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Abstract: This study evaluated the ability of two dEerent methods of measuring mechanicd 

w 0 4  absolute power (AP) and absolute work (AW), to distinguish between normal and irnpaired 

gait. The relation between these two measures was examined as well as their relation to oxygen 

consumption. Global work measures £tom alI three were compared and, in the case of the absolute 

power method individual joint power curves of the ankle, knee and hip, for normal and two 

impaired conditions were examined. Four subjects of each gender were filmed for one fuli gait 

cycle, by three video cameras, over two AMTI force platfoms, under three conditions; normal, 

locked knee and locked ankle. Oxygen consumption was measured with a TEEM 100 unit carried 

by the subject in a "fanny" pack. Five normal gait trials and one trial of each impaired condition 

were analysed. The five normal gait tnals yielded a normal mean plus or minus a 95% codidence 

interval. Ifany of the two condition's trials fell outside of this interval it was considered 

si@cantly diEerent. A binomial test considered the probability that the number of dinerences 

across subjects was due to chance. For the absolute power method the ankle was diEerent thee 

of eight times @?=û.0058), and the knee two of eight (P4.057). The absolute work method found 

daerences one of eight times for each condition, neither was significant. A repeated measures 

ANOVA revealed no ditferences due to the extremely high intersubject variability. A Witcoxon, 

matched pairs, signed ranks test found that the number of locked knee trials where the total work 

done as measured by the AP rnethod were lower than the subjects' normal trials to be signiticant. 

Thus, locked knee walkhg required less energy than the normd gait mals. 

Efficiency was measured for both methods using both internal and extemal work. The 

total work yielded the same pattern for both methods. Locked knee walking was lowest (AP: 

92.9%, AW: 57.03%) while the locked ankie w a k g  was highest (AP: 115.4%, AW: 66.7%). 

The normal gait trials yielded a mean efficiency of 106.7% for AP and 59.26% for AW. Results 

over 100% for AP are due to an inherent overestimation of the internal work; corrections for this 

would reduce the value to approlomately 70%. 

The grand mean of the normal trials was closely examined and found to match very closely 

with previous data (Winter 1983) with respect to the ankle and knee joint power patterns. New 

pattems at the hip are put forth as behg consistent and confinnative to expected muscle 

recruitment during normal gait. The power bursts were present in the normal gand mean curve of 

the hip: Hl, a concenhc extensor moment pushed the centre of mass f o m d ,  H2, an eccentric 

flexor moment absorbed a dip in the centre of mass and H3, a concentric flexor moment swung 

the leg fonvard. The research showed that the absolute work method could not detect impaired 

gait Iiom wrmal while the absolute power method could. 



En memorium de Gaetan Grenier et Ftenald Grenier. 
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Chapter 1 : Introduction 

Several historical developments have evolved dowing for detailed analysis of human gait. 

Gait analysis has progressed to the point where much of the focus is now on interna work or the 

work that segments do relative to the body's centre of rnass (Aleshinskq, 1986; Caldwell et al., 

1992; Turnbull 1995; Purkiss 1996). The domain of gait anaiysis involves the application of 

mathematical equations of work and power. These equations have undergone numerous 

reflnements in their application to wallong. The data to which these equations must be applied are 

collected through means such as force platform and cinematography or videography. 

Other than theoretical development such as calculus (Newton, 1686), the firstbajor 

advancement in the study of biomechanics, especially gait analysis, was the ability to record, for 

further study, various human movements. First proposed by an astronomer, h s e n  (1878), 

cinematography was developed almost simultaneously by E.J Marey, in France and E. Muybridge, 

in the U.S.A. Marey used a photographie gun which recorded movement between Light pulses 

while Muybridge set off 24 cameras sequentiaiiy for a short record of movement & Herzog, 

1994; Rasch, 1989). These methods hal iy ailowed for the quantification of motion. Today the 

visual recording medium of choice is the video system. 

E.J. Marey was also the first to develop a system to quant@ the forces between the 

ground and the feet of subjects (Nigg and Herzog, 1994). He used a pneumatic device attached to 

the shoe, which led eventudy to Fem's (1929) and Iater Eütman's (1938) force platfoms and 

measurement of ground reaction data. Of course, without knowledge of Newton's three laws of 

motion (1686) none of these measurements would have been possible or usefil. This, in 

combination with the dismvery of the piezoelearic effect (Curie, 1880), led to the eventual 

construction of the Kistler piezoelectric force platform (1969), and the AMI? strain gauge 

platform which is still used today. 

Without knowledge of anthropometric measures, such as segmental centres of rnass and 

moments of inertia, human motion cannot be fully analysed. With these measures and the motion 

data, techniques such as inverse dynamics can be applied to predict the forces that cause the 

motion being 



measured- 

Briiune and Fischer (189 1) were the first to attempt anthropometric definition of the human 

body. Using four cadavers nailed to a wall, they descnbed the centre of gravity of the body and its 

segments in three dimensions @gg and Herzog, 1994). Dempster (1955) published the definitive 

study in the area, producing the data used by many researchers today, despite some Limitations. 

Using only eight male cadavers which were smaller, lighter and older than the average male, 

Dempster nevertheless determined moments of inertia and radii of gyration of the segments, as well 

as mass fiactions relative to the body as a whole. Several other researchers have since done sirnilar 

studies, all with similar Limitations (Clauser et al., 1969; Chandler et al., 1975). McConville et al. 

(1980) with 3 1 male subjects, used stereometric photography to  evaluate similar parameters. They 

used anatomicai landmarks to define the principal axes, for the moment of inertia, rather than using 

a system external to the member being measured. They developed regession equations with 

greater accuracy but because the ongin of the principal axis system was located at the segmental 

centre of volume rather than the centre of mass as was customary, the data were not easily 

transferable. 

These methods, having evolved over the last century, are now being applied to a variety of 

biomechanical resûarch areas, one of which is human gait. The focus of this research is their 

application to mechanical energy analysis in gait. 

In walking, energy may or may not be expended efficiently. The question is, how efficient 

are we? A given distance can be covered by walking, running or even hopping and by definition the 

person expending the most metabolic energy is the least efficient. There is, however, the possibility 

that two people will cover a given distance in the same amount of time, yet one uses more 

metabolic energy than the other. In this situation, somewhere behveen the production of metabolic 

energy and the movement, the less eaicient person wastes energy. Somehow, in movhg the 

segments relative to the body centre of mass (interna1 work), energy is lost. The result is greater 

metabolic energy consurnption for an equivdent amount of externat work where extemai work is 

the cost of moving the centre of mass over a distance. 

Although physiological rneasures will give the total metabolic cost of doing an activïty 

there are 



several variables for which it does not account; the variables resulting in greater intemal work or 

power (the rate of doing work). According to Wfiams (1985) "A given ievel of mechanicd power 

may have dierent metabolic costs associated with it, depending on the means by which the pcwer 

is generated." The various sources of power include concentric muscuiar contractioxq energy 

transfers between segments, and elastic storage in tendons and ligaments (Williams, 1988). Where 

these factors would add to power generation sorne components subtract fÎom power generation 

such as eccentric contraction, viscosity within the muscle and limitations in joint range of motion 

(Wïams, 1985). 

Several mechanicd means of determinhg both intemal and extemal work have evolved. 

Intemal work is defmed as the work required to move the segments relative to the body's centre of 

gravity. Extemal work is that done in movhg the body's centre of gravity. Not only can 

measurements now distinguish between two similar types of locomotion (Purkiss & Robertson, 

1996) but the causes of inefficiencies can be isolated down to net moments at specific joints 

(Aleshinslq, 1986). 

In 1930, Fenn was the fkst to attempt to quant@ mechanical efficiency. He used the 

kinetic and potential energy of the body centre of mass and the body segments to make his 

calculations. B y finding the energy (potential, translationai kinetic and rot ational kinetic) of a given 

segment, at any given tirne, its contribution to the body's energy and work c m  be deterrnined. 

Cavagna (1976) used Fenn's approach, separating intemal and extemai work and d e m g  intemal 

work as the work required to lift the segments relative to the centre of mass. This separation was 

of little consequence since the nature of the technique prohibits the intersegmental energy transfers 

critical to knowing intemal work. Norman (1976) took this one step further, with what he 

described as pseudo work. The absolute value of all the energy changes, in al i  the segments of the 

body, were added together over one gait cycle to give the "work? done over this period of tirne. 

Winter (1978) improved on this again with an attempt to account for the transfer of energy 

between segments. The evolution of the absolute work method, where the energy is traced through 

knowing the segmental kinetic and potential energies, has now been shown to be invalid 

(Aleshinsky, 1986). The absolute power method measures the total work done, positively or 

negatively, by the net moments of force. 



Elftman (1939) was the pioneer of the absolute power method. With a force platfoxm he 

measured impact forces during walking, and using inverse dynamics equations he traced the forces 

up the leg from the foot to find the forces and moments acting at the ankle, knee and hip. Bresler 

and Frankel(1950) revived and confirmed this approach as valid. Quanbury et al. (1975) used the 

relationships among moments, power, and force to take this one step further. They compared 

measurements of power flowing into a segment (with joint moments and forces) t o  the 

instantaneous power of that segment (with kinetic and potential energies). Both of the resulting 

curves were in quite close agreement (Quanbury et ai. 1975). A direct consequence of this work 

was the potential to detemine the work by integration of the power generated at each joint 

(Robertson & Winter, 1980). Aleshinski (1986) confirmed this as the only valid method, 

theoretically. Since then it has been put to the test by only a few researchers (Chapman, 1987; . 

Caldwell et al., 1992; Tumbull, 1995; Purkiss, 1996), but never for a full cycle of gait. 

Purpose 

This research project had two purposes. The fht was to quanti.@ the d i f rence  between 

the absolute power and absolute work methods in measuring gait efficiency and secondly to 

determine whether absolute power could detect diEerences between types of gait. This was 

achieved through testing its sensitivity to distinguishùig normal gaits f?om modifieci gaits, where 

the modified gaits were presumed to require greater amounts of intemal work 

Delimitations 

There were restrictions to what could be done in a laboratory setting. For instance, the 

impaired gait had to be simulated for between condition cornparisons of single subjects and the 

sample sire was necessarily small for processing facility. Additiondy, the gait of each subject was 

compared against hidher own previous trials. The purpose was not to establish wallcing patterns of 

individuals but to compare changes in gait due to restrkted joint motion. 

Three-dimensional e g  was subject to errors in three areas; errors due to camera 

synchronization, the number of cameras, and calibration. A minimum of two cameras had to see 

each marker at alI times. When filming with three wneras, as was the case in this study, some 



rnarkers may not have met this requirement for every frame, depending on the movement under 

investigation, thus some interpolation may have been requùed for the gaps. The cameras should be 

positioned so that the optical axes ofthe cameras intersect at somewhere between 60' and 90°, to 

maxïmke the view of the markers. Errors due to calibration were avoided by calibrating with a 

three-dimensional object as large as the field-of-motion and by running lens error-correction 

software. 

The use of a serni-automated digitizing system has both advantages and disadvantages. 

Human errors were reduced but the system was affected by the sue, shape and contrast of the 

markers. The system did not have the capacity to distinguish between merged or partially obscured 

markers so some of the digitking was done manually. 

Limitations 

Filming was three-dimensional and the body was assumed to be composed of ngid 

segments with constant moments of inertia about the joints. Three-dimensional filmùig was 

assumed to provide an accurate representation of the event under investigation. 

Joints were considered as hinge joints with stable centres of rotation. Ground slippage and 

energy recovery f?om the ground were also assumed to be negligible. There were assumed to be no 

dissipative forces within the joints such as fiction and viscosity and the joint forces were assumed 

to act through the joint centres of rotation (Quanbury et al., 1975). 

Justification 

The absotute work method was used to determine the efficiency and totd work done by 

sumrning the potential energy, the translational and rotational h e t i c  energies of a l i  the segmental 

centres of gravity. The type of energy transfers permissible, between and within segments, are 

determined arbitrarily by the researcher. The energy transfers are not Limited by theory or the 

mathematics of the solution. The equation can be mod5ed to suit the convenience of the user, by 

surnming the segmental energies at difYerent points of the solution, energy transfers rnay be aiiowed 

or not. 

This method provides an estimate of the work done, but is limited in its application to gait 



rehabilitation. The major reason for this is that calculations from the segmental centres of gavity 

do not allow tracing the energy or inefficiency to its source. Due to current limitations in 

biomechanics the source would be a net moment and not an individual muscle force, although that 

is the ultirnate goal. 

Idedy the values obtained fkom mechanical efficiency calculations would correlate highly 

with metabolic efficiency but again limitations in the measurement of mechanical efficiency 

preclude this (Williams, 1985). Factors such as storage of elastic energy, muscle viscosity, 

biarticular muscles and Our inability to track the energy resulting from these factors, prevent 

metabolic and mechanical measurements &om correlating (Williams, 1985). Of course, the largest 

obstacle is in the definition of work itself; negative mechanical work is equal but opposite in sign to 

positive mechanical work In physiological terms this does not apply; negafive work requires less - 

metabolic energy than positive work (Abbon et al., 1952). Nevertheless, it might be advantageous 

to know how close the mechanical values can be to the metabolic values with the exclusion of 

these factors. 

The absolute power rnethod determines work and efficiency values by integrating the 

powers produced by the net moments of force. It also seems to provide adequate values and, 

although promising, it has not been thoroughly empirically tested. More research is necessary to 

establish where and when the method is applicable. 

Although measures of extemal work have been in existence for years and they reveal 

vaiuable information, intemal work is much more valuable in determining the various causes of 

inefficiency, in pathological, as weil as normal gait. Both methods can arrive at values for internal 

work and some researchers (Quanbury et ai., 1975) have stated that the absolute work method 

may yield more accurate values because of fewer and less drastic assurnptions.The absolute work 

method, however models the body as a system of point masses, rather than as a linked, rigid body, 

system. Although the linked segment mode1 does require more assumptions (hinge joints, stable 

centres of rotation, rigid segments, etc.), it is clearly more realistic. In fact Noman et al. (1976), 

have shown that a Luiked, ngid body, system clearly does not behave as a system of point masses. 

The absolute power method has been found, theoretically, to be the ody valid way of detennining 

internal work (Aleshinsky, 1986). Robertson and Winter (1980) showed that the assumption of the 



segments as rigid bodies is valid except for the foot at toe-off and heel-strike. 

One goal of this research was to show that the method was suitabie for rehabiïtation and 

gait assessment. If an objective method can be developed and improvements in gait efficiency 

quantiflied, gait rehabilitation would also be more efficient and precise. As Cavanaugh (1985) has 

stated, it is quite often the most inefficient looking gait which is the most efficient, even to experts 

in the field. 

