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In this study, the energy-storing capabilities of solid-ankle cushion heel (SACH) 
and Carbon Copy II prosthetic feet during the stance phase of gait were com- 
pared. A person with a unilateral below-knee amputation serued as a component 
of the instrumentation to test the feet under dynamic loads. Ten trials per foot of 

Because of its simplicity of design and ever, there is a demand for prosthetic 
durability, the solid-ankle cushion feet that will endure and improve 
heel (SACH) foot is the most fre- athletic performance. As a result of 
quently prescribed prosthetic foot in this demand, a new class of solid- 
the United S1ates.l Because people ankle prosthetic components known 
with disabilities have increased panic- as "energy-storing" feet has been de- 
ipation in a variety of athletics, how- veloped. Among these newer designs 
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bilateral stride at “jFee" velocity were collected with a video-based, three- Alan Tomasko 
dimensional data-acquisition system and two force plates. There were no dzffer- Ivan Sable 
ences between the prosthetic conditions in step length, single-limb support time, Steven J Stanhope 
and wing period (analysis of variance) or in double-limb support time, cadence, 
and velocity (Student's t test). Angular kinematics and moments of the hip and 
knee were unaffected bilaterally by the type of foot. The progression of the center 
of pressure under the Carbon Copy II was delayedhm 15% to 80% of stance as 
compared with the SACH foot. The Carbon Copy II showed slower unloading in 
late stance and a later peak propulsive force than did the SACH foot. The Carbon 
Copy II performed greater work in both the energy-storage (Carbon Copy 11=2.33 
J ,  SACH=I.IGJ and energy-return (Carbon Copy II=1.33J, SACH=0.34J 
phases of stance and returned energy with 57% eficiency. Although the energy 
returned by the Carbon Copy II was clinically insignt@cant during level waking, 
these results conjirm that it performs as an energy-storing device. [Burr AE, Lohm- 
ann Siegel 4 Danoffn et al. Biomechanical comparison of the energy-storing 
capabilities of SACH and Carbon Copy II prosthetic feet during the stance phase of 
gait in a person with below-knee amputation. Pbys Ther. 1992;72:344-354.1 
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are the Seattle FootTM,* the Flex- 
~ o o t ' " , ~  and the Carbon Copy I1 
(CC 11) foot.**" 

The keel of the CC I1 foot consists of 
a carbon-composite flexible primary 
deflection plate extending to the 
proximal interphalangeal region of 
the forefoot and an auxiliary deflec- 
tion plate extending to the midfoot 
region.35 This keel is designed to 
deform from heel-strike to late stance, 
storing energy like a compressed 
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spring, and then to release this stored 
energy just before toe-off to initiate 
swing. Furthermore, the lightweight 
materials used in the CC I1 foot pre- 
sumably contribute to a smooth pen- 
dulum action during swing. The man- 
ufacturer of the CC I1 foot claims that 
ths  energy-storing mechanism en- 
ables pe:ople with amputations to im- 
prove their performance in vigorous 
activities such as running and jumping 
and in nonvigorous activities such as 
level walking.5 

There is little evidence available to 
demonstrate that the CC I1 foot's keel 
performs as an energy-storing spring. 
This evidence is mostly limited to 
clinical comparisons and personal 
anecdotes.3 Torburn et al,(. who exten- 
sively studied five subjects with ampu- 
tations using the CC I1 foot, reported 
no effect of the energy-storing design 
on stride characteristics, angular kine- 
matics, joint kinetics, o r  oxygen con- 
sumption during level walking. 

During the design and manufacturing 
process, the testing of prosthetic feet 
involves methods in which the feet 
are attached to instruments that mea- 
sure their response to externally ap- 
plied loads.'-9 Such methods provide 
valuable information about the mate- 
rial and mechanical properties of a 
particular prosthetic component, but 
they have limited application to esti- 
mates of the foot's performance un- 
der the loading conditions of gait. 

In the modem biomechanics labora- 
tory, the kinematic and kinetic gait 
characteristics of subjects with ampu- 
tations can be measured three- 
dimensionally. This capability pro- 
vides the opportunity to test different 
prosthetic feet under the conditions 
in which they ultimately will be used. 
Instead of attaching different pros- 
thetic feet to inanimate instruments, 
investigators can attach them to a hu- 
man "instrument," who will provide 
the ideal dynamic force input for ana- 
lyzing the response of different feet to 
walking. 
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One variable of interest in the study 
of energy-storing prosthetic feet is 
joint muscle power, which is equal to 
the product of moment of force and 
joint angular velocity.10 In the pros- 
thetic limb, if the moment and angu- 
lar velocity have the same polarity (ie, 
are both positive or  are both negative 
in sign), the resulting positive power 
represents the rate of return of en- 
ergy by the prosthesis. If the moment 
and angular velocity are opposite in 
polarity (ie, one is positive, and the 
other is negative), however, the re- 
sulting negative power represents the 
rate of storage of energy by the pros- 
thesis. For a given gait cycle, the dif- 
ference between the energy stored 
and the energy returned by the pros- 
thesis represents dissipation of energy. 

Robertson and Winter" showed that 
the ankle plantar flexors control the 
forward rotation of the shank over the 
supporting foot early in stance and 
that they are responsible for over 
80% of the mechanical power gener- 
ated at push-off during the normal 
gait cycle. People with below-knee 
(BK) amputations, therefore, are likely 
to compensate for the loss of the pos- 
terior shank musculature, either at 
other joints or  through substitution by 
the components of the prosthesis, o r  
through some combination of these 
two strategies. 

