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Ambulatory Assessment of Ankle and Foot Dynamics

H. Martin Schepers*, Student Member, IEEE, H. F. J. M. Koopman, and Peter H. Veltink, Senior Member, IEEE

Abstract—Ground reaction force (GRF) measurement is impor-
tant in the analysis of human body movements. The main draw-
back of the existing measurement systems is the restriction to a lab-
oratory environment. This paper proposes an ambulatory system
for assessing the dynamics of ankle and foot, which integrates the
measurement of the GRF with the measurement of human body
movement. The GRF and the center of pressure (CoP) are mea-
sured using two six-degrees-of-freedom force sensors mounted be-
neath the shoe. The movement of foot and lower leg is measured
using three miniature inertial sensors, two rigidly attached to the
shoe and one on the lower leg. The proposed system is validated
using a force plate and an optical position measurement system as
a reference. The results show good correspondence between both
measurement systems, except for the ankle power estimation. The
root mean square (RMS) difference of the magnitude of the GRF
over 10 evaluated trials was (0.012 & 0.001) N/N (mean =+ standard
deviation), being (1.1 £ 0.1)% of the maximal GRF magnitude. It
should be noted that the forces, moments, and powers are normal-
ized with respect to body weight. The CoP estimation using both
methods shows good correspondence, as indicated by the RMS dif-
ference of (5.1 £ 0.7) mm, corresponding to (1.7 &= 0.3)% of the
length of the shoe. The RMS difference between the magnitudes of
the heel position estimates was calculated as (18 £+ 6) mm, being
(1.4 £ 0.5)% of the maximal magnitude. The ankle moment RMS
difference was (0.004 + 0.001) Nm/N, being (2.3 £+ 0.5)% of the
maximal magnitude. Finally, the RMS difference of the estimated
power at the ankle was (0.02 £ 0.005) W/N, being (14 & 5) % of the
maximal power. This power difference is caused by an inaccurate
estimation of the angular velocities using the optical reference mea-
surement system, which is due to considering the foot as a single
segment. The ambulatory system considers separate heel and fore-
foot segments, thus allowing an additional foot moment and power
to be estimated. Based on the results of this research, it is concluded
that the combination of the instrumented shoe and inertial sensing
is a promising tool for the assessment of the dynamics of foot and
ankle in an ambulatory setting.

Index Terms—Ambulatory measurement, center of pressure, dy-
namics, ground reaction force, inertial sensing.

I. INTRODUCTION

NALYSIS of human body movement is commonly done

in so-called ‘gait laboratories’. In these laboratories,
body movement is measured by a camera system using optical
markers, the ground reaction force (GRF) using a force plate
fixed in the floor, and the muscle activity using EMG. From the
body movements and ground reaction forces, joint moments
and powers can be estimated by applying inverse dynamics
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methods [1]-[4]. The main disadvantage of such measurement
system is that it is restricted to the gait laboratory. Therefore,
research is required to find ways for performing these mea-
surements outside the gait laboratory, for example in a doctor’s
practice, at the working place, or at home.