Whiie it is tme that metabolic rneasurernent reveals the energetic cost of gait, it is a gross 

value and does not direct us to the root cause of the inefficiency. The causes of these inefficiencies 

in pathological gait range fiom cocontractions, isometrk contractions, jerky movements and lack 

of energy conservation (cf Winter, 1978). Although research seems to indicate that both methods 

yield values which are quite similar, the absolute power method has no arbitrary Limitations (re: - 

within and between segment enzrgy transfers) and much greater poteritid for tracing energy 

deficiencies to their sources. 



Chapter 2: Review of Literature 
Interna1 work 

The amount of energy we use in locomotion cm be measured through physiological meâns 

by determining the oxygen consumption, but this does not teLi us hÔw efficient we are. 1s energy 

lost in between the time the muscles release chernical energy and the thne a motion is executed? 

Ifwe were to measure oxygen consumption to determine metabolic cost and find the extemal 

work, the resulting external work einciency is the same as that given for engines: 

Wmter (1978) has dehed  mechanical efficiency: 

In other words, rather than obtaining the efficiency in movhg the body only, it is important to 

include the work required to rnove the segments relative to the body (interna1 work), as well as 

relative to each other. The only known way of measuring the internai work is through mechanical 

analysis of the movement. 

htemal work is a crucial variable in the equation since during lowmotion across a level 

surface this is where much of the energy seems to be used. Factors such as concentric muscular 

contraction, energy transfers among segments, elastic energy storage in tendons and ligaments, 

eccentric contraction, viscosity within the muscle and limitations in joint range of motion all 

contribute to the variation in interna1 work and consequently they affect the overall efficiency of 

any motion (Wiarns, 1985). 

Over the past century at l e s t  hvo dserent methods have evolved in an atternpt to quanta  

these values. One is the absolute power method and the other, the absolute work method. The 

absolute power method uses inverse dynamics to determine joint moments of force and 

consequently the power produced. From these, the intemal mechanical work done at each joint is 

deterrnined and summed throughout the body. The absolute work method cornputes the energies 



associated with each of the segments and sums them to obt2in the total intemal work done. Fenn 

(1929) was among the £k t  to use the body's centre of mass as a means of tracing the potential and 

kinetic energy of the system, through kinematic analysis. 

Absolute Work Method 

Fenn filmed and anaiysed one complete cycle of four separate sprinthg trials. The 

displacement of the centre of gravis. of the body and the h b s  were traced both verticaily and 

horizontaiiy. This information led to the finding that opposing limb movements reduced the general 

motion of the body's centre of gravity. He also found that the velocity of the head was p a t e r  than 

that of the hips if the body was airborne, but during foot contact the opposite was true. 

Using a wooden force platform, FIM's initial energy measurements showed that upon - 

foot--strike 0.34 horsepower (E-Ip) was lost but at p h - o f f  0.50 Hp were gained. Due to the 

diEerence between the two he concluded that 0.16 Hp was the force ofwind resistance. Using the 

same techniques he found that the power generation of the human body in sprinthg was 3 -00 Hp, 

this was later s h o w  to be in error m i t e r ,  1979). Wmter (1979) found that due to the exclusion 

of withùi and between segment energy changes, Fenn's value for mechanical work was an 

overestimation. Interestingly, Fem's analysis showed that upon foot-stnke there was no knee 

flexion occurrhg despite obvious energy loss. He took this to mean that energy storage was 

o c c e g  in the knee extensors. 

Fenn's theory was that all work was done by the segments to move the centre of mas, 

however, with this approach intemal work was neglected. Three important elements were ignored, 

the f i s t  being the possibility for energy exchange between the segments, as well as energy transfer 

within segments (Le., fkorn potentiai to Ignetic) (Wiiter, 1978). The last item concerns the zero- 

work paradox (Aleshinslq, 1986). Fenn had not considered that in moving two limbs in opposite 

directions by an equal amount, although the centre of mass does not change, energy is nonetheless 

required for both motions (Purkiss & Robertson, 1996). 

Cavagna et al. in a series of papers ffom 1963 to 1977 continued with Fenn's approach of 

Wing the energy from the body's centre of rnass. This method, ongindy was based on 

integration of accelerometer data and derivation of kinematic data to obtain displacement of the 



body centre of m a s  Later it was based on Newton's second law @-a), where the integral of 

acceleration or force (from kinernatic and force platform data) divided by the mass gave the 

velocity. The work done was then cdculated fkom the velocity. 

In 1963 (Cavagna, Saibene and Margaria), the data were collected by attaching a 3D 

accelerometer to the lumbosacrai segment of the back Five male subjects, between the ages of 22 

and 28, ranging in height h m  160 to 195 cm, were fïimed at 3 2 fiames per second in the sagittal 

and frontal planes while walking (some in shoes, some barefoot). The fiim data were used in 

determining the position of the h b s  relative to the torso. The data for torso displacements 

between the two methods, film and accelerometer, dEered by 8%. 

In addition to ploaing the resultant vector of the centre of mass at various points, work 

was aIso calculated according to: 

where: 

These equations assume that the centre of gravity does not move in relation to the trunk. The work 

in the vertical direction was calcuiated assuming thît a, = a, = O, while the work done in fonvard 

displacement (WJ was found fkom the dflerence in kinetic energy in the trunk as a result of speed 

changes. 

where, A = v, - v, 
The work done in the lateral direction was assumed to be minimal and the sum of W, and W, 
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(where W,, is the work in the vertical direction, and W, in the lateral direction) was said to give the 

overall external work ('Wb& They acknowledge that positive and negative work cancel each other 

out (zero-work paradox), but propose no solution to this dficulq, other than to say that 

physiologically it is not, in fact, zero. The extemai work was found to reach maximum values at 

about 4 km/h and at the same speed interna1 work was thought be negligible, although it was 

thought to nse as speed increases. The analysis was based on the assumption that a walkuig human 

could be rnodelled as a system of points interacting with the ground. Forces acting within the 

system were said to be the internai forces and those acting on the point system were the externai 

forces. Since, according to Newton's third law, a force exerted on a system WU have an equal and 

opposite reaction force, the internai forces were assurned not to lead to a displacernent of the 

centre of gravity because the resultant force would be zero. The extemal forces were said to be the 

only ones resulting in motion. The purpose of internai work was to overcome muscle viscosity, 

sustain isometric contractions and perform equal and opposite movements. 

The sarne type of analysis was performed on running in 1964 (Cavanga, Saibene and 

Margaria). The extemal work was found to be independent of speed at approxhnately 0.25 

kcaV(kg.m), with the efficiency at between 40 and 50%. The high values of efficiency were 

assumed to be the result of elastic energy storage that was said to contribute a s  much as half of the 

total external work. 

These analyses ignored the fûil impact of intemal work, despite its lack of effect on the 

centre of graviSr it may nonetheless require mechanical energy to perform. They aiso mistakenly 

modelled the body as a system of point masses, which Norman et al. (1976) later showed to be in 

enor. 

In 1966 a somewhat dEerent analysis of walking was done (Cavagna and Margaria). Data 

were coilected fkom two force platfoms, one recording the vertical force and the other recording 

the horizontal force, othenvise the procedure was the same as before. In cornparing the results of 

walking and mnning trials, it was found that the largest di8èrences existed in the phase of potential 

and kinetic energy variation. In running, both were found to increase and decrease together, but in 

walking they were out-of-phase. 

Intemal work was found to be sigdicantly larger in "fast" walking than ninning. They 



speculated that there was more isometric contraction and more in accelerating and decelerating the 

limbs during wallang than for ninning. The extemal work in running, on the other hand, was said 

to be due in large part to elastic recovery of stored energy, thus the seemingly odd discrepancies. 

Yet the analysis repeated the errors found in previous studies, thus the results must not be 

considered dehitive. 

In 1976, Cavagna, Thys and Zamboni used ten male subjects between the ages of 22 and 

3 9 years, ranging in height h m  1-60 to 1.95 rn for a similar analysis. At this point in tirne, due to 

the advancements of technology, a strain gauge platfonn was used to rneasure both the horizontal 

and vertical components of the ground reaction forces. The platform was large enough to measure 

the forces of both feet in walking trials. 

New uiformation obtained in this study pertahed to the recovery of mechanid energy, - 

which was measured at 65% (for intermediate speeds). Recovery was defined to be the 

conservation of energy from one form to another (Le., potential to kinetic). In rumng, the 

recovery was found to be minimal (0-4%), probably due to the sirnultaneous nse and fall of both 

kinetic and potential energy levels. 

A simple mode1 was tested where the body was assumed to be an inverted pendulum rotating 

about the contact foot. It was only found to be valid for speeds between 3 and 7 km/h. No 

researcher has since purmed this modd for additional infoxmation, but other improvements to the 

absolute work approach have been made. 

One of these improvements was also in 1976, when Norman et al. made one signifïcant 

modification to tbis approach. They solved the zero-work paradox by taking the absolute value of 

al l  work done, whether positive or negative, and labelled it pseudo work. In doing this they used 

the following equation, separating the energy components into, potential, translational kinetic and 

rotational kinetic. They claimed that this accounted for a continuai physiological cost of both 

positive and negative work: 



where TPW = the total pseudo work per stnde 

N = the number of h m e s  per strïde 

S= the number of segments in the model. 

i and j = the segment number and fiame number 

m= mass of the segment 

g = gravitational constant 

cg= moment of inertia about the mass centre 

y= vertical position of the segment 

CF absolute angular velocity 

v= resultant translation velocity 

They tested thee abjects at three different levels on the treadmill, which corresponded to 

50, 66 and 100% of maximum oxygen consumption @NO& The physiological cost was 

calculated in three diEerent ways; 1) no adjustment for pre-exercise VO, or gross aerobic values, 

2) pre-exercise subtracted fiom exercise level or net aerobic work, 3) adding the average recovery 

VO, per minute (anaerobic) to the exercise (net aerobic) values, also per minute. These results 

varïed the mechanical efficiency cdculations and the obtained values by as much as 8%. From the 

equation used, pseudo wcrk was separated into kinetic and potential components. Translational 

kinetic energy was the largest portion at 85%, potential was next at 10% and fuially rotational at 

5%. 

The authors concluded that the mechanical efficiency should be calculated using net aerobic 

plus anaerobic physiological work They also suggested that inclusion of negative work was 

arbitrary, but would either over or underestimate the efficiency value obtained. 

Previously, one of the major incorrect assumptions had been that the ngid linked segment 

system behaves as a point mass system. Norman et al. (1976) proved that this was in fact incorrect. 

It is important to consider the impact of the segments on the centre of mas.  However, despite 



using a iinked segment model, they did not account for between segment and within segment 

energy transfers. 

Also in 1976 Wmter et al. tested 5 subjects, filmed for three or more strides, where the 

total energy was the sumrnation of the energy of each segment (KE+ PE+ RE). There were 

assumed to be no lateral variations in energy, as in Cavagna (1963) and both the linear and angular 

velocities were absolute quantities in space. 

They concluded that the torso acted as a conservative system, interchanging about halfof 

its kinetic and potential energy. The shank was found to be the least conservative of al l  the 

segments, having the largest total increase. Rotational energy was declared minimal everywhere 

except in the shank where it contributed 10% of total. This study did not account for between or 

within segment energy transfers. 

1t was not until three years later that the possibility of the iinked segment system ailowing 

transfer of energy Erom one segment to another or corn p otential to kinetic in one segment, was 

exploited by Witer (1979). As stated earlier Wmter (1979) defuied net mechanical efficiency and 

refined the concept of intemal work as being the sum of aU the energies: potentiai, kinetic, 

rotational of ail the segments. Total work was defined as: 

including both positive and negative work. This technique, as proposed by Wmter for the k t  

time, incorporated ail aspects developed thus far; inclusion of potential and kinetic cornponents, 

exchange of energy within and between segments, both positive and negative worlg and 

consideration of the zero work paradox. 

The definition of mechanid efficiency proposed by Wmter (1979), akhough a good 

attempt at standardization, did not incorporate the various methods of determinhg metabolic cost 

(Norman et al., 1976): 



Wmter did, however, irnprove on Norman et aL7s (1976) pseudowork by summing the potential, 

kinetic and rotational energy in each segment independently at tirne f ,  thereby accounting for 

between and within segment energy exchmges, giWig the totai body energy &,): 

The data were coilected f?om eight subjects f i e d  walkïng at various speeds, with markers placed 

to define five segments up to the mid torso. Data for the right side was digitized, copied and 

shifked by one-haif stride based on the assumption of symmetrical gait. 

A cornparison was made of the body centre of gravity and the sum of segmentai energy, - 

showing a clear and rather large dEerence (16.2%). This dserence was due, in large part, to the 

fact that reciprocal rnovements did not cancel in the sumrnation of segmental energy. The interna1 

mechanical work done was calculated to be 1.09 T/(kg-m). This is a clear illustration of the 

magnitude of error which Cavagna et al.'s (1963-1976) methodology, which did not account for 

reciprocal movements, induced in the results. 

Concurrently, the absolute work analysis was applied to pathological gait, the only such 

study found (Wiiter, 1979). In this paper four potential sources of inefficiency were identified, the 

first bekg cocontraction. Isometric contractions against gravity, jerky movements and Iack of 

energy conservation were also included as possible sources. 

In cornparison tu the normal mechanical work value of 1.09 J/(kg*m) the values obtained in 

pathological gait, ranged fiom 1.07 J/(kgrn) for a knee replac&ent patient, 0.63 I/(kg.rn) for a 

patient with an amputation and 1-89 J/(kg*m) for a patient with hemiplegia The value obtained in 

the amputee case may seern quite low, but it was generated by a single leg. 

Pienynowski, Wmter, & Norman (1980) attempted to extend the degree of information 

that could be obtained using this method. The purpose of this research was to determine the 

amount of energy transferred between adjacent segments as weli as within individual segments. Six 

male subjects were filmed in treadmill wallcing, using an eleven segment mode1 for analysis, head, 

arms and torso (HAT), three segments per lower limb and two per m. The work was calculated 



using : 

The energy transfers were calculated using T, = W, - W, , where T,, is the energy transferred 

both ways, between and within, and W, is the sum of the absolute changes of ail the semental 

energy sources over time. A value for between segment transfers was given by Tb = W, - W, and 

within segment transfers were given by T,=T, - Tb. 
The energy variations of the m s  were found to be low (59 and out-of-phase. The intemal 

work rate was measured at 33% of the total work rate and 335 W or 67% of the total work rate 

came from energy transfers. Since the standing metabolic cost was subtracted from the w W g  - 

rate, the overaii mechanicd efficiency was high at 65%, dthough it should be noted that this 

efficiency included only extemal work Thus, only about one-third of the energy change, the 

interna1 work, could be attributed to muscular work Based on this research it would clearly lead to 

serious error if the energy transfers were omitted. 

In 1981 the same researchers used this methodology to evduate load M a g e  devices and 

showed sirnilar results. One-third of the total work done was by exchanges within segments and 

another third between segments. The largest increase was in the load itselfand there were no 

alterations in gait patterns by any of the six male subjects. 

Attempting to improve the accuracy of measurement, Zarrugh (1981) did a three- 

dimensional analysis of walking, using a seven-segment mode1 including the HAT, thigh shank and 

foot of each limb. Metabolic energy expenditures were measured simultaneously with the iilming 

trials at speeds ranging f?om 0.9 to 2.2 m l s  on a level treadmill. 

Results consistent with those recorded by previous researchers using this method were 

reported. The major energy changes in the Limb were found to be in the swing phase and 

acceleration of the limb begins at the hip. Rinetic energy was found to be the largest contributor to 

torso energy which was also found to be relatively constant. Again, rotational kinetic energy was 

considered minimal with a maximum of 6% in the shank. 

In level walking, the energy level of any segment was found to Vary constantly, this was 



considered to be the result of intemal work exclusively, although intemal work was not calculated 

in the study. In fact extemal work was calculated cons ide~g  only positive work, which resulted in 

overestimation of efficiency values. The values reported range from 9% at 0.84 m/s to 23% at 1.7 

d s ,  decreasing when the speed rose beyond this value. We can thus conclude that three- 

dimensional analysis does not sigruficantly enhance the results, at least for a planar activity. 

In 1983, Cavanagh and Wfiams did another three-dimensional analysis but tbis tirne 3 1 

subjects were used in overground running trials, during which t h e  metaboiic oxygen consumption 

values were also recorded. Several methods of detemiining uistantaneous energies were compared: 

Norman et al., 1976; Winter, 1978; Pierrynowskï, 1980; and Zamgh, 1981. Before the total cycle 

power was calculated and cornparisons between mechanical and metabolic power outputs 

occurred, some modifications were made. Mechanical power was changed to account for between 

segment energy transfers, elastic energy storage, the diaerence in cost of positive and negative 

work and passive musculoskeietai resistance. They developed an equation which is meant to 

directly 1in.k mechanical and muscular work: 

PTOT = (1 -ai)(l -bj)TPOS + 
%-G 

dl 

where q = the fkaction of TPOS attributable to between segment energy transfer. 

bj = the fraction of (La JTPOS attributable to elastic storage. 

c, = the &action of total negative power. 

d , = the relative metabolic efficiency of negative to positive muscular power. 

PTOT= the total mechanicd power. 

TPOS= total positive power, assuming complete w i t b  segment enegy exchange. 

TNEG= total negative power. 

The d u e s  of mechanicd power for mnning at 3.57 rn/s ranged fiom 273 W to 1775 W. Transfers 

of energy between segments were found to have a signincant eEect on the finai power output, with 

the best values occurring if total transfer was allowed. As a result of the compensation for positive 

versus negative cost of energy the efficiency values were slightly higher than expected at 44%. 

With a goal of distinguishing between dEerent types ofgait, Holt et al. (1991) also applied 



Pierrynowski's protocol in comparing the metabolic cost walking at a preferred stride fiequency, 

versus walking at a forced fiequency. The metabolic cost of the preferred and forced frequencies 

were not significantly dserent, although a U-shaped oxygen consumption curve was observed and 

the preferred eequency was at the minimum. 

Internai work was also calculated and was found not to be significantly dserent between 

frequencies at a constant speed. In the trials where sîride length was varied, however, intemal 

work increased linearly as the eequency increased. Perhaps gait types where the stnde length is 

aEected may show greater diEerences in mechanical cost. 

Muietti, CapeIli, Zamparo, diPrampero, & Saibene (1995) also looked at the effects of 

fkeely-chosen stride eequencies (FCSF), versus irnposed fkequencies. The methods used were 

those of Cavagna and Kaneko (1976), detailed extensively earlier. Metabolic measurements were - 

taken simultaneously, with the filming of six males during treadmill walking. The standing value 

was subtracted fiom the work values. 

Metabolic expenditure was in fact minimized at FCSF but external work was a better match 

to the metabolic cost than the total work was. The authors stated that removing methodological 

assumptions of energy transfer between segments and accounting for CO-activation of antagonistic 

muscles, might improve the match. They aiso stated, unequivocally, that up to then this method 

was the only one capable of explainhg the optimum stride fiequency of walking. 

In 1995, illustrating the arbitrary determination of dowable energy transfers, Wdems et 

al. determined that when using the absolute work method of calculating worlg intemal work was 

most accurately represented, ifenergy transfers were ody allowed between segments of the same 

limb and not between limbs or between the lirnbs and the centre of mass of the body (WiUems et 

al., 1994). This was done using a modzed version of the Cavagna et al. (1963,1964,1966,1976) 

equations, to account for transfers of energy. 

They concluded that previous values concerning mechanical efficiencies in walking and 

running as detennined by Cavagna et al. (1963,1964,1966,1976) remained "substantially correct". 

This despite evidence that the Cavagna method was incorrect. 

Absoiute Power Analysis 

The absolute power method of tracing energy in the body during movement has evolved 



slowly over the years. Elftman (1939) initiaily used a power analysis to describe the moments of 

force in the lower extremity duhg wallcing. He developed a force plathm for the purpose of 

determinhg the ground reaction force in gait. Using D'Alembert's principle of equilibriurn of 

forces in a segment relative to a reversed effective force, the unknown force could be solved. The 

reversed effective force being equal to the mass of the segment multiplied by the acceleration, both 

of which were known. The mass of the foot was known fiom anthropometric data and the 

acceleration was known from the cinematic record and the kinematic analysis (through double 

differentiation of displacement). The only unknown force on the £Üst segment was then the joint 

reaaion force which was easily calculated. The joint moments could then be calculated by 

sumimation about the opposite end of the segment in question, this could be done in sequence until 

al1 the forces in the limb were known. This process is now known as inverse dynamics. 

EKtman calculated the net joint moments generated in more than one full cycle of gait, that 

is fÏom the beginning of right foot stance through left foot stance to the end of the next right foot 

stance. He then used these values to trace the "rate at which work was done on or by the various 

component s of the sy stem", since the forces, moments and velocities of theû points of application 

were known. In this way he combined the power analysis with an absolute work approach to 

evaluate energy flow through the body, acknowledging that transfers of energy between segments 

were possible- 

The conclusion was that muscles regdate the energy distribution of the body by supplying, 

absorbing and tramferring kinetic and potential energy. Only the leg was evaluated, consequently 

the analysis was limited. Nevertheless, he stated that "it is not the innate mechanical structure of 

the body which limits Iocomotor efficiency, as much as the imperfect qualification of muscle tissue 

for the functions it is called upon to perform". 

Bresler & Frankel(1950) also report using inverse dynamics, in de sd ing  the "intemal 

force systerns". They plotted the displacement of the ankle, knee and hip for one wmplete stride as 

weli as recording the ground reaction forces for walking trials in four subjects. With this 

information, they were able to graph the joint force histories and the joint moments, spending 

between 250 and 500 hours of work per subject, calculating by hand. They acknowledged that the 

'%variations in forces and moments in the leg joints are closely related to the mechanical finctions 



of the leg in walking." 

Quanbury et ai. (1976) published the first study comparing the results of two methods of 

determining energy flow in the body during gait. The goal of this research was to calculate the 

instantaneous power of body segments, using the power equations described by Elftman (1 939) 

and inverse dynamics. The absolute work equations, where the energy was found fkom kuiematic 

data using the potential, kinetic and rotational energy were used for cornparison, the power given 

by taking the tirne derivative of the energy. 

The authors suggested that due to fewer required assumptions the segmental energy 

equations may have been more accurate. The power analysis assumptions of ideal hinge joints, a 

constant moment of inertia about the joint, no dissipative forces acting and joint forces acting 

through the joint centre of rotation. Nevertheless agreement between the two values in three triais 

was quite good, as can be seen fiom the curves although no empincai value is given. 

Building on ELftman7s study this research showed that energy could be supplied or removed 

in a segment through the power produced at a joint centre and that the energy of a segment could 

be modified by the joint moments at each end of the segment. 

Cappozzo et d. (1976) used a similar method. They f i lm4 one stnde of a rigid segment 

Linked model, including the foot, shanlg thigh, pelvis and HAT (head and trunk), in the sagittal 

plane. They recorded the ground reaction force and electromyograph (EMG) of thirteen major leg 

muscles. ~ror&hese data they obtained the velocities and accelerations of the body segments, the 

joint moments and the work done by those moments as well as the energy levels of the various 

segments of the model. The subjects in this trial had markers only at the hip, knee, ankle and 

metatarsal-phalangeai joints. The kinematic variables were shifted by half a stride to represent the 

other h b .  From these kinematic variables the energy levels of the segments were found ushg the 

following formulas: 



where Tj is kinetic energy and vj is potential energy, m and J are the rnass and moment of inertia, z 

and x are the coordinates of the centre of gravity and K is a constant. 

The potential energy was also calculated &om double integration of the acceleration of the 

body centre of mass, to obtain displacement, which was then used to find potential energy. The 

hiro methods were within 10% of each other, vaiidating the use of the absolute power method. 

The reçults were very similar to previous three-dimensional analyses, which supports the 

use of two-dimensionai analyses since they are no Iess accurate. In the study, Cappozzo et ai. 

found that the energy of the torso was very conservative. Although transfers of energy between the 

torso and the limbs were considered, the Iack of absolute angular velocity data precluded transfer 

of energy between segments (Winter, 1978). Despite the fact that their model failed at heel-strike, 

Cappozzo et al. (1976) suggested that their model rnight be used to study variations in energy flow 

such as in pathological gait. 

Robertson and Wmter (1980) reported on the absolute power analyses of eight walkùig 

trials of two male subjects at four walking speeds, includiig both stance and swing phases of gait. 

They also compared the energy supplied to the segment by joint and muscle (i-e., absolute power 

method) to the rate of mechanical energy change (Le., absolute work method) in the segment 

(£tom kinematic data). 

They used the work-energy theorem to d e t e d e  the rate of mechanical energy change in 

the segment. Theoretically, the two methods should give equal values to the sum of the net 

moments, joint force powers and the t h e  derivative ofthe segments mechanical energy fiom the 

cine record (Quanbury, 1975). The rate of work or power done by the joint force for segments at 

joint j is: 

The rate of work done by the muscle moment is: 

The rate of energy change for segment s, at time t, was defined by the sum of potential, 



kinetic and rotational kinetic energies al l  obtained nom kinematic data: 

m(s) = mass of the segment 

& = moment of inertia of the segment 

y(s,tl) = height of the centre of mass at time t 

v(s,tl) = linear velocity at time t 

oz(s,tJ = angdar velocity at t h e  t 

The question in this research was which one leads to greater error. The largest diierence - 

between the two power values was at heel-strike and late push-ofS where the energy change 

stayed relatively stable and the power summation fluctuated, otherwise they correlated very weil. 

So the joint and muscle powers were found to be valid at all points except for neel-strike and late 

push-oE The role ofjoint powers was found to bé as important in trachg energy changes as the 

role of the muscle was in generating and absorbing energy. This paper did not take the step which 

would have lead to efficiency values. It was, however, in determining that joint powers and 

moments were a viable alternative to using segmental energies. 

Chaprnan and Caldwell (1983) used the absolute power method to follow the energy input 

to segments of the limbs in the recovery phase (leg swing) of treadmill sprinting. To this end they 

assumed nom previous research that muscles crossing a joint would have a direct effect on the 

energy of segments adjacent to the joint. An indirect effect, was theorized, on the energy of the 

segment distal to the joint crossed by the muscle, resulting fiom the joint forces generated at the 

joint in question. 

They filmed two fernale s p ~ t e r s  on a treadmill, using markers at the iateral malleolus of 

the ankle, the kme and the greater trochanter of the hip. The instantaneous energy, the joint force 

and the moment power was calculated as described by Robertson and Wmter (1980). A 

comparison between the two methods showed a less than one percent difference in the h a 1  energy 

values and the profiles were considered to be similar to previously reported data for wallàng. 



Again, the power analysis was used to supplement the energy andysis, which reviewed the 

intersegmental and interlimb exchanges. There is no mention in the paper of intrasegmental energy 

changes, but the results further validate the power analysis as being comparable in accuracy to the 

energy analysis in tracing the energy. 

This and many other studies avoided analysis of a full gait cycle, due to fact that energy 

values would amount to zero over a fidl cycle, since the centre of mass retums to its original 

position (Winter, 1978). Although, Wmter (1980) had suggested before this point, that the 

absolute value of the energy might resolve the zero-work paradox (Aieshinslq, 1986). 

In 1979 Winter suggested a method of calculating mechanical energy, which he said would 

be the closest reflection of metabolic cost (W,). This method was supposed to account for energy 

transfers, within and between segments, but Chapman et al. (1987) suggest that it did not consider 

that these transfers could occur with differential muscle costs. It cm be shown that W, as 

described by Wmter (1979) is equal to: 

Rather than integrating over time before summing the values at each joint, Chapman suggested 

integrating after. The justification was that this would allow for equal and possibly opposite sign 

moments, at two joints, to be added without cancelhg each other before integration, giving a 

more accurate estimate of power. Hence Chaprnan et al. proposed T, of the total body work 

calculation: 

In this study they collected data on one male subject in four dinerent styles of running. The 

results showed that, as expected W, did underestimate the muscular cost. Of note, there was oniy 

a difference in the nonpreferred styles of wallcing, that is with exaggerated knee flexion, hip 

flexion, straight lirnbs and stiff laiees. 



Ail this research has lead to the definitive work of Aleshinslq (1986). With the first in a 

series of papers, he examùied a one-link system. In applying the classical definition of work or the 

integral of force multiplied by velocity, problems were encountered relative to what he referred to 

as the zero-work paradox. He questioned the validity of the absolute work method of determinhg 

work due to the deviation from classicai mechanics in order to avoid the zero-work paradox. 

The forces and moments were defined as "sources" whether energy was generated or 

absorbed by them, positive or negative. The potential and kinetic energy states of each segment 

were defhed as energy c'fractions". 

According to Aleshinslq, there were several different types of sources and he used them to 

explain energy generation, absorption and transfer in the system. Thus, the energy transfers were 

directly linked to the source of energy in the system. This was unlike the absolute work method in 

which the energy transfers were designated arbitrarily. 

Sources were said to have the capacity to change any type of energy, either within a 

segment or fkorn one segment to another through joint forces or moments. Ifa source could 

influence transfers between energy fractions the source was said to be compensated. 

