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INTRODLJCTION 

Everyone expends energy to move. As people grow accustomed to their bodies, they 

also grow accustomed to expending a certain minimal level of energy for motion. The amount 

of energy expended is related to the inertial characteristics of the body and the body segments 

used for motion. In walking, running, and other forms of bipedal motion, the principal body 

segments used are the thigh, leg, and foot and the hip and ankle joints. The inert ial 

characteristics of these segments have a direct impact on the individual 's energy expenditure 

as well as nuidity of motion. By changing those characteristics, energy expenditure can be 

increased or decreased, and the resultant nuidity of motion can be improved or degraded. 

When a person has an above-knee amputation, the inertial characteristics of the 

residual limb are changed. In losing the foot, lower leg, and a portion of the thigh, the total 

mass oft he leg is reduced as is the amount of muscle power available for movement 

(Wickiewcz et al ., 1983). Through the use ofa prosthetic leg, the amputee regai ns most of 

the functionality of the lost leg. However, the prosthesis is considerably lighter than the 

natural leg so inertial characteristics are only partially restored. This change in inertial 

properties may be responsible for a limp or "'hitch'" in amputee gait (Farber and More inis, 

1995). In effect , the symmetry of the legs has been changed through the removal and 

prosthetic replacement of one of the natural legs. 

In the non-pathological case, a person's legs are similar enough so that some 

symmetry in functionality may be expected (Farber and Moreinis, 1995). It is not 
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uncommon for one leg to be stronger than the other but, for the most part, their weight-

bearing capacity and contribution to locomotion to be about equal. For pathological cases in 

which one leg is either physically different from the other (e.g. shorter) or damaged by injury, 

disease, or congenital conditions (e.g. one leg being atrophied), the symmetry of gait will 

degenerate if not disappear(Elftman, 1966; Soderberg, 1986). The physical manifestations 

range from a slight limp to an inability to walk. Although both legs are present, they are 

physically dissimilar enough to impair motion. The case of amputation fall s into the 

pathological category. Amputees using a prosthesis do have enough dissimilarity in their legs 

to cause a limp while walking. While the limp 1s not due solely to the difference in 1nert1 al 

properties, some of it may be attributed to that difference. 

Originally, the goal ofprosthetists was to create legs light enough to allow the 

amputee to move wi thout expending inordinate amounts of energy. In the past, amputees 

used prosthetic leg that were heavier than their natural legs These hea\ ier legs required 

more energy to move, often leading to premature fatigue when \valking. By decreasing 

prosthesis weight , newer designs have decreased energy e-.:pend1ture and virtual I) el1m1natcd 

premature fatigue . 

Of the many inertial characteristics of solid bodies, this study will consider only 

moment of inertia (I) . The moment of inertia of a body is a constant of proportionality 

relating an object 's angular velocity to its rotational kinetic enerb'Y· 
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where KErot is the rotational kinetic energy, I is the segment moment of inertia, and w is the 

segment angular velocity. From equation I, the amount of energy expended in rotating the leg 

during motion is directly related to the leg's moment of inertia. l f the moment of inertia is 

increased, the amount of energy required to maintain or attain a given angular velocity 

increases. Similarly, if the moment of inertia is decreased, the amount of energy necessary to 

maintain a given angular velocity decreases. The effect is demonstrated by an individual 

running both with and without ankle weights. When using ankle weights, the mass of the leg 

is increased as is the moment of inertia. The result is an increase in the amount of energy 

needed to maintain a nonnal pace. The amputee, like the runner in the example, adapts to 

expending a different amount of enerh'Y due to changes in leg inertial characteristics. How the 

amputee adjusts to these new parameters varies. 

Essentially, the amputee has to relearn the dynamics and mechanics of walking as the 

remaining muscles are asked to function in a manner to which they are unaccustomed. While 

learning to walk with the prosthesis, the amputee· s gait changes to allow for the most 

comfortable, fluid motion. Theoretically and practically, amputee gait should not change to 

fit the prosthesis. Instead, the prosthesis should be adjusted to the amputee·s gait. Although 

prosthetists work to decrease this compensation, it still occurs to varying degrees (Farber and 

Jacobson, 1995; Titianaova and Tarkka, 1995; Rose and Gamble , 1994 ). Some of this gait 

adjustment may be due to the different feel of the prosthesis as the amputee has to grow 
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accustomed to a lack of sensation during walking-- not feeling a natural leg swing or foot 

contacting the ground. The inertial dissimilarity between the prosthesis and the natural leg 

may account for some of the different feel and subsequent abnonnal gait. 

The purpose of this project was to investigate how an inertially-matched prosthesis 

affects amputee gait and energy consumption. The research was conducted in two parts. 

The first study investigated the effect of changing the inertial characteristics of one leg on gait. 

This unilateral test simulated some of the effect of changing limb inertial properties of 

unilateral amputees. This part of the study examined and confirmed the hypothesis that if 

the inertial characteristics of one leg are changed, the change would not only affect the motion 

patterns of the loaded leg, but those of the unloaded leg as well. This first part acted as the 

basis for the second part of the project , which examined the differences between the moments 

of inertia of natural and prosthetic legs. 

The second part of the study concerned comparing the moments of inertia fo r 

exoskeletal and endoskeletal prosthesis and human test subjects (utilizing in vivo, non-

invasive means). This part of the study investigated the hypothesis that natural and 

prosthetic legs do not have the same or similar moments of inertia. The exoskelctal 

prosthesis has a customized socket incorporated into its structure such that it is 

homogeneous with the rest of the prosthesis. With an endoskeletal prosthesis, the socket 

at1aches to the prosthesis and is removable just like any other component. Jn order to make 

the endoskeletal prosthesis as modular and interchangeable as possible, excluding the socket, 
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the rest of the components need to be able to fit a range of amputees without an inordinate 

amount of customization (Figure I). Since the exoskeletal prosthesis is essentially a custom 

fit device, its characteristics are more closely matched to a single user. 

The current method for prescribing prosthetic legs to amputees involves a 

combinat ion of generalized and custom fittings (Brosseau, 1995- I 996; Barr, 1995). The 

prosthesis is prescribed based primarily on amputee weight, which is used wi th tables of 

general prosthesis parameters for knee, lower leg or pylon, and ankle- foot components. Once 

Exoskeletal Prosthesis 

Exoskeletal 
cosrnesis provides 

natural look 

Single-axis knee JOin 

Endoskeletal Prosthesis 

Figure I. Anatomy of Exo- And Endoskeletal Prostheses 
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the leg is assembled, the prosthetist makes necessary modifications to improve the amputee's 

gait and overall comfort. The soc ket designed specifically for the amputee' s residual limb is 

the only complete ly c ustomized pa rt of the prosthesis. Altho ugh amputee weight is taken 

into conside ration when se lecting prosthesis components, it is not used to match the inertial 

characteristics of the prosthetic and natural legs. 

The chief c rite rion fo r prosthesis prescription is the amputee's medical insurance and 

persona l wealth. More often tha n not, an amputee wi ll use a lesser prosthesis because it is 

the best limb that person can a ffo rd (Brosseau, 1995- 1996). This is most evident among 

endoskeleta l prosthesis users. Because they are pieced togethe r from standardized parts, an 

endoskeleta l prosthesis can be custom ized by the amputee muc h in the sa me way one can 

custo mize a ca r. Wealthier amputees can afford the more expensive. higher quali ty 

compone nts, whe reas poorer amputees cannot. 

An amputee 's med ical insurance may pay fo r an endoskeleta l prosthesis. However, 

that prosthesis may not be suitable for an athl eti c or acti ve amputee·s li festy le. An amputee 

with the money to buy higher qua lity prosthesis components will not have to change or give-

up an active lifesty le out of danger of damaging the prosthesis. On the othe r hand, the 

amputee relying solely on medical insurance for a prosthes is may have to reduce his acti v it~ 

level to fi t the perfo rmance capabi lities of the prosthesis. 

W hen comparing the prices of exoskeleta l a nd endoskeleta l prostheses, the exoskeleta l 

prosthesis is usua lly less expensive. The actual indi vidual price o f a prosthesis varies 
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depending on the needs of the individual amputee. Still , the general price range of an 

exoskeletal prosthesis is lower than the e ndoskeletal. This being the case, poorer amputees 

are more like ly to use an exoskeletal prosthesis. Because an amputee may have to spend 

considerable additional money to get a prosthes is suitable fo r an active lifesty le, many 

amputees unable to afford such a prosthesis are forced to become less active or risk damaging 

or destroyi ng the prosthesis. 

