

T , . -
Wy = / 7(3,%,1) - ds (2.3)
ZTa
where:
Wa-b = the external energy put in by the force moving the point

on the body between @ and b

F (&, a::’, t) = the force as a function of the position #, the velocity :1:5,
and the time %

ds = the place differential along the path that the point follows

In the case of calculations within discrete time steps the change in ex-
ternal energy can be calculated as shown in Equation 2.4.

W = > Fi - (& — Fica) (2.4)
=2

where:

IT} = the force at time ¢;

Z; = the position at time t — ¢
t; = the time of touch-down
t, = the time of toe-off

The forces acting on the surface can be approximated by using data from
a force plate with a surface mounted on top of the forceplate. Research
indicates that changing the properties of running surfaces has little effect on
the magnitude of forces for the shoe-surface interface [13]. This is, among
other factors, due to the fact that the runner adjusts to varying surface
conditions to keep the impact forces on the body at the same level [4].

The displacements, x; — z;1, are obtained by calculating the displace-
ments of the surface under a certain force. Section 2.3.1 will deal with the
displacements in more detail.
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2.3 Internal energy, U

The terms energy absorption and energy return have to be defined before
these terms can be applied to discuss energy-equations in running. For

+hn agola AF i lisé H 1 1 M 1 H
the sake of simplicity, a one-dimensional situation will now be considered.

However, the principles that will be discussed can be transferred into three-
dimensional applications.

A spring absorbs energy when the direction of the deformation and the
direction of the force working on the spring are the same. It returns energy
when the direction of deformation and the direction of force are opposite.
In other words: A body returns energy when the change in internal energy,
dU, in Equation 2.2 is negative and it absorbs energy when the change in
internal energy is positive.

In accordance with Equation 2.4 for the change in external energy, W,_s,
we can split the change in internal energy, U,_;, into a summation over
discrete time intervals. This renders Equation 2.5.

Uacp = D (Ui — Ui_1) (2.5)
=2
where:
U, = the change in internal energy between points a and b

U; — U;—1 = the change in internal energy over the time interval ¢

Splitting the Equation 2.5 for discrete time-intervals into an equation for
the absorbed internal energy U,;, and an equation for the returned energy
U, et renders Equations 2.6. The (a-b)-subscript will be ommitted from now

on.
Utor = Usps — Uret (26)

where U,;, and U,.; can be calculated with the following algorithm:
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U_abs=0;U_ret=0;
for i=2 ton
if (Ufi] - Uj-1) > 0
U_abs = U_abs + (U[i] - U[i-1])
eise
U_ret = Uret - (U[i] - Ufi-1])
end if
end for

By putting the equations for U,;, and U, into Equation 2.6, Equa-
tion 2.5 is formed again. This notation, however, gives an indication of how
much energy is put into the surface and how much is returned rather than
an overall value of the total loss of energy into the system. In the following
sections the U,;, and the U,.; will be discussed in more detail. Again, for
the sake of simplicity only the one dimensional situation will be discussed.

2.3.1 Absorbed internal energy, U,

The energy put into the surface is mainly stored in the form of elastic energy.
A small part will be stored in the form of kinetic energy of the surface and/or
potential energy. Equation 2.7 gives the formula for the total absorbed
energy. In this equation k, is a function of the position s and the speed $
of the point on the surface upon which the force acts. This renders:

Uaps = / " (s, 8)5.ds + Ugin + Uheight (2.7)
To

with L
kr(s,8) = 3 int(8, ) (2.8)
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where:

Uss = the absorbed energy between impact and maximum deflection
of the surface

F;,: = the internal forces, working from within the surface

kr = the stiffness of running surface

Ukin = the kinetic energy.
Uheight = the energy from elevating the center of gravity
zo = the position of the surface at impact of the shoe
= the position of the surface at the maximum deflection
of the surface
s = the integration variable that follows the deformation history

xmax

In reality the surface elastomeres are nonlinear visco-elastic which means
that the stiffness of the surface is given by Equation 2.9 [15].

blJ3|l

kr = kstatic(s) + T (29)

where
kstatic = the time dependent stiffness of the rubber surface

as a function of displacement
b = the viscous coéfficient of the rubber surface

Entering Equation 2.9 into Equation 2.7 and simplifying it renders Equa-
tion 2.10.

Tmaz Hlls
Uaps = / (—I!-;u + ksiatic(s))s.ds + Ukin + Uneighs (2.10)

Zo

This equation states that of all the internal energy (which in this case is equal
to the external energy as is shown in Section 2.1) is directed towards kinetic,
height, and viscous energy. The absorbed energy still remaining after these
three causes the displacement of the surface. Equation 2.10 holds true for
one dimensional situations with the surface consisting of one component.
However if more components were used and the problem is broadened to a
3-dimensional situation Equation 2.10 would not hold true. The complexity
of the problem would make it virtually impossible to solve it analytically
and therefore one would have to resort to solving Equation 2.7 numerically.
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2.3.2 Returned internal energy, U,

Three of the four components that constitute Equation 2.10 are stored en-
ergy that can be retrieved from the system. The viscous component of the
rubber absorbs energy in such a way that it can not be retrieved. The energy
that can be retrieved from a rubber surface is given by Equation 2.11

Tto bl|$
Uret = / (—I—Lﬂ' + kstatic(s))s-ds + Ukin + Uheight (211)
Tmazx
where:
Zmazr = the position of the surface at maximum deflection
z¢, = the position of the surface at toe off

The returned energy equals the stored energy minus the viscous energy
dissipated by the surface moving back to its original position. The path the
surface follows to its original position is most likely not the same as the path
followed during the initial deformation. Therefore, the viscous component of
Equation 2.11 will not be of the same magnitude as the viscous component
in Equation 2.10.