The measurement of the GRF using a force plate has sev-
eral drawbacks. First, the subjects are required to place their
feet completely on the force plates in order to perform a correct
force measurement. This poses a restriction on the natural gait
pattern. Second, only one or two steps can be measured during
a trial, so many successive trials are usually required. Third, it
is impossible to distinguish the GRF acting on each foot when
standing with both feet on a single plate, as only the total GRF
is registered. Finally, the force plate is fixed in the gait labo-
ratory, which means the measurements cannot be performed in
everyday life situations. Several research groups are attempting
to overcome these limitations by constructing a “force plate” at-
tached to the subject. A first attempt for an ambulatory measure-
ment of the GRF was made by Kljaji¢ and Krajnik [5], who de-
scribed a system to measure the vertical component of the GRF
and its distribution using force transducers beneath the shoe.
The GRF has also been measured using pressure insoles [6]—[8].
However, like the system of Kljaji¢ and Krajnik, these insoles
only yielded the vertical component of the GRF. Therefore, ad-
ditional knowledge was needed to estimate the shear compo-
nents. Forner-Cordero et al. [8] solved this by using knowledge
of body movements. Another solution was given by Savelberg
and De Lange [9] who used pressure insoles in combination
with an artificial neural network to achieve a relationship be-
tween pressure patterns and the shear component of the GRF.
A miniature triaxial piezoelectric transducer measuring three
orthogonal stress components inside a shoe was described by
Razian and Pepper [10]. However, an independent and complete
measurement of the GRF is preferred. An example was given
by Roland et al. [11], who described the design and demon-
stration of a dynamometric horseshoe for measuring GRFs of
horses during racing conditions. Chao and Yin [12] presented
a novel shoe-shape structure, capable of mounting two six de-
gree-of-freedom force sensors placed in the front part and rear
part of that structure. This similar principle was proposed by
Veltink et al. [13] using orthopaedic shoes equipped with six
degrees of freedom force sensors (Fig. 1). In the design of Chao
and Yin [12] the movement is constrained by a hinge, positioned
between the front and rear sensor, while the design of Veltink et
al. [13] allows distributed deformation of the shoe sole. An es-
sential component still missing in this design is the measure-
ment of the force sensor movement. In contrast to the force
plate measurement, the force sensors follow the foot movement,
which means the orientation of the force sensors has to be mea-
sured for an accurate estimation of the GRF.

Measuring body movement by a motion tracking system,
using reflective markers attached to the body, offers accurate
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Fig. 1. Instrumented shoe with force transducers, and inertial sensors.

position tracking of body segments. However, this system
has several drawbacks. First, the line of sight from camera to
marker is often blocked by the subject, resulting in incom-
plete data. Second, these measurements are restricted to the
laboratory environment also and, thus, cannot be performed in
everyday life situations. An alternative is to use inertial sensors
consisting of accelerometers and gyroscopes [14]-[17]. These
sensors do not suffer from the above mentioned problems.
However, obtaining the positions and orientations of a sensor
by integration will introduce integration errors (drift). These
errors can be avoided by using zero velocity updates [18], and
knowledge of position and orientation [19], [20].

The objective of this study is to assess the ankle and foot
dynamics by integrating the measurement of GRFs and body
movement using an ambulatory system. The GRFs are measured
using the instrumented shoes of Veltink ez al. [13], whereas the
movement of foot and ankle is measured using inertial sensors
[19], [21], [22]. The system is validated using a force plate and
an optical position measurement system as a reference.

II. METHODS

As mentioned in the introduction, this paper extends the work
of Veltink et al. [13] by estimating the dynamics at the ankle
and the foot. This section first describes the calculation of the
moment and the power at the ankle and the foot. Subsequently,
the calculation of the GRF and center of pressure (CoP) from
the sensor signals is described, and the methods for estimation
of the 3-D foot position and orientation are presented. Finally,
the experimental methods are described.

A. Moment and Power Calculation

To obtain a full biomechanical analysis, it is desirable that the
joint forces, moments and powers are estimated. In this research,
a first attempt is made by estimating the force, moment, and
power at the ankle. For calculation purposes, all vectors have
to be expressed in the same coordinate system, being the global
coordinate system. The origin and orientation of this global co-
ordinate system ¥, are renewed for each foot placement to co-
incide with the heel sensor coordinate system, when the heel is
flat on the ground. Positive x is in the direction of gait; positive
z is directed upward; and positive y is perpendicular to the = and
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Fig. 2. Schematic drawing of the instrumented shoe during the stance phase.

z direction such that the result is an orthogonal right-handed co-
ordinate system. All measured signals are expressed in a sensor
fixed coordinate system W. This means that the measured sig-
nals have to be transformed to the global coordinate system W,.

