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The human musculo-skeletal system comprises high complexity which makes it difficult to identify

underlying basic principles of bipedal locomotion. To tackle this challenge, a common approach is to

strip away complexity and formulate a reductive model. With utter simplicity a bipedal spring-mass

model gives good predictions of the human gait dynamics, however, it has not been fully investigated

whether center of mass motion over time of walking and running is comparable between the model

and the human body over a wide range of speed. To test the model’s ability in this respect, we compare

sagittal center of mass trajectories of model and human data for speeds ranging from 0.5 m/s to 4 m/s.

For simulations, system parameters and initial conditions are extracted from experimental observa-

tions of 28 subjects. The leg parameters stiffness and length are extracted from functional fitting to the

subjects’ leg force–length curves. With small variations of the touch-down angle of the leg and the

vertical position of the center of mass at apex, we find successful spring-mass simulations for moderate

walking and medium running speeds. Predictions of the sagittal center of mass trajectories and ground

reaction forces are good, but their amplitudes are overestimated, while contact time is underestimated.

At faster walking speeds and slower running speeds we do not find successful model locomotion with

the extent of allowed parameter variation. We conclude that the existing limitations may be improved

by adding complexity to the model.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Human walking and running are two distinct gaits, which are
used in a wide range of speeds utilizing the same set of two legs.
High complexity of the natural system makes it difficult to
identify underlying basic principles of locomotion, which chal-
lenges natural scientists and engineers to specify design plans for
building a rapid-running, maneuverable biped or a walking-
running-and-transitioning prosthesis. The suggested approach
to this challenge is to strip away complexity and formulate a
reductive model, which describes and predicts the body motion
with the least possible number of parameters (Full and
Koditschek, 1999). From there, complexity can be added bit by
bit to anchor such a template.

Simple mathematical models have served and still serve to
discover essential features of sagittal-plane legged locomotion
(Borelli, 1680; Cavagna et al., 1977; Alexander, 1988; Blickhan,
1989; McMahon and Cheng, 1990; McGeer, 1990), but only a few
have been presented with regard to both, human walking and
ll rights reserved.
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running (Srinivasan and Ruina, 2006; Geyer et al., 2006). When
formulating a templates for a dynamic system, it is important to
keep in mind that the predicted center of mass (CoM) motion
needs to withstand the light of data (Full and Koditschek, 1999).
Acting forces, and with that the CoM motion, represent the overall
dynamics of a system. Therefore, if the template’s CoM motion
does not well compare with experimentally observed data, the
proposed dynamic parameters of the model may be poor. By these
means, the inverted pendulum model as a template for human
walking had to be refuted (Lee and Farley, 1998; Full and
Koditschek, 1999), i.e. while the inverted pendulum model serves
well to discover legged locomotion of a kind, it misses describing
the dynamics of human walking, which limits its capability to
provide further insight if any more detailed. A promising model
describing and predicting the dynamics of human walking and
running is the bipedal spring-mass model (Geyer et al., 2006).
Two massless springs and a point mass represent the human
body. In walking, the springs alternate between a double support
phase and a single support phase and in running between a single
support phase and a flight phase (Fig. 1). With only three leg
parameters, i.e. leg stiffness, resting leg length, and leg angle at
touch-down, it well reproduces the CoM motion and patterns of
GRFs as compared to those found in human locomotion.
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Fig. 1. Two massless springs of rest length ‘0 and stiffness kleg and a point mass m,

the center of mass (CoM), represent the human body in walking and running.

The gravitational force mg always acts on the CoM. During ground contact, the leg

spring applies additional force Fleg on both CoM and the ground. The counteracting

force, the ground reaction force (GRF), is equal and opposite to the leg force. In

walking, leg forces of two legs are acting during double support. The leg hits the

ground at a fixed touch-down angle aTD . The highest vertical point of the CoM

trajectory is denoted by yapex.

