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ABSTRACT
The gait of spinal cord–injured subjects can be improved

by means of properly designed active orthoses. Since the gait
pattern varies greatly among different patients, the orthoses and
their corresponding controllers must be carefully customized,
and the joint motor torques obtained from inverse dynamic anal-
ysis constitute a useful input for this task.

Nowadays, the analysis of standard gait by using motion
capture data is a mature discipline. However, the problem be-
comes more complex in the case of spinal cord–injured subjects
wearing active orthoses: in addition to the presence of the or-
thoses, these patients always require the help of supplementary
assistive devices, such as crutches, in order to stabilize their gait.

In this work, the gait analysis of a subject walking with
the aid of crutches and active knee–ankle–foot orthoses is per-
formed, by introducing the assistive devices both at the experi-
mental and computational levels. The required sensors and ac-
tuators are incorporated to the system, and the measurements are
used to solve the inverse dynamics problem in order to calculate
the joint motor torques produced by the subject during gait.

∗Address all correspondence to this author.

INTRODUCTION
Many spinal cord–injured (SCI) subjects with no ability to

control their knee and ankle joints can walk with the help of as-
sistive devices, such as crutches and orthoses. The knee–ankle–
foot orthoses (KAFOs) commonly used by these patients lock
the knee joint flexion–extension in order to bear their weight,
thus leading to an energetically inefficient gait. There are several
orthosis models in the market which allow to improve the gait by
unlocking the knee flexion during leg swing, but they do not pro-
vide the necessary torque to perform the flexion–extension mo-
tion, and in many cases they require the patient to lock/unlock
the knee manually at each step, by means of a remote control
device. The development of an active KAFO [1, 2] with an ac-
tively controlled knee joint can greatly reduce the metabolic cost,
which would encourage the patients to walk instead of using
wheelchairs, thus improving their rehabilitation.

Since the gait pattern varies greatly among different patients,
the control strategy of the KAFO must be carefully customized
to fit the patient’s needs. In order to design and evaluate the per-
formance of the orthosis control, inverse dynamic (ID) analysis
of the gait is a very useful tool. The analysis requires the ex-
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istence of an experimental setup for measuring gait data, which
is fed into a computational model that calculates the joint motor
torques. This paper addresses the introduction of assistive de-
vices, i.e. orthoses and crutches, into an existing gait analysis
system. This presents several problems like the modeling of the
orthosis and the presence of multiple ground contacts due to the
use of crutches [3]. There exist previous works in the literature
addressing crutch–assisted gait [4,5], but they are focused on the
efforts produced at the upper–body joints.

The active orthoses under development [6] have actuated
knee joints, including a motor and a mechanical locking de-
vice, and passive (Klenzack) ankle joints. The controller uses
the knee and ankle angles as inputs, along with the information
from plantar pressure sensors. Each orthosis link is introduced in
the model as a rigid body, firmly attached to the corresponding
body segment. The ankle Klenzack springs are straightforwardly
considered, while the torques provided by the knee motors are
taken into account by introducing the control algorithm into the
model.

In order to perform the analysis, a pair of standard crutches
have been instrumented with reflective markers and strain gauges
aimed at measuring their motion and their ground and cuff con-
tact forces. They are considered as rigid bodies in the model,
firmly connected to the hands of the subject and with no kine-
matic connection to his forearms.

The remaining of the paper is organized as follows: first,
the experimental setup is described, including the motion cap-
ture, the measurement of ground reactions, and the active ortho-
sis prototype. Then, the computational model used for the ID
computation is described, including the introduction of the assis-
tive devices, i.e. the crutches and the orthoses, and the proposed
solution to the multiple–support problem. The last two Sections
are devoted to the tests that have been carried out and the conclu-
sions extracted from their results.

