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Abstract

Biomechanical models of different complexity are used to
understand the dynamics of human running. Low degrees-of-
freedom models are appropriate for the prediction of the effect
of certain parameter changes. We present a minimally complex
biomechanical model which characterizes the effects of foot
strike pattern and shank angle on the ground-foot impact
intensity, which influences the risk of injuries and energy
efficiency.

A three segment leg model (thigh, shank and foot) is proposed
combined with the mass of the rest of the body parts
concentrated in the hip. The ground-foot impact intensity and
the absorbed kinetic energy are analyzed using multibody
dynamics tools. The impact intensity was discovered in the
parameter space of the angle of the thigh, the angle of the
shank, the foot strike pattern and the running speed.

The results regarding the effect of strike pattern are in
coincidence with the literature: forefoot strike implies lower
impact intensity and energy absorption than rearfoot strike.
However, in contrast of the previous result of a two segment
foot model from the related literature, the calculations
indicated that the shank angle highly affects the impact
intensity: the impact intensity can be reduced by foot
touchdown under the hip. We showed that foot and shank
cannot be analyzed in itself without considering the thigh and
the total body weight, and we also confirmed that the horizontal
velocity cannot be neglected when foot impact is analyzed.
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1 Introduction

Many studies like [1] and [2] help the understanding of
bipedal locomotion, human walking and running. Several
approaches have been developed which try to explain he
dynamic background of the healthy, injury preventing, energy
efficient and natural way of running [3], [4]. Many papers
study the effect of foot strike pattern and footwear
experimentally [5], [6], [7], [8], [9] and some of them find that
forefoot strike running is more economical than rearfoot strike
running [10], [11].

Energy efficiency is crucial in long distance running. The
sources of energy loss are the aerodynamical forces, damping,
vibrations and ground-foot collision at every footstep. Out of
the above listed effects, the foot collision is quite relevant and
it could be influenced by the runner by modifying his/her
running form. Some tribes are naturally talented at running
[12] who are capable to run extremely long distances. These
people usually wear only thin sole shoes or they often run
barefoot, as the people did before the invention of running
shoes [7]. There is no any part in their footwear which is
designed for providing flexibility and/or damping, therefore
they can rely only on the flexibility of their legs and not on
artificial damping which would presumably influence their
body motion. The exaggeration of the convenience features of
running shoes makes it hard to develop sophisticated and
natural running form, which utilizes the capabilities of human
leg. Although there is no proof that running in shoes causes
injuries or prevents them either [5].

Reference [5] states that there is need for more studies
providing data, testable models and scientific explanation.
Also some studies with evidence-based approach are requested
to discover if there is a best footwear or best running form. Our
work aims to contribute to this field by pure mechanical
calculations using tools of multibody dynamics, allowing us to
predict the effect of parameter variations.

Our study focuses on the effect of shank angle at landing,,
overstriding and foot strike pattern. These indicators are listed
in [13] among such indicators of running kinematics, which
can be identified using a lateral (side) view video recording of
the running motion.
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The evolution of our minimally complex foot impact model
is presented in Section 2. Section 3 overviews the mechanical
background, while Section 4 and 5 summarize the results and
discussion.

2 Mechanical models for ground-foot impact

2.1 Literature review

The foot strike pattern, and kinetic and kinematical
differences between barefoot and shod running were discussed
in [5]. The related experimental results were interpreted by [7]
using the tools of analytical mechanics. A low degree of
freedom (DoF) model was introduced for investigating the
effect of foot strike pattern on impact intensity and ground
reaction force. The dimensionless parameter s describes the
foot strike pattern and is called strike index. Based on the
initial contact the strike pattern is sorted into rearfoot/heel
(RFS, s =0...0.33), midfoot (MFS, s =0.33... 0.66) or
forefoot (FFS, s = 0.66 ... 1) strike (see [13]) as it is shown in
Fig. 1. Here point contact is assumed, however strike index
locates the centre of the pressure in reality. Fig. 2 left panel
shows the planar model from [7] with horizontal foot and
vertical shank. The ground contact location (point O) is
defined by s. Stiff and compliant ankle joint (point B) were
considered. The pre-impact velocity was downward vertical.
The authors drew the conclusion that forefoot landing provides
lower impact intensity.