Equations 2.10 and 2.11 could give the impression that by making the
viscous coefficient of rubber zero all the energy put into the surface will also
be returned. This is not the case. During a stride, the stance leg uses energy
to absorb the heel impact and to generate a toe push-off. The energy that
the body loses upon landing is partly stored in the surface and partly in
the sole of the shoe. The body is not able to store a significant amount
of energy in its elastic components [10]. This means that all the energy
returned to the runner during heel impact will not be stored anywhere in
the leg and, consequently, is lost. More over, this energy will have to be
absorbed by the leg and this costs as much energy as the amount of energy
to be absorbed. This means that the internal energy of the surface has to be
returned during the take-off phase to contribute to the energy of locomotion.
The take-off phase is defined as the second half of the time period of the
stance phase. Therefore all the energy returned in the second half of the
stance phase contributes to U,.;. Considering this “time- dependence” of
the energy return we adjust the algorithm found in Section 2.3 to read:
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U.abs=0;U_ret=0;
fori=2ton
if (U[i] - Ufi-1]) > 0
U_abs = U_abs + (U[i] - U[i-1])

else
if (iji-take-off-phase) i_take-off-phase is the interval when
U_abs = U_abs - (U[i] - U[i-1]) the take-off phase starts
else
Uret = U_ret - (U[i] - Ufi-1])
end if
end if
end for

2.4 Energy Return Ratio

To assess the performance of a surface in view of returning energy at the
right time, a value has to be given to each surface. The focus of this report
lies on the energy equations in the anterior- posterior (a-p) direction and
the proximal-distal (p-d) direction. For each direction the external forces
are known through force plate data and thus the internal energy can be cal-
culated. In each direction this renders an amount of energy that is absorbed
by the surface, Uyp,2~? and Ugp,P~%, and an amount of energy returned by
the surface, U,e:* ® and U,et?~%. To calculate the performance of a sur-
face the Energy Return Ratio, ERR, is used. The ERR consists of an a-p
component and a p-d component.

ERR = alERRa_p +ayFERR, 4 with o3 +az=1 (2.12)
with
Ue? Ury’
ERR, =% and ERR, ;= p (2.13)

abs abs
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where:
a; and ay = weight factors that indicate the weight of the ratios for
each direction. These factors can be chosen to accommodate

different sports.

ERR,_, = the Energy Return Ratio in a-p direction
ERR, ;5 = the Energy Return Ratio in p-d direction
UP = the returned energy in a-p direction
U, :b';p = the absorbed energy in a-p direction
Ufe—td = the returned energy in p-d direction
Ufb;d = the absorbed energy in p-d direction

2.5 Dissipated Energy

Another indicator of the performance of a running surface is the amount
of dissipated energy. The dissipated energy is calculated as described by
Equation 2.14 and is the energy that remains in the surface after take-
off. The energy that is dissipated in a surface is energy that a runner has
to generate in addition to the energy of locomotion. For that reason the
amount of dissipated energy should be as low as possible.

Ugis = Usbs — Uret (2.14)

where:
U4is = the amount of energy that is dissipated in the surface

Combining Equation 2.14 and Equation 2.13 renders Equation 2.15.
Ugis = abs(-1L - E'RR) (215)

Equation 2.15 reveals that a low amount of dissipated energy can be achieved
by having a high energy return ratio or by keeping the absorbed energy low.
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The introduction of the Uy;, renders the following dilemma. Consider
two surfaces. Surface 1 has an FRR of 0.8 and an U, of 5 Joules. Surface
2 has an ERR of 0.8 and an U,;, of .5 Joule. This means that surface 1
has a Uy of 1 Joule and a U, of 4 Joules. Surface 2 has an Uy, of 0.1
Joules and a U, of 0.4 Joules. In other words surface 1 is more favourable
in terms of U,e: but surface 2 is more favourable considering the Ug;s. At
this moment it is not clear which of these surfaces should be chosen. Or
in more general terms it is not clear wether it is more important to have
a low Uy or a high U,.;. However, it should be noted that the U,.; is a
measure of how much energy is being returned at the moment of take-off
and U, = FRR - Ugs. A high value for U, is obtained with a high Uy,
but a low Uy is reached by keeping U,p, low. U, is a measure of how much
higher the take-off speed is compared to the situation where no energy is
returned. A higher take-off speed implies longer strides which means that
fewer strides are needed to run a distance. Therefore, a high U, (and
therefore a higher Ug,, Equation 2.13) can be more important than a low
Ui;s as long as the positive effects of the higher U,.; outweigh the higher
Ugs;s. In other words, it is acceptable to store a certain amount of energy in
the surface as long as most of this energy is returned at the right time to
help in take- off.