EXPERIMENTAL SETUP
Motion Capture and Data Acquisition

The gait laboratory is equipped with 12 OptiTrack
Flex:V100 cameras. These cameras are capable of tracking re-
flective markers in a three–dimensional volume, at a 100 Hz
frequency. The markers are placed on anatomical landmarks,
thus allowing to reconstruct the motion of the subject. In ad-
dition, two AMTI AccuGait force plates are used to measure
the foot–ground reactions, which are necessary for the ID cal-
culation. These force plates measure the six components of the
ground reaction, expressed as a wrench at the plate center. Since
the OptiTrack cameras are low–cost equipment not intended for
biomechanical applications, the included software does not al-
low to synchronize the optical motion capture to other devices,
such as the aforementioned force plates. This is solved by using
an in–house developed software, which takes advantage of the
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FIGURE 1. INSTRUMENTED CRUTCH DESCRIPTION.

TrackingTools C libraries provided by the manufacturer of the
cameras.

The hardware synchronization is achieved by means of a
National Instruments data acquisition system (DAQ), which acts
as a master device, providing the synchronization signals to the
force plates and the cameras. Moreover, it can itself simultane-
ously acquire any additional analog signal that may become nec-
essary, such as EMG or, as in the present work, output voltages
from extensometry devices.

Instrumented Crutches
SCI subjects are not able to walk without the help of sup-

porting elements such as walkers, parallel bars or crutches. This
means that the gait of SCI patients has in general more than
two simultaneous ground contacts, as opposed to the case of
biped gait, where the only interactions with the environment oc-
cur through the feet. Therefore, optical motion capture and force
plates alone are no longer sufficient to calculate the joint torques.

When crutches are used as supporting elements, a possible
solution could be the inclusion of more force plates, in order to
measure the additional ground contact forces. However, it is dif-
ficult to ensure that the patient never sets a crutch and a foot
on the same force plate, which would lead to an indeterminacy.
Moreover, if the torques at the wrists were required, the forearm–
cuff interaction forces would still need to be measured, since they
introduce additional unknowns in the ID problem. Therefore, the
solution is to instrument the crutches themselves, in order to di-
rectly measure their cuff and ground contact forces.

These magnitudes can be measured, for instance, by placing
six–axis transducers into the crutches [5]. However, due to the
elevated cost or this solution, extensometry by means of strain
gauge–based load cells has been chosen instead. Some simpli-
fications have been assumed in order to reduce the number of
measured magnitudes, i.e. the number of required Wheatstone
bridges. On the one hand, since the crutch tips have a small con-
tact area, the ground reaction is idealized as a force Ft acting at
the tip center rt , thus neglecting the offset of the center of pres-
sure. On the other hand, the cuff reaction is modeled as a normal
force acting on its middle point. These simplifications reduce the
number of unknowns from 12 to 4 per crutch, thus requiring a to-
tal of eight Wheatstone bridges, i.e. eight analog data acquisition
channels.

Since the strain gauges measure the loads in local coordi-
nates, the position and orientation of the crutches has to be de-
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termined by means of motion tracking. The placement of the
optical markers can be seen in Fig. 1. Each crutch has the mark-
ers located at its outer side in the medio–lateral direction, being
the upper and lower ones directly attached to the crutch body,
and the middle ones mounted with an offset in the y direction, in
order to properly capture the crutch orientation.

As shown in Fig. 1, each load cell measures one magnitude.
The lowest one measures the axial force F̄z, which is directly
related to the axial component of the contact force F̄tz. The M̄x
and M̄y cells measure the bending moments about the local x and
y axes, which are mostly produced by the F̄ty and F̄tx components
of Ft , respectively. The remaining bridge captures also a bending
moment M̄c about the y axis, but in this case at a point between
the handle and the cuff, with the purpose of estimating the cuff
contact force. Each one of the three lower load cells uses two
90◦ rosettes in full–bridge configuration, whereas the upper ones
are half bridges with two regular gauges each.

Crutches Calibration. The geometric and physical
properties of the crutches, along with the strain gauge factors,
could be used to analytically obtain the relationships between
the measured magnitudes and the transducer voltages. However,
this requires reliable knowledge of the material properties, and a
high quality gauge attachment process, which is not always guar-
anteed. This problem can be overcome if the magnitude to be
measured by the transducer is obtained simultaneously by other
means, thus allowing to perform the calibration experimentally.