A general change of coordinates between two coordinate sys-
tems (¥; an W;) is denoted by

A 1 [
Hi = (03T 1) (1)

where R{ is a rotation matrix representing the change of coor-
dinates between frame ¥; and V; rotated with respect to each
other, and p! is a displacement vector representing the coor-
dinates of the origin of frame W; expressed in frame V¥ ;. The
columns of the rotation matrix R are the coordinates of the unit
axes of frame ¥; expressed in frame ¥

R = (x] Y] 7). )

This change of coordinates can for example be used to de-
scribe the position and orientation of a sensor, with attached
frame Wy, relative to a reference frame ¥, by using HY, RY,
and pY.

A schematic drawing of the instrumented shoe is shown in
Fig. 2, where the foot has been divided in two segments. The
force of each segment is measured by a force sensor, and the
movement of each segment by an inertial sensor. The moment
at the ankle joint MY, in global coordinates is calculated using
the equations of motion [23], and the rotation matrix R?

g _ g g 9
M;, . =~ (xt,p — 2),;) X Fépp
g d

+ (29, — 2%, ) x mps, + R (

Ipwy,) (3)
where the position of the ankle, the CoP, and the center of mass
of the foot are given by =7, ., zZ,, p, and £}, respectively. The
mass of the foot is given by m s, the moment of inertia of the
foot by I, the angular velocity of the foot by w%,, and the
acceleration including gravity, expressed in global coordinates,

by 8%, = a}, — g7. Since the GRF contribution is considerably
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larger than the contribution of the inertial terms, the contribu-
tion of the inertial terms will be neglected [23]. This means (3)
reduces to:

) — 9 g g
M;,. = —(2t,p — 251) X Figp-

“
The ankle power P? , is calculated by the product of the
ankle moment M? , and the angular velocity at the ankle w? , ,
which is the difference between the angular velocity of the heel
segment of the foot w{, and the angular velocity of the lower
leg wzgleg

g9 _ A9 .9  _ MY .
Pank_Mank wank_Mank

g g
(“’hz - wllsg) )
Since the foot has been modeled as two segments (Fig. 2), the
heel and forefoot can move with respect to each other. This
means a foot moment, and foot power are generated as well.
The foot moment M%,, and power P, are calculated as

g9 9 9 9
My, = - (‘Tcop_-'”ft) x Fo.

P, = MY, - wf, = M, - (wf, - wf,) ©6)
where x?t denotes the position of an imaginary hinge point as-
sumed to be present between the two foot segments, and ch f
the GRF measured by the forefoot sensor. The angular velocity
of the foot is denoted by w?t, which is the difference between

the angular velocities of the heel wj;, and the forefoot w¥ ;.

B. GRF and CoP Calculation

As mentioned in the introduction, the GRF is measured by
two six degree-of-freedom force sensors under the heel and
the forefoot. The forces and moments measured by the sensors
should be transformed to global coordinates, and combined.
The transformation of the forces and moments measured by a
force sensor with attached coordinate frame ¥, to the global
coordinate frame ¥, is achieved using (1) and (2)

F, =R}, F !

MY =R, M* +p, x F*'. (7
The GRF Flp, and the moment M acting on the foot
are found by summing the contributions of each force sensor.
The moment around the = and y-axes can be represented using
the CoP. The CoP denotes the point on the contact surface be-
tween the instrumented shoe and the ground, where the mo-
ments around the horizontal axes are zero. This means the mo-
ment measured by the force sensors, expressed in the global co-
ordinate frame W, can be described by: M{pp = 2L p X
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F{. ;. Solving this equation for 7, ., and excluding the mo-
ment around the z-axis results in

MY
F9 T F? 0
xr z
FI = Fy xl,p = M_g M = 0
F
g z g
e 0 M

®)
It should be noted that the z-component of the CoP is zero, since
the CoP must be on the ground. Besides that, the subscipt grr
has been omitted for clarity.