Winter and Sienkol2 investigated the 
biomechanics of gait in 8 subjects 
with BK amputations using SACH 
(5 subjects), Uniaxial (2 subjects), and 
~ r e i s s i n ~ e f l ~  (1 subject) prosthetic 
feet. Of particular interest in their 
observations were the differences in 
moment and power at the prosthetic 
ankle joint. They found that with all 
three prosthetic feet, the dorsiflexor 
moment was prolonged in early 
stance as compared with normal gait. 
All three feet stored energy (ie, had 
negative power) during mid-stance, 
but only the Uniaxial and Greiss- 
ingerTM feet returned energy in late 
stance with 20% and 30% efficiency, 
respectively. These investigators have 
demonstrated the use of a method of 
measuring the energy storage and 
return capacity of prosthetic feet, 
which are designed to compensate for 



the normal function of the ankle plan- 
tar flexors. 

- 
In our study, kinematic and kinetic 
variables of the lower extremities 
were analyzed during level, nonvigor- 
ous gait of a person with a unilateral 
BK amputation using SACH and CC I1 
prosthetic feet. The purpose of this 
study was to compare the variables 
during the stance phase of gait that 
were directly related to the energy- 
storing capabilities of the dfferent 
feet. These variables were the pro- 
gression of the center of pressure, 
prosthetic ankle joint angle, net pros- 
thetic moment about the ankle, and 
prosthetic ankle joint power. Other 
kinematic gait variables (ie, step 
length, single-limb support time, 
swing period, double-limb support 
time, cadence, average velocity, and 
hip and knee flexion-extension) were 
analyzed to illustrate the consistency 
of the person's gait pattern while us- 
ing the two dikrent prosthetic feet. 
This consistency provided justification 
for the use of a person with a BK am- 
putation as a component of the instru- 
mentation rather than as a subject of 
the study. 

Method 

Instrumentation 

Data were collected at The Biome- 
chanics Laboratory, Department of 
Rehabilitation Medicine, National Insti- 
tutes of Health (NIH), Bethesda, Md. 
A video-based (50-Hz), three- 
dimensional, kinematic data- 
acquisition system (VCON@)II and 
two AMTI# model OR6-3A (200-Hz) 
force plates were used for data collec- 
tion. A data-capture volume measur- 
ing 0.606 0, 1.813 0, and 1.200 
(Z) m in the orthogonal laboratory 
coordinate system was defined by 
15 reference targets placed midway 
along a 10-m walkway such that the 
positive Z axis defined the vertical 
upward dimension and the negative 
Y axis defined the direction of ambu- 
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Flgure 1. schematic diagram o/the orthogonal laboratory coordinate system as 
viewed from above. 

lation (Fig. 1). The position and orien- 
tation of five cameras were deter- 
mined (external calibration) before 
trial data acquisition by imaging the 
reference targets. A camera nonlinear- 
ity correction process (internal cali- 
bration) was performed before the 
external calibration process and was 
applied to all kinematic data. 

The average external calibration er- 
ror, a least-squares residual difference 
between the actual and individual 
camera-estimated calibration target 
locations, was 2.06 mm for the five 
cameras, with a range of 0.94 to 3.12 
mm. The estimated resolution of this 
camera configuration relative to the 
field of view is 1 part in 3,000.13 This 
means that, for a 3-m field, objects 
can be resolved to within 1 mm. Ex- 
periments conducted to determine 
the accuracy and precision of mea- 
surements made in this laboratory 
demonstrated root mean square er- 
rors no greater than 0.9 degree when 
angular displacements of a uniaxial 

pendulum were sampled.'* When re- 
peated measurements were made of 
ankle-subtalar flexion-extension of 
five subjects during gait, the mean 
width of one standard deviation about 
the mean angular displacement curve 
for each subject was no greater than 
0.94 degree.14 The magnitude of this 
within-subjects variability is small rela- 
tive to the magnitude of the angular 
displacements about the joints of the 
lower extremity during gait and indi- 
cates that the video-based technique 
possesses the resolution needed to 
sample repeatable angular kinematic 
data from human subjects during gait 
to within 1 degree. 

The force plates were positioned in 
the middle of the data-collection vol- 
ume such that the position and mag- 
nitude of vertical and anterior- 
posterior ground reaction forces 
generated by subsequent contralateral 
stance phases could be measured.15 
The time of onset and cessation of 
vertical ground reaction forces and a 
kinematic-based technique were used 
to estimate the times at which tempo- 
ral and spatial gait events, such as 

"0xford Metrics Inc, 14206 Carlson Cir, Tampa, EL 33625, 

#AMTI, 151 California St, Newton, MA 02158. 

heel-strike, mid-stance, and toe-off, 
occurred.16 
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The person who served as the com- 
ponent of the instrumentation in this 
study WE an active 33-year-old 
woman with a unilateral BK amputa- 
tion. She stood 1.73 m tall with either 
prosthetic foot and weighed 52 kg 
with the SACH foot and 53 kg with 
the CC 11 foot. She received a BK am- 
putation secondary to synovial cell 
carcinoma of the right foot 51 months 
prior to participation in this study. 
She had since walked without any 
assistive device using a patellar 
tendon-bearing prosthesis with supra- 
condylar cuff and SACH foot. She gave 
her informed consent, then under- 
went a thorough musculoskeletal 
screening examination before com- 
pleting r.his study in accordance with 
the NIH requirements for human ex- 
perimentation. She had full and pain- 
free range of motion (ROM) of all 
joints and "normal strength" (defined 
as the ability to resist the examiner in 
a manuid "break test) of all muscle 
groups of the intact limb. On the side 
of the amputated limb, hip ROM and 
strength were equal to measurements 
obtained for the intact side. