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Dr. Nicola Petrone, Università degli Studi di Padova
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“A child’s education starts with a well-estabilished knowledge (e.g. 2 x 2 =

4) and fairly tales. The fairly tales always end happly. When a student enters

a college, the same principle pertains: the student studies well-estabilished

knowledge. Fairly tales for students also exist: they are called “problems”in

the textbooks. Textbook problems contain all the necessary information and

are always solvable. Science is different. Many problems cannot be solved

bacause the necessary information is not available; some problems are not

solvable at all. Still, it is important to understand the problem and the diffi-

culties associated with its solution.”

(Vladimir Zatsiorsky, “Kinetics of Human Motion”, Chap. 6 )
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Abstract

The estimation of muscle mechanical work can be useful to assess movement efficiency,

but it is still a challenging task in biomechanics. Different methods to estimate muscle

work during walking have been presented in the literature and, although attempts have

been made to investigate differences among them, all methods are still used in research

and clinical applications. A deeper understanding of theoretical differences and analogies

would allow to know what is exactly computed by each method and help to make a more

appropriate use of this information. To this purpose, a 16 segments full-body 3D model

was validated and used to collect kinematic and kinetic data from healthy children and

cerebral palsy (CP) children walking at self-selected speed. Two instrumented handles

fixable on the frame of posterior paediatric walkers were also developed, to measure up-

per limb kinetics in subjects with more severe walking impairements. Whole-body muscle

mechanical power curves and work values, either positive, negative or net, during nor-

mal gait and during walker locomotion were obtained, demonstrating that all methods

are equivalent when energy transfers between segments are allowed. With no transfers

allowed, methods differ among each other, with differences depending on the movements

and the methods considered. Apart from some critical issues evidenced and discussed, the

analysis of whole-body muscle mechanical power curves and work estimates can provide

valuable information on the overall locomotion function, highlighting propulsive deficits,

gait asymmetries, movement inefficiencies associated to reduced energy recuperation.
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Chapter 1

Introduction

Human movement and locomotion have been studied since antiquity in art, medicine

(Aristotle, IV century BC), and sport.

In both the last two cases, the aim is the same: trying to bring the subject studied

to the best performance he/she can achieve. A professional runner or a child affected

by cerebral palsy or an hemiplegic post-stroke patient are all looking for a common aim:

walk (or run) more efficiently, that is equivalent to move with the need of less metabolic

energy. The problem is: how can we assess how efficient is a certain movement? And, if

we could quantify walking efficiency, how can we use this information?

Figure 1.1 gives an example of the energetic relationships involved in human movement.

Our body can be represented as a multi-linked system of rigid (or, better, supposed to be

rigid) segments connected by joints with certain degrees of freedom actuated by motors

called “muscles”. A motor can supply motive power at the expense of energy and with a

loss of part of the original energy (entropy) during the process. Energy supplied to the

muscles can be provided by several sources. In sub-maximal exercises, like walking, the

metabolic energy source is oxygen.

Muscles then perform work by exerting a certain force while changing their length

(shortening or lengthening ): this linear work is translated into rotational work at the level

of the body joint (or joints) spanned by those muscles, to produce the desired movement.

Work, measured as the mechanical effect of muscle action, is different from energy

expenditure, the energy needed to perform that action. Muscles spend energy not only for

1



2 Introduction

Figure 1.1: Relationship between metabolic energy, muscles activity (concentric/eccentric) and final

output in terms of joint work and body movement.

work production but also for force generation. Therefore, if in classical mechanics energy

represents the capacity to do work, in biomechanics energy has to be seen as the capacity

to do work and to exert muscle force whether or not there is a displacement involved

(Zatsiorsky, 2002).

In classical mechanics the work of a force can be positive or negative, producing an

increase or a decrease in the mechanical energy of the body which is subjected to that

force. But, if the force is generated by a muscle, energy is needed to perform both types

of work, although the amount of the cost might be physiologically different in the two

situations (Zatsiorsky, 2002).

The distinction is evident if we analize a cyclic movement, as a gait cycle or climbing

and descending stairs. With the classical definition, the overall value of work associated

with that movement will be equal to zero, because positive and negative fractions of work

will cancel out each other. However, it is evident that metabolic energy is needed by the

muscles to perform both parts of the movement.

There is therefore the need do take these differences into account and define a proper

terminology for each computed quantity.

We will use the term work to address the general definition of work from classical
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mechanics, the product of force by displacement.

When discussing muscle action, we will use the term metabolic energy expenditure

for the metabolic energy used by the muscles to perform a certain movement, and the

terms mechanical energy expenditure or muscle mechanical work to define the estimated

magnitude of work done by the muscles which involves metabolic energy to be performed

(e.g. positive and/or negative work).

If the system studied is not a single joint or a single body segment, but the whole body,

the analysis then involves many muscles, interacting each other, and each one exerting its

own force, while producing negative, positive or null work, absorbing metabolic energy or

accumulating a certain amount of elastic energy at the level of muscle-tendon structures.

Contemporaneous contractions of antagonist muscles further complicate the real situation.

Answering to our original question on how efficient is a certain movement? is then

becoming rather complicated.

It is possible, in certain conditions and for certain movements, to estimate the metabolic

energy expenditure by measuring the overall amount of metabolic energy (i.e. the fuel)

spent by the body. On the other side, we can try to estimate the mechanical energy

expenditure by measuring the final mechanical output of the movement in terms of work.

Sometimes the two different measures, the mechanical and the metabolic one, can be

put together to evaluate the mechanical efficiency of a movement, given by the ratio be-

tween mechanical energy expenditure and metabolic energy expenditure (Cavagna, 1988;

Winter, 1979, 2005):

ρ =
Wmech

Emetab
(1.1)

However, it is clear that the muscle mechanical work estimated will give a measure of

muscle work, as a net output effect in terms of joints and segments movement, and not

a measure of the “real”action performed by the muscles. This problem has no solution

unless we could measure every single muscle’s force and length variation during time, a

task which is impossible to achieve in living humans.

The problem can be overcome by using dynamic models of the human body. More

specifically, by using models that describe structure and behaviour of the human musculo-

skeletal system (Delp et al., 2007).
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With the help of the model, measures of the kinematics and kinetics of the real subject

can be used to predict, by looking “directly”inside the body, the behaviour of the muscles

and therefore get closer to the “true”muscle mechanical work (Zajac et al., 2002, 2003;

Neptune et al., 2004a,b; Seth and Pandy, 2007; Neptune et al., 2008, 2009a; Sasaki et al.,

2009).

Indeed, to get realistic and useful outcomes from this approach, further competences

inside the research/clinical team are needed, together with the need to define subject

specific adjustments of the model, critical assumptions about optimization of muscle ac-

tivation and so on...

We believe that, although being aware of the limitations of this approach, the “indi-

rect”estimation of muscle work can still provide some useful information on the energy

expenditure associated with a particular movement. However, despite its relative simplic-

ity with respect to an approach based on musculo-skeletal models, estimation of energy

expenditure in terms of muscle work computation is not that easy!

Mechanical energy and work definitions in terms of mechanical laws are clear, but termi-

nology related to the study of muscle mechanical energy expenditure in biomechanics is

not always so clear, and the same expression might sometimes be found cited by different

authors with a slightly different meaning. For example, there is still confusion related to

the meaning assigned to the expressions muscle work, muscle energy expenditure, external

and internal muscle work...

Different approaches to estimate muscle mechanical work during walking and running

have been presented in the literature, creating a warm debate on which one is the most

correct (see, for example, (Thys et al., 1996; Zatsiorsky, 1997; Thys et al., 1997; Zatsiorsky,

1998)), with a few attempts to investigate differences either theoretically or practically

(Aleshinsky, 1986a,b; Purkiss and Robertson, 2003; van de Walle et al., 2012).

Approaches differ from each other in defining equations and instrumentation needed

to acquire necessary data.

Up to now, despite the discussions and a few attempts to provide rigorous mathemat-

ical demonstrations, different models are still used in this field of research and in clinical
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evaluations, utilized, in the latter case, mostly for studing walking efficiency in impaired

gait, for example in cerebral palsy.

The term cerebral palsy (CP) indicates a group of movement disorders produced by brain

damages during early stages of development (Miller, 2005). Physical rehabilitation of

CP children is a task that involves several factors: Neurological impairments, spasticity,

muscle weakness, skeletal deformities. Identification and correction of these factors are

the aims of the rehabilitation process. However, a subject-specific analysis of the neuro-

muscular system is extremely complex. Efficacy of the rehabilitation process depends on

the ability to correctly identify and measure the factors to be corrected and, therefore, to

organize the adequate therapy (Gage et al., 2009).

Technology has provided clinical gait analysis with instruments to measure kinematics

and kinetics of human gait (joint angles, moments, forces, powers) together with electrical

activity of the muscles (Perry, 2005; Robertson et al., 2004; Kirtley, 2006; Richards, 2008).

Besides these joint-by-joint (or segment-by-segment) measures, it is also useful to

analyse the overall locomotion function by sinthetic variables as the body centre-of-mass

or by assessing locomotion efficiency by measuring the amount of energy involved with

the execution of a certain movement, and it has been demonstrated that CP children

have increased oxygen consumption and increased muscle co-contraction during walking

(Detrembleur et al., 2000; Bennett et al., 2005; Hsue et al., 2009a,b; Unnithan et al., 1996;

Frost et al., 1997; Unnithan et al., 1999; Damiano et al., 2000; Detrembleur et al., 2003;

Schepens et al., 2001, 2004; van den Hecke et al., 2007; Marconi et al., 2009; van de Walle

et al., 2010, 2012).

There is still the need, however, to improve methodological aspects regarding muscle

work computation and muscle co-contraction quantification.

When the locomotion function is seriously impaired by causes related to insufficient mus-

cle force of the lower limbs, or by instability of the equilibrium, the use of walking aids is

needed. If there is enough force that can be provided by the upper limbs, locomotion is

still possible using crutches or walkers (Fig. 1.2).
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Figure 1.2: Paediatric posterior walker

In this case the interaction of the body with the external world depends not only on

the feet contacting the ground, but also on the hands loading the walking device, resulting

in an increased energy expenditure at the level of the upper limbs and trunk muscles.

Walking aids instrumented with force sensors have been used to evaluate the loads at

the upper limb joints during locomotion. Shoulder joint forces were evaluated in people

with incomplete spinal chord injury (SCI) during ambulation with crutches or with a

walker (Haubert et al., 2006). Instrumented walkers and load cells, applied to walkers or

crutches, were used to study upper limbs kinetics during assisted locomotion in children

and adults (Bachschmidt et al., 2001; Strifling et al., 2008; Konop et al., 2009a,b; Slavens

et al., 2010, 2011).

This project will focus on studying the energetics of human locomotion in healthy chil-

dren and CP children, paying attention to the issues regarding the computation of muscle

mechanical work. The use of an instrumented walker will permit to extend this analysis

also to children who need to use a posterior walker to move.

Given the premises above, the aims of this research are therefore to:

1. Provide a review of the methods used to compute muscle mechanical work

2. Discuss and investigate open issues related to muscle mechanical work estimation

3. Experimentally develop and evaluate models for clinical application of this measure,
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particularly to estimate muscle mechanical work during normal gait and during

walker-assisted locomotion

4. Test the models in a clinical environment on children with cerebral palsy.

The text is organized as follows: the second part of this Introduction will focus on the

theoretical basis of muscle mechanical work computation. Then, chapter 2 will provide

an overview of the experimental protocols, instruments, data processing methods and

characteristics of the recruited subjects. Chapters 3 and 4 will describe in more detail the

instruments and the biomechanical models specifically developed for this study. Finally,

chapters 5, 6 and 7 will illustrate and critically analize the results of the work.

1.1 A little bit of mechanics...

If we consider a dimensionless point with mass m, which, during a time interval dt is

displaced by a quantity dr by the action of a force F, then we can define the work done

by the force F as:

dW = F · dr (1.2)

For a displacement from position P1 to position P2, the total work done is obtained via

the integration:

W |P2
P1

=

∫ P2

P1

F · dr (1.3)

Power is the time rate of doing work:

P =
dW

dt
= F · dv (1.4)

where v represents the velocity vector of the point of application of the force. Displace-

ment is measured in meters (m), force in newton (N), work in joule (N · m = J), power

in watt (J/s = W ).

No work is done if the force and displacement vectors are mutually perpendicular or if

the displacement is null.

Extending the analysis to a system of particles forming a rigid body rotating around an
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axis z, the component of rotational work done on the body by the action of an external

moment M is:

dW = Mzdθ (1.5)

where Mz is the axial component along z of the external moment and dθ is the infinitesimal

angular displacement of the rigid body. In general, M might change with the variation

of the angle θ. A moment is measured in N · m.

In terms of rotational power:

P =
dW

dt
= Mz

dθ

dt
= Mzω (1.6)

with ω =
dθ

dt
(in rad · s−1).

Therefore, the total work done by a set of forces acting on a rigid body, for an infinitesimal

displacement, is:

dW = F · dr + M · dθ (1.7)

where F and M represent the external resultant force and moment, dr is the infinitesimal

translation of the body center of mass and dθ is the infinitesimal rotation of the body

around its centre of mass.

We define positive work the work done by a force acting along the same direction of

the displacement vector, while we define negative work the work done by a force acting in

the opposite direction. The same applies to the moment action: rotational work is positive

when moment action boosts the rotation of the body and negative otherwise (producing

in the first case an increase in the magnitude of rotational velocity ω and a decrease in

the second case).

A rigid body can be represented as a system of n material points with masses mi whose

reciprocal distances do not change. It is known from the fundamental laws of mechanics

(Alonso and Finn, 1969) that, for a system of points subjected to internal (generated by

interactions among points) and external (generated by interactions of the system with the

surrounding environment) forces, the change in the total kinetic energy of the system, K,

from the time instants t0 and t1, equals the sum of the work done by the external forces,

Wext, and by the internal forces, Wint:

ΔK = K1 − K0 = Wext + Wint (1.8)
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with K =
∑n

i=1

1

2
miv

2
i .

For a rigid body, in planar motion, internal forces contributions cancel each other out,

then Wint = 0, and kinetic energy can be defined as:

K =
1

2
mv2

COM +
1

2
Iω2 (1.9)

with vCOM being the linear velocity of the centre of mass of the body (in m/s), I the

moment of inertia of the body around an axis passing by its centre of mass (in Kg ·m2),

and ω the angular velocity around the same axis. If the motion is not planar and the

body is simultaneously rotating around more axes, all the associated rotational energy

components have to be considered in the analysis with their different moments of inertia,

and the equation becomes:

K =
1

2
mvTv +

1

2
ωT Iω (1.10)

with I being the tensor of inertia.

Since the change in kinetic energy of the body depends only on the resultant vector of the

external forces, it is necessary to point out that the summation of all the work fractions

done by the individual forces on the body might differ from the work done by the resultant

force (Zatsiorsky, 2002).

If the change in kinetic energy from the time instants t0 and t1 depends only by the work

of conservative forces (Fc), as gravity or elastic forces, the overall mechanical energy of

the body will not change, since the definition of mechanical energy as:

E = K0 + U0 = K1 + U1 (1.11)

with U called potential energy, energy associated to the work of a conservative force.

Forces (and moments) are conservative when the work done on a body, while moving

it from one point in space to another, is independent of the path followed. In a body sub-

jected only to conservative forces, the sum of the potential and kinetic energy components

is constant.

Non-conservative forces (Fnc) are instead affected by the path followed when the body

is moved, as happens with friction forces and hydrodynamic resistance. Also the action
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of the muscles has the characteristics of non-conservative force. Muscle-tendon structures

can be considered as conservative elastic forces as far as they can act as ideal springs,

allowing the recovery of elastic energy.

If non-conservative forces are also acting on the body, mechanical energy is then com-

puted as:

E = K0 + U0 + Wnc = K1 + U1 (1.12)

Where Wnc is the work done by non-conservative forces, that can be estimated from the

variation of mechanical energy of the body: Wnc = E1 − E0 = ΔE.

To study human motion, we have to extend these thoughts to a system composed by

several rigid bodies linked together.

1.2 Muscle mechanical work

Despite clear definitions in terms of mechanical laws, terminology related to the study of

mechanical work in biomechanics can be somewhat confusing. It is the case, for examples,

of some terms like external and internal work that we will use extensively in this work,

and that need, therefore, to be given a unique definition, or, at least, to be clarified

with respect to the meaning that each author gives to the different terms (Cavagna and

Kaneko, 1977; Winter, 1979; Zatsiorsky, 2002; Robertson et al., 2004).

Muscles are capable of two functions (Zajac et al., 2002): generate or absorb power

via concentric or eccentric contractions, and redistribute energy between segments.

When body muscles do work, some of the energy expended can be used to move

body segments and some can be used to do work on the external environment: the first

component is sometimes referred to as internal energy, the second one as external energy

(Winter, 1979; Robertson et al., 2004).

In the literature there exist three main methods that have been used to estimate

muscle mechanical work: (a) the Joint powers approach, (b) the External/Internal powers

approach and (c) the Segmental powers approach. In this section a short description of

the three different methods is provided. Then, in section 1.3 a critical comparison beween

the methods will be delineated.
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1.2.1 Joint power analysis

The amount of power exerted by a muscle can be calculated by multiplying the muscle

force by the shortening/lengthening velocity:

P = F · v (1.13)

If the muscle is acting with an isometric contraction, the power is zero.

Instead of looking at the single isolated muscle, we can refer its activity to the joint

it is spanning. In joint terms, the amount of power can be computed from the product of

the joint moment vector by the angular velocity vector of the joint:

P = M · ωjoint (1.14)

with ωjoint = ωproximal − ωdistal. If we write the previous equation in the form:

P = M · ωproximal − M · ωdistal (1.15)

we can observe that the power flowing through the muscle has two components, one

related to the power delivered to, or subtracted from, the proximal segment and the other

one delivered to, or subtracted from, the distal segment. These are defined as the active

power flows to the segments, because they depend directly from the muscle attached to the

segments connected to the observed joint (Kirtley, 2006). When Mωproximal = Mωdistal

the muscle is contracting isometrically.

Power can also be transferred directly from one segment to another through the joint.

This quantity is defined as passive power (Kirtley, 2006), and is calculated as:

Ppassive = Fjoint · vjoint (1.16)

which is different from the quantity expressed by eq. 1.13.

Even if it is defined as passive, Fjoint can be dependent on the level of muscles activity

around the joint (Zatsiorsky, 2002). Since at every joint the reactions from the proximal

and distal segments are equal but opposite in sign, joint forces redistribute mechanical

energy among body segments without changing the total mechanical energy of the whole

human body (Robertson et al., 2004).
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Mechanical energy expenditure (muscle work) for the whole body can be estimated

summing up all the active powers acting on all the N − 1 body joints, as defined in

(Aleshinsky, 1986a,b):

Wm =

∫ T2

T1

N−1∑
i=1

|Mi,i+1 (ωi+1 − ωi) | dt (1.17)

Taking the absolute value of each joint moment contribution means that all power contri-

butions, negative and positive, are summed up together without any energy intercompen-

sation among them. Net joint moments are computed via the inverse dynamics approach

(Winter, 2005; Zatsiorsky, 2002; Robertson et al., 2004; Richards, 2008).

Although described in literature as the most accurate and mechanically correct way to

indirectly estimate muscle mechanical work, results given by this method are influenced by

the accuracy of the inverse dynamics process which affects the precision of joint moment

computation, as will be discussed in more detail in chapter 4.

1.2.2 External/Internal power analysis

The External/Internal powers method is used to estimate muscle mechanical work from

the computation and summation of two quantities, the so-called external work and inter-

nal work (Cavagna and Kaneko, 1977; Willems et al., 1995; Minetti et al., 1995).

The external work, Wext, is related to the changes of mechanical energy of the the

body centre of mass (COM, or BCOM) measured in the global reference system, while

the internal work, Wint, is here associated with the changes in mechanical energy of the

body segments, measuring their relative motion with respect to the COM.

External work is defined in (Cavagna, 1975) from the assumption that the resultant

of the external forces acting on a body produces a change in the mechanical energy of

the centre of mass of the body. This sentence is physically not fully correct: As described

in section 1.1 the resultant of the external forces acting on a body, conservative or not,

produces a change in the kinetic energy of the body. The change in mechanical energy

depends only on that set of external forces which are non-conservative. During ground

walking, two external forces are active on the human body: Gravity and the resultant of

the ground reaction forces (GRF). The latter depends on the former, plus the effect of
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muscles activity. The definition in (Cavagna, 1975) still works because the net external

force acting on the COM is measured as:

Rext = GRF + mg (1.18)

Since the change in potential energy is equal and opposite to the work done by the

conservative forces (mg), and the quantity mg appears also inside the GRF term, then

the work done by the muscles (non-conservative forces) against the force plate and gravity

appears when Rext is not zero, and is correctly measured as the variation of mechanical

energy (in the hypothesis that air friction is negligible). 1

By measuring the change in the mechanical energy of the COM, the external power

done by the muscles can be estimated from:

Pext =
dWext

dt
=

dEmecc

dt
=

dU

dt
+

dKCOM

dt
(1.19)

With U = mgh being the potential energy of the COM (with m = mass, g = gravity

acceleration, h = height of the COM from a reference point), KCOM =
1

2
mv2

COM its

kinetic energy.

