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Abstract. In this paper, sensitivity and parametric analyses of impaiensity in crutch walk-
ing are investigated. The selected parameters of the criaicthese analyses are chosen as
the mass, the second moment of inertia, and the locatioreafehter of mass. The intensity of
impact can be characterized by the pre-impact kinetic enefghe constrained motion space.
Consequently, this part of the kinetic energy is selectedhagperformance indicator for our
parametric analysis. The crutch walking is modeled based fmuasegment rigid body model
with joints in the hip, the shoulder, and the elbow. The Setitgitand Parametric Analyses
Toolbox (SPAT) developed in the Applied Dynamics Group @iNMtniversity is employed
for the analysis.
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1 INTRODUCTION

Crutch walking gait is a primary means for rehabilitation leggtions for foot injuries. The
crutch impact with ground causes significant energy losghHhinpact intensity can also be
harmful for body joints [6], [7]. Furthermore, required rabblism of the body is increased
due to the energy loss by impact [8], [9]. Human configuraéind crutch length can influence
the intensity of crutch-ground impact and the energy logstduhis impact [1]. More generally
speaking, itis not only the crutch length that can affecitgact intensity. Physical parameters
of the crutch, namely, the mass, the second moment of iremtiahe location of the center of
mass can also affect this energy loss. One way to minimizenkegy loss of crutch impact is
to modify the nominal physical parameters of the crutch. s8ity and parametric analyses
may be used to assist such an optimization.

The crutch parametric analysis is carried out by exploi#irggensitivity and Parametric Anal-
ysis Toolbox (SPAT) developed by the Applied Dynamics Griuihne Department of Mechan-
ical Engineering at McGill University [2]. In order to useightoolbox, a dynamic model
of the system as well as a performance indicator which reflédet behaviour of the system
should be formulated. The output of the SPAT is the paranvetgaition distribution with min-
imum/maximum effect on the performance indicator. One efrttain ideas of the parametric
analysis method utilized in this toolbox is related to theeipretation of a linear space based
on sensitivity derivatives, in which the associated patameariations represent components of
vectors. The associated eigenvectors represent how rmmimaximum effect can be achieved
on the given performance indicator by changing the parasiet®y exploiting the SPAT, the
physical parameter variation distribution of the crutctihwninimum/maximum effect on the
impact intensity can be achieved.

2 GENERAL FORMULATION

In order to perform parametric analysis of the crutch wallgait, the dynamics of the system
as well as a performance indicator reflecting behaviour efsystem which is of interest for
our analysis should be defined. The crutch walking is modeés#d on a four-segment rigid
body model. These segments are leg, torso, upper arm aradrioweth three joints associated
with hip, shoulder and elbow while the forearm and crutclhoissidered as a single rigid body.
We choose generalized coordinatesyas [z, y, 01, 62, 05, 0,] (Fig. 1) and write the dynamics
equations as

Mq+c<q7q>t)_fa_fc:0 (1)

wheref,, c, andf, respectively represefit< 1 generalized applied forces, Coriolis and centrifu-
gal effects, and generalized constraint forces,shi$ the6 x 6 generalized mass matrix. The
impulsive event can be characterized by inert constraitigtwimposes that the post-impact
velocity of the crutch end point is zero and via that they alsaracterize the contact forcds,
[3].

Furthermore, an appropriate performance indicator whetkrahines the intensity of impact
should be defined. Here, the performance indicator is foatedl based on the decomposition
of the tangent space of the configuration manifold to two pabss: constrained motion space,
and its complement, admissible motion space [4]. It has Ipeeviously shown that by this
decomposition, the pre-impact kinetic energy of consegdimotion space can characterize the
intensity of the contact transition for cases where the rhpan be represented by either single-
point contact or multiple-point contact, if all contact pts are in the same phase of transition
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[3]. Consequently, this part of the kinetic energy is consdeas the performance indicator for
our analysis and can be formulated as

R .
T, =5(@)' PeMP(q) )
whereT " is the pre-impact kinetic energy of the constrained motace g~ is the pre-impact
generalized velocity, anB. is the projection matrix to the constrained motion spaceaiit be

shown that this projection matrix can be represented as

P.=M'AT(AM'AT)'A (3)

whereA is the constraint Jacobian matrix associated with the isipeiconstraints representing
the directions constrained by the impact of the end poinhefarutch [4].
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Figure 1: Crutch Walking Model

3 PARAMETRIC ANALYSIS APPROACH

Sensitivity and parametric analyses are performed via ®P&TSoolbox. The main idea
of the parametric analysis method implemented in this molls related to the interpretation
of a linear space based on sensitivity derivatives, in wkiiehassociated parameter variations
represent components of vectors. Here, we are interestathiyzing three design parameters
that can be collected in an arrayps= [my, J4, a4]?, where these parameters are respectively
the mass, the second moment of inertia, and the locatioreatghter of mass of the crutch. If
we expand the performance indicat@y () into a Taylor series, and by disregarding the higher
order terms we can write

oT;”
AT - = —=
c ap

The sensitivity derivatives of the performance indica(l%li) can be calculated via different
existing analytical or numerical methods. In this work dirdifferentiation was used. The

Ap (4)
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crutch walking analysis is performed in different body cgafations. Consequently, we will
consider that Eq. (4) is evaluated for a number of measurepunts to characterize a finite
range of motion for the system. We can then write

Cz=k ©))

whereC = [(Z=);, ..., (5=)))" andk = [AT.;, .., AT, ]", whereb is the number of mea-
surement points, angis the parameter variation vector [3].