FFS

MFS

RFS

Fig. 1 Illustration of strike patterns: rearfoot (RFS), midfoot (MFS) and
forefoot (FFS) strike

An extended analysis of the same mechanical model was
carried out and a more algorithmic mechanical approach was
applied in [14]. As Fig. 2 right panel shows, this model still
involves the foot and the shank only, but foot and shank angles
(a and B) are new parameters. The authors studied a=0° case
and focused on the effect of parameter 8. Besides downward
vertical pre-impact velocity, the effect of horizontal velocity
component was studied. The calculations are based on the
consideration that ground contact is represented by geometric
constraints. The kinetic energy content associated with the
constrained motion, which serves as an indicator of foot
impact intensity, was calculated. The authors confirmed the
results of [7] and derived a conclusion that the shank angle g
which is responsible for foot positioning, does not affect the
impact intensity at FFS and has limited effect at RFS. Similar
results will be presented in Section 4 in the case study called
“Extended knee, vertical pre-impact velocity”.

2.2 Our investigated model

Possibly, the model shown in the right panel of Fig. 2 is still
not detailed enough to catch the main characteristics of
running style: the deduced results with respect to the shank
angle S are not in total correspondence with the empirical
observations. Fig. 3 illustrates the evidence how important the
shank angle g is. When running downhill, one tries to keep the
speed bounded. The breaking technique is basically the
overstriding, because it results in the largest energy absorption.
In contrast, a long distance road race runner, whose aim is to
save energy, keeps his/her shank in negative angle before foot
impact (see Fig.3 right panel). There are definitions for
overstriding, e.g. in [4] or [13]. In this article we refer to
overstriding when angle g is positive, so foot touchdown
occurs in front of the body. In order to prove the effects of
overstriding scientifically, we propose to accomplish a similar
calculation as in [14] with a more complex but still low DoF
mechanical model like in [9], [11], [15], which is minimally
complex enough to analyze the effect of strike pattern and
shank angle 8 on impact intensity. Furthermore, we consider
the horizontal pre-impact velocity component of the body.

nC C

| shank (m,, 1)
{5 5 GS

shank (ms, [)

foot (myg, Iy) foot (myg, Iy)

Fig. 2 Left panel: foot impact model presented in [7]; right panel: the model
introduced in [14]

Fig. 3 Different landing strategies are used when running downhill (left,

positive shank angle) or running on at flat track (right, negative shank angle)
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The model shown in Fig. 4 contains the full leg and an
additional pointmass, as in [15], where s = 0 and s = 1 cases
were studied only (see ground-foot contact scenarios in [16]).
We still focus on landing phase: the dynamic effects of strike
pattern (characterized by strike index s) and foot positioning
(characterized by shank angle B) are analysed. Our system is
similar to the model in [17], however elasticity is not
considered here, since the muscle forces are considered
negligible comparing to impact-induced forces. Furthermore
the inertia of the segments must be included to make the model
able to predict impact forces.