An advantage of external power computation is its relative simplicity of measurement.

It can be estimated integrating the measured ground reaction forces, minus body weight

and scaled by the body mass, and knowing the velocity of the COM at the beginning

of the movement, without the need of any other kinematic and anthropometric data. In

1The definition of work done by external forces on a body is:

Rext dr = dK

(Fnc + Fc) dr = dK

Fnc dr = dK + dU = dE

Following Cavagna’s definition:

Rext dr = dE = dK + dU

(GRF− mg) dr = dK + dU

GRFdr = dK + dU − dU

(Fnc + mg) dr = dK

Fnc dr = dK + dU = dE
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(Cavagna, 1975) external forces were measured at the interface between the body and the

ground via force plates that were, for this reason, called ”ergometers”.

However, if needed, COM movement can also be computed from kinematics (Eames

et al., 1999; Rabuffetti and Baroni, 1999; Gard et al., 2004).

Considering König theorem for kinetic energy (Mazzoldi et al., 2006), the kinetic energy

of a system made by N points can be divided into two components:

K =
N∑
i

1

2
miv

2
i

= KCOM + Ki,COM

=
1

2
Mv2

COM +
N∑
i

1

2
mi‖vi − vCOM‖2

(1.20)

with KCOM being the kinetic energy of the COM measured in the global reference system

and Ki,COM being the kinetic energy of the body points measured in the COM reference

system. Therefore, the term KCOM is associated with external work computation, while

Ki,COM is used to compute the kinetic energy of the points measuring their translational

velocity relative to the centre of mass.

If the body is composed by N rigid segments, the second term of the previous equation

is associated to the power produced by the muscles to change the kinetic energy of the

segments relatively to the centre of mass of the body:

Pint =
d

dt
Ki,COM +

d

dt
Krot

=
N∑

i=1

1

2

(
d

dt

[
mi‖vCOM − vi‖2

]
+

d

dt

[
ωT

i Iiωi

]) (1.21)

Total muscle mechanical work computation with this approach is generally obtained by

summation of all the positive increments of mechanical energy, P +
ext and P+

int, happened

during the movement to be analized:

Wtot =

∫ T2

T1

P+
ext + P+

int dt (1.22)

Limitations of the approach and possible fractions of work incorrectly measured due to

wrong evaluation of energy transfers were discussed in (Willems et al., 1995; Minetti et al.,

1995) as a reply to (Aleshinsky, 1986a,b,c,d,e).
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The choice to consider only the production of positive power does not take into ac-

count metabolic energy necessary for negative work production by the muscles.

Despite the limitations that can arise related to the estimation of the total muscle me-

chanical work with this approach, the method is still valuable when applied to simplified

models of walking, where the focus is to study the movement and the energy of the cen-

tre of mass as a global representation of the whole body behaviour, as in the inverted

pendulum model (Cavagna et al., 1976, 1977; Cavagna, 1988; Kuo, 2007; Gordon et al.,

2009).

However, in the original definition only the resultant ground reaction force applied

to the centre of mass was considered (a method called later as combined limbs method),

leading to reciprocal cancellation of simultaneous positive and negative work fractions

produced by the two separate legs during the double support phase, as shown in (Donelan

et al., 2002). Therefore, only if external work on the COM is computed separately from

the two ground reaction forces associated to the two legs (combined limbs method) then

the different simultaneous work components can be measured.

If external work is computed evaluating COM motion from kinematic data, only the

net external work can be estimated.

1.2.3 Segmental power analysis

In the Segmental powers method the muscle mechanical work required to move the body

segments is estimated by measuring the changes in the mechanical energy of the body

segments.

Potential and kinetic energy components of all the separate segments, measured in

the global reference frame at each instant of time, are calculated and then the absolute

values of energy variations are summed together (Winter, 1979).

The mechanical energy of the i-th segment at any instant of time is:

Ei = mighi +
1

2
miv

2
i +

1

2
ωT

i Iiωi (1.23)

The summation of all the segmental energy variations to compute the total mechanical

work can be done in different ways (Pierrynowski et al., 1980) by:
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(1) Accounting for energy transfer within (w) and between (b) segments:

Wwb =

∫ T2

T1

|
N∑

i=1

d

dt
Ei|dt (1.24)

(2) Accounting for energy transfer within (w) but not between segments:

Ww =

∫ T2

T1

N∑
i=1

| d

dt
Ei|dt (1.25)

Equations 1.24 and 1.25 differ in the different possibilities of energy intercompensation

allowed inside the system. In the first equation all possible energy transfers are admitted,

and therefore the mechanical energy expenditure computed would be lower than in the

second equation, where reciprocal energy cancellations between segments is prevented.

In some investigations a compromise between the two equations has been attempted,

allowing energy transfers between some segments (e.g. segments belonging to the same

limb) but not between others (e.g between limbs and trunk). A deep investigation on the

different combinations of energy transfers and on the possibile elastic energy recuperation

during running at different speeds was done by Williams and Cavanagh in (Williams

and Cavanagh, 1983), where they concluded that a dramatically wide range of values for

mechanical power can be obtained for running, depending upon the particular assumptions

made and computational procedures employed.

Muscle mechanical work necessary to change the mechanical energy of the body seg-

ments as computed in equations 1.24 and 1.25 was defined in (Winter, 1979) as internal,

but note that this definition is different from the internal work definition given in section

1.2.2. A difference that has never been clearly pointed out in the literature. In (Winter,

1979) the author defined external work as the additional work performed by the muscles

during (possible) interaction of the body with external forces like a weight to lift, a load

to push or pull, or an ergometer load. Gravity, acting directly on all the single body

segments as a conservative force, is included in the mechanical energy expression and

therefore muscle work done against gravity is already taken into account in the internal

work component.

Therefore, in Winter’s definition, the overall work done by the muscles, in the hypoth-

esis that external work is related only to external forces originated by muscles activity
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(e.g. by pulling a load, and not by being lifted by an elevator) is computed considering:

Wmuscles = Wext + Wint (1.26)

1.3 A comparison of the different approaches

For every body segment i we can write an energy balance equation:

F−i · v−i − F+i · v+i + M−iω−i − M+iω+i =
d

dt
mighi +

d

dt

1

2
miv

2
i +

d

dt

1

2
ωT

i Iiωi (1.27)

where we used the simplifications: −i = i − 1, i referring to power exchanges with the

previous/proximal segment, and +i = i, i + 1 referring to power exchanges with the

following/distal segment.

Following (Aleshinsky, 1986a) we can define forces and moments acting on a body

segment as sources of mechanical energy. Through this equation, the work done by the

non-conservative sources of mechanical energy (joint moments and forces) acting on a

segment are related to the change in the potential and kinetic energy components of that

segment, if the segment is supposed to be rigid (Zatsiorsky, 2002; Aleshinsky, 1986a).

Considering a system composed by N segments, the rate of change of the total mechanical

energy of the body is:

dE

dt
=

N∑
i=1

dEi

dt
=

N∑
i=1

(Fi,i−1 · vi,i−1 − Fi,i+1 · vi,i+1 + Mi,i−1ωi,i−1 −Mi,i+1ωi,i+1)

(1.28)

Considering segments O and N as the terminal links, and remembering that powers of

joint forces, being internal forces to the system, cancel out each other, the equation can

be expanded and simplified:

dE

dt
= FO · vO − FN · vN + MOω1 − MNωN +

N−1∑
i=1

Mi,i+1 (ωi+1 − ωi) (1.29)

This equation describes the rate of change of the total mechanical energy of the system

as a function of the external energy sources and as a function of the internal (muscular)

sources.
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If there are no external energy sources, the energy change depends only on internal

muscle action:

dE

dt
=

N−1∑
i=1

Mi,i+1 (ωi+1 − ωi) (1.30)

Theoretical differences among the Aleshinsky’s Joint powers method and the Segmental

powers method used to compute whole body muscle work, in the end, depend on which

member of equation 1.27 is used.

If there are no absolute values symbols embracing any of the quantities involved, their

computed values should be equivalent (Cappozzo et al., 1976). Moreover, they should also

be equivalent to the External/Internal powers method in the original Cavagna’s definition,

since the equality is guaranteed by the König theorem.

Therefore, two critical points have to be considered when comparing the three meth-

ods: (1) Effects of external energy sources and (2) Summation and integration of the

power components.

1.3.1 Effects of external energy sources

In the Segmental powers method, action of external forces need to be added considering

the particular situation that is being examined, since there might be forces that act on

the system changing segments energy with no muscle work, or, on the other side, there

might be forces that act on the system with little change in segments energy but large

work done by the muscles.

As already pointed out in section 1.2.3, the internal work, as defined in (Winter, 1979;

Pierrynowski et al., 1980), is related to the total work necessary to change the kinetic and

the potential energy of the body segments, measured in the global reference frame. The

author defined external work as the additional work performed by the muscles during

(possible) interaction of the body with external forces like a weight to lift, a load to push

or pull, or an ergometer load.

The internal work, as intended in (Cavagna and Kaneko, 1977; Willems et al., 1995;

Minetti et al., 1995), is instead the work necessary to change only the kinetic energy of the
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body segments measured with respect to the body center of mass. The potential energy

changes of the body segments are included in the external work component. Reciprocal

movements of different segments with variations of potential energy opposite in sign,

therefore, cancel out each other without any possibility to be separately measured.

In the following, we will use the terms internal and external work referred to the sec-

ond method, while internal work as defined in (Winter, 1979) will be referred to simply

as (total) segmental work, remembering, however, that during walker locomotion there is

a fraction of work done by the body on the handles of the device that has to be added

separately to the segmental work to give the final whole-body muscle (segmental) me-

chanical work.

In the Joint powers method, the action of external forces (other than gravity) is con-

sidered in terms of forces and moments applied to the terminal link(s) of the system.

Therefore, their effects on the joint activity is already taken into account as part of the

inverse dynamics computations, and the total muscle work produced to move body seg-

ments and to do work against external forces is computed using eq.1.30.

Our discussion was restricted on the investigation of muscle mechanical work during

walking and walking with walking aids. A similar analysis can be done when studying

running movements. But with complex movements that involve the body interacting with

external work in a more complex way, a careful analysis of the problem has to be done.

In the External/Internal powers method this issue appears more critical, since action of

external forces is considered only in terms of changes in energy of the centre of mass!

As a general example, let us imagine a subject standing on an elevator: His total

mechanical energy is changing (in terms of potential energy plus, if the elevator is also

accelerating, kinetic energy). In this case there has been no muscle action involved. But

if we consider a subject pedaling on a cyclo-ergometer with the same frequency against

different external loads, we have to include in the computation not only the mechanical

energy changes of the segments, which will be always the same in all the conditions, but

also the power exchanged by the body with the external forces and moments transmitted

by the saddle and the pedals. A similar example could be a man placed horizontally (no
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need to include gravity in the problem) who extends symmetrically his legs and his arms

acting against two compressing loads (like two ideal springs). There would be almost no

COM displacement and very little variation in kinetic energy of the body segments...

If a subject is walking with the use of a walker, of with the use of crutches, there might

be a certain amount of work performed by the muscles while interacting with the device

which needs to be taken into account.

1.3.2 Summation and integration of the power components

Ideally, from the definitions of power and work seen earlier in this chapter, the com-

putation of mechanical work over a time interval [T1, T2] comes straightforwardly from

integration of eq.1.29.

However, this point is the most critical for the estimation of muscle mechanical work.

With a simple integration we obtain:

ΔE |T2
T1 =

∫ T2

T1

{FO ·vO−FN ·vN +
N−1∑
i=1

Mi,i+1 (ωi+1 − ωi) +MO ·ω1−MN ·ωN} dt (1.31)

The result is the same if we consider the second term of eq.1.27 for integration:

ΔE |T2
T1 =

∫ T2

T1

N∑
i

{ d

dt
mighi +

d

dt

1

2
miv

2
i +

d

dt

1

2
ωT

i Iiωi} dt (1.32)

We can define the quantity calculated with equations 1.31 and 1.32 as net muscle mechan-

ical work, which, for cyclic movements, gives ΔE = W = 0 since positive and negative

work contributions would be equal in magnitude but opposite in sign.

To overcome the problem of zero-work computation, some authors consider only muscle

energy expenditure coming from positive power production (Cavagna and Kaneko, 1977;

Willems et al., 1995), while others use definitions that take into account both negative and

positive power quantities, introducing summation and integration of the absolute values of

the different power components, as described in the previous sections (Aleshinsky, 1986b;

Winter, 1979; Pierrynowski et al., 1980).

Aleshinsky suggests that the energy expenditure (EE) of external and internal (muscle)
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sources in the system has to be computed as:

EE =

∫ T2

T1

{|FO ·vO|+ |−FN ·vN |+
N−1∑
i=1

|Mi,i+1 (ωi+1 − ωi) |+ |MO ·ω1|+ |−MN ·ωN |}dt

(1.33)

In this case the equivalence between equations 1.31 and 1.32 is lost.

Therefore, if we wanted to study the energy necessary to perform a movement that

involves several body segments, we could approach the problem from either the first or

the second term in eq.1.27, summing up joint powers from all body joints or summing up

the mechanical energy variations of all the body segments, keeping in mind, however, that

results will be theoretically equivalent only summing up terms without the introduction

of absolute values among the integrands.

To avoid the problem of zero-work values and, at the same time, maintain the equiva-

lence among the different methods, we can introduce absolute values symbols just before

the final integration of the whole-body power curves of time, that is, after all the joint-by-

joint or the segment-by-segment summations. Physiologically, this operation is equivalent

to allow, at every time instant, all the possible energy transfers between segments, but

without allowing any recuperation of this energy over time.

It is doubtful if the results obtained in this way (as, of course, in all the other possible

formulations) are then able to reflect the metabolic energy needed by the muscles to per-

form the movement investigated, but answering this question is out of the scope of this

work. It is undoubtful, instead, that none of the methods, with or without any absolute

values, is capable of quantifying the energy associated with isometric force production by

the muscles.

1.3.3 Further elements of discussion

In (Aleshinsky, 1986a,b,c,d,e) the author claims that his formulation of the joint powers

approach gives the closest estimation of muscle mechanical work which can give evidence

of the muscles energy expenditure. His formulation is rigorous and physically correct,

and, by looking at the net muscle action at joint level instead of measuring its final effect

on the segments, probably allows to analyse power production closer to the real power
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sources.

However, a couple of flaws can be found, in his attempt to analise critically the other

two approaches, originated by a misinterpretation of the definitions of external work given

in their publications respectively by G. Cavagna and D. Winter.

In (Aleshinsky, 1986b), page 299, eq. 34, the author arrives at the conclusion that,

considering an ideal situation with a person moving as an inverted pendulum with a foot

contacting the ground, Cavagna’s definition of total work as summation of the internal

and external work components would give a value different from zero. But a careful

examination of eq. 34 shows that all terms inside the integral signs will cancel out each

other with final null result (since the ground reaction force acting on an inverted pendulum

produces no net work on the center of mass!).

In (Aleshinsky, 1986d), at page 308, the author discusses the calculation of muscle me-

chanical work with the segmental method when allowing for energy transfer between seg-

ments (Wwb, see eq.1.24 described previously here). He criticises that with this approach

“(...) intercompensation of the external and internal sources is admitted that physically

makes no sense at all”. However, in the original definition given in (Winter, 1979), it is

not clearly defined if work done by external sources is taken into account separately, or if

it is included within the summation of segments energies.

The joint powers approach, based on inverse dynamics computations, has the advan-

tage to provide an unambiguous representation of the external and internal forces and

moments involved.



Chapter 2

Materials and Methods

This chapter contains a description of instruments, data acquisition protocols, implemen-

tation of models for data processing. Further details on instruments and biomechanical

models specifically designed and developed during this work will be given in the following

chapters, 3 and 4.

2.1 Human movement analysis

Technology has provided movement analysis with instruments to investigate the charac-

teristics of the human movement and, focusing on clinical applications, of the human gait

(Perry, 2005; Kirtley, 2006; Richards, 2008). Traditionally, during a gait examination the

lower limbs joint angles, moments and powers are investigated in the three anatomical

planes during a gait cycle, which is defined as the time period from a heel strike of a foot

on the ground to the following heel strike of the same foot. Pelvis and trunk movements

can also be computed.

The analysis can also be extended to the upper-limbs and whole body movements,

with aims not only related with rehabilitation purposes, but also to sport performance

and ergonomics.

Kinematics of the human body is commonly measured via optoelectronic systems

which register the three-dimensional movement of reflective markers placed on the sub-

ject’s anatomical landmarks. A biomechanical model is then built to compute internal

23
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joint centers and measure the movement of the body segments (Cappozzo et al., 2005;

Chiari et al., 2005; Leardini et al., 2005; Della Croce et al., 2005). Dynamic interaction of

the body with the external world is measured by force plates placed at the ground level

and, eventually, by other load cells, that provide the input forces and moments for the

inverse dynamics computations used to estimate loads acting at the body joints. Estima-

tion of the inertial properties of the subject are needed at this stage, to link kinematic

and kinetic information. Surface or fine-wire electromyography provides information on

the muscle activity, allowing a deeper segment-by-segment analysis of the possibile con-

trol strategies or alterations of the locomotion function (Winter, 2005; Zatsiorsky, 2002;

Robertson et al., 2004; Richards, 2008; Merletti, 2000).

2.2 Instrumentation and models

In order to estimate the whole body muscle mechanical work during normal walking and

walker-assisted locomotion, a full-body 3-dimensional kinematic and kinetic model was

needed to compute kinetic and potential energy of body segments, whole body centre of

mass, joint moments and angles. Details on the model are described in chapter 4.

Kinematic data were measured by reconstructing the spatial 3-dimensional position

of reflecting spherical markers via optoelectronic motion capture systems equipped with

infrared light emitters and high-resolution digital cameras. Dinamic interaction of the

feet with the ground was measured via force plates.

Hands interaction with the walker frame needs to be measured via load cells. We

designed two instrumented handles to be placed on the walker to measure 6 degrees of

freedom loads applied by the hands of the subject. Details on handles design, construction

and calibration are described in chapter 3.
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2.3 Data acquisition

2.3.1 Laboratory setup

Data on healthy children and one cerebral palsy child, MM, were all acquired at the

Biomechanics Laboratory at the University of Verona, Italy, equipped with a 8 cameras

Vicon system (Vicon, Oxford, UK) a 90x90 cm AMTI (Advanced Mechanical Technology,

Inc., Watertown, USA) and a 60x40 cm Kistler (Kistler Instruments corp, Amherst, NY,

USA) force plates.

All the other cerebral palsy children were acquired at the Gait Analysis Laboratory at

San Bassiano Hospital, Bassano del Grappa, Italy, equipped with a 6+2 cameras Vicon

system and two 60x40 cm AMTI force plates.

Preliminary data on upper limbs with instrumented handles applied to an adult anterior

walker were acquired at the Oxford Gait Laboratory, Nuffield Orthopaedic Centre, Oxford,

UK, equipped with a 12 cameras Vicon system and three 60x40 cm AMTI forceplates.

Instrumented handles were connected to the different Vicon systems during the acquisition

sessions.

For the tests on healthy and CP children, handles were applied to a posterior walker with

wheels (Crocodile walker model, R82, Gedved, Denmark), available in two sizes depending

on the subjects height.

2.3.2 Subjects

This section contains anthropometric characteristics of the healthy and the cerebral palsy

(CP) subjects involved in the study.

Healthy children group

Data from 10 subjects between 6 and 13 years old (mean age 9.8 y ± 2.7, mean height

1.36 m ± 0.17, mean weight 33.9 Kg ± 11) were acquired during ground level walking at

self-selected speed and during walker locomotion at self-selected speed.

Age difference is quite large, however, in (Stansfield et al., 2001) it was shown that speed is

more determinant than age on kinematic and kinetic changes observed in growing children.
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Table 2.1: Characteristics of the healthy group subjects. Age is relative to data acquisition date. Styloid

height is the measure of the height of the right ulnar styloid from the ground with the subject in a neutral

position. Body mass in expressed in Kg, all length measures are in mm.

Subject VT IC EC MS GZ FF GV FC LC PT

Sex f m m m m m f f m m

Age (y) 13 13 8 9 10 9 12 10 6 6

Bodymass 34.7 48.7 31.4 25.4 29.8 42.6 52.5 32.3 21.2 20.2

Height 1580 1550 1320 1300 1335 1371 1570 1360 1120 1120

Styloid height 780 760 610 585 625 630 780 660 520 510

R leg length 850 830 650 645 695 700 900 715 615 530

L leg length 840 830 650 640 690 700 900 715 615 530

R knee width 93 102 91 82 86 102 107 87 77 74

L knee width 93 102 91 82 86 101 107 85 77 74

R ankle width 61 70 64 54 54 63 64 56 50 52

L ankle width 61 70 64 54 55 64 65 55 50 52

Walker size larger larger smaller smaller smaller larger larger larger smaller smaller

Cerebral palsy children group

Data from five CP children with age between 6 and 12 were acquired in their usual

walking condition, either with or without walking aid; one subject only was analyzed in

both conditions. No mean values on the group were computed, since each subject was

considered as a single case-study. Subjects were asked to walk at their self-selected speed,

wearing their orthopaedic shoes and ankle-foot orthosis, if that was their normal walking

condition (see table for details).

2.3.3 Data acquisition protocol

Video data were acquired at 100 Hz.

Ground Reaction Forces (GRFs) were recorded using two adjacent floor-mounted force-

plates, while Handle Reaction Forces (HRFs) and Moments (HRMs) were recorded using

the two instrumented handles.

Force plate and handles data were acquired at 1000 Hz, since some surface electromyo-

graphic data (which need a sampling frequency of 1 kHz) were collected synchronously

during the trials.
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Table 2.2: Characteristics of the CP group subjects. Age is relative to data acquisition date. Styloid

height is the measure of the height of the right ulnar styloid from the ground with the subject in a possible

neutral position. Body mass in expressed in Kg, all length measures are in mm.

Subject MM AV IA FM PA

Diagnosis diplegia emiplegia (L) tetraplegia diplegia diplegia

Sex m m m m m

Age (y) 6 8 12 7 9

Bodymass 20.0 23.8 32.6 21.9 33.1

Height 1180 1230 1420 1120 1265

Styloid height – – 680 510 630

R leg length 570 620 710 540 670

L leg length 560 615 710 540 670

R knee width 73 80 85 65 90

L knee width 72 80 85 65 90

R ankle width 49 55 55 75 65

L ankle width 46 55 55 75 65

Trial gait gait walker walker both

Condition AFOs and shoes barefoot AFOs and shoes AFOs and shoes shoes

Walker size larger smaller smaller

Walker wheels were isolated from the ground via two 6 meters long rails which supported

the wheels avoiding contact with the forceplates.

Healthy subjects

With the healthy subjects, data were acquired, in the same day, during normal walking

and during locomotion with a posterior walker.

Handles were placed at the height of the right ulnar styloid (approximately 45% of sub-

jects’ height) taking into account the height of the rails.

Subjects were asked to walk using the walker in order to reduce the loads on the lower

limbs. Mean loads exerted on the walker during the trial, compared to the subject’s body

weight, were later computed from the collected data.
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CP subjects

With the CP subjects, data were acquired either during normal walking or during locomo-

tion with a posterior walker. For one subject, AP, data were collected in both conditions,

since the subject was able to walk short distances without the walker.

GRFs were recorded whenever possible. Despite the use of rails, it has been very hard to

get proper feet position over the forceplates, due to irregular step length, scissoring leg

movements, easy fatigability of the subjects.

Handles were placed either at the height of the ulnar styloid, or at the habitual height of

their walker handles, if they came to the laboratory with that.

A security brake was activated on the two posterior wheels of the walker to prevent

backward movement and help, if needed, the possibility to act on the walker handles to

generate forward propulsion together with forward support.

2.4 Data processing

Healthy subjects

Three trials with clean double support over the two forceplates could be selected for all

the 10 subjects but one, for whom it was possibile to select only two trials, during normal

walking and when using the walker. A right and left gait cycles were selected from each

trial, correspondent to the subject placing the right foot on a plate and the left foot on

the other one.

CP subjects trials

All possible trials with clean double support over the two forceplates were selected. For

those subjects for whom good GRF data were not available in at least one trial, kinematic

data from a right and left gait cycles were in any case selected from three trials.

Processing

All selected trials were processed in Vicon Nexus 1.5 (Vicon Motion Systems, Oxford,

UK).
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A biomechanical model was developed and applied to the data using Vicon BodyBuilder

software (see section 4.5) to obtain joint centers trajectories, joint angles, moments and

powers, segments COMs and whole-body COM.

Kinematic data were filtered before (Vicon Woltring filtering routine, MSE = 5 option, to

provide the necessary smoothing to compute velocities and accelerations) and after (Vicon

Woltring filtering routine, GCV option, to filter noise introduced by kinetic data and to

fill gaps introduced by Vicon BodyBuilder computations) inverse dynamics computations.

Digital filtering of raw force plate data before inverse dynamics was not available in Vicon

Nexus version 1.5.

Trials data were exported in .C3D format (http://www.c3d.org/). A library of functions

written in MATLAB 7 (The MathWorks, Natick, Massachussets, USA) was developed to

import and process the data in order to compute whole-body muscle mechanical work

and generate final plots.

Since ground reaction force data were available from two force plates only, bilateral lower

limbs kinetics was not available during both double support phases in none of the gait

cycles selected. To solve the problem we selected, for the following processing, the gait

cycle on the side whose foot hit the first of the two force plates. Then, in the hypothesis

that the subject was walking with constant speed and constant kinematics/kinetics, we

extracted the contralateral lower limb kinetic data (ankle, knee and hip joints forces,

moments and powers) during all the ground contact phase (stance) and, after interpolation

of the signals to fit exactly the pasting region, we pasted them over correspondent signals

during the stance phase in the previous gait cycle. Time duration of the two stance

segments was compared for all the collected trials, to check if there were differences too

large to accept the hypothesis of constant kinetics between adjacent gait cycles. Measured

differences were all below 10 samples (0.1 s).

2.5 Statistical analysis

Statistical analysis was performed with SPSS (version 16.0, SPSS Inc.) on healthy children

data only.
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Statistical comparison of the results obtained for the healthy children during normal gait

and walker with the different methods was performed on the parameters Wpositive (W+)

and Wabsolute-net, (Wabsnet).

Intra-subject mean values were used for the comparisons, since we had two good trials

instead of three for one subject, in both gait and walker conditions.

Evaluations were made by using analysis of variance for repeated measures. Differences

between methods were investigated by pairwise post hoc comparisons (Bonferroni correc-

tion).

Walking speed was not considered here as an effect to be taken into consideration, since

all trials were performed at the subject’s own self selected speed and the interest here was

a comparison of the different methods used to estimate muscle work, which get applied

to the same original kinematic data.

Further details and results on the statistical analysis are provided in appendix A.

2.6 Muscle mechanical work computation

For all healthy subjects, muscle mechanical work was computed during normal gait and

walker locomotion following the three different methods described in chapter 1. For CP

subjects, the method applied was dependent on walking conditions and availability of

data acquired.

Differently from other authors who investigated this topic, we did not apply straight-

forwardly each methods as it was originally defined in the literature. In order to better

highlight and understand the differences connected with the founding equations, once

computed the basic power components as a function of time (joint powers, segment pow-

ers or external plus internal powers), we applied the same criteria to all the three methods

to sum together all the components and integrate along the gait cycle.
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2.6.1 Computing power components

For the Joint powers method, rotational joint powers were computed for all the body

joints as

Pj(t) = Mj · ωj (2.1)

via inverse dynamics implemented in Vicon BodyBuilder (see chapter 4 for more details).

For the Segmental powers method, powers were computed as the rate of change of segments

mechanical energy

Ps(t) = dEs(t)/dt (2.2)

with the mechanical energy of each segment E(t) computed from kinematic data and the

use of anthropometric tables (section 4.3) to estimate the inertial parameters and the

center of mass of the segments, following eq.1.23. The external powers done by the hands

on the walker handles were included as additional power contribution terms:

PHr(t) = −HRFr(t) · vright−handle(t) (2.3)

PHl(t) = −HRFl(t) · vleft−handle(t) (2.4)

With HRF being the Handle Reaction Force, and v being the velocity vector of the

handle centre, for the right and left sides.

For a complete analysis of the hand/handle interaction, frictional forces Ffr and handle

acceleration should be taken into consideration:

Fhand + HRF + Ffr = mWaH (2.5)

With Fhand the force applied by the hand on the handle, HRF the handle reaction, mW

the walker mass and aH the acceleration of the handle, which can be different from zero

even at constant walking speed, since the gait cycle consists of different phases. However,

in this analysis we supposed the term mWaH to be minimal and that frictional forces are

negligible, defining Fhand = −HRF.

For the External/Internal powers method, the external component was computed in two

different ways, using both the combined limbs and the individual limbs methods described

in section 1.2.2. With the combined limbs method, we estimated the power associated to
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the COM from kinematics as:

PCOM(t) = dECOM(t)/dt (2.6)

while with the individual limbs method we computed the external mechanical power

separately generated by each one of the two legs:

PCOM(t) = grfright(t) · vCOM(t) + grfleft(t) · vCOM(t) (2.7)

following the same method outlined in (Donelan et al., 2002). The two methods were

applied only to gait trials of the healthy subjects group, to highlight the numerical dif-

ferences between the two. To apply the individual limbs method also to the walker trials,

upper limbs contributions should be taken into account.

Internal powers were estimated following eq.1.21, and therefore using the same data used

for the segmental powers computations, with the difference that translational velocity of

the segments was here expressed in the body COM reference system.

As we discussed in section 1.3, the Joint powers and the Segmental powers methods

are equivalent until we do not introduce any absolute value among the power terms to

be summed together (see eq.1.27). The External/Internal powers method differs from

the Segmental one due to the fact that the center of mass is an overall syntheses of the

contemporaneous positive and negative work performed by muscles at the different limbs,

but if the summation of all the power components is done without absolute values, the

final net result should be equivalent to the previous two.

Therefore, depending on the different methods we can use to sum together the power

values between the different segments and to integrate power curves during time, we

will obtain different values for the muscle mechanical work (Fig.2.1). Since it appeared

interesting, and innovative, to discuss the different results obtainable with the different

summation/integration methods with all the three power approaches, we defined five

whole-body power components to be computed and compared. With fi(t) = Pi(t) for the

n−1 joint power components and fi(t) = dEi(t)/dt for the n segmental power components,

we have:

F+(t) =
∑

i

f+
i (t) =

∑
i

(fi(t) > 0) (2.8)
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Figure 2.1: Different ways of summation of the joint or segmental power components during a gait cycle.

See text for symbols explanation.

F−(t) =
∑

i

f−
i (t) =

∑
i

(fi(t) < 0) (2.9)

F (t) = F+(t) + F−(t) =
∑

i

fi(t) (2.10)

With the External/Internal powers method, the equations above were separately applied

to the COM external power curve and to the segments internal power curves. In the

literature energy expenditure has mostly been studied in terms of work (i.e. energy

expended for a unit of locomotion as a step, a stride, 1 meter). However, it seems also

interesting to have the possibility to investigate the total body power curve variations
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during gait before integration, because this information could provide useful insights on

global production, absorption and recuperation of energy during the gait cycle phases.

2.6.2 Summation and integration of power components

Depending on the way we integrate the F elements above, different values can be obtained

for the estimated muscle mechanical work:

Wtot+ = Total positive muscle mechanical work

=

∫
F+(t)dt

(2.11)

Wtot− = Total negative muscle mechanical work

=

∫
F−(t)dt

(2.12)

Wnet = Total net muscle mechanical work

=

∫
F+(t) + F−(t)dt =

∫ ∑
i

fi(t)dt
(2.13)

|Wtot| = Total absolute muscle mechanical work

=

∫
|F+(t)| + |F−(t)|dt =

∫ ∑
i

|fi(t)|dt
(2.14)

Wabsnet = Total absolute/net muscle mechanical work

=

∫
|F+(t) + F−(t)|dt =

∫
|F (t)|dt =

∫
|
∑

i

fi(t)|dt
(2.15)

Every value has a different biomechanical meaning, because computing an absolute value

before or after a summation prevents or allows energy transfers beween segments. The

net work value considers every power component with its sign, allowing all possibile

energy transfers, and it is therefore expected to give the lower values of muscle mechanical

work. The absolute (| |) work value considers all positive and negative power contributions

separately, to sum together their absolute values in the end. The absolute/net (absnet)

work value is a sort of combination of the previous two, because contemporaneous positive

and negative power values from different joints/segments are allowed to cancel out each
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other, while the resultant whole-body power curve during the gait cycle is integrated

considering the absolute values of the positive and negative powers.

2.6.3 Normalization of muscle work

Power values were computed by normalizing with respect to the body mass of the subject,

(W/Kg). Since the age of the subjects ranges from 6 to 13 years old, in order to reduce

effects related to body size and walking speed, the total work (J/Kg) produced during

a gait cycle, from heel strike to the ipsilateral heel strike, was normalized by the ratio

between stride length (m) and subject’s height (m), which is, in the end, equivalent to

compute the work (J/Kg) necessary to walk a distance equivalent to the subject’s height:

Normalized W =
WSTRIDE(J)

Bodymass(Kg)
/

(
LSTRIDE(m)

Height(m)

)
(2.16)

To keep in mind the different contributions to the normalized value, we will associate to

the muscle mechanical work the units (J ∗ m)/(Kg ∗ m).

Height was chosen as a length normalization parameter instead of leg length to have

a single parameter to normalize both work measures and upper and lower limb joint

moments.

An alternative normalization measure could have been used, based on the dimen-

sionless walking speed v∗ provided by the Froude number (Hof, 1996; Zatsiorsky, 2002;

Schwartz et al., 2008):

v∗ = v/
√

gLleg (2.17)

with v being the walking speed in m/s, g gravity acceleration, Lleg the leg length, in

meters. This last choice, very useful for walking speed normalization, seemed less intuitive

for the interpretation of the muscle work values. Anyway, values expressed with different

normalization approaches can be easily converted and compared if the anthropometric

parameter used is known.





Chapter 3

Instrumented Handles

By using anterior and posterior walkers instrumented with load cells (AMTI MCW-6-500,

Watertown, MA, USA) Harris and co-workers characterized upper limbs kinetics during

locomotion in children with Cerebral Palsy (CP) (Konop et al., 2009a,b).

Starting from their pioneering work, we developed two instrumented handles with a

different design, based on strain gauges, that can be easily and quickly adapted to a wider

range of different walkers, to measure bilateral three-dimensional forces and moments

applied by the subject while walking with his/her own walker, thus allowing data more

representative of typical walking to be collected.

This instrumentation needs to be lightweight and compact in size, in order to minimise

interference with the normal use of the walker. It also needs to be easily fixed to the walker

frame, whilst strong enough to avoid any undesirable dislocation when loaded in particular

conditions by larger subjects.

This chapter describes the design of the instrumented handles and their connection with

the motion capture framework, in order to collect synchronized data.

3.1 Strain gauge measurement

Many publications and technical notes on strain gauges measurement are freely available

in the scientific and technical literature, for example (Audenino et al., 1997; Dally and

Riley, 2005). We will describe here just a few concepts and definitions useful to understand

37
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the following sections.

Strain (ε) is the amount of linear deformation of a body due to an applied force, measured

in terms of a relative change in length:

ε =
ΔL

L
(3.1)

Since forces can be tensile or compressive, strain can be positive or negative. Normally,

the amount of meaured strain is very small, and therefore it is common to express it as

με.

Figure 3.1: A foil strain gauge has a metal foil photo-etched in a grid pattern over a thin electric insulator

base, with gauge soldering leads attached (adapted from Kyowa Corp. strain gauge technical manuals,

available online at www.kyowa-ei.co.jp.

Strain can be measured via a strain gauge (or gage), a sensor commonly based on a very

fine wire, or on a very thin metallic foil, arranged in a grid pattern with anisotropic con-

figuration (Fig. 3.1). The strain gauge is bonded to the measuring body with a dedicated

adhesive. Strain occurring on the measuring site is transferred to the strain sensing ele-

ment via the gauge base, causing the electrical resistance ρ of the grid material to change

proportionally to the amount of strain. By using a configuration of sensor elements in a

Wheatstone bridge (Fig.3.3), the change in resistance is converted into a voltage change

which can be amplified and measured.
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3.2 Measuring system design

Signals provided by the strain gauges included in the instrumented handle need to be

synchronized to video and other analog data acquired via the motion capture system.

Since the Vicon MX system is equipped with an Analog-to-Digital conversion module

which is used to acquire data from force plates and surface electromyographic systems,

we aimed at integrate our instrumented handles in the Vicon processing system, in order

to be able to acquire, visualize and process data straightforwardly with Vicon Nexus and

Vicon BodyBuilder software (Fig. 3.2).

Figure 3.2: Measuring system: signals from instrumented handles are immediately filtered and amplified

before sending them as inputs to the Vicon AD converter.
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3.3 Handles design: FEM analysis

(This part would have never been realized without the seminal hints by Nicola Petrone and

the precious help of Francesco Baldan and Mario Saraceni, Dep. of Mechanical Engineer-

ing, University of Padova). The couple of handles realized have the function to measure

all the load components (forces and moments) transmitted to the walker frame by the

user.

The whole handle was designed as a load cell consisting in an octagonal shaped 7075

T6 aluminium alloy structure fixable to the tubes that form the handles of walkers with

different sizes by means of metal bands. Besides the traditional use of the octagonal cell

to measure vertical and horizontal forces, we used other parts of the structure to host the

strain gauges dedicated to the measure of the additional load components.

Preliminary analysis of the load cell behaviour under simulated working conditions

was performed via Finite Element (FEM) Analysis.

For all the analysis, the reference system used is a right-handed XYZ orthogonal axes

system, with the X axis pointing forward towards the walking direction and the Y axis

pointing vertically (see Fig. 3.4).

The following table summarizes the configurations used to measure all the load compo-

nents. All the six degree-of-freedom loads are measured by full strain gauge Wheatstone

bridges organized and positioned as shown in table 3.1 and in the figures 3.3 and 3.4.

Table 3.1: Labelling number of the strain gauges and relative position in the Wheatstone bridge.

Component I II III IV

Fy 1 2 3 4

Fx 5 6 7 8

Fz 9 10 11 12

Mz 13 14 15 16

My 17 18 19 20

Mx 21 22 23 24
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Figure 3.3: Strain gauges relative position in the Wheatstone bridge.

Figure 3.4: Sensors positioning on the handle. Top view: XY plane, X towards the left, Z going into the

plane. Bottom view: XY plane, X towards the right, Z coming out.

Full scale values considered for the analysis were: Fx, Fz = 500 N (antero-posterior and

medio-lateral axes), Fy = 1100 N (vertical axis), with Mx, My, Mz = 20 Nm.

Preliminary analysis of the load cell behaviour in order to evaluate cell dimensions, static
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resistance and the best strain gauge positioning related to the magnitude of measur-

able strains was performed via Finite Element (FEM) Analysis Software (ANSYS, Inc.,

Canonsburg, Pennsylvania, USA).

Handle dimensioning was done considering that the handles need to be fixable to the

tubes that form the handling part of normal walkers. Tube diameters normally have sizes

that vary from 20 to 22 mm, depending on the walker. The part of the tube which can

be used for handle placement is about 150 mm.

The handling part of the instrumented handle has a length of 100 mm, with a squared

section of 20 x 20 mm (Fig. 3.5).

Figure 3.5: Technical drawing of the handle.

The handle is fixable to the walker by means of metal bands. The handle and the metal

bands can be adapted to different tube diameters, thanks to the particular reversed V-

shaped inner surface of the cell (Fig. 3.7).

FEM analysis

Material

7075 T6 Alluminium alloy (Maximum stress σyield = 503MPa)

Elastic modulus: E = 71700MPa
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Poisson’s ratio: ν = 0.33

Mesh definition

Element: SOLID45 (8 nodes)

Element dimensions: 2mm

The mesh was refined around the extremities of the handling part, because that is expected

to be structurally the most critical area.

Figure 3.6: Mesh structure.

Constrain conditions for all the analyses

No movement along the lines of contact between the lower surface of the handle and the

walker tube (the contact is not possibile with all the inner surface of the handle support).

Loads application

Three orthogonal forces and three moments were separately applied to the handle in this

way (Fig. 3.8):

Fy and Fz loads were applied as uniform pressure loads on the correspondent faces of the

handling area;

Fx was applied as a system of parallel forces uniformly distributed on the handling surface;

Mx, My, Mz were applied as a system of forces uniformly distributed on the handling

surface, with resultant force equal to zero and ideal application point of the moment

considered at the center of the handle.