In summary, a surface should be optimized for a high value of the FRR
while caution is taken to ensure that the U,;, remains within an acceptable
value. The size of that value can only be assessed if the human body is
included in the model or if testing is done with runners on running surfaces
with different combinations of ERR and U,,, to compare the performance
of the runners across the surfaces.
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Finite Element Model

This Chapter discusses the mesh that is used and the way the material is
modelled. The model of the surface was generated with the finite element
pre-processor of PATRAN, a finite element program. The mesh obtained
in PATRAN was exported to the general purpose non-linear finite element
program ABAQUS. In ABAQUS complex boundary conditions and the ma-
terial properties of the surface were added. Then the calculations were done
in ABAQUS using its nonlinear dynamic module. The results of these cal-
culations were post-processed with software written in MatLab using the
algorithm introduced in Chapter 2.

3.1 Finite Element Mesh

The surface was modelled as a two dimensional cross cut, using plane strain
elements. The x- axis direction represented the anterior-posterior direction
and the y-axis direction the proximal- distal direction(See also Figure 3.1).
The surface was split in two layers that each had a range of material prop-
erties. The top layer had a thickness of 7.0 mm and the bottom layer a
thickness of 10.0 mm. This is comparable to the surfaces currently used for
runningtracks [15]. By changing the characteristics of each layer the effect
of combinations of material properties on energy return could be studied.
The contact area of the foot for toe running was considered to be 50.0 mm
by 50.0 mm. The total length of the modelled surface was 100.0 mm (See

also Figure 3.2).

13
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Figure 3.1: Schematic representation of the two-layer surface with the run-
ning shoe. The directions are indicated.

The mesh was generated by using twenty elements horizontally and three
vertically for the top layer and four elements for the bottom layer. The
elements used were two dimensional quadratic elements with eight nodes.
The elements had unit thickness in the third direction, and the degrees of
freedom were only the displacements in the plane of analysis.

The nodes at the bottom of the surface were fully constrained to account
for these nodes being glued to the underlying, rigid surface. The nodes at
the sides of the surface were constrained in horizontal or anterior-posterior
direction to account for the surface that was not modelled. The surface
that is not modelled would normally resist against being pushed away in
horizontal direction. The length of the nonloaded surface, five elements on
each side, was sufficient to ensure no edge effects would occur. The strains at
the boundaries of the model remained below 3 percent of the values directly
under the contact area.
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Figure 3.2: Schematic representation of the mesh for the 2-D surface with
boundary conditions and MPC.

The contact area was considered rigid, which means that the nodes in
the contact area always remained on a straight line. This was done by
using a Multi Point Constraint (MPC) in ABAQUS. The contact area was
considered rigid to account for the use of spike-shoes on running tracks.
These spike-shoes have a rigid plate under the forefoot to enable the metal
spikes to be screwed into the shoe. Also, a rigid deformation area facilitates
the calculation of the energy that is absorbed and returned. The impact
force was distributed evenly across the 10 elements of the contact area.
Since the thickness of the elements is 1 mm instead of 50 mm the force
applied to the slice of surface that was modelled could be calculated through

Equation 3.1.

Ein = F’t‘ot/50 (31)

where:
Fi;r, = the force acting on the slice of surface that is modelled

F,o: = the force acting on the total surface

The force had to be applied to the nodes of the elements. The 10 elements
that constituted the contact area had 21 nodes. The force on each node in
center of the contact area could be calculated with Equation 3.2.

Foog = -Fl'm/20 (32)

where:
F,.q = the force that worked on one node of the surface
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Figure 3.3: The distribution of the load on the nodes of the contact area.
The two nodes at the edge are loaded with half the load of the other nodes.

The two nodes on the edge of the contact area were different to the
rest. The two nodes on the edge only had pressure on one element they
are connected to, as opposed to the other nodes that had pressure on both
elements they were connected to. This means that these two outside nodes
were loaded with half of the force calculated in Equation 3.2. It can easily
be seen that with 21 — 2 = 19 nodes loaded with F,,,; and two nodes loaded
with half F, .4 left 20 x F,,,4, which equaled Fj;,. The distribution of the
forces can be seen in Figure 3.3. This way of modelling would introduce
an error since the model uses quadratic elements. To model pressure on
quadratic elements the forces on the nodes of the element should not be
equal. The force should have a ratio of 1 to 4 to 1 for the edge node, the
center node and the other edge node of an element. This would render a
pattern of 1:4:2:4:...:4:2:4:1 instead of the 1:2:2:...:2:2:1 that was modelled
now. However, the used method introduces no errors since a MPC is used
which distributes the forces correctly across the nodes. The advantage of
the used method is that it facilitates the modelling.
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Figure 3.4: The undeformed mesh (dotted) and the deformed mesh (lines).
The mesh was deformed with both a-p and p-d loading.

In Figure 3.4 the effect of the MPC can be seen for a loaded situation.