Reference [7] states that in case of RFS ankle compliance
has little effect and there is some contribution from mass
above the knee, which also encourages us to investigate an
extended model which is not limited to shank and foot only,
however we do not consider stiff ankle case. The other reason
for focusing only on the compliant case is that the foot and the
shank are connected by muscles and tendons which are
flexible. The forces exerted by flexible components are
negligible when impact forces arise [14].

trunk (mp,)

thigh (my, )

shank (ms, 1)

foot (my, Iy)

Fig. 4 The proposed minimally complex model for the investigation of

ground-foot impact intensity

m, 0
0 m,

(lfmo - dfmf)su (lme - dfmf)cu

M=
(dsms - lsmbts)CB (dsms - lsmbts)SB

(dtmt - ltmbt)cy (dtmt - ltmbt)sy

In ground phase, when the foot is connected to the ground
by an anchoring point, the geometric constraint vector ¢ reeds:

[xa— (1 =98 ca]

= yat+ (1= 9y s, ®)

where x, and y, are the Cartesian coordinates of point A. The
following constraint Jacobian ®, = d¢/ dq is calculated from
(3) and used in later calculations, when the post-impact
velocity conditions are calculated:

(lfmo - dfmf)su
(lfmo - dfmf)ca
J§ + my — (2ld; — df)m;
lf(dsmS — lsmbts)s;3

lf(dtmt - ltmbt)s;

The model shown in Fig. 4 consists of 3 segments: thigh,
shank and foot joined by ideal, frictionless joints. An
additional pointmass m;, is attached to the thigh representing
the mass of the trunk and the other not-modelled body parts,
like head, arms and other leg. Inertial and geometric data are
collected in Table 1 and adopted from [18] and [19]. The data
correspond to an average 24 years old male person with 73 kg
bodyweight and 173.1 cm height. Segmental centre of gravity
(CoG) locations are measured from proximal end of each
segment. The moment of inertia around CoG axis of each
segment is estimated by homogeneous rod model.

Table1 Inertial and geometric data of the modeled body segments:
trunk (b), thigh (t), shank (s) and foot (f)
mass, mass moment of length, CoM position,
kg inertia, kg m? m m
mp = 58.5 - - -
m;=10.3 Jy=139 10 Iy =0.402 d; =0.164
m=3.16 | J,=48210° | I,=0428 | d,=0.188
m¢=1.00 | J;=0.456 10 l;=0.274 ds = 0.032

The proposed 5 DoF model is described by the Cartesian
coordinates of point A and absolute angles «, § and y of the
foot, shank and thigh respectively. The general coordinates are

q=1[xa ya a B y]". 1)

The corresponding 5 by 5 mass matrix M is shown below.
For the sake of briefness, we introduced new notations
my = my + metmg+ms, My = My + metmg and my, =
my, +m,, which represents merged masses of the body
segments. Furthermore, s, =sina and c, =cosa are
introduced and the same notation is applied for g and y. We
also introduced short notations sg, = sin(a + v), s;B =

sin(a + f) and cg, = cos(f — ).

(dtmt - ltmbt)cy
(dtmt - ltmbt)sy

lf(dtmt - ltmbt)s;{ ) (2)

(dsms - lsmbts)cﬁ
(dsms - lsmbts)sﬁ
lf(dsms - lsmth)S:ﬁ
]: + lzmbts - (2lsds - dz)ms ls(dtmbt - dtmt)cj;;y
ls(dtmbt - dtmt)cf;( ]tz + ltzmbt - (ZItdt - dtz)mt
1 0 (1-5s)ls,
0 1 (1-9)kc,

0 0

5= | |
0 0

q

(4)

3 Considerations about the mechanical description

A feature of legged locomotion systems is the changing of
topology. For instance, when ground and foot get in contact,
new constraints arise and the model will have less DoF than in
the airborne phase of running. Besides, foot impact with the
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ground is also an important phenomenon. We apply a
constraint-based approach like in [14] and [20] for handling
both challenges. The constraint-based approach has advantages
over the method of angular momentum conservation (see [7]),
which is usually applied when bipedal locomotion systems and
passive dynamic walking mechanisms are analyzed, e.g. in
[21] and [22]. The main strength of the constraint based
approach is the applicability for closed kinematic loops (e.g.
walking, when both legs touch the ground for finite time),
which is not true for the approach using conservation of
angular momentum [15]. Furthermore, its calculation process
is more algorithmic. The constraint-based approach is
explained in the followings.