Intercompensation was described as an energy decrease, of any fraction in one segment and 

the sirnultaneous increase either of another &action in the same segment or any fiaction in another 

segment. This is the way that two-joint muscIes were thought to transfer energy between 

segments. 

Finally, recuperative sources were those which stored energy to be retumed to the system 

at a later t h e .  According to the theory, both recuperative and intercompensating sources, were 

not natural to the system. Thus, the model did not allow for elastic energy storage or transfers 

fiom two-joint muscles, both of which are thought by many to be energy savhg mechanisms 

(Welis, 1988). According to Wells (1988), the estimated savings contribution of the two-jouit 

transfer mechanism is on the order of 11%. 

Even with a one segment system, several assumptions were made. Most were the 

conventionai assurnptions of a rigid iïnk model, fictionless joints, an inertial rectmgular system, 

constant segment parameters and a resultant force of zero at the lateral segment surfaces. The last 

assumption concemed transfers of energy, since the segment is unique, a l i  sources were 



compensated. 

In the second paper, this scenario was expanded to a multi-link model. It was detemiined 

that joint forces could only redistribute energy through the body and could not actudy change the 

body's total energy. Extemai energy was defined as the energy of the general centre of mas, while 

intemal energy was said to be the energy of the lirnbs relative to the generai centre of mass. It was 

shown in this section that the sum of extemal and internai work was not equal to the mechanical 

energy expenditure, due to the potential of power sources to influence the intemal and extemal 

energies out-of-phase with each other. 

In the third paper the issue of mechanical efficiency of the point mass system relative to a 

link system was addressed. Aleshinsky showed that calculations of efficiency using a point mass 

system were incorrect due to the introduction of imaglliary forces. He suggested two mechanisns- 

for reducing the mechanical energy expenditure; by taking advantage of the antiphase fluctuations 

of rotational and translational energy (whip transfers) and using the fluctuations in potential and 

kinetic energies in the same fashion @endulum transfers). 

The fourth paper made a case against the use of W,, W, W, as means of determinhg 

energy transfers (Pieqowski, 1980). Only W,, the author said, would be usefil as the lower 

Limit of mechanical energy expenditure (MEE), being equal to MEE when dl the joint powers had 

the same sign and there were no extemal sources of energy. 

In the final article, efficiency in the multi-link system was addressed. Sources of greater 

eficiency included the mechanisms stated previously, in a single link system; whip and pendulum 

transfer. In addition, two other mechanisms were proposed, transfer between links by joint forces 

and through joint moments. 

These amcles htroduced some revolutionary concepts, bndging the gap from joint power 

analyses to work and efficiency. Nevertheless, it was several years before any research was done 

on using the new methods. There are, however, still some limitations and it remains to be seen, in 

practice, how the exclusion of two-joint muscle transfers and elastic storage of energy affect the 

total energy of the body. 

Caldwell and Forrester (1992) were among the k t  to test Aleshinsl@s ideas. Data fkom a 

single male subject was used to examine the diifferences between absolute work and absolute 



power models (as described by Aleshinsb 1986) used to calculate work and energy transfer tenns 

in the swing phase of walking and running. Data were collected on an outdoor track, precluding 

the use of a force platform. Also, as in other studies where the absolute power model failed at heel- 

strike, these authors acknowledged this shortcorning. They stated that the occurrence was due to 

the foot not responding as a rigid body, causing elevated powers and overestirnation of the 

instantaneous energy level of that segment. 

Siegel et al. (1996) c o b e d  this, using several markers on the foot and cornparing two- 

dimensional with three-dimensional filming. They foiind that three-dimensional füming using both 

proximal and distal terms produced the best results, preventing the model breakdown seen in the 

two-dimensional model. 

The absolute power model applied in the Caldwell et al. (1992) study was that developed- 

by Aleshinsky (1986). Eleven dinerent power sources were designated for any given segment; the 

joint powers and moments at each end of the segment were divided into vertical and horizontal 

components, gravity' the other four described the relation between translational and rotational 

kinetic energy or the ditrerences between segmental endpoint and the centre of mass velocities. 

Caldwell and Forrester's major cnticism of previously used texms (W, W,W,) was that 

none accurately represent the mechanicd work associated with muscular work. In other words, 

power sources other than muscle, in fidl or in part, could be responsible for a segment energy and 

these tems could not distinguish between them. Aleshinsky's equation accounted for Hrithin 

segment energy transfers occurring in two ways; 1) between translationai kinetic energy f?om 

vertical velocity w) and potential energy (PE)(ETpnidulJ, 2) between translational kinetic 

energy (KE5$ and rotational kinetic energy (RE) (ET*). Between segment energy transfers 

however, could be traced by merely summing the joint power values in the x and y direction at 

both the distal and proximal ends of the segments. Another method of tramferring energy between 

the segments, was thought to be through the tendons, at tirnes when the segmental powers at the 

joint had opposing signs. 

Segmental centres of mass were calculated fkom kinematic data, leading to the 

instantaneous energy levels of the segments. Inverse dynamics was used to find the joint kinetic 

values leading to the power sources for the segments. The work values obtained fkom both 



methods were compared and foünd to be within 3% of each other. Again substantiating the use of 

the absolute power method as an alternative to absolute work- 

Resuits showed that the energy transfers for joint forces were the largest, foilcwed by whip 

transfers, with the largest transfers being through the hip. Pendulum and tendon transfers were 

much smaller- 

The authors concluded that total body work was a more accurate measure than W, partty 

because it included both positive and negative work They gave two reasons why no distinction 

should be made between the two, the first being that mechanical work was the unlaiown. 

Mechanicaily negative work and positive work were merely opposite in sign The second reason 

was that the ngid body model was not realiy accurate due to biarticular muscles, elastic 

cornponents, cocontraction and antagonistic contraction. 

Ironically, this also gives the rigid body modei's shortcomings some Limitations for absolute 

power analysis as a means of tracing energy. Several salient points were made in addressing the 

limitations of the model and issue of eEciency. The reduction of metabolic cost is not the goal of 

aii activity and this distinguishes between mechanicaiprofkiency and eficiency. The question of 

proficiency being critical; how effectively does an individual's segmentai motion contribute to the 

final goal of the task? The model, as described in this and Aleshinsb's paper, was very usefùl in 

this respect since it can trace energy of whatever kind to its source or destination in the body. This 

is sornething the absolute work approach cannot do. 

In a continuation of Caldwell et al-'s woriq Purkiss and Robertson (1996) worked to 

cab the validity of the absolute power method of analysing energy flow, by comparing it with 

the absolute work approach- Four male and four femaie subjects were used in five trials of normal 

runnuig and one trial of each of four modXed runs. 

The modified runs were statisticaliy different fkom the mean normal run 94% of the tirne- 

Both of the trials that were not difEerent were exaggerated ann swing trials, suggestive of the 

minimal impact ofthe arms. Even in a 95% confidence interval the absolute work method detected 

inefficiencies in only 46% of the cases, compared to 93.8% for the absolute power method. 

Interestingly, the absolute work method work values were on average two or three times 

higher than the absolute power method. This was later found to be an error in the data processing 



(Robertson, personal communication). Since there were fewer power sources the energy level was 

lower than it probably should have been, resulting in a lower efficiency value. The energy in the 

system according to the model was entirely provided by resultant joint moments. 

Turnbuii & Robertson (1995) on the other hand used the same methodology to distinguish 

between trained and untrained runners using efficiency levels nom the two equations. The study 

was done comparing five runners with at least one season of varsity level training and five 

untrained mnners with no experience, ranging in age from 14 to 30 years. 

No dserences were found berneen trained and untrained runners for either the absolute 

power or absolute work methods. The power method was found to correspond more closely to 

known physiological values and it also had smaller standard deviations suggesting p a t e r  

accuracy. It was suggested by the author that running is not novel enough, even to untrained - 

runner&md, thus, there was no dEerence in efficiency. 

Summary 

The evolution of energy analysis has clearly taken two dserent paths. It was not until fairly 

recently when the potential of the absolute power analysis as a means of tracing the energy flow 

was realized. Since then it has progressed, perhaps beyond the point of the absolute work analysis. 

Using Aleshinslq (1986) as the latest mode1 this research will add to the body of knowledge on the 

subject, realizing that there are Limitations to the method. Caldwell et al. (1992) have stated that a 

full gait cycie has yet to be analyseci, paaicularly in the stance phase which is often omitted due to 

the failure of the foot model at heel-strike and toe-off (Cappozzo, 1976; Robertson et al., 1980; 

Caldwell et al., 1992; Siegel et al., 1996). 

A review of the lïterature clearly shows that the two methods, absolute work and absolute 

power, r e m  values within 10% of each other, depending on the modifications. Yet, over time 

several characteristics have proven necessary for work analysis: 1) transfers of energy, between 

and within segments, must be included and must obey the d e s  of classicai mechanics, not the 

whim of the researcher; 2) a linked segment model of the body, although requiring more 

assumptions, is more realistic; the body and it's segments do not behave as a point mass system; 

3) reciprocal movements must be accounted for; its exclusion rnay affect results by as much as 



15% (Pierrynowski, 1980); 4) internal and extemal work must be disthguished n o m  each other 

and the fact that not ali intemal work is directed to extemal work must be recognized; and 5) 

excluding the foot, three-dimensional analysis is not more accurate for a planar motion such as 

w*g. 

The absolute power method is the only one which incorporate all of these characteristics. 

In addition to this, it provides the possibility of tracing energy to its source (the net joint moment), 

a very valuable asset. Although both may be accurate in efficiency and work measurements, the 

absolute power method has much more potentiai, especially as a tool. If the method can be applied 

to pathological gait, as Wmter (1978) did with the absolute work method, more information could 

be gahed. The next step in this area would be to evaluate various pathologies and determine their 

patterns of ineEciency, as well as to see if this method of analysis (AP) can provide reiiable data as 

demonstrated during normal gait. 



Chapter 3: Methodology 

Subjects 

Eight subjects, four male and four fernale, exhibiting no pathology of any kind, were 

recruited from a student population for this study. Subjects were asked to penorm three types of 

gait: normal, locked knee and locked ankle. Five trials of normal gait were collected for each 

subject and one trial of each other type of gait. Each of the trials consiste$ of walking for 

approximately five metres. Modified walk trials were individudy compared to the unimpaired gait 

trials within the same subject'ç group of trials. Ail of the trials were collected on the same day and 

the subjects were aiiowed to practice walkuig with the braces until they felt cordortable. 

The subjects ranged in age nom 21 to 28 years (mean = 24.25) and in weight kom 50 to 

8 1.5 kilograms (mean = 66.2). The anthropometnc data used by the BIOMECH software cornes - 

fiom Winter (1990), as modified fiom Milier and Nelson (1973), segment masses were based on a 

percentage of the subject's total body mass and segment centres were proportions of the segments' 

lengths. The subject's heights ranged fiom 157.5 to 190 cm (mean 470.4  cm). 

Conditions 

The three types of gait performed were normal walking, locked knee wallcingy and locked 

ankle wallcing. Locking the knee was achieved by locking a DonJoy knee brace in the extended 

position, the size of the subject detennined their use of a srnail, medium or large brace. The ankle 

was locked with an ankle-foot prosthetic. 

Video Recording 

Each triai was filmed with three video carneras (Panasonic AG 188) at 30 Eb, set so that 

their optical axes were between 60' and 90' relative to one of the other cameras. For digitizing 

purposes the subject was fitted with Styrofoam ha-ball markers over tight, black clothing. The 

markers were placed at the ear, shoulder, elbow, wrist, hip, knee, ankle, heel, bal and toe on both 

sides of the body. Calibration of the field was done with a three-dimensional grid of dimensions 

1 x 2 ~ 2  metres. The origin of the grid, coordinates of (O, O, 0) metres, were aligned with the centre 



of the fkst force platform- Synchronization of the three video tapes was done based on the first 

heel-strike. 

Force Plafform Data 

The subject was required to walk across two force platforms such that the right foot struck 

one platform and the left foot struck the next platform. The force platform data (2 AMTI), 

recording at 25 0 Hz, in combination with video data, provided information for an inverse dynamics 

analysis. The third foot-strike, to complete the cycle, was simulated ushg the data iÏom the kt 

fout-strike. Assuming qmmetry and consistency at foot-strike, the force data were copied to 

create a third foot-strike (Cappoao, 1976). 

Absolute Work Equations 

The e x t e d  work is the surn of the change in energy of all segments, over di captured 

fiames while the intemal work takes the absoiute vaiue of the surn of the changes in energy 

surnrned over ail captured fiames. The total work is the sum of intemal and externai work: 

W, = the extemal work 

N = the number of frames in the cycle of motion 

S = the number of body segments 

AE, = the change in segmental energy 

Etn = final body energy 

E tï = initial body energy 

Wh, = the intemal work 



Absolute Power Equations 

The extemal work is the sum of the moment work over all the joints and over all captured 

fiames. The intemal work is the sum of the absolute value of the moment work, over d joints, 

over all fiames, minus the extemal work. 

W '  =extema!work 
N = the number of fiames in the cycle of motion 
W', = intemal work 
Y, =joint moment 

Oin = joint angular velocity 
~t = sampling time 
J = number ofjoints 

Externat Work 

Extemal work values should equal zero during constant speed, level walking shce there is 

no raising or lowering of the body or changes in velocity, fiom the beginning to the end of the 

cycle. Although in theory there are no vertical variations in position during a cycle of walking, 

practically these do occur. The variations can cause dficulty when selecting a cycle for analysis if 

the beginning and end portions of the cycle are not in the m e  vertical position. Pierrynowski 

(1980) proposed a correction equation to compensate for this: 

W, = CORR 

which is the same as the external work done. 



Experimental Protocol 

As a veacation of the mechanical work calculations, each subject's oxygen consumption 

while w a b g  was measured before each trial. The subjects were allowed a short w m - u p  to 

become cornfortable with the apparatus, then VO, measures were taken nom a three minute walk 

in a hailway pnor to walking over the force plaâorm- Between each triai, subjects were required to 

continue walking at a constant speed, of their choice, enforced by a metronome. 

Walking speeds were approlcimately 1.2 d s ,  set during the initiai three minute walk. Gas 

collection continued while each subject walked over the platforms and was assumed to be constant 

fiom the three minute wallc. Expired gases were measured through a mouth valve comected to a 

OJCO, analyser; the nose being clamped shut. The subjects were aiso measured while standing 

quietly for 3 minutes to achieve "steady state" (Fox 1989), before beginning to walk. This standing 

baseline value was subtracted nom the wallàng value to approximate the actual physiological cost 

of locomotion (Pierrynowski, 198 1). Knowing the net metabolic cost was an advantage in 

determinhg the mechanical efficiency: 

- w',, + w', 
T m  - x 100% 

net metabolic cost* 

*In our case, the net metabolic cost was the total physiological cost minus the standing 
physiologicai cost. 