The cuff transducer is calibrated by clamping the crutch in
horizontal position, with its local y axis parallel to the ground,
and loading its tip with different known weights, while noting
the obtained voltages. The bending moment M̄c is assumed to
have a linear relationship with the output voltage Vc,

M̄c = KcVc+Δc (1)

where Kc is the calibration constant and Δc is the DC offset. The
different voltage–moment pairs (Vc,M̄c) can be used to calculate
the calibration parameters Kc and Δc by performing a simple lin-
ear regression.

The remaining three load cells are calibrated simultane-
ously in order to account for possible cross–sensitivity problems.
Numbering the load cells from bottom to top, the voltage–load
relationships can be established as

⎧⎨
⎩
F̄z
M̄x
M̄y

⎫⎬
⎭=

⎡
⎣
K11 K12 K13
K21 K22 K23
K31 K32 K33

⎤
⎦
⎧⎨
⎩
V1
V2
V3

⎫⎬
⎭+

⎧⎨
⎩

Δ1
Δ2
Δ3

⎫⎬
⎭ (2)

The calibration process consists of pressing the crutch tip against
a force plate, trying to produce axial and bending loads, while si-

multaneously capturing its motion. The ground reaction Ft mea-
sured by the plate, along with the inertia and gravity forces de-
rived from the motion capture data, can be used to calculate the
transducer loads by stating the Newton–Euler equations for the
portion of the crutch between each load cell and the ground

F̄z = wT [m3 (r̈g3−g)−Ft ] (3)
M̄x = Ī2 (ᾱx− ω̄yω̄z)

−uT [(rt − r2)×Ft +m2 (r2− rg2)× (r̈g2−g)]
(4)

M̄y = Ī1 (ᾱy+ ω̄zω̄x)

−vT [(rt − r1)×Ft +m1 (r1− rg1)× (r̈g1−g)]
(5)

The three unit vectors u, v and w define the local axes of the
crutch, expressed in global coordinates; ω̄ and ᾱ are the angular
velocity and acceleration of the crutch in local coordinates, and
g is the acceleration of gravity; ri is the absolute location of load
cell i; mi and Īi represent the mass and moment of inertia in local
coordinates of the portion of the crutch between ri and rt , about
its center of gravity rgi. These segments are considered axisym-
metric, in such a way that Īxi = Īyi = Īi, being their moment of
inertia about the longitudinal axis Īzi neglected.

If a crutch is pressed against a plate for a time period t, there
will be 100t data points available, since the motion capture sys-
tem uses a 100 Hz sampling rate. These points include the trans-
ducer calibration loads F̄z, M̄x and M̄y, and their voltage counter-
parts V1, V2 and V3. Eqn. 2 should be fulfilled at all of them, so
that a standard least–squares minimization procedure can be used
in order to calculate the optimal Ki j and Δi calibration parame-
ters. The results obtained with the actual crutches when apply-
ing the described procedure have a coefficient of determination
R2 above 0.95, reaching values higher than 0.99 in the axial load
cells, thus indicating that the load cells have a good linearity.

Active Knee–Ankle–Foot Orthoses
The orthosis design is shown in Fig. 2. It consists of a stan-

dard leg brace like those commonly used by SCI patients, with
some modifications aimed at allowing to control the knee swing.

The knee articulation of the leg brace has been substituted by
two devices: a locking device in the inner joint, manufactured by
Fior & Gentz, and a Maxon EC-45 flat motor in the outer joint,
equipped with an encoder and a 1:156 gear. The objective of the
locking device is to avoid using the motor for locking the knee
during stance, thus reducing the power consumption of the or-
thosis. The ankle articulation has been substituted by a foot plate
with a Klenzack spring that prevents the drop–foot, and another
encoder to measure the ankle plantar and dorsiflexion angle. Ad-
ditionally, pressure sensors are placed on the foot plate in order
to detect when the foot is in contact with the ground. In what re-
spects the optical motion capture, the knee and ankle markers are
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FIGURE 2. ACTIVE KNEE–ANKLE–FOOT ORTHOSIS.
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FIGURE 3. BLOCK DIAGRAMOF THEMOTOR CONTROLLER.

now placed on the orthosis instead of directly on the subject, thus
requiring a modification of the motion reconstruction equations.