For a preliminary static analysis the following static loads were applied to the handle as
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Figure 3.7: Graphical representation of the inner surface of the handle.

Figure 3.8: Graphical representation of the systems of forces applied.

maxima of the pure forces:

Fx =500N

Fy = 1100N

Fz = 500N

Figure 3.9 is a graphical representation of the FEM analysis results in terms of magnitude

of the von Mises σ parameter, which is an index used to analyze critical stress conditions

in the structure.

Considering the typical real loading conditions of the handles, for the static analysis we

hypothesized the contemporaneous action of only pure forces acting at their maximal

values. It is unlikely to happen a loading condition with both all forces and moments
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acting at the same time at their maximum.

Figure 3.9: Graphical representation of the magnitude of the von Mises σ.

FEM analysis results

Fig. 3.9 evidences the area experiencing the highest stress (σMAX = 309,5 MPa) under

the loading conditions described above.

The tensile strength limit for the 7075 T6 aluminium alloy is 503 MPa. With a static

safety coefficient k=1.5 we get a σK= 335 Mpa. Since σMAX < σK , the structure is

validated with these loading conditions.

For the estimation of strains measured by each single strain gauge bridge, every pure

loading condition was separately simulated at its full scale value, in order to graphically

and quantitatively evaluate the magnitude of the deformations measured by the corre-

spondent sensor in the area where it should be applied.

Horizontal force Fx, full scale loading (Fx = 500N)

Strain gauges for the Fx channel should be placed in the middle of the external faces of

the oblique sides of the octagonal structure, which are inclined of about 45◦ with respect

to the horizontal. For every area we obtain the following strains along the X and Y di-

rections, with principal strains being maximal, ε1, along the faces that are experiencing

a tensile force, and minimal, ε3, along the faces that are experiencing a compressive force
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(Figg. 3.10, 3.11).

5 : εx = +340με; εy = +250με; ε1 = +900με

6 : εx = −400με; εy = −350με; ε3 = −1100με

7 : εx = +360με; εy = +330με; ε1 = +1000με

8 : εx = −350με; εy = −250με; ε3 = −870με.

Vertical force Fy, full scale loading (Fy = 1100N)

Values of εy estimated in the areas where strain gauges 1-2-3-4 should be placed for the

measurement of the vertical force are shown. Loading conditions are symmetrical, there-

fore the strain values are identical between sensors 1 and 3, and between sensors 2 and 4

(Fig. 3.12).

1-3: 1000με

2-4: −1100με.

Horizontal force Fz, full scale loading (Fz = 500N)

To measure this force component we are interested in measuring the mean magnitude of

the strain along the X direction, εx, in the area where mono-axial strain gauges 9-10-11-12

should be placed (Fig. 3.13).

9-11: εx = −750με

10-12: εx = +750με.

Twisting moment, full scale loading (Mx = 20Nm)

In pure twisting loading conditions, shearing stress brings to the development of principal

stresses in the two directions inclined by 45◦ from their axial line, whose strains can be

measured by a strain gauge rosette configuration, with two sensors coupled together and

inclined by ±45◦ with respect to the horizontal axis.

In the area interested by sensors placement, we measured a mean strain of εxy = +/ −
1450με. The estimation of principal strains gives approximately the same magnitude,

with opposite sign, for the first and third components, while the second principal strain

remains very close to 0 (Fig. 3.14).
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ε1/ε3 = +/ − 660με.

Bending moment, full scale loading (My = 20Nm)

In this case we are interested in the εx strain component. Under strain gauge ideal place-

ment areas the following deformations are estimated (Fig. 3.15):

17-19: εx = 480με

18-20: εx = −480με.

Bending moment, full scale loading (Mz = 20Nm)

Sensors to measure this loading component should be placed over the upper horizontal

beam of the octagon, therefore the strain componenent we are interested in is again εx,

with the following strains being measured in the selected areas (Fig. 3.16):

13-15: εx = 450με

14-16: εx = −450με.

(a)

(b)

Figure 3.10: Fx, strains a) εx, b) εy.
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(a)

(b)

Figure 3.11: Fx, principal strains a) ε1, b) ε3.

Figure 3.12: Fy: handle deformation εy under vertical compressive load.

Discussion of FEM results

Results of the simulations show that the cell structure and the strain gauge positioning

chosen were effective for the measurement of all applied loading components.

The following resistive EA series strain gauges (Vishay GmbH, Germany) were chosen for

cells instrumentation:
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(a) (b)

Figure 3.13: Fz: handle deformation εx under lateral force directed towards positive Z direction.

(a) (b) (c)

Figure 3.14: Mx: handle deformation under pure twisting moment: a) εxy, b) ε1, c) ε3.

(a) (b)

Figure 3.15: My: handle deformation εx under bending moment My.

Vishay Micro-Measurements CEA-13-062UW-350Ω for linear stresses

Vishay Micro-Measurements CEA-13-062UV-350Ω for shearing stresses

which have a polyamide baking, copper solder tabs, constantan alloy grid in self temperature-

compensated form related to the structural material on which the gauge is to be used,

gauge length of 1.57 mm, Gauge Factor @24◦C equal to 2.170 for the UW model e 2.135
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(a) (b)

Figure 3.16: Mz: handle deformation εx under bending moment Mz.

for the UV model, resistance equal to 350 Ω ± 0.3%. Wheatstone bridges were powered

at Vs = 5V.

From these data it was possible to get a preliminary estimate of full scale channel output

and channel sensitivity, since each strain gauge bridge of the cell is directly associated to

a single load component.

It is also necessary to point out that, theoretically, there is a good mechanical uncou-

pling among the majority of the channels, since sensors disposition in the bridges leads

to reciprocal cancellation of spurious strain terms.
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3.4 Handles realization and instrumentation

Two octagonal shaped 7075 T6 aluminium alloy cells were realized by means of a CNC

(computer numerical control) milling machine, after the final cell dimensioning obtained

considering the FEM analysis outcomes (Fig. 3.17). Each aluminium cell had a mass of

0.270 Kg.

Sensors were positioned in the areas that FEM analysis highlighted as the most sensi-

Figure 3.17: Aluminium frame of the handle.

tive to deformations. Aluminium surface was smoothed with very fine sand paper (up

to P1000) and deoiled with solvent. Strain gauges were attached to the substrate with

a special cyanoacrylic glue, after engraving thin crossing lines on the octagonal faces to

help the aligment. Every gauge was positioned by using special transparent adhesive tape

which allowed to check proper aligment of the sensor with the engraved lines. Once the

proper position was found, the tape was raised from one side and the aluminium surface

was quickly cleaned with solvent before placing a drop of glue on it and pressing down

the tape with the gauge (Fig. 3.18(a)).

After checking proper fixation and alignment, strain gauges were connected in Wheat-

stone bridge configuration, by straighforwardly soldering on the tabs the extremities of the

cables leading to the excitation and measuring points of the bridge amplifier (Fig. 3.18(b)).

Each cell was cabled with two 25-conductor shielded cables, necessary to connect the
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(a) (b)

Figure 3.18: (a) Strain gauge fixation and (b) electric connection.

soldering tabs of the 24 straing gauges which constitute the six bridges. The two extra

free leads were used to connect to the ground the aluminium structure of the cell.

3.5 Handles static calibration setup

Before final cable fixation to the amplification devices and protection of the strain gauges

with a silicon layer, all force and moment channels were statically calibrated, in order to

determine the linear coefficients which relate static loads applied to the handle (forces, in

N and moments, in Nm) to the straing gauge deformation (in με) or straightforwardly to

the bridge voltage output (in mV).

The two handles were statically calibrated using a cubed frame (Fig. 3.19(a)) designed

to position pulleys around the handle to apply three-axial bilateral known forces and

moments by means of a system of cables and incremental weights. The handle was rigidly

fixed on a full steel tube with a diameter of 20mm, to simulate a walker tube, at the

center of the cubed frame (Fig. 3.19(b)).
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(a) (b)

Figure 3.19: Details of the calibration frame.

Two different methods to bind the handles on the horizontal tube were evaluated: The

first one, based on five metal bands for each handle, is the solution which allows more

lightness (Fig. 3.20(a)); the second choice is based on three aluminium brackets with U

shaped bolts for each handle, a solution which can provide stronger fixation and therefore

more stability even when loaded by larger subjects.(Fig. 3.20(b)).

(a) (b)

Figure 3.20: Different systems for handle fixation to the walker tube.

Weights were applied incrementally until reaching approximately 70% of full scale for

that considered load, both in the positive and in the negative directions, to evaluate
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non-linearity and hysteresis. Bridges excitation and output voltages were applied and

measured via a HBM Multipoint Measuring Unit UPM100 station, with a V0 = 5 V exci-

tation voltage, output measured in mV/V, full scale output signal limited between ± 10

mV/V, integration time for the output measures equal to 20 or 100 ms, sensitivity equal

to 0.001 mV/V.

Incremental weights were independently applied to the handle for each degree of free-

dom, as shown in Fig. 3.21.

For all the channels at least five loading steps were applied along both positive and neg-

ative directions, including the unloaded condition, for three times. The second and third

trials data were used to estimate sensitivity and calibration matrices. As zero-load con-

dition we considered the situation with the support for the weights empty and already

connected to the handles via the steel cables. Measured data were then processed using

custom MATLAB functions.
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(a) (b)

(c) (d)

(e) (f)

Figure 3.21: Loads application for (a) Fx, (b) Fy, (c) Fz, (d) Mx, (e) My, (f) Mz.
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3.6 Handles static calibration results

Sentitivity and calibration matrices were computed for both handles. After that, a few

trials were realized by applying multiple combined loads on the handle, to check system

capability to distinguish and correctly estimate the different loads.

Matrices were obtained following this conditions: raw data (in mV/V) were obtained

as mean values of the second and third loading sequences. If there were channels reading

raw data with absolute values always less than 0.003 mV/V in all loading conditions, they

were considered as equal to zero.

Calibration matrix S was obtained from the angular coefficients of the linear interpo-

lation curves. The coefficient of multiple determination R-square was computed for all

matrix elements: Elements of S associated to R2 values < 0.75 were defined equal to zero,

since they give evidence of a random correlation between voltage output and applied load.

Parameters which determine cell accuracy

Cross-Talk: Effect measured as a voltage output on an unloaded channel while a different

channel is being loaded. It is normally expressed as percentage of the full-scale value of

the unloaded channel.

Hysteresis: Evaluated, for every single channel, as the maximum difference between

output readings for the same applied load, with one value obtained when increasing the

loads from zero and the other one when decreasing the loads from 70% of maximum

capacity of the channel. The value is expressed as a percentage of the full-scale value.

Non-linearity: Evaluated as the maximum deviation of load estimates from the line

representing the true applied loads, expressed as a percentage of the full-scale value for

each channel (Fig. 3.22).
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Figure 3.22: Non-linearity (1) and Hysteresis (2)

3.6.1 Handle A

Sensitivity matrix

(output in mV/V = SAij by input load in N or Nm)

Calibration matrix

(output in N or Nm = CAij by input in mV/V)

Matrix of R2
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Results for calibration step sequences: for each channel, loaded with pure force or pure

moment, all the six channels output readings (in mV/V) were measured (Fig. 3.23).
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Figure 3.23: Calibration curves for (a) Fx, (b) Fy, (c) Fz, (d) Mx, (e) My, (f) Mz.

The following table shows the results of multiple loading trials with contemporaneous

application of positive Fx and Fz and negative (compressive) Fy.
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3.6.2 Handle B

Sensitivity matrix

(output in mV/V = SBij by input load in N or Nm)

Calibration matrix

(output in N or Nm = CBij by input in mV/V )

Matrix of R2
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Results for calibration step sequences: for each channel, loaded with pure force or pure

moment, all the six channels output readings (in mV/V) are measured (Fig. 3.24).
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Figure 3.24: Calibration curves for (a) Fx, (b) Fy, (c) Fz, (d) Mx, (e) My, (f) Mz.
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In the figures 3.25, 3.26, 3.27 are represented the results of multiple loads trials,

obtained with the following loading conditions: 1) Fx positive, My clock-wise; 2) Fy

negative (compression), My clock-wise; 3) Mx clock-wise, My clock-wise). The larger

errors were noticed with the Fx-My loading combination.

Figure 3.25: Results for handle B under multiple loading: Fx, My

Figure 3.26: Results for handle B under multiple loading: Fy, My
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Figure 3.27: Results for handle B under multiple loading: Mx, My

Numerical results for the parameters that describe the two cells specifications and accuracy

are listed in Tables 3.2 and 3.3.

Static calibration process confirmed a reasonable accuracy for the cell sensitivity pa-

rameters. Crosstalk compensation obtained through the calibration matrix provides good

uncoupling among different channels. Channels measuring axial forces and bending forces

and moments demonstrate low hysteresis and non-linearity between ±0.5% and ±1.0%

of full-scale. A lower accuracy is evident with the torsional load channel Mx, and overall

accuracy of the cells demonstrates a lower performance compared to the commercially

available AMTI load cells for walker instrumentation. However, cell accuracy under con-

current channels static loading conditions demonstrated that the accuracy is adequate for

our purposes and lightness and adaptability of the handles realized will allow to have a

versatile instrument, easily usable for both research and clinical purposes in standard gait

analysis laboratories.
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Table 3.2: Load cell specifications. Sensitivity was computed as [S]∗[fullscale]./[fullscale], with fullscale

being a column vector containing all the six channels full-scale values, and the symbol ./ indicating

element-by-element division.

Handle A Handle B

Load Capacity Sensitivity Sensitivity

Fx 500 N 5.4 μV/V N 5.2 μV/V N

Fy 1100 N 2.3 μV/V N 2.4 μV/V N

Fz 500 N 3.2 μV/V N 3.0 μV/V N

Mx (tor.) 20 N 91.1 μV/V Nm 80.3 μV/V Nm

My (bend.) 20 N 48.2 μV/V Nm 51.4 μV/V Nm

Mz (bend.) 20 N 97.6 μV/V Nm 100.4 μV/V Nm

Table 3.3: Load cell non-linearity and hysteresis expressed as % full-scale values for each channel.

Handle A Handle B

Load Non-linearity Hysteresis Non-linearity Hysteresis

Fx ± 0.52 ± 0.0006 ± 0.53 ± 0.0006

Fy ± 0.92 ± 0.0014 ± 0.74 ± 0.0010

Fz ± 0.45 ± 0.0024 ± 0.52 ± 0.0020

Mx (tor.) ± 1.83 ± 0.2150 ± 1.69 ± 0.1500

My (bend.) ± 0.67 ± 0.0150 ± 0.28 ± 0.0100

Mz (bend.) ± 0.51 ± 0.0150 ± 1.52 ± 0.0250
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3.7 Handle protection and signal amplification

Once results provided by FEM analysis were confirmed by the static calibration of the

handles, we could prepare the instrument for being used with the walker. Cell faces with

strain gauges and cables were covered with a protective layer of silicon rubber to isolate

the sensors and prevent damages to the circuits (Fig. 3.28).

Figure 3.28: Sensors covered with silicon rubber.

The original idea was to connect the strain gauges with thinner wire, and connect these

wires with external cable in the middle of the handle, in order to be able to keep all the

cables under the metal bands used to fix the handle on the walker. However, the final

choice led to larger wires and this solution was no longer applicable. Therefore, the four

cable branches were maintain external to the cell surface and fixed with epoxy resin at

the two end points of the octagon to avoid unintentional tearings (Figg. 3.29(a),3.29(b)).

After the silicon layer was completely dry, the sensing part of the handles was covered

with a thin plastic layer and then with an aluminium adhesive tape for electromagnetic

(EM) noise shielding (Fig. 3.30).

Signals from the Wheatstone bridges we amplified very close (40 cm) to the handles

(Fig. 3.31). A small shielded box contained a fixed-voltage regulator, six amplifiers with

zero-adjustment to provide exitation voltage to the bridges and amplify their output after
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(a) (b)

Figure 3.29: Reinforcement of cable fixation at the extremities and plastic covering of the whole handle.

Figure 3.30: Shielding from EM noise.

a low pass filtering @ 250 Hz (BA660 amplifiers, Vishay GmbH, Germany). The box with

the amplifiers can be connected to a 22 meters-long shielded cable via a ’D’ connector,

and signals can be sent to the Vicon AD converter input board (Fig. 3.32).

Through the same cable, amplification devices are provided with power and with an ex-

ternal trigger signal to store the zero reading (Fig. 3.33(a)).

Figure 3.33(b) summarizes the corresponce between the 22 meters colored cable conduc-

tors and the connector pins on the amplification boxes. The same color code has been

used for both cables. Two of the ’Power-’ terminals are used for connection to the GND

terminals of the ADC board.
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Figure 3.31: Metal box with amplifiers.

Figure 3.32: Final connection of the cables with Vicon system hardware.

The whole handles were finally wrapped with road bicycle handlebar rubber tape. Two

different colors were used to highlight hand holding areas (Fig. 3.34).
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(a) (b)

Figure 3.33: a) Handle with the signal conditioning box, extremity of the shielded cable with connector,

trigger switch and power transformer with its plug; b) Association of box connector pins to the signals.

Due to a connection error, for the handle B the output cable for the amplified signals Mx and Mz were

swapped, and therefore at the end of the 22-meters cable the label ’Mz’ is associated to the yellow-brown

cable and the label ’Mx’ to the violet cable.

Figure 3.34: Handles with final covering.
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3.8 Connection with the motion-capture system

The two instrumented handles were included in the sofware Vicon Nexus as if they were

6 channels AMTI strain gauge force plates, in order to get real-time information about

forces and moments applied on the handle. The handle is seen from the system as a

forceplate fixed on a specific point in space. Reflective markers will be later placed on

the handle to register its position at every time instant. A few parameters are needed by

Nexus to correctly process the input signals.

Sensitivity matrix. Sensitivity matrix (which is uncorrectly called ’calibration ma-

trix ’ in Nexus) was required in SCS units, therefore we had to convert Newtons and

Newton-meters into pounds-force and pound-force by inches, remembering the equiva-

lences:

1 Kg = 2.20462262 lb

1 N = 0.224808943 lbf

1 m = 39.3700787 inches

(3.2)

Moreover, it was necessary to re-arrange matrix elements following AMTI internal axes

convention (Fig. 3.35) and, for the same reason, it was necessary to follow a precise order

to label the channels in Vicon Nexus after connection of the handle cables to the ADC

input board (Tab. 3.4).

Sensitivity matrix values were given to the system through a text file with extension .plt,

that we generated by modifying the file of the previously installed AMTI force plate.

Correction factor. The value of the correction factor CF, required in Nexus as

1/CF, is used to scale appropriately the numerical values obtained after multiplication of

the calibration matrix by the voltage input signals. The correction factor is computed as:

CF = VEXC ∗ G ∗ 10−6 (3.3)

where VEXC is the bridges excitation voltage, equal to 5V, G is the amplifier gain (in our

situation it is equal to 500), and term 10−6 is needed because the values of the sensitivity

matrix in the calibration file were expressed in μV/V.

Amplitude of signal input. To make the most of the ADC capabilities, it is neces-

sary to provide Nexus with the maximum value (± 5V) achievable from the input signals.
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Figure 3.35: Reference systems for the handle and for an AMTI force plate.

Table 3.4: Association of original handle signals with associated labels given in Vicon Nexus.

Handle signal Vicon Nexus labels

Fx Fy

Fy Fz

Fz Fx

Mx My

My Mz

Mz Mx

Observations after completing the connections.

Signal to noise ratio (SNR): approximately 100 (5V/0.05V).

Electric current absorbed by handle A before the voltage regulator: 250-260 mA, which

confirms expectations, since each one of the six amplifiers needs 30 mA plus the current

of the bridge, 14 mA.
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3.9 Handles dynamic calibration

As a further check, instrumented handles were dynamically validated using a floor-mounted

AMTI BP900900-2K force plate (AMTI, Watertown, USA) .

Handles were placed on a rigid frame fixed by means of screws on the superior plate of

the force plate to compare forces measured by both systems along the three reference axes

when the handle was loaded in static and dynamic conditions, as highlighted in Fig. 3.36.

Figure 3.36: Handle fixed on the superior plate of the force plate.

Results of the comparison during a dynamic cyclic loading test in all directions are sum-

marized in Fig. 3.37 and in Tab. 3.5. The best accuracies were measured for the anterior-

posterior (Fx) and vertical (Fy) forces, while the larger difference was measured along the

medial-lateral axis (Fz), that gave anyway a mean relative error below 5%.
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Figure 3.37: Forces comparison along the three orthogonal axes.