3.2 Material Properties

Running surfaces consist of a vulcanised rubber that has granules mixed
into it. Rubber can be considered an incompressible polymer since the
volume change under compression is relatively small [1]. Rubber can undergo
tensile strains greater than 100 percent without breaking. The stress-strain
relationship for compression is not linear (Figure 3.5) which implies that
rubber should be modelled as a nonlinear elastic material. ABAQUS has
the possibility to model the rubber properties with ”Hyperelastic”-elements.
These are elements with a nonlinear stress-strain relationship. The stress-
strain relationship is approximated by a polynomial function in which the
parameters have to be calculated from test data.

Rubberlike polymers display a speed-dependent viscoelastic behaviour

ABAQUS is "Rayleigh”- damping which is proportional to the elasticity
of the material. This damping adds a stress component to the stress-strain
relationship that describes the surface. This stress component can be cal-

culated with Equation 3.3.
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Figure 3.5: The stress-strain curve for one of the samples of rubber which
was compressed with a speed of 1 mm/min until Ay = —0.44 (A; is the
uniaxial strain defined as Al/l).
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D = BrD¥ : ¢ (3.3)

where:
oP = the tensar representin o the additionall generated stress

Br = the Rayleigh damping coefﬁc1ent
D¢ = the elasticity tensor of the material

& = the strain rate

ABAQUS needs the elasticity tensor of the material which is generated
in the module ”Elastic” to imply Equation 3.3 for damping. The Elastic and
the Hyperelastic module are mutually exclusive. This means that the use
of Hyperelastic elements and Rayleigh damping in the same model is not
possible. Since the damping of rubber is an important property and needs
to be included, the elastic properties of rubber were approximated with a
linear elastic element. Figure 3.6 displays the normalized stress versus the
normalized strain for one of the samples of the surface and for the linear
approximation of that surface. Since the stresses remain below 1.5 N/mm?
the linear approximation does not introduce a significant error.

Rubber also displays a time-dependent visco-elastic behavior that can
be described by Mooney- Rivlin ( [3]) or by the Prony series ( [16]). In this
project the Prony series were used. Equation 3.4 displays the Prony series
representation for stress relaxation. This equation gives the relation between
the time-dependent shear modulus and the instantaneous shear modulus as
a function of time.

N
Gr(t)= Go(1- ) g (1—e7¥™)) (34)
=1
where:
GR(t) = the time-dependent shear modulus
Go = the instantaneous shear modulus
g7 = the Prony series shear relaxation modulus
t = the time since the application of force

T; = the Prony series relaxation time
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Figure 3.6: The normalized stress-strain curve for a sample of one surface
(curve) and its linear approximation (straight line).
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variable E, Br g5 for 7

N/mm? sec - sec
range of 0.4 - 40 0.002 - 0.02 0.5 10
the value 0.2 60

Table 3.1: The range of the Young’s modulus and Rayleigh damping ratio
and the Prony series parameters for the surfaces.

The Prony series parameters are chosen for different relaxation times
to approximate the material behavior. The shear modulus is related to
the elastic modulus according to Equation 3.5 [2] for an isotropic material.
Therefore, the time- dependence of the shear modulus has direct effects on
the elasticity of the material. Since the stiffness of the running surface k&,
is dependrnt on the elastic modulus of the rubber this introduces a time
dependence of the stiffness of the surface.

E(t) = 2G(t)(1 + v) (3.5)

where:

E(t) = Young’s modulus of elasticity as a function of time
G(t) = the shear modulus as a function of time

v = Poisson’s ratio

Samples were taken from several multiple layer runing tracks. The layers
of these samples were separated. The separate layers were submitted to
compression tests up to Ay = 0.5 at a speed of 1 mm/min. They were
also subjected to stress relaxation tests. From these tests, the range of the
material properties was determined for the commercially available surfaces.
The ranges can be found in Table 3.1. Only the Young’s modulus has a
range the other two are the same for all the tested surface materials.
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variable P v

kg/mm3 -
value of 09-107°-1.2.10"° || 0.5
the variable

Table 3.2: The ranges of the density (p) and the Poisson’s ratio as obtained

R \~)

from the literature.

variable value description

stepmax | 3000 Max. number of steps in the analyses
ATz 0.005 Max. interval size of one time step
AT in 0.00000001 | Min. interval size of one time step
Tiot 0.224 Total time of one stance phase
HAFTOL | 50 Convergence criterium for one step

Table 3.3: The values of the ABAQUS variables as they were chosen for the
calculations.

From the literature ( [2],[3]) the values were chosen as shown in Table 3.2.

3.3 Computations

ABAQUS has to be provided with several parameters to perform dynamic
nonlinear computations. The values for these parameters are determined for
one typical surface and then used for all the surfaces. The values of the para-
meters are optimized for computational speed without loss of accuracy and
were obtained through a series of test computations on the acrual surface.
These values are found in Table 3.3.
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Variable {| Damping || Top layer Bottom layer
ratio Young’s modulus || Young’s modulus
(8-) (Er) (£r)
used 0.002 04 04
values 0.005 1.0 04
0.01 4.0 4.0
0.02 10.0 10.0
40.0 40.0

Table 3.4: The damping ratios and the stiffnesses of both layers as they were
used for the calculations.