Table 1
Subject characteristics (mean7SD) and individually preferred transition

speed (PTS).

N Age (yrs) Height (m) Mass (kg) PTS (m/s)

21 25.472.7 1.7370.09 70.9711.7 2.170.1

7 23.771.1 1.8070.10 77.578.8 –
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By looking at the relationship of vertical GRF (or vertical
acceleration of the CoM) and vertical CoM displacement, spring-
like behavior in human running has been exemplified in several
studies (Cavagna et al., 1988; McMahon and Cheng, 1990;
He et al., 1991; Farley and Gonzalez, 1996; Dalleau et al., 1998).
Bullimore and Burn (2007) investigated spring-mass model pre-
dictions for a number of locomotor parameters in running. Their
results indicated that, while some of the locomotor parameters
were predicted very well, changes of mechanical energy and peak
vertical displacement of the CoM were overestimated by the
model. To our knowledge, so far, sagittal CoM trajectories have
not directly been compared between model and experiment.

We are only aware of one study that included model-experi-
ment comparisons in walking with regard to the spring-mass model
(Geyer, 2005). Results from this study elucidated that walking of
the spring-mass model is limited at higher speeds ðv41:5 m=sÞ as
it would become airborne. Furthermore, a more complex leg
operation was observed in experimental data for walking at higher
speeds. From this, Geyer (2005) concluded that biological systems
might not rely on the attractive mechanical behavior of a simple
spring-mass system when walking at higher speeds. Here, insuffi-
cient comparability of sagittal CoM trajectory between the bipedal
spring-mass model and human data would be expected.

Goal of our study is to extract spring-mass model parameters
from the dynamics of human walking and running and check the
predicted CoM trajectories against experimental data. To analyze
coupled sagittal plane dynamics of human locomotion, it is instru-
mental to introduce the leg length as a representative system
structure. The projection of the system dynamics represented by
the GRFs onto this measure produces the leg force–length relation,
which can be used to extract the system parameters leg stiffness
and resting leg length (Günther and Blickhan, 2002). With leg
force–length curves from experiments, the efficacy of the spring-
mass model can be evaluated, however, there will always be a
model-experiment discrepancy to a certain degree. To visualize
and further evaluate this discrepancy, extracted system parameters
and initial conditions can be fed into the bipedal spring-mass
model to receive according CoM trajectories for concrete compar-
ison with the experiment. To represent an advancement for
potential theoretical principles of locomotion, this is done for
speeds ranging from slow walking to fast running over a wide
range of speed where both gaits are possible. Owing to the
inevitable variability accompanied with data extracted from
human locomotion, whether because of the variable nature of the
human system or the variable data extraction process, we expect
inability of the model to produce results in some cases. In our
work, we conduct parameter scans, however, without high preci-
sion to stick to the natural archetype as close as possible. With this
model-experiment comparison, we evaluate the quality of the
bipedal spring-mass model as a general template for human
locomotion in a wide range of speed and discuss to which extent
the model’s simplicity is suitable to represent the complexity of
human leg function during locomotion.
2. Methods

2.1. Experimental data

Two experiments were conducted (Lipfert, 2010). In Experi-
ment I, 21 subjects (11 females, 10 males) participated in a study
on walking and running at speeds ranging from 0.52 m/s to
2.59 m/s. In Experiment II, seven subjects (one female, six males)
participated in a study on running at 3.0 m/s and 4.0 m/s.

Sagittal plane ground reaction forces (GRF) were collected in
both experiments. Subjects were asked to walk and run at
different speeds on an instrumented treadmill (type ADAL-WR,
HEF Tecmachine, Andrezieux Boutheon, France). Average subject
characteristics for both experiments are summarized in Table 1.
Both studies were approved through the University of Jena Ethics
Committee (in accordance with the Declaration of Helsinki) and
written informed consent was provided by all subjects prior to
the experiments.