The smaller mass of the e ndoskeletal prosthesis has advantages. A smaller mass, 

given the mass distribution of the prosthesis, mean a mailer moment of inertia which, tn 

tum, means a smaller rotational kinetic energy is needed to reach the same angular velocity 

(Equation I). With less muscle mass available for motion and limb contro l, a smaller moment 

of inertia keeps the amputee from experiencing increased reaction moments at the hip which 

could lead to hip problems. The moment experienced at the hip joint is partially a function or 

the inertial parameters of the leg. 

On a natural leg, flesh and muscle help to reduce the effective mome nt experienced at 

the hip. However, an amputee lacks the flesh and muscle to dampen or reduce the forces 

producing moments at the hip. Often the socket fits in a manner that prevents the residual 

limb from damping those moments, so the amputee runs the risk of developing hip problems. 

Increasing the weight of a prosthesis using the curren t technology only serves to increase the 

resultant moment at the hip which would be felt as a resistance to initiating, continuing, or 

stopping motion. For example, a heavy leg provides resistance to motion during swing phase 
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and resistance to the termination of swing phase. The motion of the leg begins as an initial 

driving moment which serves to start the rotation of the prosthesis. A heavier leg requires a 

greater driving moment. Similarly, a greater stopping moment must be generated to slow and 

stop a heavier leg due to its greater momentum. The reduced musculature of the residual limb 

makes controlling a heavy prosthesis difficult as well. An amputee having a very short 

residual limb would have more difficulty controlling a heavier prosthesis than an amputee 

with a longer residual limb because the longer limb provides more muscle over wh ich the 

amputee has control. A longer residual limb often al so means a lighter prosthesis can be used 

( less components needed). 

In this study, the moments of inertia were determined and compared, natural leg data 

to prosthesis data, to reveal that current prostheses are indeed not inertia lly similar to natural 

legs. Since this study was conducted using non-amputees, further research using unilateral 

amputees should be conducted to determine the effects of an inertially-matched prosthesis on 

amputee gait. 

The study was conducted using non-amputee test subjects instead of unilateral 

amputees because the remaining natural limb of unilateral amputees would be adapted to the 

amputation. Amputation of one leg often leads to increased musculature and mass in the 

remaining limb as new demands are placed on the limb for motion (Soderberg, I 986: 

Wickiewcz et al. , 1983; T itianaova and Tarkka, 1995). Non-amputees allowed for a testing 

situation free of the influence of this adaptation. 
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This report describes the methods used to evaluate the effects of unilateral loading on 

both the loaded and unloaded limbs and to determine the moments of inertia for the prosthetic 

and natural legs. The report then examines the unilateral loading results and thei r impl icaiions 

for inertia matching when combined with the results from the direct comparison of the natural 

and prosthetic moments of inertia. Finally, the report makes recommendations for further 

research into possible effects of inertial matching on actual unilateral above-knee amputees as 

well as into possibly changing the mass and geometry of the pylon portion of the prosthesis. 
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METHODS 

Test Subjects 

Two different sets of test subjects were used in thi s project. For the first study, two 

test subjects, one male and one female, partic ipated (Table I ). For the second part, a total o f 

nine test subjects, both male and female, pa rtic ipated (Table 2). T he use of human test 

subjects for this study was approved by the Iowa State U ni vers ity Human Subjects Review 

Committee. 

Table 1. First Study Test Subject Statistical Summary 
Test Su~j-~ct Sex Weight (kg) 

I M 81.2 
2 F 54.9 

Table 2. Second Study Test Subject Statistical Summary 
__ I~.:;! Su~jeE~ __ ~ .. _ -~lIUY~~!s_L 1=fe~t (!!! L __ ~ei_s.~t ~kg) .. 

I M 24 1.88 99.8 
2 M 24 1.83 69.0 
.... 
.) 

4 
5 
6 
7 
8 
9 

Ale an 

M 
M 
M 
F 
M 
F 
M 

NA 

?" _.) 

28 
25 
25 
29 
24 
25 

1.78 
1.78 
1.80 
1.70 
1.75 
1.63 
1.79 
1.78 

68.5 
66.7 
73.9 
59.0 
72.6 
59.9 
76.7 
71.7 ______ ..,.. ____ _,,______ .. .. _ .. _ ....... _ ... __ ,.,, - --·~· .. -··-
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Experiment 1: Unilateral Load Test ing 

For this study, three types of data were collected: video, force plate, and 

electromyogram. 

Videography Data 

The subjects were videotaped while walking with five different single-leg weighting 

conditions at their normal walking rates. The normal walking rate was determined by taking 

five timed trials of each subject walking a pre-defined distance. The mean time was used to 

determine the mean normal walking rate. 

Once the mean normal walking rate was determined, each subject was videotaped 

walking on a treadmi ll without additional weight to obtain control readings. The subjects had 

position markers placed on the hip, knee, and ankle joints of the left leg to track the paths of 

these joints during motion. Additional markers were placed on the heel and toe to define the 

foot in the digitized video. 

The subjects underwent five different weighting conditions: no weight, 70.87, 135.23, 

and -B7. I 5 grams and a second no weight condition (just after the heaviest \Veight was 

removed). This fifth \-veighting condition was includt!d to determine the effect of the sudden 

lightening of the leg. The weights were strapped to the approximate midpoint of the shank of 

the left leg and arranged to provide an even ring of weight around the middle of the shank. 

The weight was applied only to the left leg and the subjects were videotaped only on their 

left . Figure 1 shows a diagram of the testing area. 
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Treadmill 

Lamp I @!ID Video camera 

Figure 2. Diagram of Videography Test Area 

Once the subjects were videotaped, the video was then digitized and transfonned into 

Cartesian coordinate data which were smoothed and analyzed using the Ariel Performance 

Analysis System (APAS, Ariel Dynamics, Inc., San Diego, CA). 

Force Plate 

The force plate data were collected under similar conditions as the video data. The 

subjects underwent the same weight ing conditions as in the video testing with only the left leg 

weighted. The subjects walked across a fo rce plate first with the le ft foot then with the right. 

Figure 3 shows a diagram of the fo rce plate testing area. The force plate data was sampled at 

a rate of 800 Hz by a computerized data acquisition system of the APAS using an external 

trigger controlled by the test administrator. To aid in detetl11ining the correct timing of the 

force plate data, the subjects were videotaped walking across the force plate. The video data 

provided the time information needed to indicate when the trigger was activated and when the 
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o- ST AGrNG AREA 

Computer 

Force Plate 

Lamp I ffiJ V•doo oamera 

Figure 3. Diagram of Force Plate Test Area 

subject actually stepped on the pl ate. Force plate data were transformed from raw data into 

force and moment data for analysis using the APAS. 

Electromyogram (EMG) Data 

The EMG data were again gathered by having the subjects walk on a treadmill set to 

the natural walking speed of the subject. Skin-mounted electrodes were placed on the vast us 

medialis and gastrocnemius of the right and left legs (Elftman, 1966). The signal from the 

vastus medial is provided infonnat ion on leg movement used in detennining the swing phase 

and heel strike ponions of gai t. The signal from the gastrocnemius provided infonnation on 

foot flex ion and the toe-off portion of gait 

The EMG signals were amplified and sampled at a rate of 950 Hz by a computerized 

data acquisition system, the Biopac ACKnowledge system (Biopac Systems, Inc , Goleta, 

CA), which used two external triggers in series. The primary trigger was controlled by the 
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test administrator with a secondary trigger provided by a heel switch located on the foot of 

the test subject. As the test subjects walked on the treadmill , they continually triggered the 

heel switch. However, the computer did not begin sampling data until the test administrator 

pressed the primary trigger while the heel switch was also being triggered. EMO data were 

gathered for all five previously described loading conditions. Figure 4 is a diagram of the 

EMO testing area. 

Treadmill 

/ 
Electrodes to t~t subject AID System omputer 

Figure 4. Diagram of EMG Test Area 

Once the EMG data were gathered, it was processed for analysis by: 

• passing the data through a Rectangle high-pass filter with a cut-off frequency of 

20 Hz to remove motion artifacts from the data, 

• taking the absolute value of the data as a form of full-wave rectification, 

• passing the data through a Rectangle low-pass filter with a 3 Hz cut-off frequency 

to obtain a linear envelope for the data, and 
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• integrat ing the l inear envelope to get a measure of the total EMG activi ty as we ll 

as activity throughout motion. 