Table 3.5: Evaluation of differences in dynamic loading conditions between AMTI force plate and handles,

with the axes convention used in Fig. 3.36.

Fx Fy Fz

Error due to noise (N) 0.3 0.8 0.4

Mean abs Force (N) 49.2 98.2 35.2

Max error (N) 2.4 4.3 6

Mean error (N) 0.6 1.3 1.6

Mean relative error (%) 1.3 1.3 4.7
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3.10 First tests on walkers

Handles were tested on a posterior paediatric walker driven by an healthy child (Figures

3.38(a) and 3.38(b)).

(a) (b)

Figure 3.38: (a) Instrumented handles positioned on a posterior paediatric walker. Walker was placed

over two rails in order to be able to measure ground reaction forces at the feet without walker wheels

interaction with the force plates; (b) Drawing of a healthy children with markers and surface EMG sensors

while using the posterior walker with instrumented handles during a test trial.

Figure 3.40 is an example of the information provided by the two instrumented handles

during the test on the posterior walker: the plots show the raw measured handle reaction

forces along the three reference axes for the right and left sides, superposed to a scaled

copy of the vertical component of the ground reaction forces, in order to have an idea

of the loading strategy followed by the subject. Figure 3.39 shows the graphical three-

dimensional representation of force plates, handles and measured force vectors in Vicon

Nexus. As with the normal force plates positioned on the ground, also handle position
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is fixed. A proper biomechanical model (see chapter 4) can be used to associate handles

forces and moments to their true point of application registering the position of markers

attached to the handles.

Figure 3.39: Graphical representation of HRFs and GRF in Vicon Nexus during the test.

Figure 3.40: Handle Reaction Force (HRF) components measured by the right (green) and left (red)

handles. The shape of the vertical Ground Reaction Force (GRF) component is shown, for the right

(green) and left (red) sides.





Chapter 4

Full-body model

In order to estimate the whole body muscle mechanical work during normal walking and

walker-assisted locomotion, a full-body 3-dimensional kinematic and kinetic model was

developed.

To compute muscle work following the joint power approach described in section 1.2.1,

external Ground Reaction Forces (GRFs) and Handle Reaction Forces (HRFs) interacting

with the body have to be measured and included in the analysis.

The model consists in 16 segments, connected by 15 ideal ball-and-socket joints, for

a total 51 degrees of freedom, integrating an Upper Limb (UL) model with a 2-segments

trunk, pelvis, head and a traditional kinetic lower limbs (LL) model. The overall marker-

set is made by 41 markers placed on anatomical landmarks. Five markers were also

positioned on each of the two instrumented handles.

This chapter describes in more detail the full-body model developed and its validation.

4.1 The Upper-Body

The upper part of the model is composed by a right and left Upper Limb (UL) model

including hand, forearm and upper-arm, a head-neck segment, a trunk divided in thorax

and abdomen segments.

Additionally to the use of the model for the computation of joint powers, UL kinetic

assessment is important to understand gait strategies and joint loading to improve walker

75
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ergonomics and prevent joint damage.

Several models for UL movement evaluation exist in the literature (Bachschmidt et al.,

2001; Konop et al., 2009b; Rettig et al., 2009; Garofalo et al., 2009; Mackey et al., 2005;

Slavens et al., 2010), but the criteria for the present study were to: i) have an accurate

but easy-to-place marker set, ii) avoid functional calibrations of joint centres and axes

due to possible patient movement limitations, iii) allow muscles surfaces to be free for

additional electromyographic recording.

Therefore, we developed a new protocol for assessing UL kinematics and kinetics

in adults and children using their own walkers and we tested it on an adult healthy

subject. The UL marker-set was chosen after evaluation and comparison of four models

performance in estimating wrist, elbow and shoulder joints movement against manual

goniometric measures. Our proposed marker-set, similar to the one presented in (Slavens

et al., 2010) gave results comparable to the marker-set presented in (Rettig et al., 2009)

and was highly better than that presented in (Mackey et al., 2005) and an additional

one based on marker clusters for upperarm, forearm and hand. None of the models

implemented from the four marker-sets, however, had internal-external rotation of the

humerus related to the forearm reference frame.

Upper body segments were defined using 20 reflective markers placed on anatomical

landmarks (Fig. 4.1). Head markers were placed anteriorly over the temples (RFHD,

LFHD) and posteriorly on the back of the head, roughly defining a horizontal plane with

the front head markers (RBHD, LBHD). Thorax markers were placed on T2, T6, T12

and sternal notch (CLAV) following the Oxford Trunk Model (Bates et al., 2010); an

additional marker was placed on the xiphoid process of the sternum (STRN). UL markers

were placed on the acromion process (AC), anteriorly and posteriorly on the shoulder

(AA, AP), medial (ME) and lateral (LE) humeral epicondyles, ulnar (US) and radial (RS)

styloid processes, 3rd metacarpal head (HAND). The four pelvis markers were placed on

the anterior and superior iliac spines (RASI, LASI, RPSI, LPSI).

Five markers were also positioned on each of the two load cells, since at least 3 markers

are needed to define a plane in a 3D space, but we used 2 additional markers for redun-

dancy (to overcome the problem of markers occlusions) and one for asymmetry (to avoid
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Figure 4.1: Upper body markers placement and coordinate systems for hand, forearm, upper arm and

thorax.

errors during automatic markers labelling by the Vicon system).

The gleno-humeral joint centre (GH) was defined as the centre of a circle encompassing

the three markers on the shoulder, revising the seminal idea in Mackey et al. (2005),

Fig.4.2.

Figure 4.2: Gleno-humeral joint centre as the centre of a circle encompassing the 3 shoulder markers.

4.1.1 Segments definitions

Coordinate systems were defined following ISB guidelines (Wu et al., 2005).

mm = markers diameter. Head

Origin: HO = (LFHD+LBHD+RFHD+RBHD)/4
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Other points: LHead = (LFHD+LBHD)/2

RHead = (RFHD+RBHD)/2

BHead = (LBHD+RBHD)/2

FHead = (LFHD+RFHD)/2

C7 = T6 + 1.5*(T2-T6)

NeckOrigin = NO = C7 + 0.3*(CLAV-C7)

UpHead = direction normal to the plane containing head markers

VertexHead = VX = HO+ UpHead∗0.9∗ ‖ RFHD − HO ‖ (0.9 found by checking out-

puts superposed to digital video of the subject).

Zhd = RHead − LHead/ ‖ Rhead − Lhead ‖ , medio-lateral axis

Y hd = Zhd∧(FHead−BHead)
‖Zhd∧(FHead−BHead)‖ , vertical (longitudinal) axis

Xhd = Y hd ∧ Zhd , antero-posterior axis

Thorax

Origin: T2

Y t = (T2 − T6)/ ‖ T2 − T6 ‖ , with correction for the offset T2-T12 from static trial

Zt = (CLAV −T2)∧Y t
‖(CLAV −T2)∧Y t‖ , medio-lateral axis

Xt = Y t ∧ Zt , antero-posterior axis

Abdomen

Origin: A = (T12 + STRN)/2

SACR = (LPSI+RPSI)/2

Y a = (T12 − SACR)/ ‖ T12 − SACR ‖ longitudinal axis

Za = Y t∧(STRN−T6)
‖Y a∧(STRN−T6)‖ medio-lateral axis

Xa = Y a ∧ Za , antero-posterior axis

Upper arm (Humerus), (right side, ISB guidelines 1st option)

Origin: E = (EL+EM)/2 , elbow joint centre

Y h = (GH−E)
‖GH−E‖ , longitudinal axis

Xh = Y h∧(EL−EM)
‖Y h∧(EL−EM)‖ , antero-posterior axis
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Zh = Xh ∧ Y h , medio-lateral axis

Forearm (right side)

Origin: US, ulnar styloid

Y f = (E − US)/ ‖ E − US ‖ , longitudinal axis

Xf = Y f∧(RS−US)
‖Y f∧(RS−US)‖ , antero-posterior axis

Zf = Xf ∧ Y f , medio-lateral axis

Hand (right side)

Origin: HND = HAND − mm ⊥ planeby(RS, US, HAND)

WR = (US + RS)/2 , wrist centre

Y m = (WR−HND)
‖WR−HND‖ , longitudinal axis

Xm = Y m∧(RS−US)
‖Y m∧(RS−US)‖ , antero-posterior axis

Zm = Xm ∧ Y m , medio-lateral axis

For the left limb, the orientation of the coordinate systems is the same, with the difference

that Z axis points medially instead of laterally. Therefore, with the subject in anatomical

neutral position, with hand palm facing forward, X-axis is anterior, Y-axis is superior and

Z-axis lateral towards the right for all segments.

When using the walker, the forearm is pronated and therefore forearm and hand

coordinate systems are internally rotated of about 80-100 degrees with respect to the

neutral position.

4.2 The Lower Body

As Lower Limb (LL) model the traditional Newington-Davis marker set was chosen, to

allow clinical integration of this model with a traditional Vicon Lower Limbs Plug-in Gait

protocol, if needed.

Markers were placed on the pelvis and lower limbs anatomical landmarks, as described

in Fig.4.1 and 4.3. The knee markers (KNE) were placed on the lateral epicondyles of the
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knee, the ankle markers (ANK) were placed on the lateral malleoli along an imaginary

line that passes through the transmalleolar axis. Foot markers were placed over the

second metatarsal head (TOE) and on the calcaneous (HEE) at the same height above

the ground surface as the toe marker. Thigh and leg wands were not used, to avoid

interactions with the walker frame. These markers (RTHI, LTHI, RTIB, LTIB) were

therefore attached directly on the skin. Since the aim of this study was to compute net

joint powers, Cardan-Euler angles cross-talk effect has no effect on this parameter and

therefore the precision in the definition of the frontal plane of thigh and leg segments is

not so stringent.

Figure 4.3: Lower body markers placement.

4.2.1 Segments definitions

mm = marker diameter.

Pelvis

The Newington - Gage model is used to define the positions of the hip joint centres (HJCs)

in the pelvis segment (Davis et al., 1991).

PELF = (LASI+RASI)/2

SACR = (LPSI+RPSI)/2

L5 = SACR + 0.2*(PELF-SACR)
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Origin: MidHJC = (LHJC+RHJC)/2

Zp = (RASI − LASI)/ ‖ RASI − LASI ‖ medio-lateral axis

Y p = (SACR−PELF )∧Zp
‖(SACR−PELF )∧Zp‖ vertical axis

Xp = Y p ∧ Zp , antero-posterior axis

Thigh (femur), (right side)

In both the static and the dynamic model, the knee joint centre (KJC) is determined as

a point belonging to the plane defined by the hip joint centre (HJC), the thigh marker

(THI), and the knee marker (KNE), placed medially with respect to KNE of a knee offset

(KO), a parameter computed using the knee width value measured on the subject. KO =

(mm + knee width)/2

Origin: KJC, knee joint centre

Y th = (HJC − KJC)/ ‖ HJC − KJC ‖ , longitudinal axis

Xth = (KJC−THI)∧Y th
‖(KJC−THI)∧Y th‖ , antero-posterior axis

Zth = Xth ∧ Y th , medio-lateral axis

Shank (tibia) (right side)

In both the static and the dynamic model, the ankle joint centre (AJC) is determined

as a point belonging to the plane defined by the knee joint centre, the tibia marker, and

the ankle marker (ANK), placed medially with respect to ANK of an ankle offset (AO),

a parameter computed using the ankle width value measured on the subject. AO = (mm

+ ankle width)/2

Origin: AJC, ankle joint centre

Y s = (KJC − AJC)/ ‖ KJC − AJC ‖ , longitudinal axis

Xs = (AJC−TIB)∧Y s
‖(AJC−TIB)∧Y s‖ , antero-posterior axis

Zs = Xs ∧ Y s , medio-lateral axis

Foot (right side)

Origin: TOE

Y ft = (HEE − TOE)/ ‖ HEE − TOE ‖ , longitudinal axis
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Zft = (KJC−AJC)∧Y ft
‖(KJC−AJC)∧Y ft‖ , medio-lateral axis

Xft = Y ft ∧ Zft , antero-posterior axis

(a) (b)

Figure 4.4: Full-body model during normal gait and during walker locomotion, with markers on the

handles. Together with the acquired markers, in the figures are shown other computed points, as the

center of mass of the segments, and of the segment local reference systems.

4.3 Inertial properties of the model

The definition of inertial properties is needed for the body segments in order to be able

to define the connection between measured kinematics and applied forces, following the

basic equations of mechanics:
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F = ma (4.1)

M = Iα (4.2)

Inertial parameters of the model were defined considering the anthropometric tables of

Zatsiorsky-Seluyanov (De Leva, 1996) for male adults and from Jensen (1986) for children,

with some adaptations related to our segments definitions based on the surface reflective

markers used.

The moment of inertia I for a segment is expressed by mean of its components related

to three orthogonal axes of rotation passing through the segment centre of mass. In the

tables the values normally represented are the three radii of gyration, rXX , rY Y , rZZ ,

expressed as fractions of the segment length. The moment of inertia around the x axis,

for a segment with mass m and length L is then computed as:

IXX = m (rXX L)2 (4.3)

Since the radii of gyration and the COM positions do not change substantially with

age (Jensen, 1986), regression equations with respect to age were used for the relative

mass of the segments only (Tab.4.2).

In (Jensen, 1986) the trunk consisted of one segment only, therefore thorax, abdomen

and pelvis equations were corrected here by partitioning the original mass of the whole

segment in three parts following the relative ratios given in Tab.4.1.

4.4 Body centre of mass

From markers and internal points defined in sections 4.1 and 4.2 the whole body centre

of mass (BCOM) was computed by finding, first, the single centers positions of all the

16 segments (Tab.4.3) from (De Leva, 1996) tables, and then computing their weighted

mean using the regression equations described, alternatively for adults or children.

The main concern with these definitions has been the correct positioning of the centers

of mass of the trunk segments in the transversal plane, since tables from (De Leva, 1996)
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Table 4.1: Inertial properties of the body segmentsfor adult male subjects, adapted from (De Leva, 1996).

COM position is expressed as a % of the segment length from distal end. Radii of gyration are expressed

as % of the segment length, with AP being the antero-posterior axis, ML the medio-lateral axis, LG the

longitudinal axis.

Segment Length % Bodymass COM rAP rML rLG

Head+Neck ‖ V X − NO ‖ 6.9 50.0 30.3 31.5 26.1

Thorax ‖ T12 − T2 ‖ 16.3 50.7 50.5 32.0 46.5

Abdomen ‖ T12 − L5 ‖ 16.0 45.0 48.2 38.3 46.8

Pelvis ‖ MidHJC − L5 ‖ 11.2 50.0 61.5 55.1 58.7

Upperarm ‖ GH − E ‖ 2.7 42.3 28.5 26.9 15.8

Forearm ‖ E − WR ‖ 1.6 54.3 27.6 26.5 12.1

Hand ‖ WR − HND ‖ 0.6 21.0 62.8 51.3 40.1

Thigh ‖ HJC − KJC ‖ 14.2 59.0 32.9 32.9 14.9

Shank ‖ KJC − AJC ‖ 4.3 56.1 25.1 24.6 10.2

Foot ‖ 0.8 (HEE − TOE) ‖ 1.4 0.5 25.7 24.5 12.4

and (Jensen, 1986) do not provide this information. The final positioning was therefore

based on empirical assumptions, later qualitatively verified on a few static trials by ob-

serving the projection of the BCOM on the ground versus the position of the center of

pressure provided by the forceplate.
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Table 4.2: Segments relative masses as a function of age, expressed as fractions of the total body bass,

adapted from (Jensen, 1986)

Segment % Bodymass

Head (0.2376-0.0114*age)

Thorax (-0.0006*age+0.157)

Abdomen (-0.0006*age+0.154)

Pelvis (-0.0006*age+0.114)

Upperarm (0.00084*age+0.022)

Forearm (0.00018*age+0.01469)

Hand (-0.00003*age+0.00898)

Thigh (0.00364*age+0.06634)

Shank (0.00122*age+0.03809)

Foot (0.00015*age+0.0187)

Table 4.3: Definition of the center of mass position of the body segments.

Segment COM definition

Head (RBHD+LBHD+RFHD+LFHD)/4

Thorax (T2+CLAV+T12+STRN)/4

Abdomen (SACR+T12+STRN+PELF)/4

Pelvis (RHJC+LHJC+SACR+PELF)/4

Upperarm E + 0.423*(GH-E)

Forearm WJC + 0.543*(E-WJC)

Hand Hand origin

Thigh HJC + 0.41*(KJC-HJC)

Shank KJC + 0.45*(AJC-KJC)

Foot HEE + 0.5*(TOE-HEE)
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4.5 Model implementation in Vicon BodyBuilder

Vicon BodyBuilder 3.6 software was used to implement the kinematic and inverse dynam-

ics model (Vicon Motion Systems, Oxford, UK).

The five markers on the handle were used to compute the handle centre and apply

the measured forces and moments to that point. Reactions measured at the handles were

applied to the hand segments while reactions measured on the ground were applied to the

proper foot segment.

Joint rotations were described using Cardan-Euler Z-X-Y (flexion-extension, ab-adduction,

internal-external rotation) sequences for all joints. Joint angles are positive for flexion,

adduction, and internal rotation. The three internal joint reaction force components

(anterior-posterior, medial-lateral, longitudinal) are represented in the local coordinate

system of the proximal segment, with signs following this convention: positive internal

reaction component pointing towards X and Y axes positive direction for both sides, Z

axis positive direction for the right side and Z axis negative direction for the left side.

The three internal joint reaction moment components (flexion-extension, ab-adduction,

internal-external rotation) are expressed as internal moments in the coordinate system of

the proximal segment connecting to that joint and are defined positive for internal actions

towards extension, abduction and external rotation (Kirtley, 2006).

Hierarchical relationships between the segments were defined as in Fig.4.5, with the

pelvis segment considered as the root segment. Joint reactions were computed at the

points connecting two adjacent segments. Using the definitions given in sections 4.1

and 4.1, neck reaction was computed with respect to the neck origin point; wrist, elbow

and shoulder reactions were computed with respect to the wrist joint centre (US), the

elbow joint centre (E), the humerus head (GH); trunk reaction were computed at the

thoracolumbar joint (T12, approximation of T12-L1 joint) and at the lumbosacral joint

(L5, approximation of L5-S1 joint); lower limb reactions were computed with respect to

the hip joint centre (HJC), the knee joint centre (KJC) and the ankle centre (AJC).

Bodybuilder REACTION and POWER functions were used to compute joint reactions

and joint power flows for all considered body joints.

Model outputs were normalized by bodymass (forces and powers) and by bodymass



4.5. Model implementation in Vicon BodyBuilder 87

Figure 4.5: Hierarchical relationships between body segments for kinematics and kinetic computations.

When forces from force plates and/or handles are available, they are applied to the correspondent foot

or hand segment.

times height (joint moments). Height was preferred to leg length since joint moments are

computed at both the upper and lower limbs. Fig.4.6 shows the results of a simple check

test on the POWER function. The plot includes the values of the rotational (or active)

and the linear (or passive) power curves at the lower limb joints during a gait cycle for a

young adult subject.

The aims of this simple validation were:

(1) To qualitatively check the power outputs provided by the standard Vicon Plug-In

Gait (PiG) model to verify that the power values provided are relative to the rotational

components of joint powers only, which is confirmed by the blue and red lines in the figure;

(2) To compare our (Verona) model power results (greeen line) with the Vicon PiG

results, since the Vicon PiG model is based on Dempster’s anthropometric regression

equations (Winter, 2005), which have slightly different parameters with respect to the

equations we used in our model. In this way we could also check that the BodyBuilder

function POWER output gives the rotational component of the joint power;
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(3) To evaluate the magnitude of the linear (passive) power transferred from the distal

to the proximal segment (dotted magenta line).

The output of the two models are comparable: Differences appear mainly around the

toe-off phase (60% of the gait cycle), probably related to differences in segments inertial

parameters.

The values of the linear power components are consistent with results published in

(Robertson and Winter, 1980), considering that the model used in that publication was

only sagittal.
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Figure 4.6: Different computations of lower limbs joint powers during one gait cycle (see text for details).
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4.6 Full-body model validation

While validating the model, two errors, due to wrong explanations on how to define

inertial properties of a segment given in the BodyBuilder technical manual (Vicon), final

examples, pages 136-137, were found and corrected. The mistake was communicated to

Vicon staff. Since we developed a full-body dynamic model, a criterion to evaluate the

quality of inverse dynamics computations was needed.

Inverse dynamics approaches suffer from error propagation, and therefore proximal

joint loads estimations might evidence larger errors (Winter, 2005).