In Experiment I, we first determined each subject’s individu-
ally preferred transition speed (PTS). Depending on their PTS,
subjects were then required to walk at five speeds (25%, 50%, 75%,
100%, 125% PTS) and also run at the same five speeds, each for
20 s four times. In Experiment II, no normalization to PTS was
done and subjects merely ran at 3.0 m/s and 4.0 m/s each for 20 s
three times. See Table 2 for an overview of all conditions. Included
in every trial were 5 s of standing still at the beginning and the
end in order to get specified initial conditions for center of mass
(CoM) integrations and to account for potential signal drifts.

2.2. Data collection and processing

Twelve piezo-electric force transducers, incorporated with the
treadmill, were used to measure GRFs. Located directly under-
neath the treadmill belt were two force plates, one for the left and
one for the right side. Both plates were connected to the treadmill
frame by a set of four force transducers (Type 9051A, Kistler,
Winterthur, Switzerland), each to account for the vertical com-
ponents of the left and right GRF. On the ground, the entire
treadmill was fixed to four wide-range force transducers (Type
9077B, Kistler, Winterthur, Switzerland) to measure horizontal
forces, which are not caused by belt friction or belt movement.
We recorded force data at a frequency of 1000 Hz.

Data were processed and analyzed using custom software
(MATLAB R2007b, The MathWorks, Inc., Natick, MA, USA). Gait
cycles were marked by two subsequent touch-down (TD) events



Table 2
System parameters and initial conditions extracted from experimental data (mean7SD).

(25% PTS) (50% PTS) (75% PTS) (100% PTS) (125% PTS)

0.52 m/s 1.04 m/s 1.55 m/s 2.07 m/s 2.59 m/s 3.00 m/s 4.00 m/s

W R W R W R W R W R R R

kleg (kN=m) �1842.0 17.0 35.6 16.8 23.5 16.2 26.1 16.5 24.6 16.5 16.9 17.1

7 8557.0 2.7 10.8 2.4 2.8 1.7 4.9 2.2 7.2 2.1 1.6 2.4

‘0 (m) 0.935 0.962 0.946 0.963 0.954 0.981 0.957 0.979 0.966 0.981 1.087 1.089

7 0.159 0.120 0.159 0.124 0.160 0.159 0.162 0.164 0.163 0.165 0.136 0.135

m (kg) 70.9 70.9 70.9 70.9 70.9 70.9 70.9 70.9 70.9 70.9 77.5 77.5

7 11.7 11.7 11.7 11.7 11.7 11.7 11.7 11.7 11.7 11.7 8.8 8.8

aTD (deg) 82.6 86.7 76.5 85.4 72.4 83.4 70.7 82.7 71.2 81.4 77.7 74.1

7 1.7 1.3 1.9 2.6 2.0 2.2 2.0 1.4 2.1 1.3 0.9 1.1

vx,apex (m/s) 0.49 0.53 0.98 1.09 1.49 1.64 1.99 2.14 2.53 2.67 3.08 4.09

7 0.03 0.04 0.07 0.08 0.11 0.10 0.14 0.15 0.19 0.19 0.01 0.01

yapex (m) 1.001 1.051 0.998 1.052 0.999 1.040 0.999 1.037 0.995 1.034 1.014 1.004

7 0.005 0.016 0.005 0.013 0.006 0.011 0.006 0.012 0.007 0.010 0.009 0.011

System parameters are leg stiffness kleg, resting leg length ‘0, mass m and touch-down angle aTD. Initial conditions are horizontal velocity of CoM at apex vx,apex and vertical

position of CoM at apex yapex. Note that kleg and ‘0 specified here are the averaged values obtained from fits to the leg force–length curves of each individual subject, and

not, as presented in Figs. 2 and 3, the values obtained from one fit to the overall leg force–length curve (grand mean).