If we determine the eigenvectors 6f' C, then the characteristic eigenvectds, z5, z5)
are obtained, which characterize the effects of paramétaraitions on the performance in-
dicator variation. The eigenvectat$, andz; are respectively associated with the smallest and
largest eigenvalues. Considering Eq. (5), parameter clsasgag the largest eigenvector re-
sults in the largest performance indicator variations.sTdan be more clearly comprehended
by considering the geometric representation of the equati€’ Cz = k7. We know from
linear algebra that this quadratic form defines a genehifigosoid of which the eigenvectors
of CT'C are the principal axes. The eigenvectors associated wtbrtiallest/largest eigenval-
ues are the minor/major axes of the ellipsoid. Consequestthnges along the smallest/largest
eigenvector result in minimum/maximum effect on the parfance indicator variation. These
eigenvectors can be useful indicators of parameters weHadwest/largest effect on the per-
formance indicator. The parameter distribution ratios igergin z; have the most effect on
the performance indicator. Similar statement is true ap@ior the minimum effect. In other
words, these vectors represent directions in the spaceafngder variation with the minimum
and maximum effect on the performance indicator.

4 RESULTS AND DISCUSSIONS

Simulation was done for a male crutch walker with standattrapometric parameter val-
ues shown in Table 1 [5]. The dynamic model of the system imibaited based on Eq. (1) and
the pre-impact kinetic energy of constrained motion iscek as the performance indicator.
The mass, the second moment of inertia, and the locationeofeéhter of mass of the crutch
are the selected parameters. The aim of the analysis is ¢ondiee the parameter variation
distribution of the crutch which minimizes the intensitytbé crutch impact with the ground.
Sensitivity and parametric analyses are performed via S®AEh has been implemented based
on the formulations discussed in the previous section. k®@purpose of the parametric analy-
sis, matrixC in Eq. (5) is needed to be formed basedhaneasurement points. Consequently,
100 different pre-impact configurations are selected teec@s many impact configurations
as possible to represent different possibilities of crutelking gait associated with different
walking patterns, and the sensitivity derivatives in EQ.#re determined. Finally, the sen-
sitivity and parametric analyses are performed using gusnded information. The selected
pre-impact configurations correspond to reported joingesnn crutch gait [1] which are

57 <6 <20°

0° <6, <10°

85° < 3 < 150°
270° < 04 < 360°

(6)
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Generalized velocities are chosenfas= 174,60, = ; = 0, = 0™, These values are
selected based on the values reported in [1].
The characteristic eigenvectat,, can be determined as

0.0373 kg
VARES 0.4167 kg.m? (7)
0.9083 m

With the aid of this eigenvector, the maximum effect of pagtan changes on the perfor-
mance indicator can be investigated. Considezingt can be concluded that among the crutch
parameters, the location of the center of mass has the lbigfest on the impact intensity.
Furthermoreg;} is the direction in the parameter space along which the maxim@ffect on the
performance indicator can be achieved. Consequently, ifelxsour parameter variation in
this direction, we can achieve maximum effect on the impatetrisity. A small change in the
parameter vector, in this case a variation with magnitud® bfcan be selected as

0.00373 kg
Ap* = 0.1z; = 0.04167 kg.m? (8)
0.09083 m

This parameter variation results in a parameter distibiougis

p"=pn — Ap’ )
wherep is associated with the nominal parameter.

Parameter Leg Torso Arm  Forarm and Crutch

m; [kg]  28.6 344 42 3.4
Ji [kg.m?] 0.6930 1.1672 0.04416 0.4026
I, [n] 0882 0682 0.309 1.281
a; [m] 0564 0381 0.148 0.301

Table 1: Anthropometric body segment parameters of thegegment model

Simulations for the performance indicator variation assed with this crutch parameter
distribution fp*) and the nominal crutch parameter valups ) were performed. Based on the
discussed parametric analysis formulatidsp* change should have a significant effect on the
performance indicator. To show this, we consider the falhgandex

T, —1T." (10)
T,
whereT andT, " are respectively the performance indicators (pre-impawttic energy of
constrained motion space) associated withandp*.

This index can show the percentage of the change of the psaifuze indicator value while
using the new set of parameters in comparison with the ndrperameter values. Based on
the results, the parameter distributigst, resulted in lower values for the pre-impact kinetic
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energy of the constrained motion space, up to 27% decreasmmparison with the nominal
parameters. Also, the mean value of the pre-impact constlanotion space kinetic energy for
those 100 different configurations showed 6% decrease wudteg the parameter distribution
p*. These results indicate that via applying minor modifigaito the nominal parameter values
of the crutch, lower impulses can be achieved during thechraialking gait. As a result, less
impact energy loss will occur. Furthermore, smaller foragél$ be transmitted to the body
joints as a result of the ground impact. These can significaontribute to increase the level
of comfort of the crutch walker while using this modified afuidesign.

5 CONCLUSIONS

In this paper, sensitivity and parametric analyses of impacrutch walking were inves-
tigated. Selected parameters of the crutch were the massettond moment of inertia, and
the location of the center of mass. It has been previouslyshbat the intensity of impact
can be characterized by the pre-impact kinetic energy ottmstrained motion space. This
was selected as the performance indicator. The crutch mgalkas modeled based on a four-
segment rigid body model with joints in the hip, the shouldard the elbow. The variation
in the parameter distribution with the maximum effect on¢bastrained motion space kinetic
energy (and consequently the contact force) was obtainedorfmance indicator values asso-
ciated with the new parameters obtained were compared hgtlones for the nominal crutch
parameter values. This comparison verifies the importahtteeqarameter values determined
in the reported analysis.
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