For the computations the density of the rubber was assumed to be
1.1-107%kg/mm? and constant across all materials. The Poisson’s ratio had
to equal 0.5 to represent incompressible material. The influence of Young’s
modulus of elasticity on the energy absorption of running surfaces was ex-
amined by choosing five moduli within the range of the tested surfaces.
The elasticity of both the top and the bottom were varied independently
which rendered 25 different surfaces. For these 25 surfaces the energies were
calculated with four different damping ratios, thus 100 calculations were
performed. The values for these three variables (the stiffness of the top
layer, the stiffness of the bottom layer and the damping ratio) can be found
in Table 3.4

The forces that were used for the input of the model were the same for
each surface combination. These forces were force patterns for toe running
as can be seen in Figure 3.7. The response of one of the surface combinations
to this force pattern is displayed in Figure 3.8.
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Figure 3.7: The forces as a function of time in both a-p and p-d direction
that were applied to the contact area of every surface combination.



Finite Flement Model 25

1 T T 1 1
0 -
-1 4
3
=-2 -
s \
g \
\
‘g_—s o 1 7 -
K] \ /
= \ /
i /
~4F \ // -
\ 7~ Vs
\ r A\ ’
\\ / \ , /7
5 / \ - ——— .
5 A \ Ve
- \ ;
S /p'd
_6 i L 1 i
0 0.05 0.1 0.15 0.2 0.25
time [sec]

Figure 3.8: The calculated displacements as a function of the time for the
contact area of a surface with top layer stiffness = 10 N/ mm?2, bottom layer
stiffness = 0.4 N/mm? and damping ratio = 0.002 sec.



Chapter 4

Results

The results of the calculations described in Chapter 3 are the displacements
of all the nodes in the model. With the algorithms described in Chapter 2
the necesarry output variables were calculated. These are FRR, the Energy
Return Ratio, Uy, the absorbed energy, and U,.;, the returned energy val-
ues. The output variables consisted of values in both a-p and p-d directions.
An example of the increase in absorbed and returned energy against the
time in the a-p direction during one stance phase is illustrated in Figure 4.1.
The values of the output depends on three variables: the damping of the
surface, the stiffness of the top layer and the stiffness of the bottom layer of
the surface. Each of the output variables will be discussed in more detail.

4.1 The Energy Return Ratio, ERR

The ERR was considerably greater in the p-d than in the a-p direction. The
ERR,_, was about 25% of the ERR,_4 (Figure 4.2). Since the ERR,_4
was greater it will be discussed first.

The energy return ratio in proximal-distal direction, FRR,_4, was not
substantially influenced by the stiffness of the top layer of the surface (Fig-
ure 4.3). The ERR,_; was only influenced by the stiffness of the top layer
if the bottom layer was very soft. Then increasing the stiffness of the top
layer from very soft to very hard increased the ERR,_4 by 0.06. Also, if
the damping of the surface increased, the ERR,_4 became influenced by the
top layer stiffness (Figure 4.2). For a surface with low damping there was an
increase in ERR,_q of 0.03 as the top layer stiffness increased from 0.4 to
40.0 N/mm? and this increase became 0.08 for surfaces with high damping.

26



Results 27

0.4 T ™ T ¥

©
(%)
T

—>U_abs

o
G

Energy [Joule]
(=]
N

0.15f

0.1} L7

0.05

0 o 1 L
0 0.05 0.1 0.15 02 0.25
time [sec]

Figure 4.1: The absorbed energy in a-p direction, U, ? and the returned
energy in a-p direction, U,.;” against the time a surface with top layer
stiffness = 10.0 N/mm?, bottom layer stiffness = 0.4 N/mm?, and damping
ratio = 0.002 sec.
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function of the stiffness of the top layer for different damping ratios with a
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Figure 4.3: The ERR,_; as a function of the stiffness of the top layer for
different bottom layer stiffnesses and a damping ratio of 0.005 sec.

The ERR,_4 was influenced by the bottom layer stiffness. Increases in
the bottom layer stiffness from 0.4 to 40.0 N/mm? increased the ERR,_4
by about 0.35 (Figure 4.4). However, the dominant increase occurred for
changes of the bottom layer from 0.4 to 4.0 N/mm?. As the damping
of the surface increased, the FRR,_; was influenced less by the bottom
layer stiffness (Figure 4.2). For a surface with low damping there was an
increase in ERR,_; of 0.35 as the bottom layer stiffness increased from
0.4 to 40.0 N/mm? and this increase became 0.05 for surfaces with high
damping (Figure 4.5).

The ERR,_ 4 was influenced by the damping ratio. Increases in the
damping ratio from 0.002 to 0.02 sec decreased the ERR,_4 by 0.25 (Fig-

ure 4.3).
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Figure 4.4: The ERR,,_; as a function of the stiffness of the bottom layer
for different top layer stiffnesses and a damping ratio of 0.002 sec.
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Figure 4.5: The ERR,_, as a function of the stiffness of the bottom layer
for different top layer stiffnesses and a damping ratio of 0.005 sec.
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Figure 4.6: The ERR,_, as a function of the stiffness of the top layer for
different bottom layer stiffnesses and a damping ratio of 0.01 sec.