Fig. 2. Leg force–length curves (exp) and functional fits (fit) for running. Data of the grand means are shown. Leg force Fleg is normalized to body weight (BW), leg length

‘leg is normalized to the leg length obtained during quiet standing ð‘st Þ. System parameters leg stiffness kleg and resting leg length ‘0 determined by the linear fits and the

coefficient of determination R2 for each speed are given below each figure panel. kleg is normalized to BW and ‘st , ‘0 is normalized to ‘st . Touch-down and take-off are

denoted by , (TD) and n (TO). Good correspondence of fitting results and experiments is apparent.

Table 3
System parameters and initial conditions of successful model predictions.

Walking 1.04 m/s Running 3.00 m/s Running 4.00 m/s Running 4.00 m/s

mod exp err % mod exp err % mod exp err % mod exp err %

kleg (kN/m) 33.1 17.3 17.0 17.0
‘0 (m) 0.976 1.057 1.061 1.061
m (kg) 70.9 77.5 77.5 77.5
aTD (deg) 74.8 76.5 2.2 72.0 77.7 7.4 69.2 74.1 6.6 69.0 74.1 6.9

vx,apex (m/s) 1.07 0.98 9.2 3.14 3.08 1.9 4.09 4.14 4.09 1.3

yapex (m) 0.962 0.998 3.6 1.032 1.014 1.7 1.004 1.013 1.004 0.9

System parameters are leg stiffness kleg, resting leg length ‘0, mass m and touch-down angle aTD. Initial conditions are horizontal velocity of CoM at apex vx,apex and vertical

position of CoM at apex yapex. The model solutions presented here are the ones closest to the experimentally observed sagittal CoM motion for the respective speed. Values

obtained from experimental data (exp) are included where the used model parameters (mod) were varied. The relative errors of varied parameters are denoted in italics.

Model predictions of the parameter sets in bold are illustrated in Figs. 4 and 5.
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of the same foot, defined as the instant when the vertical GRF first
exceeded 20 N. Accordingly, take-off (TO) of the foot was defined
as the instant when the vertical GRF first fell below 20 N. Signals
were linearly interpolated to 100 points per gait cycle and
manually screened for incorrect ground contacts, e.g. trespassing
of the foot to the contra-lateral force plate.

For every subject and speed between 21 and 72 walking cycles
and up to 166 running cycles were averaged to give individual
means (left and right sides combined) which were then used to
obtain an inter-individual grand mean. GRF data were normalized
to each subject’s body weight.

During contact, leg length ‘leg was defined as the distance
between the center of mass (CoM) and center of pressure (CoP).
Coordinates of the CoP for each leg were calculated using the
corresponding vertical components of the GRF signals obtained by
the force plates located underneath the treadmill belt. CoM
movements were determined by twice integrating the accelera-
tions received from GRF data (for details see Lipfert, 2010). Leg



Fig. 3. Leg force–length curves (exp) and functional fits (fit) for walking. Data of the grand means are shown. Leg force Fleg is normalized to body weight (BW), leg length

‘leg is normalized to the leg length obtained during quiet standing ð‘stÞ. System parameters leg stiffness kleg and resting leg length ‘0 determined by the linear fits and the

coefficient of determination R2 for each speed are given below each figure panel. kleg is normalized to BW and ‘st , ‘0 is normalized to ‘st . Touch-down and take-off are

denoted by , (TD) and n (TO). Correspondence of fitting results and experiments is not given for 0.52 m/s, 2.07 m/s and 2.59 m/s.
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length ‘leg was normalized to each subject’s leg length observed
during quiet standing ð‘stÞ.