C. Three-Dimensional Foot Position and Orientation
Estimation

For the coordinate transformation from sensor to global co-
ordinates, the transformation matrix HY has to be calculated
(Section II-A). This means the relative 3-D position and orien-
tation of the sensors have to be estimated, which is achieved by
combining the signals of an inertial sensor consisting of three
accelerometers, and three rate gyroscopes. The estimation re-
quires integration of the angular velocity w, measured with the
rate gyroscopes, to orientation, and double integration of the ac-
celeration a, measured with the accelerometers, to position in
global coordinates. The integration of the angular velocity w to
orientation RY, is performed by solving the differential equation
[24]

R7 9~ 5,9
R, = R w;

®

where w7 is the skew-symmetric matrix of the angular velocity
of frame ¥, with respect to ¥, expressed in ¥,

0 —w, Wy
w= W, 0 —Wy (10)
—Wy Wy 0

In general, position estimation is not possible without addi-
tional sources, due to the integration drift of the accelerometers.
However, during walking certain initial and final conditions can
be assumed [19] (e.g., zero velocity update [18], vertical posi-
tion of foot equal at each step), and the integration time is lim-
ited (about one second). In addition, the relative position of a
sensor touching the ground can be estimated from the orienta-
tion data separately, instead of straightforward integration of the
accelerometer signals.

The algorithm for the relative 3-D foot position and orienta-
tion estimation of each stride is based on these principles, and
shown in Fig. 3. The determination of the start and the end of
a stride is based on force sensor information. The angular ve-
locity w is integrated (9), and the initial and final conditions
are used for drift compensation. The algorithm checks for heel
down (HD) or heel off (HO), based on force sensor informa-
tion. On the one hand, when the heel force sensor touches the
ground (HD), the motion of the shoe is constrained, and the po-
sition determination is based on the orientation and knowledge
about the distance between the force sensors under the shoe.
During this phase, the absolute distance between the sensors
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Fig. 3. Flowchart of the integration algorithm to obtain position and orientation of a stride (H (O = heel off, HD = heel down).

is assumed to be constant, and the position of the sensors can
be extracted from the last column of the transformation matrix
(1). On the other hand, when the heel sensor does not touch the
ground (HO), the position is determined by straightforward in-
tegration of the accelerometer signal. First, the estimated ori-
entation is used to transform the measured acceleration s from
sensor coordinates to global coordinates, and the gravitational
acceleration g is subtracted to result in the acceleration a of the
sensor. Subsequently, to obtain the position of the sensors, this
acceleration has to be integrated twice assuming the initial and
final conditions to avoid drift, as shown by (11)

t

v (t)=vo+ /a(T)dT

t—1s
te —1s

z, (te); t=tg,...,t. (11)
where ts, ..., t. denotes the time interval when the heel sensor
does not touch the ground. A minus superscript denotes the es-
timation of the signal before the drift compensation, whereas a
plus superscript denotes the estimation of the signal after the
drift compensation has been applied. It should be noted that the
initial conditions vy and o are zero, since the global coordi-
nate system is renewed for each foot placement, as mentioned

in Section II-A.

D. Experimental Methods

During the experiments, a healthy subject wearing instru-
mented shoes (total mass 63 kg), was asked to walk repeatedly
over an AMTI force plate. The instrumented shoes consisted

of standard orthopaedic sandals equipped with two six degrees
of freedom force/moment sensors (ATI-Mini45-SI-580-20,
Schunk GmbH & Co. KG) under the heel and forefoot, as
shown in Fig. 1. Each sensor was enclosed between two alu-
minum mounting plates and carbon plates to assure rigidity and
easy mounting. Furthermore, a thin piece of rubber provided
friction between the lower carbon plates and the ground. The
sole of the sandal between the sensors was not adapted, which
resulted in a remaining flexibility at this part of the sole. Each
force sensor had a miniature inertial sensor (Xsens Motion
Technologies) attached to it, for the estimation of position
and orientation. The position of the ankle was determined by
assuming a fixed position in the heel segment, and using the
information from the inertial sensors. To estimate the power at
the ankle, the angular velocity at the ankle should be known.
Since this angular velocity is given by the difference between
the angular velocities of the heel and the lower leg, a third
inertial sensor was attached to the lower leg to measure its
angular velocity. The combination of an instrumented shoe
and inertial sensors was compared to a reference measurement
system consisting of an AMTI force plate and an optical posi-
tion measurement system (Vicon, Oxford Metrics).