Ex pe rim ent 2: Compa ra ti ve Moment of Ine rtia Testin g 

In order to make a comparison between the moments of inertia of natural and 

prosthetic legs, I must be known. The Is of the prosthetic legs were determined cmpincall), 

and the Is of the natural legs were determined empirically using indirect measurement and 

anthropometric data. 

Oeterm ining the Mo ment of Inertia of th e P rosthet ic Leg 

Two different prostheses were examined, one exoskeletal and one endosJ..eletal An 

cxoske leta l prosthesis has a functional cosmcsis which is also the functional part of the leg. 

An endo keletal prosthesis has its functional parts covered with a foam rubber co mcs1s 

\\ho e only function 1s esthet1c . 

Since the prosthesis components arc ng1d, the inertial properties were assumed to be 

cflccti vely con tant. The moment or inerti a was detennined by suspending and oscillating 

the prosthesis as a compound pendulum. T he period of oscillation is related to the moment 

or inertia by the relation : 

T = 2Jr J /,, [2] 
mg/ 
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where T is the period of oscillation, Io is the moment of inertia with respect to the suspension 

point, m is the mass of the prosthesis, I is the distance from the suspension point to the 

center of mass, and g is gravitational acceleration. 

The prosthesis was suspended from the top of the knee joint on the endoskeletal 

prosthesis and from the top of the socket on the exoskeletal prosthes is, osci ll ated, and 

allowed to complete two full cycles per trial with a total of ten trial s conducted per 

prosthesis (Figure 5). From the ten trial s, an average period was calculated w hich was 

subsequently used to calculate the moment of inertia. 

Determination of Moment of Inertia of the Natural Leg 

The moment of inertia of the leg-foot complex had to be determined non- invasively 

and in vivo for test subjects so as to assure values acc ura te for living test subjects. A quick-

release test apparatus described in the literature (Hatze, 1975 ~ Winter, 1990) provided a 

means of doing so utili z ing two measurements (F igure 6). 

The moment of a rotating body is given as: 

M =Ju. [3) 

where M is the applied moment, I is the mo ment of inerti a and a is the angular acceleration of 

the body. Equation 3 can be re \vritten for an expression of I in terms of Mand a as : 
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[4] 

From classical dynamics: 

M ,, = Fd [51 

a= ra [6] 

Equation 5 tell s us that a moment about some point Pis equal to the product of a force F, 

applied a distance d from point P, and the perpend ic ular di stance d. Equation 6 tell s us that 

the I inear acceleration, a, of a body is given by the product of the radius of rotation, r, of the 

body and its angular acceleration, a . Equation 6 can be rewritten fo r an expression of a 1n 

terms of a and r as: 

a u. = -,. 171 

Equations 5 and 7 can be substituted into Equation 4 to express moment of inenia in tenns of 

the force applied to a body and the resultant linear accclcrat1 on: 

Fdr 
l = -

u 
[8] 

For the current project re t sequence, the rotating body \\as considered to be the 

lower leg and foot , with the center of rotation approximately at the knee (femoral condyles). 

The applied horizontal force F was measured bv the load cell , and linear hori zontal 

acceleration a measured by the accelerometer. The di tance d was measured as the 

approximate di tance from the knee (femoral condyles) to the center of the restraint cuff, 

wi th the distance r measured from the knee (femoral condyles) to the center of the 
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accelerometer. 

During a test, the subject wore a sandal with a heel-mounted accelerometer and a cuff 

connected to the load cell around the ankle of the same leg. Also attached to the load cell 

assembly was an electromagnet which acted as a restraint for the leg. As the subject exerted a 

maximal force to extend the knee, the load cell measured that force. After a steady-state force 

measurement was recorded, the electromagnet was turned off al lowing the subject to full y 

extend the knee. The heel-mounted accelerometer measured the acceleration of the foot during 

the swing phase of knee extension. The acceleration at the instant of release of the 

electromagnetic rest raint and the force values from the load ce ll were used to calculate the 

moment of inertia of the subject's leg. As a secondary method, the moment of inertia of the 

subject 's leg was calculated using anthropometric data tables (Miller and Nelson 1973). This 

provided a means of comparing individual data to the more generalized and readily available 

tabulated data. 

Instrument Calibration 

Load Cell Calib rat ion 

This project used an Interface SM-I 000 (Interface, Inc., Sconsdale, AZ) load cell 

with a maximum loading capacity of 453 .59 kg. Such a large capacity was chosen to assure 

that the load cell would not be damaged during testing and that the effective measurement 

range of the project would be within the linearl y elastic range of the load cell. 
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Three calibration weights were applied to the load cell. Loadings of I .27, 2.3 I , and 

4.54 kg were applied for five trials for each weight. For each set of five trials the data were 

averaged and the variance calculated. The average load ce ll reading for each loading was then 

ploned against the applied load value to provide a voltage versus load calibration curve 

(Figure 7). The factory test specifications for the load cel l indicate its linearicy to be within 

0.03% for loadings less than 70% of the 453.59 kg maximum. 

Accelerometer Calibration 

Since impact-sty le acceleration data were gathered, an impact calibration method was 

used for the accelerometer. A PCB, Inc. accelerometer was mounted to a mall nut su pend~d 

from an attachment point on a wall by a length of copper magnet wire . The acceleromcter-

nut assembly was then raised to a he ight of I 1 3 8 inches and released. The resulting impact 

\\1th the wall regi stered as an acceleration trace on the digittzing oscilloscope Onl~ one 

impact was pennitted in each trial ( i.e. no rebounding impacts occurred ). The acceleration 

data were numerically integrated a nd used to detennine the ca libration constant for the 

accelerometer (Tabk 3) 

Oeterm ination of the Accelerometer Calibration Constant 

An accelerometer provides a means of measuring the acceleration of the body to which 

it is anached. The accelerati on as measured by the accelerometer and the actual accekrallon 

are related by the equation : 
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voltage = 0. ()()87 * /oud + fJ. fJ995 

R • = 0 99'>li 

Load(lb) 

Figure 7. SM-1000 Load Cell Load vs. Voltage Cal ibration Curve 



Table 3. Trial Data Integrals 
Note: Some trials were elimmated 
due to errors in recalling the stored data. 

____ T_rials ____ Integral 
Trial 2 2.55 
Trial 3 2.52 
Tria l 4 2.5 1 
Trial 5 2.52 
Trial 6 2.52 
Trial 7 2. 7-l 
Trial 10 2.76 
Trial 13 1.95 
Trial 15 2.39 
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Average: 2.50 Variance: 0.06 
Accelerometer Calibration Constant: K 2.50 ~ 0. 15 

which can be re\\.Tittcn as. 

e 
u= -

K 

[9a] 

[9b] 

where K is the proportionality constant, e is the measured acceleration and a is the actual 

acceleration 

Since the accelerometer wi ll mea ure '"·hat 1s effect1\.-ely an impact-style accclerat1on, 

an impact cal ibration technique was used. The 1mpulse-momcntum equation was used: 

[I OJ 

where Ms~' is the mass of the sy~tem , v~•i and v,~ ~ r a re the re pectivc initial and final system 

veloci ties, and the integral is the sum of the forces applied to the system o"er a time dt 
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From Newton's Second Law: 

[ 11 J 

Substituting Equation I I into Equation 10 gives 

[ 12) 

The mass of the system is assumed constant throughout the experiment so both sides 

of the equation can be divided by M,y, to give· 

V <nf = v .\"Y\I + J adt r 1J1 

Subtracting v,~~i from both sides gives an expression for the integral of the actual system 

acceleration with respect to time· 

v"'' - v '"Y" = J adt [ 14 J 

Applying the initial condition of the s~ stern being at rest and the effects of the consef\ au on 

of energy, assuming negligible energ)' losses, the fol lowing statements can be made: 

\ ' = 0 
n·H [ I Sal 

\""'' = Ji gl1,, I 15bl 

\vhere g is gravi tational acceleration and h0 is the in itial release he ight of the sus:1endcd 

acce lerometer system. Substituting Equations I Sa and 15b into 14 gives: 

J 2Rh,, = J adt [ 16] 

Substituting Equation 9b into 16 gives: 
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[ 17) 

Since K is a constant, it can be moved outside of the integral and rearranged to yield: 

l 18 J 

where the integral is the area under the acceleration trace G iven the numerical nature of the 

acce lerometer data, the integral was evaluated using Simpson ·s Ruic with End Correction 

(Hornbeck, 1975). Since the end correction te rm involves derivatives, second-order Gregory-

Newton Forward and Backward finite diffe rences tHo rnbeck, l 975) were used to determine 

the necessary deri vatives. 
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RESULTS AND DISCUSSION 

This project covered two major studies concerning unilateral loading of test subjects' 

legs and moment of inertia comparison. 