Errors may depend on uncorrect estimation of the inertial properties of body segments

(relative mass, centre of mass position, moments of inertia), uncorrect estimation of joint

centers and joint axes of rotation, noise in the stereophotogrammetric measures, markers

misplacement and tissue artifacts, inaccuracy in determining the point of application of

external forces (Zatsiorsky, 2002).

For the final purposes of our study we need to study locomotion in two conditions,

with and without walking aids. Therefore, in the first situation the body is interacting

only with the ground, while in the second case we have to take into account also forces

and moments coming from interaction with the handles.

To evaluate the reliability of the results provided by the model, we compared hip

reactions computed via a bottom-up or a top-down approaches (Kingma et al., 1996;

Robert et al., 2007).

In the first case, the pelvis brings to the hip the overall loads coming from the upper

body and also from the contralateral leg. With the bottom-up approach, hip loads were

estimated as pelvis segment reactions to loads applied by the femur segment at the hip

joint.

In the second case, the equations of motions are solved starting from the most distal

segments of the upper body (hands and head) and going proximally at each iteration, while

in the second case the starting point is the foot in contact with the ground. Therefore,

with the top-down approach, hip loads are estimated as thigh segment reactions to loads

applied by the pelvis segment to the hip joint.

Differences in outputs computed with the two methods are presented in the following
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figures as magnitude of joint forces and moments components computed for all the good

trials acquired from the 10 healthy children during normal walking and during walker

locomotion.

For all the trials, left hip reactions were computed via the top-down and bottom-up ap-

proaches during the left single support phase.
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Figure 4.7: Left hip joint reaction forces during normal gait, computed with bottom-up and top-down

inverse dynamics computations. Results are presented as mean values ± 1 SD, expressed in the pelvis

reference system.

Results from figures 4.7, 4.8, 4.9, 4.10 show, for both gait conditions, a good correspon-

dence between the two models in terms of estimated hip joint reaction forces and moments,

except for some differences evident at the antero-posterior force Fx during gait and at

the flexion-extension moment Mz in both conditions.

Besides differences due to a low-pass filtering effect on the reactions estimated with the

top-down approach (Cappozzo, 1983), which might explain the differences measured at Fx

at the beginning and at the end of the single support phase during gait due to important
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Figure 4.8: Left hip joint reaction moments during normal gait, computed with bottom-up and top-down

inverse dynamics computations. Results are presented as mean values ± 1 SD, expressed in the pelvis

reference system.

force transients happening at the impact of the foot with the ground, discrepancies found

may entail wrong definitions of anthropometric properties of the segments and particularly

of the head and trunk. Regression equations extrapolated by (Jensen, 1986) considered

trunk and pelvis as a unique segment, while our choice was to divide the trunk in three

segments (thorax, abdomen and pelvis), with the need to subdivide the whole trunk mass

into the different parts. Errors might also depend on improper definitions of the trunk

moments of inertia.

A further parameter of evaluation of the model, as suggested in (Robert et al., 2007)

could be to compare the estimated COM range of movement on the horizontal plane with

the centre of pressure (COP) range of movement, computed from the forceplates. We have

not numerically performed this evaluation. From a simple visual inspection of a static

standing trial (one video frame is visualized in Fig.4.11 for an adult subject and a child)
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Figure 4.9: Left hip joint reaction forces during walker gait, computed with bottom-up and top-down

inverse dynamics computations. Results are presented as mean values ± 1 SD, expressed in the pelvis

reference system.

it is possible to see that the GRF vector tends to remain slightly posterior to the COM

during all the 2 seconds of the trial, expecially for the child: a difference that, although

small, might explain the Mz discrepancy towards flexion.

As a further check, the model was applied on data acquired on an adult subject standing

with the feet on two separate force plates. The subject performed lateral bendings of the

trunk, and flexion, extension and bendings of the head. Forces and moments computed

both at the left hip joint and at the L5-S1 joint with bottom-up and top-down approaches

are presented (Fig. 4.13, 4.15, 4.14, 4.16, 4.17).

The different movement phases highlighted in the graphs correspond to:

A-B: left lateral bending (up to 40 deg.) and back

B-C: right lateral bending (up to 40 deg.) and back

C-D: neck and trunk extension and back

D-E: neck forward flexion and back
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Figure 4.10: Left hip joint reaction moments during walker gait, computed with bottom-up and top-down

inverse dynamics computations. Results are presented as mean values ± 1 SD, expressed in the pelvis

reference system.

E-F: neck left bending (with slight trunk bending) and back

F-G: neck right bending (with slight trunk bending) and back

G-end: neck extension and back.

The position of the subject during the phases A-B and C-D are illustrated in Fig.4.12(a)

and 4.12(b).

Force and moment components are expressed in the pelvis reference system, with

hip lateral reaction force Fz considered positive when directed laterally, and lumbar loads

considered in the right side convention, with positive internal moments towards extension,

flexion to the left, anti-clockwise internal rotation.

Some artefacts can be seen in the forces graphs, respectively for the L5-S1 bottom-

up approach and for hip top-down approach which depend on flickering of back pelvis

markers, that produces alterations in the internal points L5 and HJCs, whose compu-
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(a) (b)

Figure 4.11: Body centre of mass on adult (a) and child (b) evidenced in orange color. Grey points

represent segment origins, joint centers or local segments COMs.

tation is based on those markers. Data were filtered only with Vicon Woltring filtering

routine, with Generalized Cross Validation option. A stronger smoothing would reduce

the problem.

Comparing the two methods, all the three force components agree very well, for both

the left hip and the L5-S1 joints. As for the moments, they show large differences in

the forward and lateral flexion-extension components, with differences reduced at smaller

angles. Since the zero-crossings are the same for both approaches, this differences might

be related with inaccuracy in the estimated body segment inertial parameters of the

segments, and not with joint misplacement. The very good correspondence in the forces
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(a) (b)

Figure 4.12: Left trunk bending and head extension movements.

estimation demonstrates that masses distributions between upper body and lower body

are correct, but, still, there might be a wrong distribution of masses between the different

parts of the trunk.

Possible causes of errors could be:

• hypothesis of rigid body segments not valid for larger movements of trunk and head

• inaccuracy in the magnitude of segments moments of inertia

• inaccuracy in segment COM position in the transverse plane of the segments

Segments moments of inertia are defined as a percentage of the segment length, therefore

precise definition of segments extremities have a great influence on the final results. To

check this hypothesis, we processed the data with a modified model with the size of the

head being half of the original: Results are shown in Fig.4.17, but interpretation is not

so immediate. Moments values are actually decreased, but not so much as expected,

considering that the moment of inertia of the head has been diminished by a factor of 4.

As pointed out in (Kingma et al., 1996), it is debatable which of the two approaches,

bottom-up or top-down is the most accurate. The authors suggest that the best estimates
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Figure 4.13: Left hip joint reaction forces during movements over two forceplates, expressed in the pelvis

reference system.

are given by the bottom-up because the trunk is excluded from the computation. The role

of the trunk is critical, since it is a segment with large mass and low rigidity. In our model

we tried to consider thorax and abdomen as two separate segments, a choice that would

allow a more realistic representation of trunk movement in flexion and lateral bendings,

but that is also critical for th definition of the correspondent inertial properties, since

more separate segments have to be defined and this might increase errors in joint centers

and segments lengths estimations.

Our model is based on 41 anatomical markers used to define 16 segments whose inertial
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Figure 4.14: Left hip joint reaction moments during movements over two forceplates, expressed in the

pelvis reference system.

properties are determined from (De Leva, 1996), while the model in (Kingma et al., 1996)

is based on clusters made by 69 markers used to build 14 segments whose properties are

defined measuring 75 anthropometric parameters and equations by (McConville et al.,

1980). They asked the subjects to raise from a squat position while abducting one arm

and holding a 5 Kg barbell on the hand.

The lower detail and precision in the definition of the inertial parameters of our model

is probably the reason of the larger errors we found between top-down and bottom-up

approaches, even if for a fair comparison we should have reproduced the same movement
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Figure 4.15: Lumbar (L5-S1) joint reaction forces during movements over two forceplates, expressed in

the pelvis reference system.

task. Moreover, the moment generated at the waist by holding a 5 Kg barbell on the

hand with straight abducted arm might be able to hide smaller discrepancies related to

segments definitions.

We chose anthropometric values from (De Leva, 1996) because they provide distinct

parameters for the thorax and the abdomen. But for future work an integration of those

data with the scaling equations proposed by (Dumas et al., 2007), adjusted from the data

of (McConville et al., 1980) would probably improve the precision of the model, as was

demonstrated by the same authors in (Robert et al., 2007).
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Figure 4.16: Lumbar (L5-S1) joint reaction moments during movements over two forceplates, expressed

in the pelvis reference system.

However, the acquisition of 75 anthropometric measures in a clinical environment

represents a very demanding task, if the model has to be used for clinical evaluations.

Our model therefore is an attempt to obtain a compromise between simplicity and

precision, even though future refinement of inertial parameters is recommended. Being

aware of the limitations of the actual model, we think that it can be used for the aims

of this work: if the errors mainly depend on incorrect definition of inertia parameters,

all muscle mechanical work measures will be similarly affected (Joint powers, Segmental

powers, External/Internal powers).
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Figure 4.17: Lumbar (L5-S1) joint reaction moments during movements over two forceplates, expressed in

the pelvis reference system, as in the previous figures, compared with moments estimated while dividing

head segment length by 2.

As final decision, the model was built with separate head, thorax, abdomen and pelvis,

with reactions computed with a bottom-up approach from GRFs until the hip joints, while

upper-body joint reactions down to L5-S1 joint were computed with a top-down approach.

During normal gait and walker locomotion, trunk and head movements are likely to be

smaller than those produced during this last test, and therefore their overall contribution

in terms of joint power is expected to be smaller compared to the lower and, with the

walker, to the upper limbs.



4.7. UL model test with walker 101

4.7 UL model test with walker

To test the upper-limbs part of the model, we collected data from a female healthy young

adult (29 years, 158.5 cm, 64.6 Kg).

Ground Reaction Forces (GRFs) were recorded using two adjacent floor-mounted force-

plates, while Handle Reaction Forces (HRFs) and Moments (HRMs) were recorded using

the two instrumented handles fixed on an anterior walker (Fig. 4.18).

Figure 4.18: Handles fixed on an anterior adult walker frame.

The subject loaded the anterior walker with 50% body weight (BW) when stepping for-

ward. Handles were placed at the 60% of the subject’s height and the first step after

placing the walker forward was always with the right foot. A right and left gait cycle

were selected from one trial, when the subject placed both feet over the same forceplate

while unloading the previous one. Walker wheels in this situation were larger than the

forceplates, allowing measurement of the GRFs as resultant of the loading of one or both

feet.

Kinematic data were filtered (Vicon Woltring filtering routine, Generalized Cross Valida-

tion option) before and after inverse dynamics computations.

Bilateral UL joint angles, forces, moments and powers at the shoulder, elbow and wrist

were computed by the UL model.
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4.7.1 Test results

The following figures represent bilateral UL kinematics (joint angles) and kinetics (joint

forces, moments and powers) for shoulder, elbow and wrist for the adult subject with

anterior walker (Fig.4.19, 4.20, 4.21) during a full right and a full left gait cycles.

The bottom row of all graphs represents the vertical components of HRFs and GRFs.

This information is provided for a better interpretation of the kinematic and kinetic

results. From these two plots it can be noticed that when stepping forward, the subject

was symmetrically loading the two handles with approximately the 50% of body weight,

while unloading the feet.

As a subject might use different strategies to load the walker and distribute body

weight between the two sides, a time window including contemporaneous visualization

of both a full right and a full left gait cycles was assessed. This representation will

provide slightly redundant information, due to the repetition of the time interval between

ipsilateral and contralateral heel-strikes, but this repetition can be useful to assess data

consistency between adjacent gait cycles.

Continuous vertical bars represent right (green) and left (red) heel-strike events, while

segmented vertical bars represent toe-off events.

Joint angles and joint reactions follow the conventions described in section 4.5.

Forces were normalized by body weight (%BW), moments by body weight times height

(%BW·h), while powers were normalized by body mass (W/Kg).

The redundant information at the beginning and at the end of all graphs shows slight

differences between different gait cycles, compatible with the fact that we asked a healthy

subject to mimic walking conditions she actually does not experience normally.

Kinematics

All three joints had a large range of movement, due to the high position of the handles as

percentage of the body height, and also due to the necessity of moving the walker forward

at every step.

The shoulder and the wrist were constantly extended and elbow constantly flexed, with

a flexion pattern occurring at all joints while moving the walker forward. Maximum
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Figure 4.19: Right (green) and left (red) UL joint kinematics.

elbow flexion was obtained on the left side, as the subject prepared for right stepping.

Shoulder abduction was observed throughout the whole gait cycle; elbow ab-adduction

was measured and the model correctly gave a value close to 0◦, with a small variation

corresponding to pushing the walker forward; wrist adduction (correspondent to ulnar

deviation) increased when moving the walker forward. The shoulders were internally

rotated, with a neutral value reached when beginning to move the walker forward. The

elbow was pronated more than 90◦, with maximum pronation occurring just after stepping

with the left foot. A wrist internal-external rotation of about 10◦ was noted correspondent
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Figure 4.20: Right (green) and left (red) UL internal joint forces.

to maximum wrist extension when loading and stepping into the walker.

Kinetics-Forces

Walker loading by the subject was very symmetrical, as shown by the vertical compo-

nents of the HRFs. For shoulder and elbow, the main joint loads occurred in the sagittal

plane when stepping forward. For the wrist, due to its particular orientation, reactions

distributed along all three directions.
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Figure 4.21: Right (green) and left (red) UL internal joint moments and powers.

Kinetics-Moments

Internal moment generation was mainly required from shoulder flexors and adductors,

elbow extensors, with the highest demand recorded in the sagittal plane for the right

shoulder and left elbow, approximately 2% BW·h, equivalent to 20 Nm. Minor demands

were noticed at the shoulder internal rotators, elbow pronators/supinators and wrist ulnar

deviators.
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Kinetics-Powers

With anterior walker, power was mainly absorbed (shoulder and wrist) and produced

(elbow) bilaterally during stepping movement.

4.7.2 Discussion of test results

The protocol is feasible to be used to study upper-limb kinematics and kinetics during

walker-assisted gait. Joint angles, forces, moments and powers can be computed. Consid-

ering the differences in walking conditions (walker model, weight bearing, handle height

and orientation), model conventions and data normalizations, a comparison with findings

in (Bachschmidt et al., 2001) is not fully applicable. However, common kinematic and

kinetic patterns are evident across all joints. As a global finding, the highest net joint

moment was noted in the sagittal plane at the elbow for this subject and this walker

model.



Chapter 5

Results

A 16 segments full body three-dimensional model has been used to study normal gait and

walker locomotion in healthy children and then applied to children with cerebral palsy.

The model provided kinematics of body segments, segments centres of mass and whole

body centre of mass (BCOM, or COM), joint kinetics in terms of intersegmental forces,

joint moments and joint powers.

Data were then used to estimate whole-body muscle mechanical work during locomotion

with the different approaches (or methods) described in chapters 1 and 2.

Details on the subjects involved in the study, on data collection protocols and on data

processing were described in chapter 2.

This chapter describes the results obtained. Further details on numerical results and

statistical analysis are presented in the appendix. A preliminary discussion of some in-

termediate results is also presented in this chapter, for a better understanding of results

description, while the critical analysis of the overall results is left to the final Discussion

(chapter 6).

In order to compare muscle work values for subjects with large differences in body size,

work was normalized by bodymass and the ratio between stride length and subject’s

height (see section 2.6.3). Work results are therefore expressed in J*m/Kg*m and power

results in W/Kg.

107
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5.1 Analysis of joints and segments powers

As described in chapter 1, muscle actuators produce net moments around a joint, causing

movement and mechanical energy change of the segments.

In the following figures, joint powers (Pi =
∫

Mi·ωi dt) and rates of change of segment’s

mechanical energy (Pi =
dEi

dt
) are shown as an example for a single gait cycle during

normal gait (Figure 5.1) and during walker locomotion (Figure 5.2) of a healthy child.

During normal gait the predominant power production and absorption happens at the

lower limb joints (Fig. 5.1(a)). Action of upper limb muscles is minimal, since the arm is

normally kept straight, acting as a pendulum. At the trunk, we can notice a synchronized

action at the neck and lumbarsacral (L5-S1) joints, while the curve behaviour at the

thoracolumbar (T12-L1) joint is out of phase with respect to the previous two.

Fig. 5.1(b) shows the variation of mechanical energy of the body segments. Again,

the major changes involve the lower limb segments, and the curves allow to investigate

the cause-effect relationship between muscle action at the joints and movement of the

body segments. For example, positive ankle power production at push-off contributes to

increase leg and thigh mechanical energy. Further increase in energy of these segments,

together with increase in energy of the foot, are obtained during the initial swing phase

by the positive action of the hip flexors, while the power pattern is reversed in terminal

swing, when there is negative power measured at the hip and knee. It is interesting

to notice that during the positive joint power production phase at the ankle, there is a

decrease in the energy of the trunk segments.

The analysis becomes more complicated when considering walker locomotion. As

expected, amplitude of power components of the lower limbs decrease with respect to

normal gait, while amplitude of power contributions from upper limb joints and trunk

joints increase. There is less synchronization of hip, knee and ankle action, because the

supporting function is now divided among upper and lower limbs. Considering segment

powers, during this selected trial we can notice large, and not symmetric during right

and left steps, energy variations of the head (a segment which has a considerable relative

weight for a 6 years old boy).
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Figure 5.1: (a) Joint power curves and (b) rate of change of segments energy (segment power curves),

during a right gait cycle for all body joints/segments during normal walking (for simplicity, powers from

left side limbs are not shown). Curves are computed from a single trial of LC subject, walking at the

normalized speed of 0.357. The vertical gray line represents the toe-off event.
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Figure 5.2: (a) Joint power curves and (b) segment power curves during a right gait cycle for all body

joints/segments during walker locomotion (for simplicity, powers from left side limbs are not shown).

Curves are computed from a single trial of LC subject, walking at the normalized speed of 0.092. The

vertical gray line represents the foot-off event.
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Mean values among all healthy subjects’ trials are shown in Fig. 5.3, for normal gait, and

in Fig. 5.4 for walker locomotion.
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Figure 5.3: Powers curves for the right upper limb, trunk, right lower limb computed as joint powers

and segmental powers during normal gait. Plots represent the mean ± 1 SD values among all healthy

subjects trials for a right gait cycle. The continuous vertical line represents the mean ipsilateral (right)

foot-off event, while dashed lines represent the mean contralateral (left) foot-off and foot-strike events.

During normal gait timing and amplitude of the lower limb joints power peaks during

normal gait at non-dimensional self selected walking speed are consistent with previous

publications on healthy children’s gait (Schwartz et al., 2008).

Despite lower joint power production at the upper limb, there is a large variation of

mechanical energy of the related segments, due to a pendulum-like movement of the limbs

with respect to the trunk.

At the trunk level, power production/absorption appears to happen mainly at the

lumbosacral joint, out of phase with respect to the behaviour of the thoracolumbar and

neck joints. This action is reflected in the segments power curves, with energy variations

of abdomen and pelvis out of phase with the variations of head and thorax, with the
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overall result of mantaining almost constant both the mechanical energy of the whole

trunk plus head (HAT) and, possibily, the whole body angular momentum. The result

is consistent with previous observations about trunk movement strategies during walking

(Cappozzo et al., 1976; Perry, 2005).

The large energy variations observed at the level of the trunk depend not only on the

action of trunk joints, but also on the propulsive action of the lower limbs joints, especially

the ankle at the end of the support phase.

During walker locomotion upper limbs are used for support, with joint power production

and absorption at the elbow during the ipsilateral foot-off and leg swing phases, and almost

no power fluctuations evident for the segmental powers plots during the whole gait cycle.

With respect to normal gait (note the difference in graph scales between figures 5.3 and
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Figure 5.4: Power curves for the right upper limb, trunk, right lower limb computed as joint powers

and segmental powers during walker locomotion. Plots represent mean ± 1 SD values among all healthy

subjects trials for a right gait cycle. The continuous vertical line represents the mean ipsilateral (right)

foot-off event, while dashed lines represent the mean contralateral (left) foot-off and foot-strike events.

For a better visualization, scales are reduced with respect to Fig. 5.3.
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5.4), trunk and pelvis energy variations show here a more in-phase pattern, with reduced

amplitude of joint and segmental power curves of the trunk. At the lower limbs, knee

joint power production/absorption during the single support phase is strongly reduced

and the overall amplitude of the curves is also reduced, while keeping a similar pattern

during the terminal stance, push-off and swing phases.