3.1 Description of impact dynamics

The finite (continuous) dynamics and the discrete collision
event (impulsive dynamics) are distinguished in the
mechanical description of legged locomotion. Let the finite-
time dynamics be described by the following equation of
motion:

M(q)§ + C(q,q) = Q(q) )

with vector q of general coordinates, mass matrix M, and
vector C of Coriolis and centrifugal terms and Q represents the
non-inertial forces, like gravity.

We assume that i) the ground-foot collision is
instantaneous, which leads to infinitely large instantaneous
forces over infinitesimal time duration so that the net impulse
due to the impact force is finite [7], [14], [15]. Secondly, ii)
completely inelastic collision is also assumed, so that there is
no rebound [7], [14]. Assumption iii) is that there is no slip.

Assumptions i, ii and iii lead us to consider the ground-foot
contact as an instantly arising geometric constraint as in [14],
[15], [16], [20], [23], [24]. Hence, equation of motion (5) can
be rewritten in the following form in order to describe the
impulsive dynamics [14]:

M@ (@ —a7) = F(q), (6)

where ¢~ =q(t™) and q* =q(t*) are the generalized
velocities right before (pre-impact) and after (post-impact) the
collision respectively. F is the net impulse of the impact forces,
all other forces are neglected. Using (6), the post-impact
generalized velocity vector q* can be theoretically determined.
While velocity condition changes instantly, the configuration
q = q* = q~ does not change.

Before foot touchdown, the body is in flying phase, so that
the system moves freely. Pose and velocity conditions are
described by the generalized coordinate vector q and the pre-
impact generalized velocity q~. The new constraints @(q) = 0
related to the ground contact (see equation (3)) arise and the
post-impact velocities are determined by the projection to the
space of the admissible motion:

Q" =P.q, (")

where projection matrix P, transforms into the null space of
the constraint Jacobian matrix:

P,=1-P. (8)
P. is the projection matrix of the constrained space:
P.= dlo, 9)

and the pseudo-inverse of the non-square constraint Jacobian
(see equation (4)) can be calculated according to [25] as:

o = M1l (®,M1]) . (10)

Similar projection technique is presented in [16].

3.2 Slip of the foot

Considering a normal and convenient running, assumption
iii stands, since depending on the surface quality, usually there
is no significant slip of the foot in practice. However, the slip-
free condition is checked, for which the geometric constraint in
(3) is separated into two parts ¢, and ¢, constraining the
tangential and the normal direction motion respectively:

@=[p,]

For satisfying the non-slip condition, the Coulomb friction
coefficient must be larger than the critical value [26]:

(11)

o M 1pT
o, M 1T

lhe = , (12)
where &, and &, are the Jacobians of the tangential and
normal direction constraints respectively.

3.3 A measure for the impact intensity

The Kinetic energy related to the constrained part of the
motion vanishes when the foot touches the ground. This
energy amount is calculated as it is done in [26]:

Te=2(q)TPIMP.q". (13)

T. is called constrained motion space kinetic energy
(CMSKE). Papers [14] and [20] showed that foot strike
intensity can be characterised by the CMSKE which depends
on the pre-impact configuration and velocity and the effective
mass matrix M, = PTMP,. The effective mass concept for foot
impact is presented in [27] for a one DoF model. In this work
the CMSKE is used for characterize the foot impact intensity:
CMSKE is directly proportional to the impulse of the contact
reaction force and also to the peak reaction force, as it is
presented in [14] and [26].

CMSKE also can be used as an energy efficiency indicator
of passive walkers [21] and [22] because their energy loss is
the foot impact only.

4 Results

Our results cover three main cases starting from the
verification of the related literature results towards more
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accurate modeling.