Experiment l: Unilateral Loading of Test Subjects' Legs 

Videography 

Both linear and angular displacement, velocity, and acceleration were examined. For 

the linear parameter analysis, the knee and hi p joints were the foci while the shank and thi gh 

were the foci fo r the angular parameter analysis. Linear and angular parameters were both 

analyzed and presented because of the findings concerning the effects of the unilateral loading. 

The linear data show the effects of loading on both the vertical and horizontal motions of 

joints: whereas, these effect are not readily apparent from the angular parameters which arc 

useful primarily for rotation analyses of the thigh and shank segments. 

For comparison, the ranges of motion and variance of the knee should be greater than 

those of the hip as the hip 's angular motion contributes to the knee·s rectilinear motion (Rose 

and Gamble, 1994). Thus, the knee should have greater ranges and \anances for linear 

displacement, ve locity, and accele ration. Examining the linear parameters yields some 

interesting results. The horizontal knee displacement ""as, as expected, the largest of the 

linear displacements. The knee·s vertical motion is noticeable, but it is not as great as the 
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horizontal motion (Figure 8). 

As expected, the data show an initial decrease in knee mobility with the addition of 

the 70.9 g weight . This initial decrease may be due to the increase in weight without an 

appreciable increase in muscle power output. In essence, the subjects felt something of a 

'·ball and chain'' weighting effect. The weight of the leg had been increased, but the muscles 

continued to exert about the same amount of force needed for the lighter leg. As the subjects 

walked with the weight, they adapted to the additional weight, which can be seen primarily in 

Subject 2' s knee data (Figure 9). 

Looking at Subject 2' s horizontal knee displacement shows that her mobility 

decreases with the first load. 
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Figure 8. Representative Knee Vertical and Horizontal Linear Displacement Ranges 
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F igure 9. Test ubject 2 Linear Knee Displacement C urve 

After the second load is applied, the initial displacement 1s greater than the initial control 

displacement. However, the third load causes an initial di placement less than the control yet 

greater than the first loading even though the th1rd load is more than six times the weight of 

the first load. Subject 1 knew the third and heaviest weight was being attached to her leg but 

didn ' t know it was so much heavier than the previous weights. Interestingly, the initial 

di splacement of Load 4, the condition just after the heaviest load is removed, 1s greater than 

the control value (Figure 9). Both conditions involve no additional weight added to the leg, 

but during the Load 4 case, the leg . cems to st ill be responding as if a weight is attached to the 
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leg. In fact, all the linear parameters show considerable deviation between the control and 

load 4 cases (see data tables in Appendices A and B). In Subject 2's data, the load 4 

condition shows the second largest values behind the load 2 condition. Subject I 's data do 

show similar phenomena, but it is not as apparent as it is in Subject 2's data. This could be 

due to the difference in body weight, muscle mass, and leg lent,rth between Subjects 1 and 2. 

A universal phenomenon was the decreased time by which the parameters reach their 

extreme val ues wi th increased loading. Peak displacements, velocities, and accelerations 

generally seem to be reached faster after the addition of weight to the leg. Also, after the 

heaviest weight is removed the parameters continue to reach peak values more quickly than 

in the control case. This decrease in time to peak values is due to the inertial effects of the 

added weight. As the leg is accelerated, the weight is accelerated and gains momentum As 

the knee reaches its "normal" maximum displacements, velocities, and accelerations, the 

additional momentum is imparted to the knee to keep it moving (F igure 10). These 

phenomena are less pronounced in the hip linear data due to the relatively small linear 

translations. The important indicator of the effect of loading on the hip can be seen in the 

angular behavior of the thigh as the hip is the prime pivot point for the thigh (Figures 11 a and 

11 b). The angular parameters for the thigh show the aforementioned phenomena 10 a 

somewhat lesser degree (Figure 11 a). The angular parameters show relatively smal I variation 

from control values. The values do change, but the motion i · fairly consistent with the control 

pattern. This consistency is most likely due to the difference in the types of joints and, 
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Figure 10. Test Subject 2 Knee Linear Velocity Curve 

hence, the types of motion they undergo. As the hip is a ball-and-socket joint, its mot ion 

v. ill be primari ly rotational \Vith translation comi ng from translation of the peh is. That i~ 

quite different from the knee which is a hinge joint with one end fi xed to the hi p. Alone, the 

knee's hinge characteristics will allO\v it to undergo pri maril y rotation. However. the joint 

undergoes an arc-shaped translation due to the prox imal end of the joint be ing attached to the 

hip by a long lever arm, the thigh. The longer the th igh, the greater the linear parameters will 

be. In fact, the hip's angular parameters are larger than those of the knee, shown by the 

shank (Figures I la and I lb). That is, the pivot point for the shank is the knee so the shank·s 
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rotational behavior is a measure of the rotational behavior of the knee. The shank values 

appear greater than those of the thigh but are actually a summation of the thigh 's rotational 

behavior and its own. Thus, subtracting the th igh values from those of the shank gives a true 

measure of the knee' s angular parameters without the majority of the hip's influence (Figure 

12). 
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Figure 12. Adjusted Shank and Thigh Angular Displacement Range Comparison 

Graph 
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Force Plate 

The force plate data show no appreciable difference between right and left foot 

reaction forces in the vertical direction (Figure 13). As expected, the vert ical forces at heel-

strike and toe-off are greater with the increased weight, but the increase at toe-ofT is not as 

great as that at heel-strike. This is due to the lesser degree of leg control at heel-st rike with 

the added weight. During the swing phase, the leg swings forward exposed only to the action 

of the muscles to constrain its motion. At toe-off, the leg is constrained not only by the 

muscles but by fri ction with the plate and a considerable normal force. Because the heel-

strike contact shO\\ S the influence of the \\.eight with fewer contributing forces, 1t provide a 

good indicator of the additional contro l the leg muscles must prov ide due to the addi tional 

\vc1ght (Figure 14 ). 
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Figure 13. Representative Left Leg and Right Leg ~laximum Vertical Force 
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As the hip and knee rotate the leg, the added weight increases the leg's momentum. 

When the muscles act to bring the weighted leg down for heel-strike, the leg·s momentum is 

aga in transferred to the hip in an attempt to continue the rotation of the leg. The muscles 

must then act with more force to reverse the rotation for heel-strike to occur without slowing 

ga it. This increased muscle force brings the heel into harder contact with the ground result ing 

in a higher heel-strike registered force (Mille r and Nelson, I 973). At toe-off, the weighted leg 

is under full control of the muscles. Thus, toe-off is apparently "softer'' than heel-strike. 

The same phenomena can be seen in the medial-lateral force data (F igure 15). 

The foot-fo rce plate contact time is virtually constant with small variations. Also, the 

magnitude of the weighted condition fo rces at toe-off do stay relatively close to the control 

val ues. Again, the magnitude variation was most apparent at heel-strike. The va lues rise 

above the control level as the appl ied weight is increased. The exception seems to be the data 

for Subject 1 's right foot in which the values at heel-strike were less than the control value, 

with the magn itudes at toe-off greater than the control value. This apparent behavior could 

be due to suspect data or operator error. 

T he center of pressure analyses for both feet show some increase in the total 

migrat ion of the center of pressure (F igure 16 ). For both Subjects I and~. the total 

migrations for the left leg show more variation than those for the right leg, suggesting that the 
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Figure 16. Center of Pressure Total Migration Comparison Graph 

center of pressure of the left leg is changing positi on more than that fo r the right leg. Thi s 

effect may be an additional inertial effect of the added weights. As the leg moves during the 

swing phase, the additional weight might cause a deviation from its regular path of motion. 

This would result in the foot and , thus, the center of pressure moving as well. There was less 

variation in the right foot center of pressure . 

A nother reason for the large deviations in the migrations as well as the va riation in the 

total migrations of the right foot may be the subjects' anticipating stepping on the force plate . 

During this phase of the testing, several trial s had to be performed for each loading condition. 

As a result, the subjects may have anticipated stepping on the force plate correctly. If they 

felt they were not going to step on the plate as close to the center as possible, they might 
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have made minor step adjustments to assure they "hit the mark." Perhaps the best remedy to 

this problem is to have the force plate hidden so the subjects cannot see exactly where the 

plate is and, therefore, cannot anticipate stepping on it 

Electromyogram ( EMG) 

The EMG data provide some of the more interesting insights into the effects of the 

additional weight on subject gait. The integrated EMG (I EMG) data were used as measures 

of the total EMG activity over the ti me of the recording. Theoreticall y, the larger the IEMG 

value, the greater the EMG and muscle activity (F igure 17 ) 

The data how a mixture of increases and decreases rn EMG activity under the loading 

condi tions. For Subject I, the overall average EMG increases with loading while only the 

overall quadriceps IEMG increases (Figures I 8a and 18 b). 