The motors at the knees are controlled by the commercial
EPOS2 interfaces provided by Maxon, whose position control
mode uses a modified PID controller with acceleration feed–
forward. The transfer function of the PID controller is the fol-
lowing:

G(s) =
I(s)
ε(s)

= KP+
KI
s
+

KDs
1+ KD

16KP s
(6)

where KP, KI and KD are the proportional, integral and derivative
gains, respectively, I is the motor input current, and ε is the dif-
ference between the required angle at the knee θr, and the actual
angle θ measured by the knee encoder. The information provided
by all the sensors can be used in many ways to determine the re-
quired knee angle, thus leading to different control schemes. A
block diagram of the complete loop is shown in Fig. 3, where the
DC Motor block represents the whole dynamics of the motor–
orthosis–subject system.

COMPUTATIONAL MODEL
A 3D computational model of the subject has been devel-

oped in mixed (natural + angular) coordinates [7]. The model,
shown in Fig. 4b possesses 18 bodies and 57 degrees of freedom,
and it is defined by 228 dependent coordinates. All the body seg-
ments are connected by spherical joints in the model, so as to
circumvent the problem of determining the rotation axes. Each
foot is defined by means of two segments. The global axes are
defined as follows: x axis in the antero–posterior direction, y axis
in the medio–lateral direction, and z axis in the vertical direction.

Following the picture in Fig. 4b, the subset of natural coor-
dinates, q, comprises the three Cartesian coordinates of 22 points
and the three Cartesian components of 36 unit vectors, thus mak-
ing a total of 174 variables. The points correspond to the posi-
tions of all the spherical joints, along with the centers of mass
of the five distal segments (head, hands and forefeet). Each one
of the 18 bodies is defined by its proximal and distal points, plus
two orthogonal unit vectors aligned at the antero–posterior and
medio–lateral directions, respectively, when the model is in a
standing posture. The remaining 54 variables, which are used
as part of a subset z of independent coordinates, are the 18 sets
of 3 angles that define the orientation of each body with respect
to the inertial frame.

The geometric parameters of the model are obtained, for the
lower limbs, by applying correlation equations from a reduced
set of measurements taken on the subject [8] and, for the upper
part of the body, by scaling table data according to the mass and
height of the subject [9, 10]. Regarding the inertial parameters,
they are obtained, for the lower limbs, by a correction, based
on data coming from densitometry (DXA) if available, of the
method already indicated for the geometric parameters; for the
upper part of the body, the scaling method is used again, but a
second scaling is applied in order to adjust the total mass of the
subject.

The position histories of the markers are used to calculate
the histories of the model natural coordinates q∗ by means of
simple algebraic relations [8]. The values of these coordinates at
each instant of time are not kinematically consistent due to the
inherent errors of the motion capture process and to the fact that
the joints are not ideal [10–13]. Therefore, the kinematic con-
sistency of the natural coordinates at position level is imposed,
at each instant of time, by solving the following minimization
problem:

minimize
q

f (q) = (q−q∗)TW(q−q∗)

subject to Φ(q) = 0
(7)

where W is a weighting matrix that allows to assign different
weights to the different coordinates according to their expected
errors, and Φ is the vector of kinematic constraint equations.
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This problem can be iteratively solved by means of the following
augmented Lagrangian minimization process [11],

(
W+ΦT

qκΦq
)

Δqi+i =−W(qi−q∗)−ΦT

q (κΦ+λi)
λi+1 = λi+κΦ i= 1,2, . . .

(8)

where Δqi+i = qi+1−qi, Φq is the Jacobian matrix of the kine-
matic constraints vector Φ, λ is the vector of Lagrange multipli-
ers, and κ is the penalty factor.

From the consistent values of the natural coordinates q, a set
of independent coordinates z is calculated. This set is composed
of the three Cartesian coordinates of the lumbar joint (spherical
joint connecting pelvis and torso, see Fig. 4b), along with the
three x, y, z rotation angles of the 18 bodies with respect to the
fixed global axes, thus defining the total 57 degrees of freedom.
Prior to differentiate the histories of the independent coordinates
z, the SSA filter [14] is applied to them in order to reduce the
noise introduced by the motion capture and the kinematic con-
sistency. Then, the Newmark’s integrator expressions are used
to numerically differentiate the filtered position histories so as
to obtain the corresponding velocity ż and acceleration z̈ histo-
ries [11], thus completing the description of the motion.