4.1 Extended knee, vertical pre-impact velocity

Fig. 5 shows qualitatively same result as presented in [14].
The CMSKE is calculated and then normalized by the pre-
impact kinetic energy T. For the sake of better visibility,
logarithmic scale is used in T./T axis. We assume straight leg
(B =), horizontal foot (a =0 and vertical pre-impact
velocity (x4 = 0m/s, y, = —1m/s). The magnitude of the
vertical pre-impact velocity is estimated based on the bouncing
ball model of running [28]. The calculations confirm that
shank angle S can have a small effect on the impact intensity at
low strike index: the ratio of T, and T is 98% at f= 0° and
92% at f= 15°. Furthermore, the impact intensity is a
symmetric function of g, which does not meet with experience
(see Fig. 3). Fig.5 also confirms that larger strike index s
provides smaller impact and higher energy efficiency (the ratio
of T, and T is 0.25% at s = 1), while the variation of £ does
not have effect. The value of the effective mass m, (2,2
element of the effective mass matrix M) and the CMSKE is in
linear relationship: T, = 1/2m,y3, because only one
generalized velocity is nonzero out of the five. Intuition and
practical observations [3] and [4] encouraged us to accomplish
the following two test cases that are expected to show that the
shank angle g has much more remarkable effect on the impact
intensity in reality.

It is known from experience that overstride and RFS is in
relation with each other. Usually overstriding impels RFS, and
it is natural that FFS occurs if the landing point is nearly below
the CoG of the body. Therefore the practically relevant regions
are plotted with thick curves in Figures 5-7. While the thin
lines refer to very inconvenient configurations, which typically
do not come up in practice, e.g. rearfoot strike with negative S.

) vx/vy=0, v=0 s
10 |

1
0.8

g 0.6

~ 100

\.10 04

e .
0.2
0

2L ] ] ] |
10" 20 [0 o 10 20
3 [deg]
Fig. 5 CMSKE ( T¢) as function of strike index (s) and shank angle (/) in

case of extended knee and vertical pre-impact velocity

4.2 Bent knee, vertical pre-impact velocity

Fig. 6 shows the CMSKE in the case when the absolute
angle of the thigh and the foot were set to = 15°, = 20" and
y=25"and a=0’ respectively, while shank angle  was varied
in -15° to 15° range. The effective mass m, is still in linear

relationship with T, because only y, is a nonzero pre-impact
generalized velocity. The results are contradictory with [14],
because g has a remarkable effect on T,.. The worst case is
rearfoot strike combined with extended knee (8 = y), when
almost 100% of the Kinetic energy is absorbed by the impact.
Overstriding (positive values of f) causes large energy loss
and high impact, as it is expected based on practical
observations. For negative values of shank angle g, the
absorbed kinetic energy is less than 10%. We can conclude
that the results became much more realistic compared to the
models shown in Fig. 2 because of involving thigh and point
mass m,, in the model. The results show that overstriding can
have energy absorbing effect.

4.3 Bent knee, tilted pre-impact velocity

For the sake of even more realistic results, a nonzero
horizontal velocity component is introduced besides the
vertical one. Three different running speed values are
considered: x, =3 m/s, x4 = 4m/s and x, = 5m/s while
the vertical pre-impact velocity is still y, = —1m/s. The
consideration of tiled pre-impact velocity was also encouraged
by reference [9] which concludes that the foot placement and
velocity is prepared well before touchdown. Fig. 7 shows that
the effect of angle g is even more substantial when rearfoot
strike occurs. The constrained motion space kinetic energy is
minimal, when the strike index is large and the shank angle S
is close to zero. In the best situation 2% of the pre-impact
kinetic energy is absorbed only. The change of the horizontal
velocity component in the relevant range (under 3 m/s the
locomotion is rather walking than running) does not affect T,
substantially. The results of Fig. 7 change so significantly
comparing to Fig. 5 and Fig. 6, because the horizontal velocity
components cannot be highly influenced by the ground force
which acts in vertical direction.