5.2 Whole-body power during normal gait

Figures 5.5 and 5.6 represent the whole-body power curves computed, for a gait cycle

extracted from a single trial of subject GZ, following the definitions described in section

2.6.

Positive and negative power components obtained from separate summation, across

all segments or all joints, of all positive or negative values of External power, Internal

powers, Joint powers and Segmental powers at the different time instants of a normal gait

cycle are shown in Fig. 5.5(a). External power, being a value relative to one point only,

has a single value (positive or negative) at every time instant. This description, coming

from separate computation of all positive and negative simultaneous power contributions,

allows to evidence, at the whole-body level, the phases where either energy generation or

absorption is predominant and the possibilities for possible energy transfers (with energy

corresponding to fractions of the area under the power curve).

In the example considered, two main phases of energy generation and two main phases

of energy absorption appear during the gait cycle.

This behaviour is common to all the different methods, even if a slightly different

timing is evident. Energy generation is associated with the push-off and early swing

phases, while energy absorption is associated mainly with terminal stance phases.

During energy generation phases the power values computed with the Joint method

reach the highest values, around 5 W/Kg, occurring exactly at the foot-off instant. A

contemporaneous small peak of power absorption is also evident.

A smoother power curve is instead provided by the Segmental method, with a maxi-

mum positive peak that is slightly delayed from its equivalent Joint power peak, a possible
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indication that energy generated at the level of the ankle has been transferred to more

proximal segments, incrementing their mechanical energy.

External power curve and Internal power curves are in-phase, and their peaks follow

the same timing as the Segmental method.

Little differences between the two steps which compose a full gait stride are observable,

an index of a slightly asymmetric walking for this subject.

A point-by-point summation of the positive and negative components described above,

with their sign, gives the net power curves for the different methods (external and internal

power values are summed together, thus allowing for all possible energy transfers between

segments).

Not surprisingly, Segmental and External/Internal power curves are perfectly super-

posed, thus revealing their equivalence when all possibile energy transfers between seg-

ments are allowed. These last two approaches slightly differ from the Joint power approach

mainly in the distribution of the positive peaks area, while the negative parts of the curves

look very similar.

Average net power curves from all healthy subjects trials during gait are shown in Fig. 5.6.

Standard deviation (SD) is almost uniform along all the gait cycle for the Segmental power

and the External/Internal power curves, while it is larger for the Joint power curve during

the double support phases and immediately after, a possible effect of larger variability in

the ground reaction forces data during the foot-off and foot-strike events.

Observations from Fig. 5.5 which regarded a single trial only are still valid here with,

additionally, improved symmetry between the two steps. Scales are slightly different

between the previous and present figures.

Around the foot-off events the curves display the larger differences among the methods:

the Joint power positive maximum occurring during the double support phase is followed

by a negative local minimum, possibly correlated with the weight acceptance phase by

the support limb, while Segmental and External/Internal powers are equal to zero at the

beginning of the double support phase, and then reach their maximum during ipsilateral
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Figure 5.5: (a) Positive and negative power components of external power, internal powers, joint powers

and segmental powers during one gait cycle. Vertical grey dashed lines represent, from left to right,

contralateral foot-off, contralateral foot-strike, ipsilateral foot-off (data from trial GZ07). (b) Net power

curves for external+internal powers, joint powers, segmental powers during one gait cycle, after summa-

tion of the components in (a).

early swing phase (when lower limb segments are being accelerated) and their minimum

at the end of the swing phase (when lower limb segments are being decelerated). The

behaviour of the different curves highlights the different information that the two methods

can provide: the Joint power curve represents the cause, the kinetic propulsive and braking
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Figure 5.6: Relationship between net power curves during a complete gait cycle computed with the three

different methods during trials at self-selected walking speed, for healthy subjects, plotted as mean values

± 1 SD. The curve representing external power was also added to the plot as mean value only. Vertical

lines represent ipsilateral foot-off (continuous line) contralateral foot-off and foot-strike (dashed lines).

action, while the Segmental power curve information comes from the kinematic effect of

those forces on the body segments. If the dissipation of mechanical energy produced

by the joint actuators is minimal, we would expect that, despite the local differences in

net power curve paths, their integration will give the same results in terms of muscle

mechanical work.

External power curve has been added to the graph, to show how much the energy

variations of the centre of mass can be descriptive of the overall negative and positive

energy variations phases of the whole body segments. Amplitude differences from the

Segmental power curve depend on the additional internal work done by the body segments

with respect to the centre of mass. Despite amplitude differences, however, the power

curve associated to the centre of mass confirms the ability to condense on one point the

movement of the whole body and its possibile asymmetries.

From the net power plots above we verified the equivalence between the net Segmental

power curve and the net External/Internal power curve. However, if we do not consider
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net power values, as in figure 5.5(a) and especially during the double support phases, we

can easily notice that the summation of the positive (or negative) External and Internal

power values does not reach the correspondent value of the Segmental power curve. As

described in chapter 1 and in section 2.6, in this case the use of the centre of mass as

a global representation of the body power does lead to reciprocal cancellation of power

terms not measurable any more even as Internal power.

The results of the computation of the simultaneous external power performed by the

individual lower limbs on the COM during the step-to-step transition is shown in figure

5.7. Results are very similar to those obtained by (Donelan et al., 2002) on adult subjects

and confirm that a considerable amount of positive and negative power is reciprocally

cancelled out when external power on the COM is computed instead with the original

combined limbs approach.
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Figure 5.7: External mechanical power on the COM done separately by the trailing and leading lower

limbs during a step. Curves are obtained from all the collected trials and represent mean ± 1 SD values.

The vertical line represents the transition between double support and single support phases.
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5.3 Muscle mechanical work during normal gait

Once joints power, segments power, COM power plus segments power relative to the

COM have been computed at the different time instants, it is possible to estimate muscle

mechanical work by integrating the different power components along the gait cycle.

It could be interesting to analize how the whole-body muscle mechanical work production

is shared between the upper body and the lower body, and therefore split the total work

value in two components, computed with both the Joint and the Segmental powers ap-

proaches (this kind of analysis cannot be applied to the External/Internal approach). The

values computed with the two approaches will likely not be equal, since the joint chosen

to divide the body in two parts (the lumbosacral joint) is shared between two segments,

pelvis and middle trunk (abdomen), which will be assigned respectively to the upper and

the lower body, with these resulting subdivisions:

Upper body joints: Wrists, elbows, shoulders, neck, thoracolumbar, lumbosacral.

Lower body joints: Ankles, knees, hips.

Upper body segments: Hands, forearms, upperarms, head, thorax, abdomen.

Lower body segments: Feet, legs, thighs, pelvis.

Bar plots in Fig. 5.8 show the fractions of whole-body positive and negative work per-

formed by the upper and lower body joints or segments, under the condition of no energy

transfers between segments.

The predominant action is done by the lower body. At the upper body, the Joint power

approach gives lower values with respect to the Segmental approach for both positive and

negative work, as expected from the observation of the upper limb power curves in Fig. 5.3.

At the lower body, both methods provide positive and negative work magnitude ap-

proximately equal to 1.2 J*m/Kg*m, with a higher value of 1.3 for the joint positive work,

that is surprisingly not symmetrical with its negative conterpart.

Fig. 5.9 illustrates the total work results obtained by computing the different measures of

muscle mechanical work (Wtot+, Wtot-, |Wtot|, Wnet, Wabsnet) with the three different

methods plus, for some of the measures, the External/Internal work with external work
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Figure 5.8: Positive and negative components of muscle mechanical work done by the upper and lower

body, computed with the Joint and Segmental powers methods, during walker locomotion. Results are

presented as mean values ± 1 SD.

computed by using the individual limbs approach. Mean normalized walking speed was

0.335 ± 0.047. Data relative to all single trials are presented in appendix, figures A.1 and

A.2.

To give a graphical idea of the mathematical operations performed, the first four work

measures were computed from separate integration, for all trials, of positive and negative

power curves like those in Fig. 5.5(a), while Wabsnet was obtained from the integration

of the absolute value of the curves like those in Fig. 5.5(b).

The results show that, during walking, the three methods are equivalent (F (2, 18) =

0.165, p = 0.849, η2 = 0.018) when all possible energy transfers between segments are

allowed (Wabsnet). With no transfers (Wtot+, but also Wtot- and their absolute values

summation, |Wtot|), Joint and Segmental methods give equivalent results, both differing

significantly (p < 0.01) from work values computed via the External/Internal method.
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Figure 5.9: Whole-body positive, negative, absolute, net and absnet muscle mechanical work for healthy

children, computed with all the three approaches during normal gait. External/Internal positive, negative,

absolute and net work values were also computed with the individual limbs method. Results are presented

as means values ± 1 SD. ∗ p < 0.05, ∗ ∗ p < 0.01. Further plots and statistical analysis results for Wtot+

and Wabsnet comparisons are shown in appendix.

The difference is reduced, but still significant (p < 0.05), if the external work fraction is

computed with the individual limbs method, which means that even computing external

work with the individual limbs method, there are still other reciprocal cancellations of

positive and negative work fractions happening at the level of the trunk and upper limbs.

More details on the statistical analysis results are shown in appendix.

Wnet is almost zero, as expected from walking at constant speed. However, net Joint

work is slightly positive, and net External/Internal work computed with the individual

limbs method is slightly negative. This findings will be further discussed in chapter 6.

Standard deviations are different for the different methods. This is not surprising since

data, although collected from the same trials, are processed by using different information

and algorithms (Segmental work is based only on kinematics and inertial parameters, while
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Joint work makes additional use of force plate data).

By comparing the |Wtot| and Wabsnet values we can have an idea of how large is

the amount of work that can be associated to energy transfer processes. Despite authors

assertions in (Willems et al., 1995) about the equivalence of the different methods, the

traditional External/Internal method, based on the centre of mass as a global point repre-

senting the whole body, gives a total body work measure which is mathematically already

affected by a certain degree of energy transfers not measurable any more!

Indeed, for the External/Internal work method the difference between |Wtot| and Wab-

snet is about 0.5 J*m/Kg*m, while for the Segmental method the difference is about 1.7

J*m/Kg*m, more than its correspondent value of Wabsnet.

5.4 Muscle power and work during simulated walker-

assisted gait

Similarly to what has been done in the previous section, we can apply the same reasonings

to walker locomotion. We have to be aware, however, that results obtained here come

from a simulated condition, with healthy children asked to use the walker in order to walk

while trying to unload their lower limbs.

Mean loading on both handles, computed on the processed trials, was 29 ± 10 % of

subject’s body weight. Mean normalized walking speed was 0.164 ± 0.045. Data relative

to all single trials are presented in appendix, figures A.3 and A.4.

By comparing Fig. 5.10 with Fig. 5.6 (taking into account the different scales of the

graphs), we can get useful information on the energetic strategies used during the two

different movements: Level walking and walker-assisted gait. In the latter case, amplitude

of the power curves is reduced. Of course, also walking speed was reduced with the walker.

The shape of the curves related to the different methods looks now more similar, with

almost complete reduction of the negative peak of the Joint power curve after foot-off,

because weight acceptance is now shared among the contralateral leg and the two upper

limbs.

During each step two phases of power production and power absorption are evident,
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Figure 5.10: Relationship between net power curves during a complete gait cycle computed with the

three different methods during walker trials, for healthy subjects. External power was also added to the

plot as mean value only. Results are presented as mean values ± 1 SD. Continuous vertical line represents

the ipsilateral foot-off event, dashed lines represent contralateral foot-off and foot-strike events.

with maximum positive power associated to the push-off phase for all methods, even if

the curves have different slopes. The two steps look not completely identical, particularly

for the Segmental (and its equivalent External/Internal) power curve which shows higher

positive power maximum and lower negative power minimum during the first step.

The Joint power curve appears globally unbalanced towards positive values, an obser-

vation confirmed by work values computed.

The External power curve, associated to the centre of mass, again highlights the ability

to describe the timing of the positive/negative phases of whole-body muscle mechanical

work production and absorption.

The estimation of positive and negative muscle mechanical work performed separately

by the lower body and the upper body during walker locomotion, shown in Fig. 5.11,

gives a comprehensive view of the overall muscle action on joints and segments, under the

condition of no energy transfers between segments.

With respect to normal gait, upper body Joint work is increased, while Segmental
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work is reduced, because there is not pendular motion of the upper limbs any more, and

also the amplitude of trunk power fluctuations is reduced, as evidenced by figures 5.3 and

5.4.

Lower body work is reduced and is about a half of that produced during normal gait

for both methods, with a distinction for the positive Joint work component, which remains

significatively higher than its negative counterpart.

Figure 5.11: Positive and negative components of muscle mechanical work done by the upper and lower

body, computed with the Joint and Segmental powers methods, during walker locomotion. Results are

presented as mean values ± 1 SD.

Whole body total work obtained by computing the different measures of muscle me-

chanical work (Wtot+, Wtot-, |Wtot|, Wnet, Wabsnet) during walker locomotion with

the three different methods are shown in figure 5.12.

Results confirm the equivalence of all approaches when muscle mechanical work is

computed as Wabsnet (F (2, 18) = 0.068, p = 0.935, η2 = 0.007). Differently from normal

gait, positive work (Wtot+) results are significantly different (p < 0.01) among all the

methods. This confirms that, depending on the movement being investigated, the pre-
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vention of energy transfers between segments might lead to possible differences in work

values also between the Joint and the Segmental methods.

Figure 5.12: Whole-body positive, negative, absolute, net and absnet muscle mechanical work for healthy

children, computed with all the three approaches during walker locomotion. Results are presented as

means values ± 1 SD. (∗ ∗ p < 0.01, for reciprocal comparisons among all approaches).
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5.5 Muscle work during impaired gait

The full-body model tested and validated on the group of healthy children was applied

to a small group of cerebral palsy children to estimate muscle mechanical work during

impaired gait.

The different work values (Wtot+, Wtot-, |Wtot|, Wnet, Wabsnet) were computed with

the Joint, Segmental and External/Internal powers methods depending on the available

information provided by data acquired. Subjects were evaluated while walking in their

ordinary condition in terms of walking aids and orthosis, and it was not possible to collect

both kinematics and kinetics data on all the subjects and on all the trials. Details on

single trials data are described in appendix, figures A.6 and A.7.

Net power curves during the gait cycle are described in Fig. 5.13. Subject AP was

the only subject evaluated during both normal walking and walker locomotion and power

curves could be computed with both Joint and Segmental methods during one trial for

each condition. For subject AV power curves with the two methods could be computed

for one trial during normal walking. Subjects MM, IA and MF were wearing shoes and

bilateral ankle foot orthosis (AFO), while subject AP was wearing shoes and subject AV

was barefoot.

Amplitude and shape of the power curves is quite different from subject to subject,

and is related to walking condition (normal gait or walker) and level of impairement, that

influence walking speed and gait asymmetries. Remebering that net power curves are ob-

tained under the hypothesis of allowing energy transfers between segments, the amplitude

of the curve increases if there has been an increased power production or absorption, but

also if there has been a reduced energy recovery which depends on appropriate synchro-

nization of the movement of body segments.

A careful observation of the power curves, compared also with data obtained from

healthy children in figures 5.6 and 5.10, can therefore provide useful informations on the

overall locomotion function of the subject considered.

The large positive peak of joint power production evident during the double support

phase for the healthy subjects has now almost disappeared, reflecting reduced propulsive

action performed by the ankle joint.
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Figure 5.13: Whole body joint and segmental net power curves during a gait cycle in five CP children

during gait (left column) or walker locomotion (right column). Lower limbs joint power could be computed

only when clean contact with the force plates was obtained from both feet. For subjects AP and AV joint

power is compared with segmental power obtained from the same trial only, while plots for subjects MM,

IA, MF illustrate segmental power curves as mean values (± 1 SD) of three gait cycles relative to the

same side, left or right, depending on the subject. The vertical gray line represents the foot-off event of

the ipsilateral foot, while gray dashed lines represent foot-off and foot-strike events of the contralateral

foot. Normalized speeds for the left column data were, from the top, 0.24, 0.20, 0.17, while for the right

column they were 0.17, 0.06, 0.13.

Differences between the two steps can highlight the weakness of one body side against

the other. An augmented negative power observed during a particular phase of the gait

cycle may be related to weakness of those muscles that should be active at that time

instant, with the consequence of forcing the subject to produce increased positive work

during another phase of the cycle (e.g. subjects MM and AP during walking).

In terms of symmetry, the use of the walker seems to be beneficial, as we can see by
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observing the power plots for subject AP in the two conditions.

A lower walking speed lowers dramatically the amplitude of power curves (subject

MF, normalized walking speed equal to 0.06). However, time normalization is done with

respect to the gait cycle, therefore the final energetic cost of locomotion evaluated in

terms of muscle mechanical work will be dependent on the real duration of the gait cycles

(section 5.6).

Figures 5.14 and 5.15 illustrate the total muscle mechanical work results obtained by

computing the different work values (Wtot+, Wtot-, |Wtot|, Wnet, Wabsnet) with the

three approaches: Joint, Segmental and External/Internal (combined limbs method, with

COM computed from kinematics) and by subdividing total work in positive and negative

muscle work performed separately by the lower body and the upper body during walking

and during walker locomotion.

Results show a large inter-subject variability, which suggests that the level of impaire-

ment and walking strategy affects considerably the values of muscle mechanical work.

Subjects that appeared visually having less capability to maintain balanced equilibrium,

compensate with the action of the upper limbs and more pronounced jerky movements,

which resulted in increased muscle mechanical work (subjects MM and AP).

Normalized walking speed was reduced for all CP subjects with respect to trials ac-

quired on healthy children, both with and without walker.

A visual inspection of between-methods variability highlights, for CP subjects in both

conditions, a closer correspondence between Segmental and External/Internal methods

also when energy transfers are not allowed (|Wtot|), and a reduced gap between these

values and those obtained when allowing for energy transfers (Wabsnet). This findings,

together with increased values of Wabsnet, seem to indicate that CP children have reduced

capability to make use of energy recuperation.

Opposite to the closer correspondence, in healthy children data, between the values

of Wabsnet computed with Segmental and External/Internal methods, larger differences

are noticeable between these two methods and the Joint power method, for AP subject

during normal walking and walker locomotion.

Additionally, Wnet during gait is now, for subjects AP and AV, negative, a result that
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looks energetically quite puzzling.

The use of the walker allows subject AP to go slower, with all values of muscle me-

chanical work slightly reduced and Wnet close to zero for all methods.

Half of the total muscle mechanical work done by subject MF is produced by the upper

body, and, despite his very slow walking speed, he has Segmental total muscle work values

very close to those of subject AP, whose normalized speed is doubled.

Figure 5.14: Upper body, lower body and whole body muscle mechanical work during impaired gait for

3 subjects computed with the different approaches. No good GRF data were available for MM subject,

therefore his data are relative to kinematic measures only. Good bilateral GRF data were available during

one trial only for subjects AP and AV, and therefore results from these trials only are shown. Normalized

speed for the 3 subjects was, respectively, 0.24, 0.20, 0.17.
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Figure 5.15: Upper body, lower body and whole body muscle mechanical work during impaired gait for

3 subjects computed with the different approaches. No complete GRF data were available for IA and

MF subjects, therefore their data are relative to kinematic measures only. Good bilateral GRF data were

available during one trial only for subjects AP, and therefore results from this single trial are shown.

Normalized speed for the 3 subjects was, respectively, 0.17, 0.06, 0.13.
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5.6 Gait/walker, healthy/CP comparisons

Unfortunately, the number of CP subjects is too small and impairements too different

to be able to generalize the results obtained. However, the visualization of total muscle

mechanical work values as a function of normalized walking speed for both healthy and

CP children might help to highlight some useful elements of comparison.

Fig. 5.16 shows the relationship between intra-subject mean values of |Wtot| and Wab-

snet for the two groups of subjects during normal gait and during walker locomotion. Of

course, a fair comparison between the two groups is possibile only during gait.
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Figure 5.16: Comparison of |Wtot| and Wabsnet values for all the subjects means, computed with the

three approaches, during normal gait and during walker locomotion, as a function of the normalized

walking speed v∗. Empty markers are relative to the healthy group data (H), filled markers to CP group

data (CP).

Looking at healthy children data during normal gait, even if subjects were all walking

at their self-selected walking speed, and therefore speed range is quite narrow, it seems

that |Wtot|, is increasing with walking speed, while Wabsnet remains rather constant

between 1 and 2 J*m/Kg*m. With the walker, instead, this linear relationship of |Wtot|
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with walking speed seemsto be very mild.

Although CP children have a lower self selected walking speed, their work values are

already equal or higher than those of the healthy subjects, and for both |Wtot| and Wab-

snet we cannot say anything about a possible relationship of work values with speed, since

physical impairements are too different among subjects.