The energy return ratio in anterior-posterior direction, FRR,_,, is pre-
dominantly influenced by the stiffness of the top layer of the surface (Fig-
ure 4.6). Increases of the top layer stiffness from 0.4 to 40 N/mm? increased
the ERR,_, by 0.12. The ERR,_, as a function of the top layer stiffness
had a maximum for a medium top layer stiffness and a very soft bottom
layer (Figure 4.7). This maximum was 0.10 higher then the highest values
for ERR,_, with a medium to hard bottom layer. When the bottom layer
stiffness was high, the influence of the top layer stiffness on the ERR,_,
became less. Also, if the damping of the surface increased, the ERR,_,
became less prone to display a maximum for certain combinations of top
and bottom layer stiffnesses.

The bottom layer had no substantial effect on the FRR,_, except for
very soft bottom layers. For very soft bottom layers the FRR,_, was up to
0.10 higher than for medium to hard bottom layers.
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Figure 4.7: The ERR,_, as a function of the stiffness of the top layer for
different damping ratios and a bottom layer stiffness of 0.4 N/mm?.
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Figure 4.8: The Ugys? ~4 a5 a function of the stiffness of the top layer for
different bottom layer stiffnesses and a damping ratio of 0.002 sec.

The ERR,_, was influenced by the damping ratio. For the stiffest top
layer, increases in the damping ratio from 0.002 to 0.02 sec decreased the
ERR,_, by 0.15. In cases where the ERR,_, displayed a maximum as a
function of the top layer stiffness, i. e. for a top layers stiffness of 10V, /mm?
the ERR,_, even decreased by 0.25 for increasing damping ratios.

4.2 The Absorbed Energy, U,

The absorbed energy in proximal-distal direction, U, 5s?~ %, was substantially
influenced by the stiffuess of the top layer of the surface (Figure 4.8). In-
creasing the stiffness of the top layer from very soft (0.4 N/ mm?) to very
hard (40.0 N/mm?) decreased the U,bs"~ ¢ by about 4 Joules.
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Figure 4.9: The U,;s?~% as a function of the stiffness of the bottom layer for
different top layer stiffnesses and a damping ratio of 0.002 sec.

The U,,?~%, was dominantly influenced by the stiffness of the bottom
layer of the surface (Figure 4.9). Increasing the stiffness of the bottom
layer from very soft (0.4 N/mm?) to very hard (40.0 N/mm?) decreased the
Uqbs~% by around 10 Joules. Therefore, the influence of the bottom layer
stiffness on the U,;,”~¢ was considerably larger than the top layer stiffness.

Furthermore, the Uys?~% was independent of the damping ratio of the
surface unless the bottom layer stiffness was less than 1.0 N/mm?. Then
the U,p,"~¢ decreased with up to 4 Joules as the damping ratio’s increased
from 0.002 to 0.02 sec.

The absorbed energy in anterior-posterior direction, U,p:*~F, was strongly
influenced by the stiffness of the top layer of the surface. Increasing the stiff-
ness of the top layer from very soft (0.4 N/mm?) to very hard (40.0 N/mm?)
decreased the U,;:* P by 1.5 Joules. If the bottom layer became very soft
the U,p,* P decreased by 4 Joules for increasing top layer stiffnesses.
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The U,;,*~? was independent of the bottom layer stiffness unless the stiff-
ness of the top layer was less than 1.0 N/mm?2. In that case the Ugps* 7P de-
creased by up to 2 Joules as the stiffness of the bottom layer increased. The
greatest decrease in Uyps*~P occurred for bottom layer stiffnesses between
0.4 and 4.0 N/mm?2.

Furthermore, the Uy,s®~? was independent of the damping ratio of the
surface.

4.3 The Returned Energy, U,

The returned energy in proximal-distal direction, Urei?~%, was substantially
influenced by the stiffness of the top layer of the surface. Increasing the
stiffness of the top layer from very soft (0.4 N/mm?) to very hard (40.0
N/mm?) decreased the U,;»~¢ by up to 2 Joules for surfaces with low
damping ratios. However as the damping ratios increased, the decrease in
U,e:?~% for the range of top layer stiffnesses dropped to 1 Joule.

The U,.;?~? was predominantly influenced by the stiffness of the bottom
layer of the surface. Increasing the stiffness of the bottom layer from 0.4
N/mm? to 40.0 N/mm? decreased the U,p,P~% by 2 Joules for surfaces with
low damping ratios. However, for surfaces with high damping ratios the
U,ps"~% decreased by 1.5 Joules.

The damping ratio influenced the Uyt considerably. For soft top
and bottom layers the U, ¢ decreased by 1 Joule for an increase in the
damping ratio between 0.002 and 0.02 sec. For hard top and bottom layers
this decrease was 0.4 Joules.