When considering horizontal velocity component, only 28%
of kinetic energy is lost in maximum. It is because the
horizontal speed component of the body does not change too
much. The effective mass is not in direct connection with
CMSKE, but CMSKE can be calculated as T, = 1/2 q"M,q,
which gives a linear combination of the terms of the effective
mass matrix.

5 Discussion

The results indicate that landing just slightly in front of the
CoG (B ~0) together with FFS (s > 0.5) is preferable, while
overstriding (£ > 0) together with RFS (s < 0.5) is better to
be avoided, from the viewpoint of impact intensity and impact
induced kinetic energy loss. Summarizing, right strike index
and correct shank angle correlate, so it is indirectly confirmed
that strike pattern is the most important parameter, which was
drawn in [7] and [14].

Our results are in correlation with the following literature
based statements of [13]. a) Runners with a RFS pattern
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developed more repetitive overuse injuries when compared
with FFS runners. b) The flexion of the tibia helps the runner
to reduce impact; therefore an extended tibia is not ideal for
runners who suffer from impact-related running injuries. c)

vx/vy =0, 9=15°

vx/vy=0, r=20°

The presence and magnitude of overstriding may be the key
risk factor of running injuries.

vx/vy=0, r=25° s

10 /\ /— 1
0.8
& 06
0
B 107 0.4
it
— — 02
— 1o
-2|
10720 0 0 0 20
3 [deg] 4 [deg] 43 [deg]

Fig. 6 CMSKE ( T¢) as function of strike index (S) and shank angle (/) in

case of bent knee and vertical pre-impact velocity in different thigh angle ()

values
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Fig. 7 CMSKE ( T¢) as function of strike index (S) and shank angle (/) in case of bent knee and tilted pre-impact velocity in different thigh angle (y) and

horizontal velocity component ( V) values

The T./T ratio difference at = 0° and = 25° was 8%
only, when extended knee and vertical pre-impact velocity was
considered (see Fig. 5). Contrarily, our extended model and the
consideration of horizontal velocity component resulted
approximately 25% difference in the kinetic energy ratio T,./T
between overstriding (£ = 25°) and landing approximately

below the hip (£ = 0°) cases, as Fig. 7 shows. The impact
intensity is much more sensitive to parameter S in case of the
new model. This shows that the more detailed mechanical
model of the body provides substantially different results,
which might be closer to the practical observations.

FFS is often followed by heel strike which causes a second
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impact with a second amount of absorbed kinetic energy. This
phenomena was investigated in [15], however it requires more
detailed analysis.

6 Conclusion

We accomplished purely mechanical calculations to gain
information about the effect of strike pattern and foot
positioning on the impact intensity and energy efficiency of
running. The presented calculation is more predictive than
experiments in some cases, because the effect of any parameter
modification can be seen promptly.

Our enhanced model allowed us to gain a practical result
that overstriding should be avoided and forefoot landing is
better than heel strike both from the viewpoint of energy
efficiency and injury prevention. The results show that high
ground-foot impacts can be avoided purely by a proper foot
positioning. In such situation not only the damping effect of
the elevated and cushioned heel of the shoes protects the
runner. This result contributes to the recent researches focus on
the comparison of barefoot versus shod running which two
conditions yield different ground reaction forces.

We showed that foot and shank cannot be analyzed in itself,
only together with the inertia of other body parts. Also the
consideration of horizontal velocity component of the body
leads to more realistic results compared to the results of earlier
models presented in [7] and [14]. Our results also show that
the shank angle is at least as important parameter as the strike
pattern. However, the practical meaning of this statement is in
total correspondence with the referred literatures [5], [7] and
[14] because negative shank angle impels forefoot strike.

The presented parameterization makes possible the
extension of the mechanical model in future wok, e.g.
considering the spatial dynamics, more body segments and
elastic ground-foot connection. These extensions may lead to
new results related to optimal upper body posture and the
stabilizing and damping effect of the shoe.
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