At the start of a measurement, the inertial sensors had to be
calibrated with respect to the position and orientation of the
force sensors. For the inertial sensors attached to the force sen-
sors, this was simply done by measuring the distances between
the inertial sensors and the force sensors, and knowing the ini-
tial orientation with respect to each other. For the inertial sensor
on the lower leg, this was done by a sensor to segment calibra-
tion. The z direction was determined by measuring the (gravi-
tational) acceleration while keeping the lower leg in an upright
position. The y-direction was determined by bending the knee.
The x direction was determined using the y and z direction, in
order to obtain an orthogonal right-handed coordinate system.
The position of the ankle in the heel segment was determined by
measuring the distance between the ankle and the heel sensor.
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Fig. 4. GRF measured by instrumented shoe and force plate. (a) Components of
GREF (x: dotted; y: dashed; z: solid). (b) Magnitude of complete GRF measured
by the instrumented shoe (solid), and the force plate (dashed). (c) Error signal.

Each of the ten evaluated trials consisted of four strides, one
of which was on the force plate. The analogue data from the
force plate and force sensors were acquired at a sample rate of
1000 Hz, the 3-D marker data at 50 Hz, and the data from the
inertial sensors at 50 Hz. All data were low-pass filtered by ap-
plying a second-order Butterworth filter, both forward and re-
verse at a cutoff frequency of 15 Hz. The synchronization be-
tween the inertial sensor system and Vicon was done by max-
imizing the correlation between the angular velocities of the
lower leg estimated with both systems. Subsequently, all sig-
nals were resampled to a frequency of 50 Hz, and possible gaps
in the Vicon data were spline-interpolated prior to filtering. The
voltages from the force sensors and the force plate were con-
verted to forces by applying the calibration tables supplied by
the manufacturer.

III. RESULTS

The three components of the measured GRF of a represen-
tative trial are shown in Fig. 4(a). It should be noted that the
forces, moments, and powers are normalized with respect to
body weight. The magnitude of the complete GRF is shown in
Fig. 4(b), and the error between the magnitudes in Fig. 4(c).
The signals show good correspondence, which is confirmed by
Fig. 4(c), and the root mean square (RMS) difference over 10
evaluated trials of (0.012 & 0.001) N/N (mean =+ standard devi-
ation), being (1.1 & 0.1)% of the maximal GRF magnitude. The
RMS difference of the estimates of the horizontal component of
the GRF was (0.017 £ 0.008) N/N, which corresponds to (1.6
=+ 0.8)% of the maximal GRF magnitude, or (16 & 8)% of the
maximal horizontal component of the GRF. A separate analysis
of each horizontal component results for the x direction in an
RMS difference of (0.019 & 0.008) N/N, being (1.8 £ 0.8)% of
the maximal GRF magnitude, or (18 &+ 8)% of the maximal x
component. For the y direction in an RMS difference of (0.007
£ 0.002) N/N, being (0.7 + 0.2)% of the maximal GRF mag-
nitude, or (15 £ 5)% of the maximal y component. The estima-
tion of the position of the CoP using the instrumented shoes, as
well as the force plate is shown in Fig. 5. The trajectories agree

899

heel forefoot

y [mm]

(=3
‘.
’

1

14,

I

4

1

¥

i i i
100 200 250

z [mm]

50
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Fig. 6. Position of heel sensor estimated using instrumented shoes and inertial
sensors (solid), and force plate and Vicon (dashed).

well, resulting in an RMS difference between both methods of
(5.1 &£ 0.7) mm, corresponding to (1.7 & 0.3)% of the length of
the shoe. The estimation of the position of the heel force sensor
using both methods is shown in Fig. 6. The RMS difference
between the magnitudes of the position estimates using both
methods was calculated as (18 = 6) mm, being (1.4 + 0.5)%
of the maximal magnitude. An integration of the estimated CoP,
GRE, the position and orientation of the heel sensor is shown
in Fig. 7. The figure indicates the possibility to measure several
steps during a single measurement. It is easy to recognize the
characteristic M-shape of the GRF, as shown in Fig. 4(b).