The returned energy in anterior-posterior direction, U,e:*™?, was sub-
stantially influenced by the stiffness of the top layer of the surface. Increas-
ing the stiffness of the top layer from very soft (0.4 N/mm?) to very hard
(40.0 N/mm?) decreased the U,s"~? by up to 0.5 Joules for surfaces with
low damping ratios. However as the damping ratios increased the decrease
in UypsP~? for the range of top layer stiffnesses dropped to 0.2 Joule.

The Uretp‘d was not influenced by the stiffness of the bottom layer of
the. Only for very soft bottom layers there was a decrease of 0.1 Joule in
the U,,-etp —d.

The damping ratio influenced the U, F considerably for soft top and
bottom layers. For soft top and bottom layers the U,..*"? decreased by 0.2
Joule for an increase in the damping ratio between 0.002 and 0.02 sec. The
influence of the damping ratio was negligible for hard top and bottom layers.
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Discussion

5.1 Model

The algorithms used to calculate the energy that is absorbed and returned
used two assumptions. First, they assumed that energy that is returned be-
fore a certain phase of the stride cannot be used to aid in take off. Secondly,
they assumed that the energy that is returned before it can be used for take
off is energy that the body has to absorb. Both these assumptions are reas-
onable since vibrations of the surface on impact are not used to facilitate
take off, in fact they have to be absorbed in the leg which has to react to
these vibrations. This time factor has, to the knowledge of the author, never
been used to calculate energy return in running.

The FEM assumed that the forefoot is a rigid plate with even pressure
distribution. It also assumed that the shape and size of this plate does not
change and that the position of the plate does not change. These simpli-
fications can ultimately only be justified by repeating the calculations with
a flexible forefoot and a realistic pressure distribution under the forefoot.
However, it is not expected that these alterations will influence the results
considerably since toe running is usually done in spike-shoes which have a
relatively hard plate under the forefoot.

Most studies on energy in running assumed that the only direction of
interest is the vertical direction ( [10], [14]). In this study the anterior-
posterior direction was modelled and even though the energies were 25 % of
the p-d direction, there was a considerable amount of energy dissipated in
the a-p direction (up to 5 Joules). In the future, this direction should not
be neglected.
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The rubber of the running surface was modelled as a linear spring with
a linear damper. Since the deformations were relatively small this assump-
tion seems acceptable. The main difference with other studies( [10], [14]) is
that the present study used continuum finite elements to describe the sur-
face. Other studies approximatied the surface with either one or with several
discrete spring-damper systems. The disadvantage with spring-damper sys-
tems is that there can be no a-p displacement or force. Also the shear
modulus and the incompressibility of the material is typically not accoun-
ted for, rendering elevated stress gradients and decreased material stiffness

around areas with high stress gradients.

5.2 Energy Return Ratio, Absorbed and Returned
Energy

The results can be divided in results for the anterior-posterior direction and
results for the distal-proximal direction. The results for both directions will
be discussed seperately. The range of the results for the absorbed energy
coincides with the values that are found in the literature ( [12], [14]). The
results ranged from 15 Joules energy absorbed during one stride for very
soft surfaces to less than 1 Joule for very hard surfaces.

The energies that were absorbed and returned were about four times
larger in the p-d direction than in the a-p direction. This is due to the fact
that both the displacements and the exerted forces are considerably smaller
in a-p direction than in p-d direction.
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5.2.1 p-d direction

For the p-d direction, the decrease of the ERR,, 4 for softer material can
be explained with the fact that as the stiffness decreases the deformation
increases. The deformation speeds will be greater as a result of the increased
deformations. As the deformation speed increases, so does the viscous part
of Equation 2.10 and 2.11. This increase of the viscous component implies
that Uy, in Equation 2.10 will increase and that U, in Equation 2.11 will
decrease. Since ERR,_, is defined by Equation 2.13 this means that with
increasing deformation speed the ERR,_; decreases. As the stiffness of the
surface increases the deformation and thus the deformation speed decreases.
Therefore the viscous effect of the surface becomes negligible so more energy
can be recovered from the surface, explaining the increase in the FRR,_4
for increasing stiffness.

The absorbed energy is mainly dependent on the stiffness of both the
top and the bottom layer. This can be explained as follows. For a linear
spring the stored energy after compression with a given force is described
by Equation 5.1.

1
Uabs = -2-]6122 (51)
where:
U,ps = the stored energy
k = the stiffness of the surface (which is a function of E)

z = the displacement
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Since z is given by Equation 5.2,
The energy that is stored can be written as shown in Equation 5.3.
1
Uaps = §F /k (53)

From Equation 5.3 , it can be seen that if E increases the absorbed en-
ergy decreases. This explains the hyperbolic shape of Figures 4.8 and 4.9
since the surface behaves like a linear spring to a certain extent. The reason
why the damping has hardly any influence on the absorbed energy is that
with increased damping the viscous component of the absorbed energy in-
creases while at the same time the elastic component of the absorbed energy
decreases. The elastic component of the absorbed energy decreases because
the displacements are reduced since the material is relatively stiffer.