The measured oxygen consumption value was given in litres per minute, by the TEEM 100 unit. 

The TEEM unit was calibrated using the faaory installed software routine. The value read 

irnmediately preceding the force data collection was assumed to be the usage while going over the 

plaform five to ten seconds later. The standing baseline value was subtracted fiom this reading and 

multiplied by 21,237 J (to convert Umin of O, to joules) and by the time of force collection (one 



full cycle): (V02 - standing baseline) x 21,237J x At (27) 

The subject's masses were adjusted to account for carrying the TEEM 100 unit. A mass of 

3.093 kg was added to the tnink. The masses of the segments were dso adjusted to account for 

added braces. The knee brace had the greatest mass (657 g), but was placed closest to the hip, 

while the d e  brace had the smdest mass (0.243 g) and the farthest position nom the hip. A pilot 

trial determined that due to the small amount of work done during the swing phase, neither brace 

was found to have a large effea. Neverthelesq the mass ofthe knee brace was divided by two and 

each halfwas added to the thigh and sh& respectively. The mass of the adde brace was added to 

the shank. The mass of an average running shoe (0.283 g) was also added to the foot. The 

BIOMECH software then accounted for any increase in work required by the subjects as a result 

of the added mass. 

The intemal biomechanical cost (IBC) was also calculated as a way of nomaking data and 

allowing between subjed and between trial comparisons. Where IBC is the internai work divided 

by the product of body mass and walking velocity. 

mass x velocity 

Data and Statistical Analysis 

The video data, sampled at 60 H i ,  using the Ariel Performance Analysis System (APAS) 

were processed by the BIOMECH software (University of Ottawa, D.G.E. Robertson). M e r  

eliminating the mediolateral component of the digitized information, to render a two-dimensio na1 

image, the segmental energies (for absolute work) were computed, as well as the absolute powers. 



Each of these provided different values of mechanicd energy (internai and extemal work) so a 

cornparison could be made, between them as weU as to metabolic energy cost. 

The statistical analyses performed on the data were descriptive in nature. The unimpaired 

w a k g  cost was established through caiculation of the mean of five normal trials. Detennination 

of dïerences in the modined gait efficiency was then made based on the 95% a d d e n c e  interval 

of the unmodified gait efficiency values. If the locked joint gait fell outside of the 95% confidence 

interval the trial was said to be significantly dEerent from the nom. These results were "ranked" 

as yes or no, depending on the si@cance, for each subject relative to the normal trial's mean. 

The nurnber of respective occurrences were then expanded in SPSS to a binomial probability 

distribution and the probability of obtaining the number of significant occurrences was calculated. 

A repeated measures ANOVA was done to ver@ that the mechanical work values of the 

Iocked joint conditions were equai to the normal gait mechanical work vaiues. The assumptions, 

permithg use of the ANOVq are that subjects be independently sampled fkom a population and 

that the populations of scores be n o d y  distributed and of equal variance. There is also an 

assumption of sphericity, where the variance of the dEerence scores is the same for each pair of 

conditions. Ifthis is not the case a correction can be applied (May et al., 1990). 

The independent samples ANOVA is robust to the violation of the assumption of normal 

distribution and the homogeneity of variance, but the repeated measures ANOVA is not robust to 

violations of the assumption of homogeneity of variance within conditions or the violation of 

sphericity (May et al., 1990). Violation of these assumptions leads to a Type 1 error, but, it is not a 

serious problem if a correction is applied. Even if the correction cannot be applied, the violation 

will only increase the probability of Type 1 error by 2 or 3%. This is considered acceptable by 

many researchers (May et al., 1990). 



Chapter 4: Results and Discussion 

Introduction 

The primary purpose of this project was to evaiuate the ability cf two dEerent methods of 

measuring work output to distinguish between three types of gait. The results were analyzed 

giobally to begin with, that is; were there any global difTerences between the types of gait which 

the subjects were exposed to? Beyond this, the nature of the data aliowed a qualitative comparison 

of the individual curves for individual joints. 

This is the only known kinetic analysis of one full cycle of waiking fkom three dimensional 

data, culminating in mechanical work values. The amount of mechanical work done in a series of 

normal walking trails and impaired walking trials was measured in two ditferent ways. Briefly, the 

results showed, no signincant diErence between conditions although the trend was in the 

expected direction. Oxygen consumption, gave the highest values and the absolute work method - 

(AW), one of the mechanical measures, gave the lowest. 

Normal gait will be discussed in tems of previous research to establish a ba i s  of 

comparison for the conditions. The differences arnong conditions wili then be discussed, f k t  in 

global tems moving to more specific dEerences within subjects, using subjects with and without 

diEerences as examples. 

The individual power curve analysis provided a more detailed picture of the effect of 

locking a joint for walking trials. Despite the fact that the differences did not show up in the global 

mesure statistical analyses, due to their nature, they were very obvious in viewing the curves for 

individual joints. In the case of individual cornparisons two subjects were chosen, using the 95% 

confidence interval method of analysis; one who did not show signifiant dif3erences between 

conditions and one who did. The results of these two subjects were elaborated upon. Results for 

the other subjects are found in the appendix. 

The result that the biomechanical cost of the impaired gaits were lower, though not 

signincantly so, than the normal gait cost certainly bears discussion. This finding could have 

important implications relative to eEciency and O ptimization, which are contrary to current 

thinking, thus a portion of the discussion is devoted to the efficiency of the conditions relative to 

normal gait. 



Joint Power of Normal Walking 

The mechanical energy output of normal walking has been of interest for many years and 

has been measured by various methods, as outlined in chapter one. This thesis uivestigates the 

various methods, their daerences and the nature of  those differences, focussing primarily on the 

absofute power method, due to its mathematicafiy proven validity. Before examining those 

differences, it is important to review the critical mechanical aspects of normal walking as outlined 

in the literature, so as to have a solid basis for cornpuison. 

What does waiking nomaliy look like? This simple question is more cornplex than it might 

seem, for several rasons. Fust, few researchers have andysed a fùli cycle of walking. Second, 

those that have analysed a full cycle have done so using the absolute work (AU3 method, with its 

inherent limitations. What happens at the jointcm only be answered in tenns of the "patîerns" of - 

power output provided by the absolute power (AP) method. Normal walking seems to result in 

energy bursts localized within the cycle, though their size may Vary nom one subject to the next 

and even within a subject firom one cycle to the next. 

The following refers to Wmter's definitions of the walking cycle (1983); figures one 

through six, from Our data, rnay be used as a reference. The first three figures are ipsolateral 

powers and the ne- three are ipsolateral moments. The six contralateral figures are found in 

appendix A Ail figures begin with ipsolateral toe-off (ITO) at one percent of the cycle, going back 

to ITO at 100% of the cycle. Despite not being conventional, this starting point was chosen for the 

ease with which toe-off can be identifïed and the validity of the rigid body mode1 at toe-off relative 

to heel-strike. 

Wmter (1983), labelled these bursts for the ankle and the knee in jogging. In general, they 

are ver1 sirnilar for walking, with a few exceptions, includig the magnitude. The hip does not 

seem to be as consistent in its patterns, especially at lower walking speeds. From ITO at zero, an 

eccentnc plantar fIexor moment at the ankle (figure 1) during early to midstance (Al), is thought 

to decelerate the angular rotation of the shank about the ankle. In the toe-off (TO) phase a 

concentric plantar ilexor moment (AS) is generated at the ankle, producing fonvard motion at 

push-off. 



Figure 1: Ipsolateral ankle power, nom grand mean of normal trials. ITO is ipsilateral toe-O$ 
IFS is ipsilateral foot-strike, CTO is contralateral toe-off and CFS is contralateral foot- 
s trike. 
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Figure 2: Ipsolateral knee power, fiom the grand mean of the nonnal triais. 
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Figure 3: Ipsolateral hip power, fiom the grand mean of the normal trials. 
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Figure 4: Ipsolateral ankle moment, fiom the grand mean of the normal trials. 

ITO IFS CTO CFS ITO 

O 1 O 20 30 40 60 60 70 80 90 

Normdiutd time 

Figure 5: Ipsolateral knee moment, f?om the grand mean of the normal trials. 
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Figure 6: Ipsolateral hip moment, from the grand mean of the normal trials. 



In the knee (figure 2), Winter (1983) identified five power bursts per cycle, verified by 

Caldwell (1992) for the swing phase. Immediately after HS, an eccentric extensor moment was 

thought to absorb the impact and mass of the body (KI). In midstance when the knee extends 

before TO, a concentric extensor moment was identified (K2). Shortly before TO until maximal 

knee flexion, an eccentnc flexor moment was identified (K3), thought to result f?om the increase in 

translational kùietic energy of the thigh causing an increase in the rotational kinetic energy of the 

shank (whip transfer). In late swing phase, an eccentric extensor moment (K4) was thought to be 

due to decreasing the rotational kinetic energy (and angular velocity) of the shank before heel- 

strike. Immediately prior to ES, a small concentnc flexor moment 6 5 )  was also identified in 

preparation for impact absorption. 

Over time these patterns have been found consistent, primariiy for the swing phase of - 

waking and jogging (Caidweli et ai. 1992, Purkiss and Roberston 1995, Tumbuil and Robertson 

1996, Winter 1983, Chapman et ai. 1983). Therefore they can be applied to a full cycle of walking 

with reasonable certahty, in fact the results of this research confhm these patterns. 

As cm be seen on the hip, knee and ankle figures, our results correspond reasonably weli 

with Wmter's defined power bursts, except for at the knee (figure 2) one burst does not fit the 

pattern: K3 and K4, as d e ~ e d  above fit the pattern, but the burst just before KI is reversed fkom 

what it seemingly should be. This power burst is a concentric flexor rather than an eccentnc 

extensor, blending into Kl. This does,howeveg correspond to the pattern found in race w a h g  by 

White and Winter (1985). 

The ankle (figure 1) power bursts agree very well with Wmter's defhed bursts: we also 

found two bursts, one just after heel-strike and another just before toe-off. However, unlike Wuiter 

(1983), Our data suggested, a pattern at the hip (figure 3) which seems to be logical in the context 

of normal walking. For the convenience of later references these bursts will be named following 

Witer's (1983) convention. The first burst (Hl) occumng shortly before and a short time after 

foot-strike, while setting the foot down and pulling the tmnk forward, is an concentric extension. 

The second burst w) occurs just before the ipsilateral foot-strike (IFS), when absorbing the dip 

in the trunk's centre of mass, as an eccentric flexor moment. Immediately after IFS until just before 

contralat eral toe-off (CTO), when preparing to b ~ g  the leg fonvard, there is a concentnc flexor 



moment @). 

Therefore, during the swing phase the ankle is silent or there is a slight dorsiflexor 

concentric moment. Aflexor moment at the knee produced eccentric worlg as stated earlier, just 

before heel-strike to slow the angular velocity of the shank. At the hip a flexor moment 

immediately after toe-O& then an extensor moment just before heel-strike, both did concentric 

work before which there may have been a very brief and small eccenhic fiexor moment. 

Global Work Measures 

A repeated measures ANûVA between the global interna1 biomechanicd cost of mem 

normal, locked ankle and locked knee conditions showed no significant dinerences between 

conditions, for each of the three methods of meaniring work (table 1). This was likely due to the - 

large inter-subject variability. Ln the case of the absolute power method the F(2,14) = 0.55, the 

absolute work method resulted in an F(2,14) = 0.50, and the oxygen consumption gave an 

F(2,14) = 2.3 1. Al1 the data satisfied the assumption of sphericity, therefore no correction for 

variance was applied. 

TabIe 1: 

Repeated Measures ANOVA: Method between conditions 

Absolute Power 0.55 
- - -- 

Absolute Work 0.50 0.618 3 -74 

A repeated measures ANOVA was also used to test for diifferences among normal trials. 

No sigmfxant differences were found. The absolute power rnethod resulted in F(4,28) = 1-92, the 

absolute work, F(4,28) = 0.44 and oxygen consumption F(4,28) = 0.18. Again, aU data were 

spheristic and no corrections were made for variance, F,(4,28) = 2.71. However, it was 

interesthg to note that oxygen consumption had the highest F value in the modined gait condition 

(not quite sigmficant) and the lowest under normal conditions (highly non-significant). It was 

expected that there should be very little diEerence between the normal gait triais of one subject, 



44 

rather some diEerences between the normal and modified condition were expected (Wimter, 1979). 

Efficiency 

A cornparison of the mean efficiency values using the conventionai definition of efficiency: 

Extemai work 
- -- - - - - 

Oxygen consumption-Standing metabolic rate 

where external work is obtained from the absolute power method, showed no dinerences between 

conditions, although a trend is noticeable (table 3). The normal condition tended to yield the lower 

eficiency of the three and the locked knee the highest, for AP. 

IBC* Absolute power Absolute work Physidogical cost 

Locked ankle 195 1 106 J 2 û 4 J  

* Intemal Biomechanical Cost = Intemal WorW (mass*speed) 

The efficiency values found in this research were slightIy lower than those in previous 

research which have ranged fiom 20% as high as 65% (Ralston et al., 1969; Norman et al., 1976; 

Williams and Cavanaugh, 1983; Pierrynowski, 1980). Many factors affect these values, however, 

in rnany studies the values are calculated for mnning, with or without subtracting the baseline VO, 

using only externat work or the sum of internal and external work. 

Efficiency (iicluding internal work) : 

Extemal work + Internai work 
Oxygen consumption - Standing metabolic rate 

Efficiency calculations using total work (sum of extemal and internal) yielded values 



ranging j?orn 68.2% to 138.5% with the average being 106.7% (table 3). Obviously humans cannot 

be more than 100% efficient, so some of the values are overestimated. This emor onghates in two 

areas related to the method of work calculation. 

The first is an erroneous assumption regarding elastic energy storage. The A .  method is 

not recuperative; therefore, there is no way to account for the ternporary storage of energy in the 

series elastic or the parallel elastic component of W ' s  muscle mode1 nor in any flexible material 

assumed to be rigid. The AP method inciudes the energy of deforming those materials and totals 

again the energy coming out of the same structures, thus doubling the amount of internal work 

done by elastic sources. Asmussen and Bonde-Petersen (1974) have suggested that elimuiating the 

possibilky for elastic storage decreases efficiency by as much as 25%. 

The AW method is also nonrecuperative, but the emor in AW is less than AP. This is due to 

the power output of individual joints being greater than the change in energy status of individual 

segments. Also, it is likely that the potential (elastic) energy statu of some segments negate each 

other, resulting in less accumulation of eiastic storage and recovery. 