A comparison of the moment around the ankle is shown in
Fig. 8. Fig. 8(a) shows the three components of the estimated
ankle moment, using Vicon & force plate as well as inertial sen-
sors and instrumented shoes. The magnitude of the estimated
ankle moment is shown in Fig. 8(b), and the error between the
magnitudes in Fig. 8(c). The RMS difference over the 10 trials
was (0.004 £ 0.001) Nm/N, being (2.3 £ 0.5)% of the max-
imal magnitude. The estimated power at the ankle is shown in
Fig. 9(a). The RMS difference over the 10 evaluated trials was
(0.02 £ 0.005) W/N, being (14 £ 5)% of the maximal power.
Since the ankle moment shows good correspondence (Fig. §),
this relatively large difference is caused by an error in the esti-
mation of the angular velocity (5), which is shown in Fig. 10.
It should be noted that the = and z direction of the angular
velocities are not shown, since their magnitude is small com-
pared to the y direction. Moreover, merely the difference be-
tween heel and lower leg angular velocity is shown for clarity.
The RMS differences of the angular velocities are (0.85 £ 0.10)
rad/s, (0.53 4+ 0.11) rad/s, and (0.89 =+ 0.07) rad/s for the heel,
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Fig. 8. Ankle moment estimated using instrumented shoes and inertial sensors,
and force plate and Vicon. (a) Components of the ankle moment (x: dotted; y:
dashed; z: solid). (b) Magnitude of the ankle moment measured by the instru-
mented shoe (solid), and the force plate (dashed). (c) Error signal.

lower leg, and the difference between them respectively, which
corresponds to (14 £ 2)%, (19 + 4)%, and (19 £ 3)% of the
maximal angular velocity. During push-off the ankle moment
is maximal, which means a small error in the angular velocity
during push-off gives rise to significant errors in the calculated
ankle power, as illustrated by Fig. 9(a). Most probably, the an-
gular velocity error is caused by an inaccurate estimation using
Vicon for two reasons. First, the Vicon estimation requires a
differentiation of marker position, whereas the inertial sensors
measure the angular velocity directly using gyroscopes. The dif-
ferentiation requires low-pass filtering to reduce the effect of
high-frequency noise, which influences the results considerably.
The effect is shown in Fig. 10, where the signal without filtering
is rather noisy with a peak at toe off (dashed-dotted), whereas
the low-pass filtered signal using a second-order Butterworth
filter, both forward and reverse at a cutoff frequency of 5 Hz
(dashed) results in leakage in the time domain. This leakage be-
comes clear at the start and the end of the stance phase, where
the peaks are spread out over time. In contrast, the angular ve-
locity measurement by the gyroscopes yields a smooth signal,
while allowing a sufficient bandwidth to represent the angular
velocity peak between heel and subsequent forefoot ground con-
tact. Second, in the Vicon analysis the foot is modeled as one

0.2
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Fig. 9. Estimated power. (a) Ankle power using instrumented shoes and iner-
tial sensors (dashed), and force plate and Vicon (solid). (b) Total power using
instrumented shoes and inertial sensors (solid) calculated by the sum of ankle
power (dashed), and foot power (dashed/dotted).

rigid segment, whereas this analysis uses two segments (Fig. 2).
The wrong assumption of one rigid segment is confirmed by the
relative change of distance between the markers positioned on
the shoe, being (7 & 1) mm RMS during stance. It should be
noted that the relative distance between the markers on the heel
and the ankle changes as well [(7 &= 1) mm RMS during stance],
which is caused by deformation of the shoe cushioning, along
with movement of the foot inside the shoe.

The relative movement between the two foot segments causes
a foot moment and power as described by (6). The ankle power,
the foot power, and their sum are shown in Fig. 9(b). For the
calculation of the foot moment and power, an imaginary point
of rotation was assumed at approximately the head of the first
metatarsal bone. It should be noted that no reference is available
for this signal, since the foot is assumed as one rigid segment in
the Vicon analysis as is commonly done in such analysis [2].
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Fig. 10. Ankle angular velocity estimated using instrumented shoes and inertial
sensors (solid), force plate and Vicon low-pass filtered using a second-order But-
terworth filter, both forward and reverse at a cutoff frequency of 5 Hz (dashed),
and force plate and Vicon without filtering (dashed/dotted).