Once the histories of the independent coordinates z, and
their derivatives, ż and z̈, have been obtained, the ID problem
is solved by means of the velocity transformation formulation
known as Matrix–R [7], which provides the motor efforts re-
quired to generate the motion, in the form of generalized forces
applied to the independent coordinates z. The formulation is
based on a velocity transformation matrix R such that q̇ = Rż.
If this transformation is applied to the Lagrange’s equations of

motion of the first kind, then the equations of motion in indepen-
dent or minimum number of coordinates are obtained as:

RTM̄Rz̈= RT
(
Q̄−M̄Ṙż

)
+Qm (9)

where M̄ and Q̄ are the mass matrix and the generalized forces
vector (excluding ground interactions and joint torques) ex-
pressed in the natural coordinates q, andQm are the motor efforts
applied to the independent coordinates, i.e. the unknowns of the
ID problem.

The ID problem can be solved in order to obtain the forces
that have been or need to be applied to achieve a determined
motion. In general, the number of forces and torques required
for producing a given motion is equal to the number of degrees of
freedom of the system. Therefore, solving an ID problem for the
described model can only obtain the six components of the net
external forces and moments acting on the system. In the present
work, the six degrees of freedom chosen to connect the model to
the environment are the three rotation angles of the pelvis with
respect to the inertial system, and the three components of the
position of the lumbar joint, i.e. that connecting the pelvis to
the torso. It is obvious that the intersegmental torques obtained
from this ID problem are not the actual torques produced during
the motion, but, provided that independent measurements of the
ground reactions are available, they can be used as a verification
of the accuracy of the ID problem.

Introduction of Crutches in the Model

The crutches are introduced in the model as rigid bodies, in
natural coordinates as the rest of the model. They are modeled
using two points: the intersection between the crutch bar and the
handle, which is the origin, and the tip. Two orthogonal unit vec-
tors, one of them pointing forward and another one orthogonal
to the first one and to the crutch axis, are required to complete
the modeling, thus adding a total of 24 variables to the model (4
points and 4 vectors). The crutches do not add any degree of free-
dom to the system, since they are considered as clamped to the
hands. Therefore, the wrist rotation angles are shared between
the crutches and the hands.

The contact forces, as explained when describing the experi-
mental setup, are considered as acting at the tip of the crutch. By
applying Eqn. (2) to the voltages of the Wheatstone bridges, the
transducer loads are obtained. Then, the equilibrium equations
used for the calibration are applied in the reverse way to calcu-
late the contact forces Ft . After some manipulations, they can be
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expressed in the form of a 3×3 linear system:

⎡
⎣

wT

(r2− rt)T ũ
(r1− rt)T ṽ

⎤
⎦
⎧⎨
⎩
Ftx
Fty
Ftz

⎫⎬
⎭=

⎧⎨
⎩

m3wT (r̈g3−g)− F̄z
Ī2 (ᾱx− ω̄yω̄z)−uT [m2 (r2− rg2)× (r̈g2−g)]− M̄x
Ī1 (ᾱy+ ω̄zω̄x)−vT [m1 (r1− rg1)× (r̈g1−g)]− M̄y

⎫⎬
⎭

(10)

Introduction of Orthoses in the Model
The orthoses are introduced in the model by simply altering

the inertia properties of the thighs, calves and ankles accordingly.
The Klenzack spring is introduced in the model as a torque

τa along the ankle articulation axis, whose characteristics have
been experimentally measured:

τa = 5.563−11.104θa (Nm) (11)

θa is the ankle angle in radians, considered to be zero in the neu-
tral standing position, and positive in the direction of plantar flex-
ion. The Klenzack articulation allows the angle to vary between
0 and 20 degrees.