Another source of error is the action of biarticular muscles. The AP method assumes that 

d muscles are monoarticular, or in Aleshinsky's ternis, sources of energy are not 

intercompensated. That is, mechanical energy loss in one joint cannot be retumed to the system by 

simultaneous energy production in another joint (Aleshuis& 1986a-e). Biarticdar muscles 

decrease the amount of internal work by doing work of opposing signs at the two joints which they 

cross (intercompensation), thus, the two opposing moments cancel each other (Zatsiorsky 1997). 

Wells (1988) predicted that biarticular muscles would increase efficiency by about 1 1%. These 

factors result in an overestimation of the energy usage. 

The AW method is not af5ected by the lack of intercompensation. When calculating the 

energy state of a segment, the source of energy is irrelevant; whether it cornes £?om one or two 

joint muscles does not change the energy state. 

Errors involved in the VO, measures include the accumulation of anaerobic metabolism and 

a lack of sensitivity over short distances or times, particularly if the subject has not reached a 

steady state ofconsumption. The anaerobic metabolism was not measured in this study; it was 

assumed that only oxygen provided fuel for wallong and that the subjects did not incur oxygen 



debt. It was fûrther assumed that the subjects were at a steady state of oxygen consumption and 

that their usage of oxygen could be caiculated per metre of displacement and per kilogram of body 

mass. 

Given that the maximal efficiency of phosphoryiative coupling is on the order of 60% 

(Cavanaugh and Kram 1983), and that this 60% is converted to mechanical energy with an 

efficiency of about 49% (Whipp and Wasserman, 1969), the efficiency of producing mechanical 

work is limited. However,-the question is (or should be): How much of the chernical energy 

consumed by the muscles is converted to mechanical work (internai or extemal)? 

Obviously the AP method overestimates the efficiency by overestimating the intemal work 

done for a given cost. A fair estimate, given the efficiency of engines today, assurning that humans 

would be more efficient than the most efficient engine, would be in the neighbourhood of 60 to - 

70%. The difference between the estùnated efficiency and the calculated values in this research (20 

to 45%) is approximately the energy saved by the biarticular and elastic storage. The sum of 

biarticular savings (1 1%) and elastic savings (25%) and the extemal work done (one third of 

positive work), would reduce the intemal work and therefore efficiency to a value of between 60 

to 70%. 

Table 3: 

Method Condition Totd MAX NEIN Extemal Max Min 

Work O h  9'0 Work O h  '!Y0 

Mechanica Mechanical 

1 Efficieacy efficiency 

fpowed lock ankie 115.4% 150.3 56.1 14,7% 23-7 6.0 
- - 

lockknee 9 2 9 4  136.5 119.8 15.9% 26.5 0.1 

normal 106.7% 184.8 56.4 13.6% 46.0 1.1 

lock ankle 66.7% 

lock knee 57.03% 91.41 29.2 4.0% 7.9 0.15 

* Intemal Biomechanical Cost = Intemai WorW (mass*speed) 



Locked Knee Eficiency. Interestingly (table 3), when interna1 work is included, the 

locked knee condition has the lowest efficiency, whereas when considering only external work it 

has the highest efficiency. Intemal work decreases more relative to the oxygen consumption 

decrease in this condition compared to the others, thus less internai work is done but at a greater 

relative cost, hence a lower efficiency. 

Locked Ankle Eficiencv. The locked ankle intemal work efficiency was the highest of 

the three conditions (table 3). A possible reason for this may be the fact that the ankle prosthesis 

flexed and returned energy to the subject, increasing the elastic energy storage, thus reducing the 

intemal work done. The normal gait condition did not have this advantage nor did the locked 

knee. The locked knee condition utilized a brace which did not aiiow any return of energy. 

Interna1 Biornechanical Cost 

From table 1, the internai biomechanical cost (IBC) values used for the repeated measures 

ANOVA demonstrated a trend despite the dxerences not being significant. The normal gait 

condition tended to yield the highest of the three work values, except in the case of absolute power 

where the locked ankle was the highest, and the oxygen consumption where the locked h e e  value 

was highest. 

In general, cornparisons between the methods of measurement show that the absolute 

power was higher than the absolute work values, as expected. To account for energy transfers 

between segments, the AW method limits its ability to distinguish between simultaneous anti- 

syrnmetrical movements (zero-work paradox), thereby underestirnating the work done on the 

system (Zatsiorsb 1997). 

Despite the fact that the ANOVA did not reveal any dEerences between groups or 

conditions, a withùi subject analysis comparing conditions uncovers some interesthg results. The 

intemal biomechanical cost of each triai was calculated: 

velocity xmass 





had, by far, the lowest standard deviation across normal triais, leading to the difference detected 

for both conditions. 

The same analysis was applied to the absolute work cdculations (table 5). The diierences 

there were not as evident but were present nonetheless. The locked ankle triai was dinerent from 

the mean normal trials 1 out of 8 times and the locked knee aiso was only dSeneet 1 out of 8 

times. Both of these dserences occurred within the same subject (#6). It is of note that this 

particular subject had normal triai values which were much higher than the other subjeas, yet the 

locked joint conditions were in the same range as the other subjects. This subject also had the 

lowest standard deviation across the five normal trials and showed no significant differences for 

LA and LK trials using the Al? method. 

Table 5: Absolute Work Biomechanieal Cost  (J), by subject and condition 

subject # 1 2 3 4 5 6 7 8 

nml 128.3 93 -5 90.7 66.3 77.2 2 14.7 82.7 167.8 

Std dev 22.9 37.8 24.7 45.5 35.8 2 1.9 49.6 27.5 

Oxygen consumption was also measured to venfy the results obtained by the other two 

methods. On a within subject b a i s  it seemed to be the most sensitive to changes in gait patterns, 



for the ankIe (table 6). It dzerentiated the locked ankle gait fiom the normal gait four out of eight 

t h e s  and the locked knee gait one out of eight times. 

Again only one subject showed dinerences for both locked joint conditions, while four 

subjects showed no dserences for either condition. The subject (#5) who showed differences for 

both locked joint conditions using VO, is dEerent fiom either the subjects who showed 

difEerences using the other methods (LW or AW). 

It is interesthg to note that, in general, the subjects with the least variability in their normal 

gait trials are more Iikely to have daerences in the locked joint conditions. Perhaps when factors 

leading to this high variability can be eliminated, detection of the locked joint conditions wiU 

become more sensitive and precise. It is reasonable to assume that this variability does not exist 

under normal circumstances; most people are highly skilled walkers, implying consistency. 

- .  

Table 6: Oqgen Consumption Biomechanical Cost (J), by subject and condition 

Subiect # 
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std dev 20.2 24.2 16.5 60.5 22.2 38.1 46.8 46.8 

Binomial test. A binomial test shows that based on an a = 0.05, the number of times that the 



absolute work method detects a locked joint condition, either ankle or knee, is not si&cant. The 

lowest P value was P= 0.004, for locked ankie, O2 consumption; where 4 subjects showed of eight 

were detected. The pro babil if^ of hd ing  four of eight in the binomial expansion was not likely due 

to chance. Both the locked ankle and the locked knee showed significance using the absolute 

power method. The likelihood of finding 3 of 8 significant occurrences in the locked ankle and 2 of 

8 in the locked knee, based on the 95% confidence interval, is greater than chance alone dows. 

The probability of this result behg due to chance is the P value found in table 7. 



Table 7: 

Binomial Test distribution P value 

Locked ankle power 3 sig 

5 non sig 

Locked ankle work 1 sig 0.3366 

7 non sig 

Locked knee power 2 sig 0.0572 

6 non sig 

Locked knee work 1 sig 0.3366 

7 non sig 

Locked ankie V02 4 sig ,0004* 

4 non sig 

Locked knee V02 1 sig -3366 

7 non sig 

* significance at a = 0.05 

We also noted that ail of the conditions gave many values lower than the normal trials. A Wdcoxon 

matched pairs signed ranks test confirmed that there was signincance here (table 8), but only for 

the locked knee, absolute power method: P.049. In other words, for the locked knee trial using 

the AP method, the number of times that the condition yielded a lower than normal work vialiie 

was significant, despite the fact that we expected greater energy cost for the conditions. 



Table 8: Wiicoxon matched pairs, signed ranks test 

Pairings P value 

Locked ankle power vs. Normal gait power 0.674 

Locked knee power vs. Nomal gait power 0.049' 

Locked ankle work vs. Normal gait work 0.484 
- .  - 

Locked knee work vs. Normal gait work 0.889 

Locked ankle O, consumption vs normal O, 124 

Locked knee O, consumption vs. normal O. 575 

Correlations. All of the work rneasures were correlated with each other and a regression was 

done between AP and AW. For ail three methods, the intemal, extemal and total work were 

correlated. By far the best correlation was between AP and AW, for intemal and total work 

htemal work was highest between the two at 0.736. The lowest values tended to be those 

between AW and VO,. hterestingly, the correlation between AP totd work and VO, reached 

0.405, the third highest among the nine pairs. 



Factors Type of work Correlation 

Absolute power : Absolute work Extemal work 

Absolute power : Absolute work Interna1 work 8.736 
- . . - - - -- 

Absolute power : Absolute work Total work 0.690 

Absolute power : VO, Extemal work 0.399 

Absolute power : VO, Interna1 work O. 190 

Absolute power : VO, Totd work 0.405 

Absolute work : VO, Extemai work O. 108 

Absolute work : VO, Internai work 0,099 

Absolute work : VO, Total work O, 123 

Scatterplots between AP and AW for intemal and extemal work provide a good representation of 

the data fkom which the regression equati0n.w~ denved (figures 7 and 8). 

The regression equations for total work and intemal work are (in the form y = mx + b): 

Total worlc: AW total work = -3.487 i- 0.561 (AP total work) 

Internai work: AW internai work = 13.24 + 0.549 (AP intemal work) 

In the case of the total work regression, the obtained is t = 6.74 > t, = 1.65, denoting a significant 

relationship. The intemal work also retumed a significant t = 7.90 > t,, = t -65. 

A regression was also dculated to relate AP total work with VO,: 

A .  total work = 152.97 + 0.358 (V03 

Again, the relation proved sigdicant with an obtained t = 2.1 1 > t, = 1.65, a = 0.05 where P = 

0.0415 . 



Figure 7: AP vs. AW intemal work distribution across trials. AP is 
consistently hig her. 
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Figure 8: AP vs. AW Extemal Work distribution acros trials; AP is 
consistently higher 

450.00 - 
400.00 

350.00 - .  

O 10 20 30 40 50 60 70 80 

Trials 

. 
a 

8 



Internai Work 

Intemal work is a component of internai biomechanical cost. In the literatiire there are not many 

estimates or measures of the mechanical cost of walking. One of the few reported values came 

corn Wmter (1979) using AW, placing the cost of normal waiking at about 1.09 J/(kg-m). Our 

data returned values slightly higher than this. The AP method gave values of 3 -05 J/(kg*m) and the 

AW method gave 1.9 J/(kg-m). As previously discussed it is likely that AW underestimates, while 

AP overestimates. A possible reason for the diaerence between our values and Wmter's may be 

due to his assumption of symmetry and that doubhg one side was equivalent to total body cost. 

Also, we used three-dimensional kinematics later converted to two dimensions, while Winter's 

analyses were strictly two-dimensional. Lastly, Wmter used a one segment HAT, where the masses 

of the arms and head were al included in the trunk segment. 

The lower internai work values in the LA and LK conditions were ofien the cause of greater 

efficiency, aithough not always, as discussed earlier. It was expected that the intemal work would 

be higher for the locked joint conditions, however, this did not occur. The general trend 

contradicted this idea, in fact for the locked knee using the AP method, the wicoxon's signed 

ranks test showed the number of times which internai biomechanical cost was iower was sigdcant 

at I =.OS. Individual joint power graphs seem to support the idea that the reduced output of the 

locked joint (knee), was in some part compensated for at other joints but the difference between 

locked joint and normal was not made up. 

The indication that somehow, impairing normal gait may reduce intemal work cost and possibly 

increase efficiency has interesting implications. Perhaps Our usual form of waking is not optimired 

for efficiency but rather for adaptability. Locking both knees or both ankles should be even less 

costly, however ifstairs or an incline (perhaps steepness would have an effect) were encountered, 

certainly dficulties would ensue. This is the case, for example, for stilt walkers, where walking is 

efficient over level ground but much more dficult on an incline. It is possible, even conceivable, 

that evolution has accepted the slight additional cost of our nonnal w d h g  method to rnaxhke 

functionality. Despite the additional cost of walking with six fiee joints (in both legs) and three 

degrees offreedom (per joint, except the knee), we have the capacity to clirnb stairs, trees, jump 

and run. We have the capacity to do things we could not do with any restriction to any of the three 



joints of either leg. 

The few existing previous studies contradict the results of this study. Bemgan et al. (1997) found a 

greater mechanical work cost for the locked knee condition compared to normal gak, while 

AbduIhadi et al. (1996) and Mattsson (1990) report an increased oxygen consumption for the 

locked knee condition. They found that the cost ofthe locked knee trial was 20% and 23% greater 

respectively . 
It should be considered that a portion of the internai work and thus intemal biornechanical cost is 

lost to measurement in the fiontal plane. Although walkuig has been shown to be largely a sagittal 

plane activity, the modifications made to impair walkirlg in this study @articularly at the knee) 

could very well impose new demands on the system. Perhaps an analysis in the frontal plane would 

find that the locked knee condition is not really less costly, rather the work changes planes. 

Research by Bemgan et al. (1997) seems to support this because a fiee leg shoe Lift decreased 

sagittal plane work. Their fiontal plane andysis reveded increased hip adduction as weii as hip 

"hiking" or pelvic tilt in the fiontal plane. A three dimensional analysis of our data would likely 

confinn this. 

Velocity 

Within subjects, a cornparison was made of the velocity by which ail of the data were normaiized. 

In some cases (table 10) there was a significant diEerence based on the 95% confidence interval 

method, between the velocity of normal trials and that in either of other two conditions: three out 

of eight for the locked ankie, and four out of eîght for the locked knee; based on the conditions 

f h g  outside of the 95% confidence interval (table 10). A repeated measures ANOVA confinned 

dserences based on the 95% confidences interval, yielding an F = 4.67, P = 0.028. Mattsson and 

Brostrom (1990) and Abduhadi et al. (1996) also found a diffrrence between normal walking 

speed and the locked knee condition, in both cases the w a k g  speed was lower for the locked 

knee condition. The difference between subjects, though less important, was less variable than the 

dierence between trials of some subjects (figure 3). Tt is important to remernber that d data were 

normalized by m a s  and velocity. Each subject seleded a cornfortable walking speed, to which a 

metronome was set, then they attempted to maintain that speed throughout. 