The overall gastrocnemius IEMG decreases \\lth loading O\erall refer to ho\v the 

values for the various conditions behave with respect to the control val ue. An overall 

increase was defined as at least two out of three of the loading conditions result mg in an 

increase over the control value. For Sub_1ect 2, the data show overall a\ erage EMG increase 

1n the left leg mu cles and overall decrea es in the right The IEMG data for Subject 2·. left 

quadriceps increases overall , whi le the other IEMG values show an overall decrease. 

Theoretically, all the muscles should show increases in EMG and IEMG '"ith the 

increases in the quadriceps being the most pronounced (Winter, 1990). The quadriceps 

(quads) are responsible for swinging the leg through during the S\ving pha e in a controlled 
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manner. The additional weight would make the quads work harder to start the swing of the 

leg, maintain control of the swing, and decelerate the leg at the end of the swing. 

Experiment 2: Comparative Moment of fnertia Testing 

The moment of inertia data for the prostheses and the test subjects is presented in 

Tables 4 and 5. The natural leg data show the empirical data a re consistently larger than the 

anthropometric data by 14 to 54 percent. For comparison purposes, the exoskeletal 

prosthesis would be considered a useable prosthesis for subjects 1 through 5 and 9, with the 

endoskeletal prosthesis considered useable for subjects 3 through 7. 

Table 4. Prosthesis Moment of Inertia Data 
--*"'"_ .• ,, . .... _,,..,,,..,,. . P ' '' . • r • -*"'~ ' "" r11•" - "'' 111Jio 1 1 ~ P• ir ' ' ' •r ,.,,.'"°"_"•-••""'--~-·-.....,._ .,._ 

Prosthesis 
Endoskeletal 
Exoskeletal 

Moment of Inertia (kg-m 2) (standard deviation ) 
0. 127 (std. dev.: 0.001 ) 
J .467 (std. dev .: 0. 183) __ ...._.~--

Table 5. Natural Leg Moment of_lnertia Data ------·-----·-
- '_f~st_~~bje_c t -~mpjr.ic_~I D<!taj_~g-m 2 ) .An!'1!0J?OO]_~!ric_f?ata (kg_:m2

) % Difference 
1 1.609 0.944 -41.34 
I -36.91 0 .978 0.671 

4 
5 
6 
7 
8 
9 

0.680 
0 .655 
0.773 
0.913 
1.286 
0.622 
1. 138 

0.580 -14.71 
0.564 - 13. 89 
0. 64-t - 16.69 
0.457 -49.95 
0.597 -53.58 
0.424 -3 1.83 
0.658 -42. 18 
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The prostheses were matched to their respective subjects by subject height and weight. A 

comparison of the natural empirical and prosthetic data is presented in Table 6. 

The data show the exoskeletal prosthesis fits its subject group better than the 

cndoskeletal prosthesis fi ts its group. As expected, it does not fit the subjects outside of the 

test subject range but does fit the included range fairly weil . 

Table 6. Comparison of Natural Leg and Prosthesis Data 
Tes_!_~~bjec_!_ __ % D!f!~r~~£~ Exoskeleta l % _Di_ff~rence En9.Q~k~letal 

I -48.84 -92 13 
2 50.00 -87 04 
.., 115.74 -81 37 .) 

4 123 97 -80.66 
5 89.78 -83 6 1 
6 60.68 -86.12 
7 14.07 -90 15 
8 135.85 -79 63 
9 28.91 -88 87 ------- __ .. ___ 

The endoskeletal prosthesis does not fit its test subject range as well hut has considerably 

le · variation in its percent difference with the natural data The exoskeletal prosthesis has a 

percent difference range of -48.84° o to 113.97° o (a = 64.8 1 ), while the endoskeletal percent 

difTcrence range is considerably smaller (-90 15% to -80.66%, a = 3 87). Leaving out thi! 

two extreme diffe rence va lues for the cxoskeletal prosthesis does not improve the difference 

vanat ion to the same degree as the endoskeletal difTerence variation (CT - 39 04 ). The 
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importance of the small difference variation is primarily in evaluating the compatibility 

between a prosthesis and a range of subjects. Taking this into consideration, the endoskeletal 

prosthesis is more compatible with a variety of subjects than the exoskeletal prosthesis. 

Examining the apparent overlap of the subject ranges for subjects 3 through 5 shows that the 

endoskeletal prosthesis does a better job of fitting these subjects. [ts high compatibility 

allowed it to consistently fit those three subjects better than did the exoskeletal prosthesis. 

[n fac t, if the endoskeletal 's subject range is expanded to include all the test subjects, 

regardless of weight and height, it still outperformed the exoskeletal prosthesis ( u = 4.45 ). 

The main observation of this study is that both prostheses have mome nts of inerti a 

which are quite different from that of the natural legs. The exoskeletal prosthes is has a 

moment of inertia considerably larger than most of the test subjects' legs because of its larger 

mass and how it 1s di stributed throughout the prosthesis. Similarly, the endoskeletal 

prosthesis ' moment of inertia is considerably less than the natural legs because of its smaller 

mass and its di stribution . The increase in moment of inertia accompanied with using the 

exoskeletal prosthesis (for its target range excluding the first test subject ) \vould seemingly 

dictate an increase in energy expe nditure to success full y use and control the prosthesis during 

\val king or any other type of motion using the legs. S imilarly, the smaller moment of inertia 

suggests a decrease in e nergy expenditure when using the endoskeletal prosthesis. Whether or 

not the actual energy changes follow these predictions must still be determined through 

amputee testing. 
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So, the question of the effect of inertia-matching is raised once again. Inertia-matching 

would most likely lead to amputees using endoskeletal prosthetic legs with larger/ than in 

current use, but exactly how much larger is not currently known. Some middle-ground 

between minimum prosthesis I and maximum limb control needs to be researched. 

One piece to the puzzle may lie in the difference between the C"XO. keletal and 

endoskeletal prostheses. Besides a weight differential, a key difference between the two 1s 

their mass distribution. The exoskeletal prosthesis mass distribution 1s more l1Ke the natural 

leg's mass distribution (center of mass not along the natural leg's centroidal axis) while the 

endoskeletal limb has its mass center on the centroidal axis of the pylon 

In an endoskeletal prosthesis, approximately 83 6 percent of the \veight resides 

a lmost equally in the knee and the foot . Since the knee is usually located close to the distal 

end of the residual limb, its moment at the hip is nor as great as chat of the foot The foot 1~ 

on the distal end of the p) Ion which acts as a \Cf) long le" er arm . The long le\ er arm allcm~ 

the foo t to create a greater moment at the knee and, subsequently, the hip. 
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CONCLUSION AND RECOMMENDATIONS 

The research demonstrated that changing the inertial characteristics of a leg will indeed 

change a person's gait characteristics and that prosthetic legs have very different moments of 

inertia from natural legs. The exoskeletal prosthesis did seem to be more closely inertially 

matched to the natural leg than did the endoskeletal , a result due mainly to the geometry and 

weight of the exoskeletal prosthesis. The geometry of the exoskeletal prosthesis more closely 

matches that of the natural limb than does the endoskeletal , and the majority of the weight of 

the exoskeletal prosthesis is in the composite cosmesis body. The endoskeletal prosthes is 

has its weight centered around the geometric center of the pylon using a foam rubber cos me is 

of negligible weight for a natural look. 

The masses of the knee and foot act to shift the prosthesis center of mass either 

proximally or di stally from the geometric center of the pylon because of the high proportion 

of total leg weight the knee and foot have in addition to the exoskeletal prosthesis· mass 

distribution. A heavier knee leads to a net proximal center of mass shift, while a heavier foot 

leads to a net distal center of mass shift. A proximal hilt shortens the effective moment arm 

just as a di stal shift lengthens it. Assuming the mass of the prosthesis stays constant , 

modifyi ng the mass distribution of the pylon such that the moment of inertia was decreased 

would decrease the resultant moment the leg imposes on the hip. Taking this into 

consideration, a heavier truncated conical pylon, v•ith the knee mounted at the base and the 

foot at the apex, might be a suitable way to match moment of inertia without increasing the 
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resultant moment at the hip. Figure 19 compares a theoretical truncated conical pylon to the 

current style being used. 