Another parameter which has been often used as a global index of locomotion efficiency

is the recovery index (Cavagna et al., 2000). Even if it is based on an extreme simplifi-

cation of subject’s gait modelled as an inverted pendulum, and results obtained have to

be considered carefully (Zatsiorsky, 2002; Aleshinsky, 1986c) it can provide an approxi-

mate measure of the mechanical energy conservation that the subject is able to obtain by

converting COM potential energy into kinetic energy and viceversa.

The recovery index, ρ, can be expressed as the difference between the summation of the

individual positive increments of potential and kinetic energy of the COM and the positive

increment of the total mechanical energy associated to the COM (which is equivalent to

the positive external work done on the COM):

Recovery(%) ρ =
ΔK+

E + ΔP+
E − W+

ext

ΔK+
E + ΔP+

E

100 (5.1)

with ΔK+
E e ΔP+

E being the positive increments of kinetic and potential energy during

the gait cycle, and W+
ext the positive external muscle mechanical work estimated.

Recovery values in Fig. 5.17 are all in the interval 50..90% for healthy subjects during

normal gait, similarly to (Schepens et al., 2004) who reported recovery values around

65% for children walking at about 1.5 m/s, while values are very different among CP

subjects and seem to be inversely correlated with total muscle work (lower recovery values,

20..35%, belonging to AP and MM subjects, are associated to larger muscle work values,

like Wabsnet around 2 J*m/Kg*m).

The use of a walker indeed prevents high values for the recovery index, since the

inverted pendulum model used for normal walking is not valid any more. This is confirmed

by the numbers, who are all below 50% for both groups.
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Figure 5.17: Recovery index values during normal gait and during walker locomotion, as a function of the

normalized walking speed v∗. Empty markers are relative to the healthy group data from all individual

trials (H), filled markers to CP group data from individual trials (CP).



Chapter 6

Discussion

The aims of the present study were to investigate the meaning of muscle mechanical work

and its estimation via indirect methods, during normal gait and walker-assisted gait in

healthy and cerebral palsy (CP) children. Limitations, innovative aspects and results

related to our research are discussed together in the following.

Existing approaches used to estimate the muscle mechanical work involved in human

movement all start from the fundamental definition of work and energy-balance equations

for a rigid body. However, the difficulty of applying these definitions to a complex sys-

tem as the human body observed from the outer world, in order to find a link between

mechanical work and metabolic energy consumption, has compelled researchers to define

their own system of hypotheses (chapter 1).

Despite aiming to measure the same physiological quantity, each method was origi-

nally based on different assumptions about i) founding equations, ii) between segments

energy transfers, iii) interpretation of negative muscle work, iv) different meaning given to

common terms as internal work, which all together affected the magnitude of final work

values and alimented a terminological confusion.

Attempts to theoretically (Aleshinsky, 1986a,b) and experimentally (van de Walle

et al., 2010, 2012) compare the different indirect approaches among them or against di-

rect estimates provided by musculo-skeletal models (Sasaki et al., 2009; Prilutsky et al.,

1996) have given indication that the results obtained are fairly different. However, those

investigations compared the different approaches exactly as they were originally defined

133



134 Discussion

in the literature and results were therefore biased by the different estabilished hypotheses.

Starting from the founding equations of motion of a rigid frame, we represented the

human body through a multi-linked system of rigid segments (chapter 4) and by measur-

ing its movement and its interaction with external forces we could estimate the rate of

change of mechanical energy of the segments and the power produced at the level of the

different joints (chapter 2).

Lower limbs joint powers are consistent with related literature on healthy children

(Schwartz et al., 2008). To the best of our knowledge, there are no validated data on

trunk and upper limb joint powers on children. However, despite the results might be

affected by the limitations described in chapter 4, our data confirm that magnitude of

upper body powers during normal walking are limited to about 10% of ankle and knee

maximum power values.

The joint power curves give a representation of the cause of the movement as propulsive

or braking action on the segments, while the segmental power curves information comes

from the consequent kinematic effect of those forces on the body segments (section 5.2).

The analysis of the whole-body power functions during the gait cycle demonstrated

that the different approaches are able to evidence approximately the same phases of

overall positive or negative work production, while differing in the magnitude of positive

and negative power values separately considered.

In agreement with the theoretical findings described in chapter 1, our results show

that all the approaches are equivalent only if their computations are based on the same

energetical hypothesis of allowing for energy transfers between all body segments (net

power curves and absnet muscle work values). Between segments energy transfers were

not restricted to particular groups of segments as it has been done by some authors in

previous research (e.g. allowing for transfers between segments of the same limb but not

between upper arm and trunk). Our assumption is rather extreme, of course, but it ap-

peared more interesting, here, to focus on the conceptual differences between allowing or

not allowing for energy transfers, rather than discussing which transfers can be thought

as biomechanically reasonable and which not. This last aspect represents indeed an in-
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teresting evolution of the discussion, and should be addressed in future investigations.

Differences among the different approaches emerge when it is necessary to make a

distinction between positive and negative values of muscle power, thus preventing energy

transfers between segments. In this case, the combined limbs External/Internal work

method demonstrated to provide the lowest whole-body mechanical work values.

In our analysis, we have considered only the possibility of energy transfers between

segments happening at the same time instant, without considering any possible energy

recuperation during time, that might however be possible in certain situations, for example

in terms of elastic energy recovery.

It is now hard to say which hypotheses are able to better represent the real physiologi-

cal situation. The solution closer to reality is probably in between the two conditions of all

energy transfers allowed and no energy transfers at all. The computation of work values

in both cases might therefore provide useful information on the amount of simultane-

ous positive and negative work performed, and the analysis of the associated whole-body

power curves can add further insights by allowing to localize these actions during time.

In any condition, anyway, we have to be aware that we are trying to infer muscles

(which are inside the body) work by looking at their net output effect from the outside.

Therefore, the information we get has to be critically considered. An analysis of muscles

electrical activity via surface electromyography (S-EMG) with the quantification of con-

current action of agonist-antagonist muscles around the same joint might provide insights

on the efficiency of the movement performed. However, numerical quantification of the

level of muscle coactivation suffers the problem of finding a robust method for ampli-

tude normalization of S-EMG data, in order to compare the level of activity of different

muscles. The available analysis of EMG data, although functionally useful, can provide

qualitative information on the timing of muscles activation only.

To compare our values of estimated muscle mechanical work with previous publications

on healthy children during level walking we had to take into account criteria that were

used for work normalization, walking speed during the trials and age of the subjects.

In (Schepens et al., 2004) the value of External/Internal muscle work was computed
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with the individual limbs method and some particular hypotheses on between segments

energy transfers. A rough normalization by mean subjects height gives a value close to

our result of 1.21 J*m/Kg*m for a similar mean walking speed (0.9 m/s) and age between

6 and 13 years.

In (van de Walle et al., 2010) authors computed positive and negative Joint work,

total absolute Segmental work, positive External/Internal work with the Individual limbs

method. At walking speed slightly higher (1.2 m/s), they found values of Joint work (2.80

J*m/Kg*m) similar to ours (2.77) after applying the same normalization, while Segmental

work and External/Internal work are higher than ours and previous results of (Schepens

et al., 2004) (4.06 and 2.52 against our 2.99 and 1.21). Since the Segmental and Ex-

ternal/Internal approaches are critically dependent on the smoothness of kinematic data

provided by the filtering process (because numerical differentiation is needed to calculate

kinetic energy (Winter, 2005)) we suppose that this is the reason for the discrepancy from

(van de Walle et al., 2010) data and (Schepens et al., 2004) and our data. The conjecture

cannot be verified, since authors did not describe the filter they used.

A limitation of our study is that we collected data at self-selected speed only. From

visual inspection of results shown in Fig. 5.16 it seems that |Wtot| values linearly increase

with speed for all methods, while a similar pattern is not evident for the Wabsnet values.

We might therefore speculate that, during gait, magnitude of positive and negative power

curves produced by body muscles increases with walking speed, but that the relative phase

between the two curves does not change, resulting in possibility for energy transfers that

is also increased, to give approximately the same amount of net power output. However,

this should be verified testing all subjects over a wider range of walking speeds.

When turning towards studying impaired walking in CP subjects, movements do not

follow a criterion of energy optimization any more, and work values are therefore different

from case to case.

Unfortunately, we could collect data on a few subjects only, with walking patterns

very different from each other, and complete bilateral ground reaction forces not available

for all the trials. Available results, however, seem to evidence higher work values for CP
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subjects with respect to healthy children when walking at similar or slower speed and,

moreover, a correlation between the increase of work values and the gravity of impaire-

ment. Results also seem to suggest that the more impaired is gait, the more Wabsnet

component increases with respect to |Wtot|, suggesting a decreased in-phase activity of

the positive and negative whole-body power curves (which results in reduced possibilities

for reciprocal power terms cancellations), a finding that is confirmed also by values of

|Wtot| getting closer between Segmental and External/Internal methods.

Besides the muscle mechanical work values, which give an overall information on the

amount of energy involved in the walking movements, a detailed analysis of the pattern

of the whole-body positive, negative and net power curves during the gait cycle provides

useful insights on the overall power production and absorption during the different phases

of gait, an information particularly useful to investigate gait asymmetries or to evaluate

the effects of orthosis and rehabilitation interventions.

In more severe gait impairements, walking aids are needed for equilibrium and support

purposes. To be able to evaluate how whole-body muscle mechanical work is affected by

the use of a posterior walker it is necessary to measure force interaction of the subject

with the walker frame (chapters 3, 4).

The development of two instrumented handles to be applied to children’s walkers al-

lowed to measure upper limbs joint kinematics and kinetics, an extension of traditional

lower limbs gait analysis, and to estimate muscle mechanical work also in this walking

condition, with all the three approaches. Intrumentation and model testing on healthy

children confirmed theoretical expectations, demonstrating that the three approaches are

equivalent when energy transfers between segments are allowed, while they are all dif-

ferent when energy transfers are not allowed. A comparison of healthy children muscle

mechanical work values while using the posterior walker with those measured on three CP

children show that CP subjects have higher work values when walking at similar speeds.

One of the CP children was tested in both walking conditions. His results show that,

although walking speed was slightly reduced with the walker, work values remained more

or less the same, apart from a reduced total negative Joint work, which led to net Joint
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work equal to zero. A more symmetrical behaviour of the net power curves during the

two steps of the gait cycle was noticed when using the walker.

While considering normal subjects data, the analysis of net power curves in the two

situations, normal gait and walker locomotion, reveals a smoother pattern in the latter

condition, especially during push-offs and double support phases. Apart from the differ-

ence in amplitude, whole-body power curves highlight a similarity in shape to the external

power curve computed from the changes in mechanical energy of the centre of mass, thus

confirming the validity of the centre of mass as a global indicator of the net (energetical)

behaviour of the body.

A problem is evident from our data collection: Measuring valid, bilateral, lower limbs

kinetic data in pathologic gait is difficult, depending on force plates dimension and posi-

tioning, and subject’s compliance and fatiguability. Moreover, for correct bilateral kinetic

analysis, data should be collected from at least three force plates, otherwise GRF of one

of the two legs will be missing during one of the two double support phases. In this work,

assuming symmetry between subsequent cycles, we completed missing data by copying,

interpolating and pasting necessary lower limb kinetics from the following gait cycle and

then visually inspecting the result for consistency.

On the other hand, instrumented handles placed on a walker can always be used, and

upper limbs and trunk kinetics can be assessed independently from the lower limbs, giv-

ing useful information on bilateral weight bearing, joint loading, walker usage strategies

(chapter 4).

For healthy children normal gait we found a net Joint work which is different from zero,

and positive. The finding is confirmed for walker-assisted gait of healthy subjects. The

sign, however, is reversed for CP children during normal gait, and is equal to zero with

the walker. Although authors did not comment this aspect in their results, a similar

difference in positive and negative Joint work components is present also in (van de Walle

et al., 2010).
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This discrepancy was found and discussed also by other authors (De Vita et al., 2007;

Zelik and Kuo, 2010), and the explanation seems to be related to the limitations of the

hypothesis of rigidity of the body segments. Particularly, in (Zelik and Kuo, 2010) it was

shown that at lower walking speeds the net Joint work became negative, which might

explain the result we found for CP children, who walk slower than their healthy pairs.

However, authors compared only lower limbs powers versus COM power, without consid-

ering that some positive power produced by the ankle might also have been transferred,

and dissipated, more proximally at the trunk. Also, if energy dissipation might explain

the result of positive net Joint work during healthy children gait, the explanation of net

Joint work being negative for CP children appears more complex.

This topic still leaves, therefore, open issues to be investigated, besides the improve-

ment and validation of 3-dimensional full-body kinetic models.





Chapter 7

Conclusions

The estimation of muscle mechanical work can be a useful parameter to be used to in-

vestigate movement efficiency. At variance with the use of musculo-skeletal models, a

promising but still complicated and evolving approach, indirect methods allow to esti-

mate muscle work by measuring body kinematics and kinetics.

Different methods to indirectly estimate muscle mechanical work during walking have

been presented in the literature: the External+Internal work, the Segmental work and

the Joint work approaches. Although attempts have been made to investigate differences

among them, all methods are still used in research and clinical applications, not only to

study walking and running, but also cycling and other movements.

A deeper understanding of theoretical differences and analogies was therefore nec-

essary, to know what is exactly computed by each method and help to make a more

appropriate use of this information when studying walking or running, either for improve-

ment of sport performance or rehabilitation of impaired gait.

The aims of this work were therefore the discussion of open issues related to muscle me-

chanical work estimation and the development and evaluation of models for the clinical

application of this measure to study gait and walker-assisted locomotion.

Theoretical differences among the methods have been discussed, and were confirmed

by the results obtained.

Differences or equivalence in the muscle mechanical work values obtained depend on
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the different assumptions defined for energy transfers allowed between body segments.

Since the limitation of energy transfers modifies the funding equations, the methods,

originally equivalent in their seminal equations, lead to diverging results.

The separate estimation of positive and negative components of whole-body muscle

mechanical work appears particularly crucial to highlight significative differences among

the methods. It is important, therefore, to be aware of the limitations and advantages

that each method can provide.

The Joint powers approach, based on inverse dynamics computations, is theoretically

more precise and correct than the Segmental powers approach for the estimation of total

positive and negative muscle mechanical work. However, since it depends on force plates

and instrumented handles data, it is also the most complex to realize, especially when

studying impaired gait, and the finding of non zero net work has to be further investigated.

The External powers approach based on the centre of mass, due to the way it is de-

fined, sistematically underestimates total positive and negative work. Results are partially

improved by using the individual limbs power computation. The method can be useful

when there is the need to represent the whole body via a single point, by computing

external work during walking or running using force plates only. But if internal work,

which is based on full-body kinematic data, has to be added to the computations, the

complete External+Internal measures do not give any practical advantage with respect

to the Segmental work approach.

Despite the differences, all methods can provide some useful information to investigate

locomotion efficiency. However, they all suffer from either methodological or experimental

limitations. Specific instrumented handles had to be developed to measure force interac-

tion between hands and walker frame during walker-assisted locomotion, an information

that is used in both the Joint powers and the Segmental powers approaches.

Our results evidenced that, apart from the critical issues described, the analysis of

whole-body muscle mechanical power curves (either positive, negative or net), besides

work values, can provide valuable information on the overall locomotion function, high-

lighting propulsive deficits, gait asymmetries, movement inefficiencies with reduced energy

recuperation. Unfortunately our data were relative to self-selected speed only. It would
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have been interesting to investigate further if speed affects similarly the work values ob-

tained with the different approaches.

Even if we could collect data on a very small number of CP subjects, there seems to be

an evident correlation between the seriousness of movement alterations and the magnitude

of muscle mechanical work computed. When applying this analysis to impaired walking,

it will be necessary to classify carefully movement hability of the subjects in order to

allow inter-subject comparisons and to possibly derive generalized information useful for

the rehabilitation process.

A detailed and correct definition of anthropometric properties for a precise full-body

kinetic model appeared also a challenging task.

Future developments should therefore aim to improve the reliability of the biomechan-

ical models applied in the analysis, while enlarging the number of subjects acquired. On

the other hand, further investigation of the physiological and mechanical nature of mus-

cle energy expenditure and work production during locomotion, including information

on muscle electrical activity and enhancing the use of musculo-skeletal models is neces-

sary (Neptune et al., 2009b), to better understand the relationships between measured

metabolic energy consuption and mechanical output.





Appendix A

Basic and auxiliary results

This appendix contains details on collected data and on statistical analysis.

A.1 All trials data, healthy children

The following tables contain muscle mechanical work values computed for the healthy

children with the different approaches. Data are presented from single trials and as intra-

subject means. Overall mean and standard deviation (SD) values for all subjects are show

at the bottom of the tables. Trial number is relative to all trials acquired for that subject.

Normalized walking speed and the mean percentage of body weight put on the handles

during the gait cycle are also listed in the table for each trial.

A.1.1 Normal gait

Tables in Fig.A.1 describe positive and negative work, divided in different components:

Upper and lower body components for Joint and Segmental methods (W+ upper, etc.),

external component computed with both the combined (Wext(COM)+, WextCOM-) and

the individual limbs methods (ExtWposIndiv.limbs, ExtWnegIndiv.limbs), internal com-

ponent computed with respect to the centre of mass (Wint+ upper segments, etc.).

Tables in Fig.A.2 describe the total work components computed with the three approaches

plus External work evaluated with individual limbs method: Wtot+, Wtot-, |Wtot|, Wnet,

Wabsnet.
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A.1.2 Walker-assisted gait

Tables in Fig.A.3 describe positive and negative work during walker locomotion, divided in

different components: Upper and lower body components for Joint and Segmental meth-

ods (W+ upper, etc.), external component computed with the combined limbs method

(Wext(COM)+, WextCOM-), internal component computed with respect to the centre of

mass (Wint+ upper segments, etc.), positive and negative work done on the two handles

(W+ right handle, etc.).

Therefore, the final positive and negative work done by the upper body (W+ upper seg-

ments and handles, etc) is obtained by the summation of work associated to upper body

segments and work done on the handles.

Tables in Fig.A.4 describe the total work components computed with the three approaches:

Wtot+, Wtot-, |Wtot|, Wnet, Wabsnet.
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A.2 Details on statistics

Statistical comparison of the results obtained for the healthy children during normal

gait and walker with the different methods was performed on the parameters positive

work (W+) and absolute-net work (Wabsnet). Evaluations were made by using analysis

of variance for repeated measures. Results are summarized in the following tables. In

addiction to the bar plots representing mean values ± SD in chapter 5, data are also

illustrated in Fig. A.5 as median and quartile values.
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Figure A.5: Box and whisker plots for comparisons between values of mechanical work W+ and Wabsnet

computed with the different methods. The box has lines at the lower quartile, median, and upper quartile

values. Notches display the variability of the median between samples. Box plots whose notches do not

overlap have different medians at the 5% significance level. Whiskers extend from each end of the box to

the adjacent values in the data. Length of the whiskers is specified as 1.0 times the interquartile range.

Points beyond the whiskers are displayed with the + symbol.
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A.3 All trials data, CP children

The following tables contain muscle mechanical work values computed for the CP children

with the different approaches. Data are presented from single trials. Intra-subject means

and standard deviation (SD) values were computed only when the same information was

available on all the trials. Since good kinetic data were available on a few subjects in

one trial only, data from those trials (evidenced in light blue on the tables) were used for

further processing and comparisons. Trial number is relative to all trials acquired for that

subject. Normalized walking speed is also listed in the table for each trial. For walker

locomotion, the mean percentage of body weight put on the handles during the gait cycle

is also listed in the table for each trial.

Upper table in Fig.A.6 describes positive and negative work, divided in different com-

ponents: Upper and lower body components for Joint and Segmental methods (W+ upper,

etc.), external component computed with the combined limbs method (Wext(COM)+,

WextCOM-), internal component computed with respect to the centre of mass (Wint+

upper segments, etc.).

The lower table describes the total work components computed with the three approaches:

Wtot+, Wtot-, |Wtot|, Wnet, Wabsnet.

Upper table in Fig.A.7 describes positive and negative work during walker locomo-

tion, divided in different components: Upper and lower body components for Joint and

Segmental methods (W+ upper, etc.), external component computed with the combined

limbs method (Wext(COM)+, WextCOM-), internal component computed with respect

to the centre of mass (Wint+ upper segments, etc.), positive and negative work done on

the two handles (W+ right handle, etc.).

The final positive and negative work done by the upper body (W+ upper segments and

handles, etc) is obtained by the summation of work associated to upper body segments

and work done on the handles.

The lower table describes the total work components computed with the three approaches:

Wtot+, Wtot-, |Wtot|, Wnet, Wabsnet.
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