A comparison (t-test) was made of waiking speeds during the three minute VO, stabiiization 

penod (steady state) before beginnùig force data collection and the walking speed obtained from 

the kinematic analysis. For aii conditions combined there was a difference in two of the eight 

subjeas; the velocity was signZcantly dEerent when comparing the steady state wak to the force 

collection trial (t = -2.93, P = 0.008). The importance of this is that the VO, data used for 

comparison of intemal work values, cornes fiom walking at a set speed for three minutes before 

coilecting force data. However, once the first force trial was coUected, the subject was sent back 

out to waIk (steady state) until the next triai was prepared. It was assumed that the velocity was 

constant throughout a trial, and a rnetronome was used to encourage this. There is no wa? to 

ver@ the walkùig speed, between trials, after the first force trial, since no distance or tirne 

measures were taken. Nor is there any way to ver* that the metronome was followed. Indications 

are that the actuai force collection velocity was equal to the general walking velocity. 

Table 10: Velocity 

subiect # 1 2 3 4 5 6 7 8 



nrnl nm2 nm3 nm4 nm5 k 1 Ikl 

Trial Number 
Figure 9: Velocitïes across subjects grouped by In several cases tfiere were 

d'flerences between the normal and LA or LK tri&, subject eight b the most 
obvious. 



Individuai Joints (Absolute Power) 

Only the joints of the legs were analyzed. The upper body's moment power curves were found to 

be so close to zero as to be almost inconsequential, thus they were not included in this discussion. 

They were, however, included in the g(oba1 work measures because their sum affects global values 

over one cycle. AU of the right leg graphs except those for subject seven locked knee (ZK) trials 

begin with TTO; the est 45% is stance phase and the rernainder is swing phase. For subjea seven 

locked knee trials the same is tme but for the lefk leg grapbs. Subject three trials are referred to as 

3LAfor locked d e  and 3LK for locked knee. 

Locked Joint. Although there is no global significant difference, closer analysis of the absolute 

power graphs reveais an expected fact: the locked joint required l e s  work, on average, over one 

walking cycle than the normai gait t i d s  did. As illustrated by the curves of 3LK (figure 11) right 

knee, it is especidy evident that the curve is nearly flat. It had been previously decided that the 

95% confidence interval of the normal trial means would serve to idente significant difZerences 

between the locked ankle or knee curves and the normal curves. We had assumed that these c w e s  

would f d  outside of this interval, thus i den tmg  themselves as different. This occurred when the 

normal curves plus or minus the confidence interval deviated fiom zero; the locked joint curves 

were generally within the 95% confidence interval, yet often drasticaliy dEerent, especiaily when 

flat Although the total energy consumption of one cycle of walkhg may not have been 

significantly difEerent, as shown in the global results, inspection of individual joints certaùily reveals 

that the fiow of energy was altered by the modined gait conditions. 

When cornpared to the normai patterns, which, as we have established agree with Winter's 

dennitions, 3LK (figure 1 1, right knee) is very diEerent £kom the normal. The flat line f d s  

repeatedly outside of the confidence interval particularly during K3 just before toe-ofS so none of 

the four knee power bursts were present. 

The same effect does not occur in the ankie, as illustrated by 3LA (figure 12, right ankle). When 

compared to the normal walking pattern, only the locked knee, for the locked trial, showed 

differences. The locked ankle produced a much lower amplitude Al and A2 burst; but stiU within 

the confidence interval. 



Figure 14 : Subject three, locked knee trial, Iocked nght knee power 
curve. 
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Nomvlized tirne 

Figure 12: Subject three, locked ankle trial. locked nght ankle power 
curve. 



Not all subject's results showed a significant difference in the joint work output. In figure 13, ZK, 

a subject who showed no significant difference between normal trials and impaired gait for the AP 

method globally, had a visibly higher amplitude in the locked knee curve than Figure 11 did. 

Nevertheless the magnitude was affected though not to a significant degree. 

The locked knee was also aBected, however, relative to the nomai walking pattern. Ln the case of 

7LK (figure 13, right knee), who showed no global daerences, the K1 burst was slightly delayed 

and of lower amplitude, placing it just outside of the confidence i n t e d ;  K2 was nonexistent and 

K3, although present, was also of lesser amplitude, yet stiu within the interval. 3LK (figure 1 1, 

right knee), who did show dflerences globally, had none of the characteristic bursts; the locked 

knee curve was a ftat line, very close to zero. 

In the case of the 7LA (figure 14, right ankfe), where no global differences were found, the 

impaired gait trial had a large enough amplitude to place it within 95% confidence interval of the 

normal gait trials mean. Both of the characteristic bursts of power were present, as they would be 

in a normal trial. Evidently, for a subject who may not be afEected globdy, the knee may still be 

afTected while the ankle wili iikely not be; probable due to the size of its contribution in walking 

relative to the ankie. 



Figure 13: Subject seven, locked knee trial, locked right knee power 
cuwe. 

Figure 14: Subjed seven, locked ankle trial, locked right ankle power 
cuwe. 



Locked Lea Free Joints. The differences in the other joints of the splinted leg Vary in a 

dEerent way. They exceed the 95% confidence interval because their pattern was quite difTerent, 

having been disrupted by the splint. Again, in the subject who showed no sigrilficant difference 

between conditions using the absolute power analysis, the amplihide of the power was greater, 

ofien faiiing outside the confidence interval. For example, in the 7LA trial (figure 15), the right 

knee power shows that the KI power burst began earlier than normal, falling outside the 

coddence interval. Othemise the curve was relatively unaffected. The 7LA nght hip (figure 16) 

curve dso exhibited a disruption at the same time as the one in the knee curve, where it also feu 

outside the interval; otherwise it remaîned within the 95% boundary. The disruption occurred at 

the time of Hl, as we have defined it earlier (concentnc extension). Conceivably, if the d e  is 

prevented from flexing it could prevent the hip fkom extending concentrically to cary the trunk - 

over the foot, 



Figure 15: Subject seven, locked ankle trial, locked leg knee power curve 
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Figure 16: Subject seven, locked ankle trial, locked leg hip power curve. 



In the Z K  triai, the free joints of the splinted leg also were disrupted (figures 17 & 18). The Z K  

right ankle (figure 17) feu outside the interval several times. The disruption of the normal pattern 

does not seem interpretable, but may due to an inexperienced recruitrnent response in 

compensation for a locked knee. The nght hip, for the same trial, was Bected at Hl and H2. Both 

power bursts peaked earlier and outside of the confidence interval. 

It is likely that, by locking the hee,  compensation at one of the other two joints in the same leg is 

encouraged. There seem to be two predominant cophg mechanisms. The first is by having a larger 

and longer A2 burst at the ankle of the opposite leg; Lifting the centre o f  mass higher and eariier to 

allow the locked knee to swing through for the next foot-strike. This was also found by Lage et al. 

(1995), they theorized that it is likely to accelerate the swing leg through 

The other coping mechanism is the swinging of the locked knee leg out to the side and around for 

the next foot-strike; these variations in bip power would be undetectable, being outside the sagittal 

plane. Research by Bemgan et al. (1997) confïrms that some energy at ̂ ihe hip goes to the fiontal 

plane. Thus, compensation at the hip would not lkely be detectable, and the possibility of 

compensation at the opposing ankle wili be reviewed shortly. 

Lage et al. (1995) found several deviations in the fiee joints of the locked leg. They discovered an 

increase in the ankle power at the end of stance, an increase in the peak positive power early in the 

stance phase. They also report greater absorption at the hip late in the stance phase. Unfominately, 

for the purpose of this thesis the different nature of the analysis does not ailow proper cornparison 

of the results with our own. 



Figure 17: Subject seven, locked knee tn'at, locked leg ankle power curve. 
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Figure 18: Subject seven, Iocked knee trial, locked leg hip power curve. 



In the subjea who did show significant differences in global power output values for both 

conditions (#3), the fiee joints of the splinted leg tended to stay within the confidence intend 

(figures 19 to 22), except for the hip, which was dfected by both conditions (figures 21 &22). 

However, the locked ankle trial did not affect the fiee right knee (figure 19), it remained well 

within the designated interval, except for K2 shortly d e r  foot-strike. The £tee right hip had a 

power curve always on the borderline of the confidence interval, whether maxima or minima, untii 

just afker foot-strike, when it was clearly outside the interval. Thus, for the 3LA triai (figures 19 & 

22), all the fiee joints (right) of the locked leg were affected (the knee marginaily) but not the 

locked joint (ankle). However, for the 3LK trial (figures 20 &21), only the hip was afEected. The 

curve was delayed going into H3 (concentric flexîon), as well as delayed going into Hl (concentric 

extension), perhaps to allow more tirne for the leg to swing since the knee could not assist. 

An interesting point raised by Lage et al. (1995) is that nomally the knee absorbs some of the 

energy generated at the ankle at toe-O& but if the knee is locked this energy could readily be 

transferred to the hip, decreasing the work necessary at the hip. Also, during swing phase they 

suggest that the hip may work to absorb energy, referring to increased negative peak at this 

stage of the cycle. 



Figure 19: Subject thme, k k e d  ankie tMI. k k e d  leg knee power airva. 

Figure 20: Subjectthree, k k e d  knee trial, locked leg ankle power curve. 

Figure 21: Subject th-, k k e d  knee trbl, locked leg hip power curve. 



Figure 22: Subjectthtee, k k e d  ankle trial, locked ieg hip power cuwe. 

Figure 23: Subject seven, locked knee trial, free Ieg ankle p w e r  curve. 

Figure 24: Subject seven, locked knee trial, free leg knee power curves. 



U nlocked (free) Leq. The knee and hip of the free leg for 7LK (lefi), show no dserences nom 

the normal trials (figures 24 & 25). The ankle (7LK lefl adde, figure 23) however, does show 

differences, prùnarily during the time of Al. This corresponds to the locked leg' s swing time or the 

support phase for the free leg. Since the A2 burst is not diEerent fiom the normal for the this fiee 

leg, we can speculate that the hip of the locked Ieg is also compensating in an undetectable fashion. 

Perhaps both the &ee leg ankle and the locked leg hip both cornpensate to some degree for the 

locked knee. Interestingly both the locked and fiee leg ankle show identical patterns, which 

deviates fkom normal primarily during the stance phase ofthe leg in question. Lage et d. (1995) 

report increased hip power in early stance and a decreased knee peak in early stance. 

In the case of 7LA (figure 26), the free leg ankle curve was somewhat erratic, especially the Al 

burst. It fluctuates from positive to negative, but this is not repeated in any other subjects, so it is - 

likely an artifact of that trial. The A2 peak was much higher than normal, by about 100 W. The 

knee cuve was within the confidence interval. The fiee l eg hip cunre was also generally within the 

confidence interval, but the peâk times were slightiy different; both H2 and H3 peaked later the 

normal, placing them just out side the interval. The penod of eccentric flexion (H2), when the 

centre of mass is lowered and concentnc flexion w), corresponding to knee flexion just before 

toe-off were both aEected. Perhaps, since the locked leg ankle was restricted in its amplitude of 

movement, the fiee leg compensated by increasing the stride length to maintain the velocity. In 

fact, the fiee leg toe-off stride was eight centimetres longer than that toeing off from the locked 

ankle, in this particular trial, 7LA 
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Figure 25: Subject seven, locked knee trial, free leg hip power curve. 



Figure 26: Subject seven, bcked ankle trial, freo kg ankk powar cunre. 
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Figure 28: Subject seven, k k e d  ankle free leg hip power cunfe. 
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Figure 27: Subject seven, locked ankle trial, free k g  k m e  power curve. 



In the case of 3LK (figures 29 to 3 l), where the global differences were si@cant, ail three joints 

were borderiine, within the confidence interval. The dserence arose at the fkee leg toe-off. The 

eccentric flexor moment (H3) resulting fiom the lowering of the centre of mass (CM) was delayed, 

although stiU within the confidence interval. This seems logical since lowering the CM too soon 

with a brace on the other knee would impede the swing of locked leg. The delay ofH3 forced the 

delay of Hl, the concentric flexor, leading to toe-off. This may have been part of the compensation 

mechanisa resulting in the lopsided gait seen with the Iocked knee triai. Aiso, at the same tirne, K.3 

and A2 were delayed enough that they feff outside of the confidence intervai, with A2 being 

noticeably smaller than usual. These delays, very likeIy allowed time for the locked Ieg to swing 

through or around, depending on the variation the subject chooses. 



Figure 29: Subject thtee, locked knee trial, d t e e  leg ankle power cunre. 

Figure 30: Subject three, k k e d  knee trial, free kg  knee power c u ~ e .  

Mean-C. 1. 

Mean+C.I. 
+ LK hip 

Figure 31: Subject ttiree, locked knee trial, free kg hip powea cunre. 



In the case of 3LA fkee leg joints (figures 32 to 34), there were also some differences. At the ankle 

A2 was large enough that it feu outside the confidence interval, A2 being the burst just before toe- 

off of the ftee leg. The lefl (eee leg) knee curve was very much affected (figure 33). Except for a 

sfight K4 burst, an eccentric extensor moment to slow the knee extension before foot strike, the 

curve oscillated slightly around zero. The ankle seemed to provide ali of the toe-off power. At the 

hip (figure 34) the concentric extensor moment (Hl, associated with rnoving CM forward) was 

present but minimal and H2, the eccentric extensor moment associated with the lowering of CM, 

also disappeared. Ody a very smaii II3 burst was present, the concentric flexion associated with 

toe-oE The knee and hip seemed to respond to the ankle power, not creating any movement of 

their own. 



Figure 32: Subjed three, locked ankb al, free kg ankle power cunre. 

O 10 20 3 0 4 0 5 0  60 70 8 0 9 0 1 0 0  

Hormalized time 

Figure 33: Subject three, locked ankle trial, free leg knee power curve. 

Figure 34: Subject th=, locked ankle free leg hip power curve. 



Chapter 5: Summary, Conclusions and Future Recommendations 

Surnmary 

Normal Walkinq. Most people are highiy skilled wakers. This is evidenced by the fact that at 

least the knee and the ankie produce consistent joint power patterns, not oniy across one subject's 

trials but also across subjects (Wiiter 1983). In this study, the hip was also found to produce 

consistent pattems, also within and between subjects. The graphs in the appendices demonstrate 

this. 

Three power "bursts" were found to occur consistently in the hip: Hl, a concentric 

extension; H2, an eccentnc flexion; and EU a concentric flexion- These correspond to the 

expected muscular recruitment patterns wMe wallcing. Hl occurs at the t h e  of foot-strike and - 

works to move the centre of gravity fonvard. H2 occurs in midstance and it works to control the 

lowering of the centre of gravity, during single support just before the other foot strikes. H3 

occurs just before and shortly after toe-off working to b ~ g  the leg forward for the next foot- 

strike. 