2.3. System dynamics

Assuming linear elasticity, leg force throughout stance is defined
by the product of leg stiffness kleg and the axial leg deflection over
time D‘legðtÞ, where

D‘legðtÞ ¼ ‘0�‘legðtÞ ð1Þ

with ‘0 the resting length of the leg. With that, the leg force is
determined by

FlegðtÞ ¼ klegð‘0�‘legðtÞÞ: ð2Þ

To estimate the parameters kleg and ‘0, a linear least squares
method was used to fit the leg’s force–length curves obtained
from the grand means of our two data sets (Figs. 2 and 3). The
fitting procedure was computed using the matrix left division
operator in MATLAB to determine kleg and ‘0 by solving the linear
system of equations resulting from Eq. (2):

�Flegðt1Þ 1

�Flegðt2Þ 1

^ ^

�FlegðtnÞ 1

0
BBBB@

1
CCCCA

1
kleg

‘0

 !
¼

‘legðt1Þ

‘legðt2Þ

^

‘legðtnÞ

0
BBBB@

1
CCCCA: ð3Þ

2.4. Simulation

The so determined system parameters kleg and ‘0 were fed into a
spring-mass model simulation implemented in Simulink (R2007b,
The MathWorks, Inc., Natick, MA, USA). Equations of motion were
numerically solved (ode45) with a maximum integration step size
of 0.01 s and a relative tolerance of 0.001. The third leg parameter
aTD (angle of attack), initial conditions yapex (vertical CoM position
at apex) and vx,apex (forward speed of CoM at apex) were taken from
the experiments, as well as body mass m and leg length during
quiet standing ‘st . Extracted parameters from the experiments for
all measured walking and running speeds are included in Table 2.
The simulation was terminated and its results considered successful
when 25 consecutive steps were reached.

It was somewhat startling when the direct feed of parameters
from the experiments into the model did not lead to successful
simulations at any speed or gait. This can be due to a number of
effects: (1) the chosen way of defining the leg, (2) experimental
inaccuracies, (3) the fact that human running is not exactly
symmetrical and (4) the fact that human running demonstrates
a forward moving CoP (Bullimore and Burn, 2006). Points (3) and
(4) suggest that aTD will need adjustment for the use in model
predictions. Previous research (Geyer et al., 2006) indicates that
for an extensive range of leg stiffness kleg there will always
be a suitable touch-down angle aTD leading to successful model
locomotion. We therefore chose to vary aTD to find its best fitting
value where the resulting sagittal CoM motion was closest to the
respective experimental archetype. This procedure produced
results for running at 4 m/s, but not for slower running speeds
or the walking gait at any speed. From Table 2 it becomes clear
that in walking the apex height yapex lies above the derived resting
length of the leg ‘0. This, however, is not possible during simple
spring-mass walking, as it would indicate the system becomes
airborne. Therefore, to obtain results for the walking gait, and
possibly for running at slower speeds, we additionally scanned for
the best fitting yapex for each scanned aTD. Horizontal velocity of
the CoM at apex vx,apex was recalculated based on a reference term
(for the case of yapex ¼ ‘0) obtained from the experiments,
Eref ¼mg‘0þ

1
2mv2

x,apex:

vx,apex ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

Eref

m
�2gyapex�

klegð‘0�‘legÞ
2

m

s
: ð4Þ

The range for aTD lay between 601 and 901 and was scanned with
a precision of 0.21, yapex was scanned between ‘0 and the
aTD-dependent minimum possible yapex with a precision of
0.001 m.

After that, we made no further efforts to search for results, as
this would have led to even more extensive variations from the
experimental observations.

Best fitting values for aTD and yapex (Table 3) were detected by
calculating the coefficient of determination R2 for the sagittal CoM
motion during the contact phase. For this, the Euclidean distances
between data points of the model and the experiment were used.
R2 was calculated using the sum of least squares due to error (SSE)
and the total sum of squares (SST). Different time lines of the CoM
trajectories were taken into account by factoring in the relative
error of contact time:

R2
¼ 1�

SSE

SST

� �
� Tfactor , ð5Þ

where Tfactor ¼ 1�9tc,exp�tc,mod9=9tc,exp9 with tc,exp the experimen-
tally observed contact time and tc,mod is the contact time pre-
dicted by the model.
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3. Results