In order to introduce the swing control in the numerical sim-
ulation, the transfer function of the controller (i.e. the PID de-
scribed in Eqn. (6) and the feed–forward) needs to be appro-
priately discretized. This is achieved by first applying the in-
verse Laplace transform to the transfer function. Then, the time
derivatives are substituted by backward differences, and the time
integrals by finite sums. This leads to a discrete form of the con-
troller that can be used to obtain the motor torque at time–step k
as follows:

τk = K1τk−1+K2εk+K3
εk− εk−1

h
+K4h

k

∑
i=1

εi+K5θ̈r (12)

where h is the time–step length used for the numerical simula-
tion. The five constants K1 to K5 are defined as:

K1 = KD/k (13)

K2 = (16K2P+KDKI)Kmh/k (14)
K3 = 17KPKDKmh/k (15)
K4 = 16KPKIKmh/k (16)
K5 = KαKm (17)

where the constant k is equal to (16KPh+KD), Kα is the gain of
the acceleration feed–forward shown in Fig. 3, which is intended

to provide extra torque when high accelerations are required, and
Km is the factor used to convert currents into torques, including
the torque constant of the motor and the gear ratio (1:156).

The torques obtained from the controller and the Klenzack
springs can be directly introduced in the system as part of the
known generalized forces Q̄ of Eqn. (9), in such a way that the
ID will yield the remaining unknown torques in Qm, i.e. those
provided by the subject.

Multiple–Support Problem in Inverse Dynamics
The generalized forces Qm obtained from the inverse dy-

namic process described above do not correspond to the actual
external reactions and internal motor torques, since the indepen-
dent coordinates z are the position of the lumbar joint and the
orientation angles of all the bodies. In order to calculate the ac-
tual motor torques, the generalized forces corresponding to the
angles need to be transformed into torques, and the ground re-
actions must be properly shared between the contacting feet and
crutches.

The first step for calculating the actual reactions and torques
consists of transforming the generalized forcesQm into an equiv-
alent set of internal torques T∗ and external reaction forces F∗
and moments M∗, where the six components of the external re-
actions are considered as acting on the pelvis, at the lumbar joint.
The three components of F∗ are directly obtained as the gener-
alized forces associated to the position of the lumbar joint, and
M∗ is calculated by applying the virtual power principle to the
generalized forces corresponding to the pelvis angles.

Then, the external reactions from ID are translated from the
lumbar joint to its projection into the ground r0, and the same is
done for those measured at the feet and crutches. If the contact-
ing elements (right foot, left foot, right crutch and left crutch) are
numbered from 1 to 4, their measured reactions can be denoted
as Fsj andMs

j. At this point, the reactions from both ID and sen-
sor outputs are located at a common point, in such a way that
the moments can be compared. Due to the large number of er-
ror sources present in the process, the sum of the four measured
reactions is not exactly equal to the net reactions obtained from
ID, being the discrepancy among them an indicator of the global
accuracy of the process.

The next step consists of estimating the amount of the ID re-
actions that corresponds to each contacting element. There exist
several methods to combine the results from ID with the mea-
sured reactions in a least–squares sense [15, 16], but they yield
torques that are not fully consistent with the measured motion.
In order to obtain fully consistent results, a simpler alternative
method is presented here.

The total reaction calculated from ID must be shared among
all contacting elements, but keeping the resultant consistent with
the ID. This is achieved by splitting the residual between the ID
and measured reactions among the contacting elements. In or-
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der to avoid discontinuities and to minimize relative errors, the
amount of error added to each sensor is proportional to its rel-
ative magnitude. Since the crutches have only force measure-
ments, and their center of pressure is determined by the motion,
forces and moments use a different sharing strategy.