Absolute Power versus Absolute Work. The main purpose of this study was to compare the 

AP and AW methods of measuring work It was thought that restrictions at the knee would 

disrupt the normal patterns of walking. In fact, because of the great variability between subjects, a 

repeated measures ANOVA did not support a merence between mean power of gait types. In a 

subject by subject analysis, however, a binomial test does show a significant ciifference between 

the two methods. The absolute power method was more sensitive to changes between each of the 

conditions and normal gait, based on a 95% confidence interval of nornal gait. This was 

especialiy true for the locked ankie condition. The locked ankle was sipnincantly different three of 

eight times ( W . 0 0 5  8) and the locked knee 2 of eight (P4.057). Neither of the conditions was 

significant using the AW method. 

Individual joints, narnely the ankle, knee and hip, dso showed differences. These 

differences were only detected by the AP method; they are beyond the capability of the AW 



method. The changes here tended to be delays in the peak power at a given joint, probably to 

aliow time for swing-through to occur or for compensation at the other joints of the locked leg. 

The lack of sensitivity in the AW method is not surprising. Aleshinslq has conwicingly 

proved that it is based on erroneous assumptions (Aleshinslq, 1986a-e). 

Correlation. Despite the better success of the AP method, the AW method was indisputably 

easier and simpler to use; it is based only on anthropometric and kinematic data. With the 

displacement of the segment centres of mass in the sagittal plane, work in that plane can be 

calculated. For this reason a correlation between AF and AW was done and a regression equation 

was calculated. The correlation between the two was significant. A regression was also done 

between oxygen consumption measures and the AP values; it was also signifiant, although less - 

so. The somewhat low correlation between AP and VO, indicated that although there may be a 

relationship, they clearly do not measure the same thing. AP measures mechanical work while 

VO, measures physiological "worK' or energy (ATP, CP) usage. 

Interna1 Work. The interna1 work values found in this study were comparable to those reported 

by Wmter (1979). They were slightly higher (1.75~ for AW and 2 . 8 ~  for AP) since, in this case, 

the HAT was separated into trunk, head and a two segrnented arms. 

In general, the locked knee seemed to result in lower intemal works for both methods of 

measurement. A Wilcoxon matched pairs, signed ranks test supports this: the number of times 

that the locked knee yielded a lower than normal work value signifiant. The locked ankle, on the 

other hand, produce higher internai work values than the normal condition: perhaps this speaks to 

an optimization of adaptability rather than a maximkation of efficiency, particularly in the case of 

the knee joint. 

It must be stated that some compensatory movement in the fiontal plane was likely during 

the locked knee and ankle triais. The movement was not quantified in a two-dimensional kinetic 

analysis, but it may account for the diierences obsewed between the normal and locked joint 

conditions. Normal wallcing has been shown to be a planar acfivity eobertson et al., 1980), but 

the others may not be. 



Efficiencv. Efficiency has been measured as high as 65% (Pierrynowski, 1980). The bais for this 

project was the assumption that any disruption of the normal pattern would reduce this efficiency 

by forcing an unpractiçed, unlearned activity This, however, proved to be the opposite of r d t y .  

Efficiency tended to increase with the ankle restrictions. For intemal work, both methods (AP & 

AW) placed the knee restriction as the least efficient foiiowed by the normal gait, then the locked 

ankle. External work did not foUow the same order, however, the correlation between AP and 

AW external work was -0.2 while that between AP and AW internai work was 0.8. This would 

seem to indicate that the two methods are not actually r n e a s u ~ g  the same thing called "extemal 

work", thus the changing rank of condition efficiencies is not surprising. 

Limitations and Apelicabilitv. This is the first known kinetic analysis of a full cycle of walking 

f?om three-dimensional kinematics. The finding that the AP method can distinguish between 

types walking means that it may be able to rneasure improvements in rehabilitated gaif for 

example. However, the population of the study was young and heaithy; generalization to other 

populations such as elderly or handicapped would not be legitimate. Further study of those 

specific populations would be advised. Nevertheless, the potentid exists for professionais to 

quant@ and spec* irnprovement and weaknesses. Also, a regression equation can approximate 

truer work values koom the easier absolute work method, although it cannot approxhate the 

moment power curves. 

Conclusions 

Based on the results of this study, the foliowing conclusions can be made. In impaired gait 

cases, such as with a locked knee, intemal work was less costly than normal gait, in the sagittal 

plane. In other cases, such as with the locked ankle, impaired gait seemed to be more efficient 

than normal gait. In our eight subjects, the absolute powe; method of measuring mechanical work 

could distinguish between normal gait and locked knee or Locked ankle gaits. It accomplished this 

either with a global measurement or with a joint by joint analysis, where the absolute work 

method could not accomplish either. 



Future Recomrnendations 

This research has raised certain questions regarding gait analysis, specifically with regard 

to andysing gait outside of the nom. Firstly, cm a full three-dimensional kinetic analysis measure 

work done in the &ontai plane for the locked joint trials? This might recover the dserence found 

between the conditions and the normal trials, in terrns of global measures, particularly for the 

locked knee trials- 

Secondly, greater accuracy might improve the likelihood of finding differences where they 

exist. To that end, perhaps four cameras and three force platfonns would improve the accuracy, 

certainly for a three-dimensional kinetic analysis, if the capability is present. 

Thidly, limtbg the number of uncontrolied variables would assist in isolating the effect of 

any changes made. Ifonly one joint rernained fully mobile per trial, probably better information - 

could be gained as to the effect on gait in general and dso on the individual joint power curves of 

both the locked and unlocked legs. 
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Figrne 3Sa,b and c: subject 3LA ankle, IaKe and hip moment curves. 



Figure 36a,b and c: subject 3LA d e ,  knee and hip moment c w e s .  
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Figure 37a,b and c: subject 3LK ankle, hee and hip moment curves. 



3LK kft 

3iK k R  hip 

Figure 38a.b and c: subject 3LK ankle, hee  or hip moment m. 



7LA right ankle 

71A right knee 

7tA right hip 

Figure 39a,b and c: subject 7LA ankle, knee and hip moment m. 



7LA left ankle 

?LA kft knee 

7LA left hip 

Figure 40a,b and c: subject 7LA ankle, knee and hip moment cuves. 
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Figure 41a,b and c: subject 7LK ankle, knee and hip moment curves. 
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Figure 42a,b and c: subject 7LK d e ,  knee and hip moment curves. 



Appendix C 



1LA r?gM ankle 

1LA rïght hip 

Figure 43a,b and c: subject ILA ankle, hee  and hip moment cmes. 



ILA lelt hip 

Figure 444b and c: subject 1LA ankle, knee and hip moment cwes. 



1LK nght hip 

Figure 45a,b and c: subject 1I.K ankle, hee and hip moment c w e s  



9 L K  left hip 

Figure 46a,b and c: subject 1LK d e ,  knee and bip moments. 



2LA right ankle 
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Figure 47qb and c: subject 2LA ankle, knee and hip moment curves. 



2iA left ankle 

2LA k R  knee 

2LB k R  hlp 

Figure 48a,b and c: subject 2LA ankle, knee and hip moment curves. 



ZLK nght hip 

Figure 49 a,b and c: subject 2ZX anHe, knee and hip moment curves. 
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Figure 50a,b and c: subject 2LX adde, hee and hip moment cuves. 



(LB rig ht knee 

4LA right hip 

Figure 51a.b and c: subject 4LAankle, knee and hip marnent curves. 



1LA kft hip 

Figure 52a,b and c: subject 4LA ankle, bee end hip moment c w e s .  



4LK right an& 

4LK right knee 

Figure Slia,b and c: subject 4LK ankle, hee and hip moment curves. 
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Figure 54a,b and c: sugject 4LK ankle, knee and hip moment m e s .  
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Figure 5Sa,b and c: subject SLA ankle, kne+ and hip moment curves. 



6 U  kft hip 

Figure 56a,b and c: subject 5LA ankle, knee and moment curves. 



- -- 

S U (  rigM i n k k  

SLK right hip 

Figure 57a,b and c: subject 5LK adde, he and moment graphs. 
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Figure 58a,b and c: subject SLK ankle, knee and hip moment c w e s .  



6LA rigM hip 

Figure 59,a,b and c: subject 6LA ankle, laie and hip moment C U . .  



6l.A leR ankk 

6LA left hip 

Figure 60a,b and c: subject 6LA adde, hee and hip moment curves. 
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Figurr 6 la,b and c: subject 6LK ankle, knee and hip moment c m e s .  
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Figure 62a,b and c: subject 6LK ankie, hee  and hip moment m e s .  



8 LA nght ankle 

8LA right knee 

Figure 63a,b and c: subject 8LA ankie, knee and bip moment curves. 



8tA left ankle 

8LA Ieft knee 

Figure 64a.b and c: subject 8LA ankle, knee and hip moment curve.  
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Figure 65a,b and c: subject 8LK ankle, hee and hip moment curves. 
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Figure 66a,b and c: subject 8LK ankle, knee and hip moment curves. 
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Figure 67a, and c: subject lLA ankle, knee and hip power curves. 



1 lA lelt hip 

Figure 68a.b and c: subject ILA adde, knee and hip powa c w e s .  
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Figure 694b and C: subject 1LK d e ,  kiee and hip power curves. 



Figure 70a,b and c: subject ILK ankle, knee and hip power curves. 
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Figure 71a,b and c: subject 2LA d e ,  knee and hip power c w e s .  



?LA left hip 

Figure 72a,b and c: subject 2LA d e ,  knee and hip pôwer curves. 
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Figure 73a,b and c: subject 2LKanWe. knee and hip power curves. 



2LK left hip 

Subject 2: Graphs a,b and c represent the anlde, knee and hip power curves. 
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Figure 75a,b and c: subject 4LA adde, knee and hip power curves 
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Figure 76a.b and c: subject 4LA ankle, knee and hip power curves. 



Figure 77a,b and c: subjeet 4LK ankle, h e e  and hip power c m .  



4 lK  leR ankk 

Figure 7û4b and c: subject 4i.K ankle, kmx and hip power curves. 
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Figure 79a,b and c: subject 5LA ankle, kneç: and hip power a m e s .  
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Figure 80a-b and c: subject 5LA d e ,  knee and hip pwer curves, 
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Figure 81a.b and o: subject 5LK ankle, knee and hip power îurves. 



6LK kit hip 

Figure 82a, b, and c: subject SLK ankle, knee and hip power curves. 
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Figure 83a,b and c: subject 6LA d e ,  kne  and hip power curveç- 
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Figure 84a,b and c: subject 6LA ankle, knee and hip power curves. 



8LK rigM ankk 

Figure 85a,b and c: subject 6LK ankle, bec and hip power cmes .  
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Figure 86a,b and c: subject 6LK ankle, hee and hip c u m -  



8LA right knce 

Figure 87a,b and c: subject 8LA adde, lmee and bip power m. 
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Figure 8%b and c: subject 8LA ankle, k and hip power curves- 



F i p  89a,b and c: subjst 8LK &es kiee and hip power nnves. 
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Figure 90a,b and c: subject 8LK ankle, knee and hip power c m -  





Information and Consent Form for the Shidy: Cornparison of Methods Br Calculating 
Mechanical Efficiency of Walking with Impaired and Unimpaired Gait Verifed b y Oxygen 
Consumption Mizmmernents 

*This research is done in partial fblfillment of a Master of Arts degree. 

Purpose and Benefits: The purpose of this research is to measure and compare different methods for 
caiculating energy usage during waiking. These m a u r e s  wiil help detetmine which mode1 is the b a t  for 
determining efficiency of human rnovement, as  well as establishing which methods are sensitive enough 
to detect impaired walking. This research will help evaluate injured waikers and objectively measure 
wal king irnprovements.. 

P r d u r e :  Anthropometric data (age, gender, height and weight) will be collecteci. You rnay be asked 
to Wear clothiag appropriate for videotaping, which may be provided for you. Reflective Styrofoam 
markers wifl be attached to the clothing at each of the joints. Your knee and then your ankle will be 
splinted for k e e  trials each. You will be required to walk on a treadmiI1 for thtee minutes while breathing 
into a hose which will be comected to an oxygen analyzer. This will measure how much oxygen you use 
at normal waIking speed. 

You will then be asked to walk across three force platforms (embedded into a runway) at your 
chosen speed, in each of the three conditions ie. no splint, splinted knee and splinted ankle; each trial wiil 
be filmed. The test will take no more than three hours and will be completed in one session. You may 
refuse to wear the clothing supplied or to perform the movements that the experimenter requests without 
penalty or discrimination. There is no compensation of any kind for your participation. If you wish to 
h o w  the results you rnay contact Sylvain Grenier at the numbet listed below, after Februaq 1997. 

Risks: The greatest risk involved is in walking on the treadmiil, You must stay centered and balanced on 
the treadmill; this may be more difficult when the knee or &e are splinted. Neverthe!ess the treadmill 
speed will never be greater than what you feel cornfortable with and there is a safety switch which the 
subject can use to shut off the treadmill immediately, at the first sign of trouble. 

Waiking over the force platfonns, the physical risk factor is not greater than what would be 
encountered whiie pretending to Iimp during walking. Please notiQ the investigator should you experience 
any feeling of discornfort. 



Anonymity : The video is viewed only by the investigators. Once the v ida  is transferred to the compter 
a "stick figuren repIaces the video image. Each subject will be assignai an anony-mous code which will 
be used, with the "stick figure" representntion in any material presented or published. The video material 
is kept for the duration of the project, where only Sylvain Grenier and Gordon Robertson have access to 
it. 

In signing this consent form you acknowledge that you have read and understood the above statements. 
You wiil be given a copy of this form ofter signing. You enter the biomechanical investigation willingly 
and may withdraw AT ANY TIME without penalty or discrimination. Please be aware that you may report 
what you consider to be vioIations of your welfare to the Facuiy of Health Sciences Human Research 
Ethics Committee (address below). 
1 have read the above comments and wish to proceed with the biomechanical. evaluation. 

Date: Signature: 

W itness : 

I hereby consent to and authorize the use &d reproduction of any and al1 photographs or motion picture 
films taken of me during this biornechanical evaluation for scientific or research purposes, with the 
understanding that my identity wifl be kept confidential. 

Date: Signature: 

Inves tigators: This study bu been appaoved by: 
SylvainG. Grenier &Dr. GordonRobertson, Chair, Faculty of Heaith Sciences Human Research Ethics 
Biomechanics Lab, School of Human Kinetics Cornmittee 
University of Ottawa, Ottawa, ON, KIN 6N5 401 Smyth Road 
(613) 562-5800 ext. 4246 Ottawa, ON, K M  1M.5 

(6 13) 562-5800 ext. 8055 
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