Consider an endoskeletal prosthesis with a truncated conical pylon (TCP) having the 

same length and moment of inertia as the endoskeletal prosthesis tested. The new leg with 

truncated conical pylon could have a mass of approximately 5.11 kg as compared to the 1.83 

kg mass of the tested endoskeletal. The different mass distribution al lows the TCP to have a 

larger mass while having the same I as the standard cylindrical pylon of smaller mass. [f the I 

of the prosthesis were matched to the natural leg, the geometry of the pylon could be changed 

to allow for an inertially matched, lightweight prosthesis. 

A more comprehensive study into the effects of inertially matched prosthetics on 

amputee gait and health is needed. This study did point out the differences between the 

moments of inertia between prosthetic and natural legs. However, the next step is to conduct 

tests with amputees using inertially matched prosthetics. Such a study should be conducted 

over a time period of at least one year to allow amputees to grow accustomed to using various 

limbs. 

An additional parameter that should be considered is amputee comfort. An inertially 

matched prosthesis may improve amputee gait and energy consumption, but if the amputee is 

not comfortable using the limb even after a suitable adjusting period, the limb might not be a 

viable solution. The amputee must have the most comfortable leg possible as di scomfort will 
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most likely lead to irregular use. The situation is similar to buying a pair of shoes that 

provide excellent shock absorption and stability whi le not being comfortable. The buyer will 

only wear the shoes when good shock absorption and stability are needed. When good shod 

absorption and stability are not needed, the buyer will most likely wear more comfortable 

shoes. More often than not, an amputee will not have the luxury of changing to a more 

comfortable leg. Thus, comfort is a very important parameter that should be monitored and 

maximized. 
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Knee Displacement 
Note: DiseJacemenl units are cent1melers 
Horizontal Control Load I Load2 Load 3 Load4 - ·- --- --

Minimum 23.52 14 18 22.05 19.62 22.71 
Maximum 48.09 38.86 46.79 42 .54 47.99 
Ranges 24.58 24.67 24.74 22.92 25.28 
Variances 95.76 89.89 79.76 72.64 90.85 

Vertical 
Minimum -13.67 - 14.09 -14.04 -13.66 -14.05 
Maximum -I 2.50 -1 3.44 -11 . 79 -12.87 -11 76 
Ranges 1 17 0.65 2.25 0.80 2 29 
Variances 0.15 0.047 0.58 0.08 0 54 

K nee Velocity 
.Vote: ve/ocuy 11nr1s ure c:enl 1meter.\· per ,,ec:ond 
Horizontal Control Load I Load 2 Load 3 Load4 -· _______ ,.. - . - -- -- ---

Minimum -148 12 - 156 50 -246.43 -228.96 -257 94 
Maximum 155 70 152 19 215 .82 207 16 220 95 
Ranges 303 .8 I 308.69 462.25 436. 13 4 78 89 
Variances 9.559E03 10.653E03 27. 162E03 22.923E03 28.684E03 

Vcnical 
Minimum -4 93 I 31 -22 68 -4.62 -12 07 
Maximum -2 08 2 58 25 .56 -0. I 3 21 54 
Range, 2 85 I 27 48 23 4 49 33 62 
Vanances 0.89 0. 18 255.90 2.2 I 124.., I 

K nee Acceleration 
::_·01e.:.·...::.cc:e/era1 wn lf!Itls are cent 1meten'f'_a .\ec:mul .w.i!!..u.!!...d __ _ -..------
Horizontal Control Load I Load 2 Load 3 Load 4 

Minimum -2.576EO 1 -2 420F.O 1 -5 186E01 -4786F.O 1 -5 355F.O 1 
Maximum 1.J 17EOI I .433EU I 2.983EO I 3.895EO I 3.435EO I 
Ranges 3.893EO I 3.8541::01 8.169EOI 8.681EOI 8 789EO I 
Vanances 2.5061:::06 2.2671:.06 8.27 11:.06 9.434E06 I U.4871:06 

Ven1cal 
Minimum 8.56 -3 80 144.70 -13.46 I 00 ~5 
Maximum 8.56 -3 80 144.70 -13 46 100 85 
Ranges () u 0 () () 

Vanances 0 0 () 0 () 
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Hip Displacement 
Note: dis[!_lacement umts are centimeters 
Horizonta l Contro l Load 1 Load 2 Load 3 Load4 - -

Minimum 37.98 28.69 38.39 35 02 39.57 
Maximum 43.14 32 49 41 02 37 66 41.48 
Ranges 5.16 3 8 1 2 62 2 63 1.9 1 
Variances 4.59 2.06 0.86 0.68 0.50 

Vertical 
Minimum 24.81 24.16 24.91 24 12 24 43 
Maximum 25 14 25 39 26 40 26 15 25 34 
Ranges 0.33 1.23 1 48 2.03 0 9 1 
Vanances 0.0 1 0. 17 0.23 0.55 0.09 

Hip Velocity 
J:'o1e;__velo0.!l._un11s_are cent 1me_I_!!..!·'· (!!' ·~'!emu/ _---·· 
I lorizontal Control Load I Load 2 Load 3 Load4 

Minimum -22 74 - 15 12 -44 57 -I 99 -25 65 
Maximum 34.26 21 34 23 42 22.46 21 33 
Ranges 57.00 36.46 67 70 24.45 46 98 
Variances 384.47 153 .33 544 03 55 .65 303.06 

Vertical 
Minimum 0 39 0 51 -7 38 -24 18 -8 26 
Maximum I 60 8 66 13 74 23 .78 10 03 
Range I 22 8.16 21 12 47.96 18 28 
Variances 0 16 7 98 49 07 253 .04 36 77 -

Hip Accelera tion 
J!_~J/e~ l~:_elerntwr!._11~1.!.!::.. a:.;, cenl1meterspa secund SCJ. llllrl'd 

Horizontal Control Load I Load 2 Load 3 Load 4 
Minimum -393 85 -244 57 -38 1 29 - 185.17 -480 81 
Maximum 484.88 189 10 737.05 389.27 829. 16 
Ranges 878 74 433 66 I 11 8E03 574.44 I 3 I OEOJ 
Variances 129.9 18E03 28.24 1 EOJ 208 848E03 37 758E03 224 100E03 

Venical 
Minimum -3 66 -35 41 63 37 - 143.89 -54 85 
Maximum -3.66 -5 73 63.37 - 143.89 -54 85 
Ranges () 29 68 () 0 () 

Vananccs 0 11 5 65 0 0 0 -
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Shank Angular Parameters in XV-Plane 
Note: displacement units are degrees, velocity units are degrees per second, and 
acceleration units are degrees per second squared 

Qi~p~~c~m~nt ·-·---·-·----·--- ~O!:Jt_rol . _ --·- ~-~~~ I 
Minimum 78.86 79.85 
Maximum 132.39 133. 78 
Ranges 53.53 53 .94 
Variances 280. 10 296.94 

Velocity 
Minimum 81.39 81.76 
Maximum 268.49 253.45 
Ranges 187.09 171.69 
Variances 4 .056E03 3.978E03 

Acceleration 
Minimum -3.996E03 -4.26 IE03 
Maximum 2.48 I E03 l.966E03 
Ranges 6.477E03 6.227E03 
Variances 3. I 89E06 3.486E03 

Load2 
80.49 

134.70 
54.20 

325.92 

-756.27 
293 .20 

1.049E03 
109.523E03 

-13.009E03 
2.285E03 

15.294E03 
24.982E06 

Load3 
258.96 
3 13.26 

54.30 
380.65 

- 1.0 I OE03 
305.85 

1.315E03 
2 17.499E03 

- 15.4 72E03 
5.892E03 

2 I .364E03 
42.964E03 

Load4 
76.78 

133.81 
57.03 

355.62 

-925.40 
321.68 

l.247E03 
164.493E03 

-1 5.096E03 
2.306E03 

I 7.402E03 
28.63 1 E06 ....,. __ ... ,, .. - ,,, --.. - ·,.,...lC-"W-.. ,--.. --. --..~-,,.--........ ,.y __ . .._ ... -. .... ... 