3.1. Functional fitting to the leg force–length curves

Linear fits to the leg force–length curves and resultant leg
characteristics and coefficients of determination are presented in
Figs. 2 and 3. In running, very close to linear leg force–length
relations are demonstrated at all speeds ðR240:93Þ, with kleg nearly
independent of speed (kleg � 21:5 BW=‘st resp. kleg � 23 BW=‘st).
In walking, linear leg force–length relations are passably demon-
strated at typical walking speeds (R2

¼0.77 at 1.04 m/s and R2
¼0.86

at 1.55 m/s). Here, kleg shows clearly higher values ðkleg 429 BW=‘stÞ

than derived for running ðkleg o24 BW=‘stÞ. The negative R2 for
walking at 0.52 m/s, 2.07 m/s, and 2.59 m/s indicates that the linear
leg force–length relation of a simple spring-mass system does not
predict the observed experimental data in these cases.

Figs. 2 and 3 also show a difference in leg length ‘leg between
the instants of TD and TO. At speeds faster than 1.04 m/s in
running and at speeds faster than 1.55 m/s in walking ‘leg is
increased at the end of stance, while at slow running it stays
constant and at slow walking it decreases.
3.2. Model predictions and comparison with experimental data

A crucial result affecting our simulation approach appears for
the walking gait. At all speeds the CoM height at apex yapex
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(b) sagittal plane GRF, (c) vertical CoM trajectory over time, (d) vertical GRF over

time, (e) horizontal CoM trajectory over time, (f) horizontal GRF over time.
obtained from the experiments turns out to be higher than the
derived resting length of the leg ‘0, making any modeling of the
walking gait with a simple spring-mass system impossible.
We achieve successful model locomotion only for walking at
0.52 m/s and 1.04 m/s and for running at 3.00 m/s and 4.00 m/s
(Table 3). However, as mentioned above, walking at 0.52 m/s has
no sufficient basis in a spring-mass system, therefore, model
predictions for this gait and speed are not considered in this work.
Only for running at 4.00 m/s we already receive a good solution
with solely varying aTD (see Table 3, third column).

The relative errors resulting for aTD and yapex after varying
them from the experimental observations to obtain successful
model solutions are never higher than 7.4% (Table 3), the resulting
relative error for vx,apex not higher than 9.2%. However, it is
important to keep in mind that changing model parameters by
only 1% or even less can already fail successful model locomotion
(Seyfarth et al., 2002).

Experimentally measured and model predicted trajectories
of the vertical and horizontal CoM and GRF of walking and
running are presented for comparison in Figs. 4 and 5. The model
provides good qualitative predictions of the CoM motion and the
shape of GRFs (impacts observed only in the experiments are
due to leg masses, which are not considered in the model).
In comparison to the experimentally observed inter-individual
grand mean, amplitudes of the CoM trajectories and GRF curves
are overestimated, while contact times are underestimated by
the model.
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(b) total GRF in the sagittal plane, (c) vertical CoM trajectory over time,

(d) vertical GRF of one leg over time, (e) horizontal CoM trajectory over time,

(f) horizontal GRF of one leg over time.
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4. Discussion

This work addresses the comparability of sagittal CoM motion
of bipedal spring-mass locomotion and human gait. Our approach
of functional linear fitting to the human leg force–length curves
assumes the validity of a simple linear spring-mass system
underlying the global dynamics of human walking and running.
With small variations of the leg parameter aTD and the initial
condition yapex successful spring-mass simulations are found for
typical walking and running speeds with good qualitative repre-
sentation of sagittal CoM motion and GRFs as compared to the
experimental data. However, these solutions still overestimate
the amplitudes of the CoM trajectories and GRF curves and clearly
underestimate contact times. Also, only moderate walking speeds
and medium running speeds can be predicted by the model with
the used extent of allowed variation from the experimentally
observed parameters. These results indicate that human locomo-
tion is affected by characteristics more complex than inherent to
the bipedal spring-mass model. In the following discussion we
seek to fathom possibilities to improve these limitations.

It is not the goal of this work to systematically scan each
parameter with high precision to receive best concordance
between CoM motion of model and experiment. Variability is in
human locomotion’s nature and should therefore not be disre-
garded. Our goal is to stay close to reality and discuss limits of the
model with the closest possible input taken from experimental
observations.

4.1. Running

Our fitting results indicate that linear elastic leg behavior
during running may well be assumed (Fig. 2). However, the still
observed overestimation of CoM motion and GRFs compared to
the model gives reason to search for possibilities to overcome
these limitations. In a study conducted by Bullimore and Burn
(2006) it was found that a forward moving CoP, which is observed
during stance in human running, leads to higher leg stiffness
necessary for representative model predictions. The further CoP
travels, the higher the leg stiffness. Therefore, leg stiffness in
running might not be independent of speed as suggested by our
fitting results (Fig. 2), but might change depending on the
distance the CoP is traveling during stance. Analyses on this
should be goal of another study.

The occurrence of a forward moving CoP can be looked at as an
increase of functional leg length. This functional leg pivots about a
point somewhere below the ground. If the leg stiffness would be
kept the same, this increased leg length would lead to a relatively
smaller amplitude in the vertical CoM trajectory, longer step
length and longer contact time. To account for the distance
traveled by the CoP using the simple linear spring-mass model
with a fixed foot point on the ground, the leg needs to touch down
at a flatter angle with the foot point half way along the CoPs
traveled distance. This flatter aTD will lead to increased peak
horizontal GRF. The leg will be shorter than with the pivoting
point below the ground and will therefore need a higher stiffness
than originally extracted from the force–length curves. Also, the
resting leg length will be a bit longer than originally extracted.
Thus, we need to be careful when extracting kleg and ‘0 from a
running leg’s force–length curve. While the moving CoP approach
might not lead to optimal leg parameters, we would still expect
better results when leg stiffness is higher and resting length
longer than determined in the present study.

The forward moving CoP in human running and the fact that a
human leg is comprised of a number of segments, one of which is
the foot, inspired Maykranz et al. (2009) to conduct a simulation
study, where a foot segment was added to the distal end of a
spring-like leg elastically joined by a rotational spring. This
extended spring-mass model predicts not only modification of
the effective leg length but also of effective leg stiffness through-
out stance. With the foot segment attached, leg lengthening of the
stance leg is achieved and provides better ground clearance for
the swing leg. Leg lengthening throughout stance, i.e. a longer leg
length at TO than at TD, can be noticed in Fig. 2 and has been
reported for running in a number of studies (e.g. Farley and
Gonzalez, 1996; Grimmer et al., 2008). In addition to that,
different leg configurations throughout stance result in a mod-
ulation of leg stiffness. Interestingly, in the present human data
set it appears that after a short period of higher leg stiffness
(steeper slope of force–length curve) during initial impact a lower
stiffness (flatter slope) is found throughout the rest of stance
(Fig. 2). This may be visualized as follows. In heel-toe running
during impact, effective leg stiffness is predominantly given by a
leg spring that has its distal end at the ankle joint. Here, the heel
is in contact with the ground and limits the contribution of the
ankle spring to the effective leg spring. After impact, when the
force vector moves in front of the ankle joint, this limitation is
deregulated and two springs can now act in series. Consequently,
effective leg stiffness is decreased.

Thus, the addition of an elastically attached foot segment to a
spring-like leg can improve model predictions of the running gait
not only in terms of CoM motion, horizontal GRFs and contact
time due to higher kleg, longer ‘0 and flatter aTD, but also in
terms of a variable leg length and leg stiffness throughout the
contact phase.

4.2. Walking

In walking, linear elastic leg behavior as clear as in running is
not found (Fig. 3). Closest to a linear spring are typical walking
speeds (1.04 m/s and 1.55 m/s), but linear spring-like leg behavior
at all speeds cannot be assumed.

As elucidated for running, a forward moving CoP may also
increase the effective leg stiffness in walking. In a study where the
walking spring-mass model was enhanced by an upright rigid
trunk, Maus et al. (in press) demonstrated the existence of a point
located above the CoM where GRFs intersect during most of the
stance phase. This additionally increases the functional leg length
and with that the leg stiffness, which is in line with our results for
typical walking speeds, where spring-like legs may be assumed
and where the extracted leg stiffness is higher than that for
running (Figs. 2 and 3).

To our knowledge, there are no studies so far, which investi-
gated the effects of an elastically attached foot segment to the leg
spring in walking. The addition of a foot segment as done by
Maykranz et al. (2009) for running is likely to predict leg
lengthening also during stance in walking. However, results of
our study show leg lengthening only for higher speeds (Fig. 3),
speeds where humans would rather run than walk. At slow and
typical walking speeds the leg length shortens or stays constant
during stance. This suggests that another mechanism is needed to
account for this condition. Inspired by the human leg, the addition
of a knee joint could help with this challenge. A walking model
comprised of two three-segmented legs and a trunk was shown to
enter cyclic locomotion when the knee joint was allowed to break
its functional spring behavior and flex with touch-down of the
contra-lateral leg (Geyer and Herr, 2010).

The arguable concordance of the experimentally observed leg
force–length curves in walking with those of a linear spring-mass
model calls for attention. It has been observed that elasticity of
the leg can be assumed to different degrees for the two double-
stance phases of one contact (Lipfert, 2010). With that, functional
fitting for the whole stance phase can only be a compromise.
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Another point is that during single support the leg is mainly
extending while the GRF decreases and increases, especially at
higher speeds (Fig. 3). Therefore, the characteristics of the leg
during single-stance appear rather nonelastic.

Local processes do not necessarily have to concur with those
observed globally (Blickhan et al., 2007). For instance, a linear
joint stiffness in a two-segmented leg may not correspond to a
linear leg force–length relation (Rummel and Seyfarth, 2008).
Likewise, global leg stiffness may not necessarily result from local
elastic characteristics (Seyfarth et al., 2001), but could just as well
originate from parallel dissipative and energy providing processes
(Geyer et al., 2003).

Although changes of the leg length (prismatic behavior) occur
in human walking, these changes are not necessarily accompa-
nied by changes in leg force, or vice versa, as one expects from a
compliant structure (Fig. 3). Even when leg forces counteract the
change of leg length, they could also be dissipative in nature.
Assuming one global leg stiffness in walking seems to work out
reasonably well for moderate speeds, however, nonelastic pro-
cesses (e.g. damping) may be required to explain the walking gait
at slower and higher speeds. The addition of an elastically coupled
foot segment might not be sufficient to reproduce the walking
dynamics. But adding a third segment and another joint, the knee
joint, may help to achieve elastic leg lengthening during single-
stance.

In conclusion, using the bidepal spring-mass model gives good
qualitative predictions of the CoM motion of human locomotion
at moderate walking speeds (about 1 m/s) and medium running
speeds ð43 m=sÞ. Our study shows that input parameters
extracted from experimental data can be fed into the model with
little variation and lead to representative locomotion. However,
the model misses good predictions for human strolling, fast
walking, or jogging. It appears that the leg function in these cases
has a more elaborate basis. Existing limitations (e.g. amplitudes of
CoM motion, horizontal GRFs, and contact time) should be further
investigated and possibly improved by adding complexity in form
of virtual legs (i.e. implication of effective leg length and effective
leg stiffness), segmentation of the leg, and/or adding a trunk to
the simple model. This might also help to achieve a wider range of
speeds for successful modeling. To better understand the global
characteristics of human gait, analyses of the behavior of local
degrees of freedom and the properties of their interactions come
to the fore. That way, principles of legged mechanics can be
encoded (Geyer and Herr, 2010) and implemented in a technical
device (Eilenberg et al., 2010).
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