The returned energy depends on the absorbed energy since energy that
was not absorbed cannot be returned. This is supported by the fact that
the returned energy depends on the stiffness of the top and bottom layers of
the surface. However, contrary to the absorbed energy, the damping ratio
does influence the returned energy which can be explained as follows: As the
force decreases towards the toe-off the surface moves in proximal direction.
The distance travelled depends on the speed at which the surface travels so
the distance travelled is directly correlated to the damping ratio. A high
damping ratio implies less distance travelled so less returned energy. Or,
in other words, the viscous term in Equation 2.11 is larger so the returned
energy is smaller for higher damping ratios.
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5.2.2 a-p direction

In general the same principles used to explain the behavior of the surface
in p-d direction can be applied to the a-p direction. However, since dis-
placements in the a-p direction mainly depend on shear, the top layer will
have a great influence on the performance of the surface. This because the
displacements in both directions are the greatest in the top layer. For the
a-p direction the following occurs. At the edges of the contact area this
area pushes against the non-loaded surface. Since the displacements are
the greatest in the top layer, the stiffness of the non-loaded surface in the
top layer has a great influence on the actual displacements that occur. The
effect is greater in the a-p direction than in the p-d direction since in the
a-p direction the interface between the non-loaded and the loaded surface is
loaded with a compression type loading so the Young’s modulus applies to
calculate the displacements that occur. In the p-d direction, the interface
between the non-loaded and the loaded part of the surface is loaded with a
shear type loading so the shear modulus applies for the displacements that
occur. This shear modulus is a factor 3 smaller than the Young’s modulus
as can be seen from Equation 3.5.
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Figure 5.1: The displacement in the a-p direction of the contact area of a
surface as a function of time for different top layer stiffnesses for a bottom
layer stiffness of 0.4 N/ mm? and a damping ratio of 0.002 sec.
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The peak that is found in the ERR,_, for soft bottom layers is due to
the fact that for soft bottom layers the surface is well tuned. In Figure 5.1
one can see that the displacements in the a-p direction for a surface with
a bottom stiffness of 0.4 N/mm? and a damping ratio of 0.002 are not
zero at the moment of toe-off. They are positive, meaning that the surface
has pushed the foot forward. This explains an increase in returned energy.
The ERR,—, has a maximum for top stiffness of 10.0 V, /mm? because at
the toe-off the surface is almost at the maximum extension and has no
kinetic energy stored in it (as indicated by the nearly horizontal shape in
Figure 5.1) whereas the surfaces with other top layer stiffness are not as
close to maximum extension at toe-ofl as their slopes are not horizontal.

5.3 Future Research

For the a-p direction an optimal combination of top layer stiffness, bottom
layer stiffness, and damping ratio was found (10N/mm?,04N/mm? and
0.002sec respectively). This combination rendered a ERR,_, that was con-
siderably higher than for combinations that were not optimal. Of course
an optimal combination exists for the p-d direction. Future research could
focus on finding this combination of top layer stiffness, bottom layer stiffness
and damping ratio.

There is, however, a conflict of interest between the a-p and the p-d
direction. The ERR,_, benefits from a soft bottom layer and a hard top
layer (10 N/mm?) whereas the ERR,_g benefits from a hard bottom layer.
Research in running surfaces could also focus on finding a running surface
that is stiff in p-d direction and soft in a-p. Also the tuning of the surface
as seen in Figure 5.1 can also be achieved in p-d direction. This is a matter
of finding the right parameters. This is also an area of interest but since the
ERR,_, is already relatively high, the expected gain will be small.

This project focuses on the energy aspects of running from a surface
point of view. This does not imply that the solutions found in this report
are the optimal solutions for the human body. For instance, high damping
of a surface causes a reduced ERR. This would imply that surfaces with
high damping would not be favourable. There is a possibility that damping
has a possitive effect on the human body in that it decreases the vibrations
of the surface that otherwise would have to be absorbed by the body. Future
research could include the human body in the model presented in this project
to investigate if this would alter the optimal solutions.
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Summary — Conclusion

Several conclusions can be drawn from this project.

First of all, the method used here gives feasible results. The values of
the absorbed energies have the same order of magnitude as those found in
the literature. Also, the curves that result from varying the bottom layer
stiffness, the top layer stiffness and the damping ratio are as expected.

Second, from the surface point of view damping is not a wanted comodity
in running surfaces since it influences the amount of energy that is returned.
In all the results an increasing damping ratio caused for less returned energy
and for a smaller ERR.

Third, the absorbed or the returned energy does not diminish consider-
ably if the surface is stiffer than 10.0 N/mm?2. Therefore, it is questionable
to use very hard surfaces since the benefits are relatively small. Maybe the
benefits of using very hard surfaces do not outweigh the costs of increased
injuries.

Also, this project has shown the need to include the a-p direction in
the analyses of running surfaces. Eventhough the dissipated energies in this
direction are less than those in the p-d direction, they are not negligible. It
is however not clear which of the two directions is the most important. To
assess the priority of both directions the human body needs to be included
in the model.

Finally, there is a conflict of interest between the a-p and the p-d direc-
tion. The ERR,_, benefits from a soft bottom layer and a hard top layer
(10 N/mm?) whereas the ERR,_4 benefits from a hard bottom layer. No
combination of surface properties has been found that optimizes the surface

in both directions.
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