IV. DISCUSSION

Integration of body movement and GRF sensing, using
the ambulatory setup proposed in the current study, yields a
comprehensive analysis of ankle and foot dynamics including
heel and forefoot movement, as well as ankle and foot moments
and powers. The proposed measurement system is an extension
of the system proposed by Veltink et al. [13]. Like Veltink’s
system, the GRF of a foot was measured using two six-de-
grees-of-freedom force sensors. In addition, the movement
of foot and ankle was measured, using two inertial sensors.
The angular velocity of the lower leg was measured by a third
inertial sensor. The good reproduction of the ankle moment
shows the feasibility of the measurement system for inverse
dynamics applications problems.

However, the reproduction of the ankle power shows a rather
large difference between the two evaluated methods. As de-
scribed in Section III, the difference is caused by an inaccu-
rate estimation of the angular velocities using Vicon. Standard
marker configurations, as used in this research, do not allow the
estimation of foot moment and power, since they do not sepa-
rate the foot into multiple segments. In principle, more elaborate
marker configurations could be used on the foot, which would
allow foot moment and power to be estimated [25].

The biomechanical model of the foot used in our analysis con-
sists of two segments (Fig. 2), whereas the reference model used
in the Vicon analysis consists of one segment. For the two seg-
ments model, an imaginary point of rotation was assumed. In
reality, however, the deformation of the foot and the shoe is dis-
tributed, and there is no single point of rotation. Therefore, the
foot model should preferably include distributed deformation.
The performance of the reference system can be improved by
increasing the sample frequency, or by improving the accuracy
of the position measurement, e.g., by using active markers, or
by using more markers on the foot to measure the deformation
of the foot. Principally, however, it is better to measure angular
velocity directly, than to estimate it from position measurements
by differentiation.

As mentioned in Section III, the relative distance between
the markers on the heel and the ankle changes during stance.
This means the assumption that the ankle position is fixed in the
heel segment should be reconsidered. However, the estimated
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ankle moment shows good correspondence and, therefore, the
assumption has not been reconsidered in this research.

The position and orientation estimates reported in this study
have been achieved after considering initial and final conditions
for a step. This results in a systematic delay which can not be
compensated for by high computational power or efficient im-
plementation of the algorithm. If the foot position and orienta-
tion will be computed realtime during a step, higher errors will
occur because of integration drift, which can only be corrected
after heel contact and application of the final conditions.

The measurements in this study have been performed in a
gait laboratory. The subject walked in a straight line to com-
pare several steps of a trial, and for an easy comparison with
the force plate. However, the proposed system allows for am-
bulatory measurement over any number of consecutive steps in-
cluding a change of direction while walking.

The design of the instrumented shoe can still be improved.
Currently, the sensors are mounted between two aluminum
plates, which are rather stiff. However, the sole beneath the
sensor does not need to be very stiff for valid measurement of
the GRF and, thus, some flexibility can be introduced. More-
over, the orientation of the force sensor is constantly measured
by the inertial sensors, which allows the design optimization.
Another possible optimization of the design would be a reduc-
tion of the weight of the sensors and mounting plates, which
has not been optimized in the current design. It should be
noted that the current design does have a small effect on the
walking pattern, which is shown in an evaluation performed
by Liedtke et al. [26]. In this study, gait on the instrumented
shoe was compared to gait on normal, light, and heavy shoes.
Gait parameters evaluated were stride length, stride width,
maximum lateral foot excursion, stride time, stance time, and
double stance time. However, a significant difference was only
found in maximal GRF.

The proposed measurement system has been applied to
a healthy subject. An important clinical application is the
biomechanical analysis of patients having central neurological
disorders, or lower leg amputees. It is, therefore, useful to see
if it is possible to apply the proposed measurement system to
those patients. Initial tests indicate that the shoes do not impede
their walking.
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