The residual in the three force components is

εF = F∗ −
4

∑
j=1
Fsj (18)

and the amount of error corresponding to the ith component of
the force acting at element j can be obtained as

ki j =
|Fsi j|

∑4j=1 |Fsi j|
j = 1,2,3,4 (19)

Therefore, the component i of the corrected reaction force at el-
ement j remains

Fi j = F∗
i j+ ki jεFi j = 1,2,3,4 (20)

thus ensuring that the resultant of the four shared reaction forces
is equal to F∗. Once the forces have been calculated, the next
step is to use the crutch forces and the location of their contact
points to obtain their already corrected moments M3 and M4.
This leaves the feet moments M1 and M2 to be corrected. The
residual in this case is

εM =M∗ −
2

∑
j=1
Ms
j−

4

∑
j=3
M j (21)

and the sharing factors are obtained as

ki j =
|Msi j|

∑2j=1 |Msi j|
j = 1,2 (22)

so that the corrected moments can be finally calculated

Mi j =M∗
i j+ ki jεMi j = 1,2 (23)

Once the full set of reaction forces F and momentsM whose
resultants are consistent with the ID is available, they are trans-
lated back from r0 to their actual locations (feet and crutch tips),
and the virtual power principle is then used to redistribute the in-
ternal torques corresponding to the new position of the external

FIGURE 5. MOTION CAPTURE PROCESS.

interactions. The whole process leads to motor torques and reac-
tions that are consistent with the ID, and have the reaction forces
shared in the same proportions as the measured ones. The sen-
sor information, rather than an input to the ID problem, is both a
reference for validating the ID results, and a sharing criterion for
the multiple support problem.

TESTS AND RESULTS
The experimental tests have been carried out by a healthy

male subject, with a height of 1.60 m and a weight of 74 Kg.
The subject is wearing a pair of active orthoses, as seen in Fig. 5,
while walking over two force plates with the help of the instru-
mented crutches. The motion of the reflective markers attached
to the subject and the crutches is captured by the IR cameras, in
full synchronization with all the sensors. The orthoses are con-
trolled by using a simple scheme: each knee angle follows a fixed
time history, similar to that of normal gait, as it loses contact with
the ground. The shape of the reference time history is scaled in
time, so as to be adapted to the gait speed.

In Fig. 6, the comparison among the net reaction forces and
moments from the sensors and the ID is shown. It can be seen
that the net reactions obtained by using only motion and inertial
data (ID) are in good correlation with their measured counter-
parts, considering the errors introduced by the BSP estimation,
the motion capture, etc.

The reactions at the feet and crutches, obtained after apply-
ing the sharing technique described above to the ID results from
Fig. 6, are displayed in Figs. 7 and 8. The plots are restricted to
the time when feet are completely inside the force plates, since
the results obtained with a foot totally or partially out of a plate
are not valid. The moments are considered in both Figures with
respect to the projection of the lumbar joint into the ground, i.e.
the already mentioned r0 point.

In Fig. 9, the flexion–extension torques at the lower joints

7 Copyright © 2013 by ASME
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FIGURE 6. NET GROUND REACTIONS: INVERSE DYNAMICS
VS. MEASUREMENTS.

are shown. These torques are only those applied by the subject,
since the orthosis and Klenzack torques are introduced during the
ID as known generalized forces.

CONCLUSIONS
In this work, a procedure to perform the ID analysis of a sub-

ject walking with the aid of active orthoses and crutches is pre-
sented. A full experimental setup has been established, including
motion capture, reactions measurement, and active orthoses. The
measured data is fed into a computational model that allows to
solve the ID problem considering the effect of all the assistive
devices, including the simulation of the motor control.

The analysis system has the ability of verifying the quality
of the measurements, since the ground reaction forces are simul-
taneously obtained from two different sources, and therefore they
can be compared. The results obtained in the tests show a reason-
ably good accuracy, even though the system is built on low–cost
equipment, not designed for biomechanical applications.

The ID analysis of the gait can be a great help in the per-
formance assessment of active orthoses, as well as for control
design, since it must be completely customized to fit each indi-
vidual patient. It can also be used for evaluating the possible ad-
vantages of active orthoses over passive ones, for monitoring the
adaptation of the patient, and for improving the understanding of
the patient–orthosis interaction.

This work is part of a project aimed at developing a pre-
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FIGURE 7. GROUND REACTIONS (SOLID: RIGHT FOOT, DOT-
TED: LEFT FOOT, THICK: FORCE PLATES, THIN: ID).

dictive dynamics–based tool [17, 18] for the design of active or-
thoses, which would allow to test assistive devices in virtual con-
ditions. This would reduce the number of required tests, thus
improving the design cycle of the orthosis.
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