Thigh Angular Parameters in XV-Plane 
,Vote: d1sp/ucement units are degree.,·, veloCtty w11ts arc.: d<:>gn:es per sC'cond. and 
uccelerution um ts are degrees per second squared 

~i s_pl ~c~n:.~nt _ _ _ . -~Qntrol_____ ·- Load 1 
Minimum 68. 16 69.23 
Maximum 97.45 99.30 
Ranges 29.29 30.06 
Variances 127.65 135.2-l 

Velocitv 
Minimum -198.09 -208.59 
Maximum 181.60 191.14 
Ranges 379.69 399.74 
Variances 14.487F03 17.559E03 

Acceleration 
Minimum -3. 180E03 -3.130E03 
Maximum 1.292E03 1.676E03 
Ranges -l.472E03 4.806E03 
Variances 3.280E06 3. 7-l 1 E06 

Load 2 
65.67 
98.78 
33. 11 

144.38 

-343.48 
283 .23 
626.71 

47.345E03 

-6.968E03 
3.629E03 

10.597E03 
15. 143E06 

Load 3 
246.43 
278. 12 

3 1.69 
142.93 

-33 1. 52 
284.00 
615.52 

44.485E03 

-6.563E03 
4 .656E03 

11.219E03 
16.898E06 

Load -l 
64.95 
99.62 
34.66 

165.48 

-352.42 
288.02 
640.44 

52.090E03 

-7.079E03 
-l .178E03 

11 .256E03 
16.342E06 ---- - · ,.. . ____ ..__.---.... --·-~·-... -¥. __ ....._,_ 
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APPENDIX B. TEST SUBJECT 2 VIDEOGRAPHY DATA 
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Knee Displacement 
Nole: displacemenl units are centimeters 
Horizontal Control Load 1 ------ - - ----- - - -·-

Vertical 

Minimum 
Maximum 
Ranges 
Variances 

Minimum 
Maximum 
Ranges 
Variances 

Knee Velocity 

35.55 21. 15 
62.23 48.68 
26.68 

101.48 

-18.53 
-14 17 

4.37 
2.26 

27.53 
102.34 

-18.66 
-17.28 

1.39 
0.22 

Note: velocity units ure cen1 imeters per second 

Load 2 Load 3 Load 4 - - --- -- - -- .... - --------. 
20.43 23.68 28. 11 
45.68 49.07 53.89 
25.26 25.39 25.77 
92 .74 90.80 97.69 

-19. 11 -19.23 -18.26 
-17.52 -16.68 -16.77 

1.58 2.55 1.49 
0.18 0.55 0.25 

Horizontal Control Load 1 Load 2 Load 3 Load 4 - . ---------- _ ... _ .. __ -- -·- -- ·-·---· -·- -· 
Minimum -260. 13 -229 79 -260.59 -250.30 -269 56 
Maximum 215.73 232.49 
Ranges 475.86 462.28 
Variances 30.708E03 30.493E03 

Vertical 
Minimum -2.50E-03 -7. 18 
Maximum 26.21 -1. 15 
Ranges 26.22 6.03 
Variances 75.60 4.00 

242.22 
501.81 

29.476E03 

-49.04 
9.63 

58.67 
302.44 

249.85 220.90 
500. 15 490 .. p 

28.87 1 E03 30.295E03 

-30.29 
-2.0 I 
28.28 
82. 11 

-1 7.20 
14.64 
31 .84 

110.95 ---"-·----· ···-----·--·-----··--~-~·--· 
Knee Acceleration 
,Vote: uc<;::Jaatwn um':_"_ ure cenllmeter.\ per secon_d_.w.._11_w_re:._'d ____ . ______ _ 
Horizontal Control Load I Load 2 - - - - -· -·-· - ·-- ~ - -· - - - - - - - -... -

Vertical 

Minimum -5.055E03 -4.847F:03 -5.705E03 
Maximum 3.924E03 2.416E03 3.999E03 
Ranges 8. 978E03 
Variances 9.902E06 

Minimum 78.65 
Maximum 
Ranges 
Variances 

78.65 
0 
0 

7.263E03 
7.489E06 

-18.08 
-18.08 

0 
0 

9.704E03 
12.284E03 

-860.33 
130.53 
990.86 

I 09.538E03 

Load 3 Load 4 - ... - -- - -· --
-5. 747E03 -5.557E03 
3.643E03 3.854E03 
9.390E03 9.411E03 

12.065E06 1 l .487E06 

-305.81 -1 00.65 
35.42 -92.83 

341.23 7.83 
l 7. 158C03 9.2 1 ----·-- ------•M41SfJ ~--.. ~-- - •II I< --- ---~, .. __________ _.. .._ ... 
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Hip Displacement 
Note: DiseJacement units are centimeters 
Horizontal Control Load I Load 2 Load3 Load4 --·-- ------ --- ---····----

Minimum 52.73 41 .66 37.82 42.12 45.83 
Maximum 56.68 43.99 39.68 44.26 46.79 
Ranges 3.95 2.33 1.86 2. 15 0.95 
Variances 2.57 0.75 0.42 0.57 0. 11 

Vertical 
Minimum 21.76 20.42 19.56 2 1.20 21.60 
Maximum 25.24 24.57 23.83 24.27 24.23 
Ranges 3.48 4. 16 4.27 3.07 2.63 
Variances 1.24 I. 72 1.89 1.05 0.80 

Hip Velocity 
Note: velocity untt.,· are cent 1meters e.er second 
Horizontal Control Load I Load 2 Load 3 Load-+ 

-9 - · -· --~· - --- - ------- --·- --··-· --~ 
Minim um -22.23 -17.98 -22 64 -27.95 -0. 11 
Maximum 28.85 12.27 9.25 20.41 5.82 
Ranges 5 1.08 30.25 31.89 48.36 5.93 
Variances 277.36 83.49 105.85 258.13 3.87 

Vertical 
Minimum 7.25 --+5 . I I -45 . 72 -34.53 -26.92 
Maximum 19.50 28.27 35 56 29.88 30.04 
Ranges 12.25 73 .38 81 .28 64.41 56.97 
Variances 17.97 587.30 726.72 456.39 356.97 ------- - --- ...... --·- --- --·--- ------- --··--~- .... -

Hip Acceleration 
..:.\'t>le~l!._CCt:'lera'..!!.!!!......!.!.!3~ cenl1meters l!...'!!..!!!::.!md squared ____ ,. _________ ... ___ ~ 
Horizon tal Control Load I Load 2 Load 3 Load4 

Minimum -284.3 7 -63 37 -25. 76 82.58 -17.80 
Maximum 666.40 356.70 350 23 224. 19 -17.80 
Ranges 950.77 4'.20.07 376 00 I-+ 1.6 1 0 
Variances 122.347E03 24.843E03 20.732E03 2.884E03 0 

Vertical 
Minimum -84.89 -257.89 -243 .84 -193.24 -170.90 
Maximum 19.07 -193.69 -243 .84 -193.24 -170.90 
Ranges 103.96 64.20 0 0 0 
Variances 1.572E03 557.88 0 0 0 

------~------ -----------· -~ ---·----- __ ... __ .... __ ,.. __ .._ .. ___ ..... 
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Shank Angular Parameters in XV-Plane 
Nole: d1.\p/acemen1 units are degrees, veloc11y umts are degrees per second, and 
accelerutw n umts ure degrees p er second squared 
Displacement Cont~ol L<?ad I 

Velocity 

Minimum 70.25 71 .43 
Maximum 
Ranges 
Variances 

13 1.77 
6 1.51 

474.02 

128.67 
57.14 

442.47 

Load 2 
249.33 
310.88 

61.55 
459.07 

Load 3 
252. 16 
31 1.56 

59.40 
445 .21 4 

Load4 
249.52 
3 14.50 
64.98 

527.80 

Minimum -1 .02 1 E03 -830.56 -999.67 -900.33 -876 20 

Acceleration 

Maximum 348.44 387.22 382.43 370.06 4 16.99 
Ranges 1.369E03 1.2 I 8E03 1 382E03 1.270E03 1.293E03 
Variances 209.130E03 203.122E03 236.671 E03 226.654E03 231 .651 E03 

Minimum -16.043E03 - 13.595EOJ -1 5.536E03 - 13.962E03 -14.440E03 
Maximum 
Ranges 
Variances 

1.837EOJ 
17.879E03 
38.492E06 

7 21 OE03 7 72 1 E03 
20 805E03 23.257E03 
40.574E06 46.359E06 

7 724E03 
21 .686E03 
4 I . 7-lOF.06 

6 304F.03 
20 744E03 
44 798F06 ·--------·--- -

Thigh Angular Parameters in XV-Plane 
/\'ot<!: d1sp/ucernent umts ar e degrt!<!S, veloc11y w11f.\ lll'<! dcgrl!<!.' pa .\l'omd, u11d 

..!:!..::...c<!l;:_ra/101111111/s ure degree.\ p<!r \l!C<mJ S(fll('!l!d ______ ___ ·-- __ _ _ ·-·· 

Displacement C~ntro l Lo_?d I Load 2 Load 3 

Vclocit\ 

Acceleration 

Minimum 62 28 61 38 243.54 242 30 
Maximum 99. 16 98 13 '279 87 279 45 
Ranges 36 88 36 75 36 33 37 15 
Variances 174 7 1 185 69 182 65 189 4 7 

Minim um 
Maximum 
Ranges 
Variances 

Minimum 
Maximum 
Ranges 
Variances 

-358 26 
26 1 40 
6 19.66 

52. 703E03 

-6 737E03 
5 229E03 

I 1.966E03 
16 494E06 

-32 1 26 -380.33 -361 77 
304. 10 325.03 356.73 
625.36 705 36 718 50 

56. I 95E03 57.15 1 E03 59.008E03 

-6.369E03 
3 208F03 
9 577E03 

-7.475[03 -7.857[03 
5 360E03 -l .319E03 

12 836E03 12. 186E03 
12 899E06 22 345E06 2 I 872E06 

Load4 
245 18 
280 1-l 

34 .95 
178 87 

-370 77 
301 .-l-l 
672 21 

55.537E03 

-7.523E03 
5 188E03 

12.7 12F.03 
21 307[06 
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APPENDIX C. TEST SUBJECT l FORCE PLATE DATA 
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Right Foot Analysis 
Note: umts are l?!.rcenta~e <{_ho':!l. wetFJ,hl 
D~_ta S_~mmi:i_rr Control Load I Load2 Load 3 

·- - -
Medial-Lateral Minimum -21. 76 - 17.36 - 18.3 1 -19.68 

Maximum 20.27 22 02 23 46 22.57 
Range 42.02 39.38 41 .77 42.25 
Variance 1.50 1. 33 1 49 I 55 

Vertical Minimum 0.04 0 35 10.62 5.09 
Ma.xi mum 118. 19 116.83 116.43 120. 48 
Range 118. 15 116 47 105.81 115.39 
Variance 12.67 10. 16 5.34 6.55 

Left Foot Analysis 
Note: 11111/s are E.ercentage ofh<H(Y weight 
Data Summa Control Load 1 Load 2 Load 3 ·- - - - - -- -· - -- .. 
Medial-Lateral Minimum -24 76 -24 90 -25.91 -21 .29 

Maximum 12.88 14 14 10 21 22 41 
Range 37.64 39.03 36 12 43.70 
Variance I 26 1 22 I 26 1.56 

Vertical Minimum 0 42 on 2.20 0 04 
Maximum 106.56 108 54 99.65 116 43 
Range 106.14 108 32 97.44 116.39 
Variance 10 84 10 68 8 60 1071 -

Center of Pressure Analysis 
.\'ore: uppl 1cahle units are ct!nl m1eter., - --------- -
Left Foot Control Load I Load 2 Load 3 ·-· -
X-Coordinate Mean 5 10 2.67 3.50 5.21 

Std. De\ 1.77 2.38 2 3 1 4 85 
Y-Coordinate Mean 14 90 14.78 14 34 13.42 

Std De\ 8.93 12.58 6. 18 20 24 
_Iotal Migration 160.39 173 .85 142 62 2 19.64 --- - ----
Right Foot Control Load 1 Load 2 Load 3 
X-Coordinate Mean 4.58 6. 16 0.88 2.47 

Std. Dev 3 23 2 JO I 60 I 54 
Y-C oordi nate Mean 9 47 10 99 13 13 12 07 

Std. Dev 8.34 4.90 7 34 6 75 
_! ota~WM i~ration 120.82 11 8.98 121 68 120.52 --------
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APPENDIX D. TEST SUBJECT 2 FORCE PLATE DATA 
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Right Foot Analysis 
Note: units are e.ercenlaB,.e <{_hodJ::.. we1f:Z.hl 
_p~ta S~mmary _ Cont rol Load 1 Load2 Load 3 -
Medial-Lateral Minimum -18.39 -16.58 -25 .50 -22. 15 

Maximum 22 71 22.00 20.83 20. 16 
Range 41 10 38.58 46.33 42 32 
Variance 1.50 1.24 1.7 1 1.42 

Vertical 
Minimum 10.04 0.07 14.92 0.07 
Maximum 11 9.65 122.65 123. 17 123 36 
Range 109.6 1 122. 58 108.24 123.30 
Variance 7.02 11 .38 6.39 12.28 

Left Foot Analysis 
Note: units are e.erc.:entuo..e <i hoJy we1!$/11 
D~ta Summary_ Control Load I Load 2 Load 3 
Medial-Lateral Minimum -21.43 -20.3 1 -20 83 -1 9 2 1 

Maximum 14 78 22.03 25 50 18 49 
Range 36.21 42.34 46 33 37 70 
Variance 1.00 1.26 I 59 I 21 

Venical Minimum 0 07 0 13 1 14 6 58 
Maximum 11 8.34 11 8.87 123 17 121 21 
Range 118.28 118.74 122 03 114.63 
Variance 14.75 12 .75 11 30 7 96 ----- _..._......,.....__._.._._ . . ---·-·---

Center of Pressure A nalysis 
.\"ote: opplu;uh/1! um/., ore cent 11neter.' 
Ldt Foot Control Load I Load 2 Load3 ---· -· - -- ---· - -- -·- --
X-Coordinate Mean 4 18 4 18 5 44 2 63 

td . Dev. 2.29 1.26 0.85 () 58 
Y-Coordmatc Mean 15 34 12 76 11 .53 II 32 

Std. De' 10 72 6 .,., .) _ 4 51 4 20 
Total Migration 167.99 125 28 114 08 100 42 ---
Right Foot Control Load 1 Load 2 Load 3 -
X-Coordinate Mean 4.02 3.37 5.35 5.!.7 

Std. Dev I 05 2 66 0.82 I 69 
Y-Coord inate Mean 11 ~4 12 9 1 11 09 11 ._., - .).) 

td . Dev. 4 70 10 05 4 37 6 62 
Total Migration I 04.49 142.14 106.27 126.59 --- - -- .. ---·-
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APPENDIX E. ELECTROMYOGRAPHY DATA 
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Test Subject 1 EMG Data Summar~ 
Loading __ L~ Qu~-~ _g_~ Q uad L~ Gastroc Rt. Gastroc - -
Control Maximum lEMG (volt-sec): 5.42E-03 6 .85 E-03 8.37 E-03 12.50 E-03 

Mean EMG (volts): 4. I 7E-03 5.27 E-03 6.44 E-03 9.6 1 E-03 
Load I 

Maximum lEMG (volt-sec)· 6.80E-03 6.86 E-03 6. 76 E-03 12.03 E-03 
Mean EMG (vo lts) : 5.23E-03 5.28 E-03 5.20 E-03 9.26 E-03 

Load 2 
Maximum IEMG (volt-sec) 9.32E-03 7.93 E-03 7.51 E-03 8.90 E-03 
Mean EMG (volts): 7. 17E-03 6 10 E-03 5 77 E-03 6.85 E-03 

Load 3 
Maximum lEMG (volt-sec): 7. I 8E-03 8.0 I E-03 11.18 E-03 6.56 E-03 
Mean EMG (volts): 5.52E-03 6. 16 E-03 8.60 E-03 5.05 E-03 

Test Subject 2 EMG Data Summary --A 
Loading Lt. Quad Rt. Quad Lt Gastroc Rt. Gastroc 
Control Maximum IEMG (volt-sec)· 2. 14 E-03 2 42 E-03 6 80 E-03 l-l.58 f-03 

Mean EMG (volts) I 64 F-03 I 86 E-03 5.::!3 E-03 11 .2::! E-03 
Load I 

Maximum IEMG (vo lt-sec): 2.40 E-03 2.::!6 E-03 6 56 E-03 10.37 C-03 
Mean EMG (volts) 2.00 F-03 1.89 F:-03 5 .p [-03 8.64 E-03 

Load 2 
Maximum ff.MG (vol t-sec ) 2.56 E-03 2 18 E-03 7 82 F-03 9. 15 E-03 
Mean EMG ( \olts) 2 13 E-03 I 82 E-03 n 52 F-03 7.62 E-03 

Load 3 
Maximum lEMG (volt-sec)· 2.24 E-03 2 07 E-03 6.53 f.-03 I 0.()4 E-03 
Mean EMG ( \ Ol ts) I 87 E-03 I 73 E-03 5 44 F -03 8 37 F-03 ·-- -- - ----- - -- -




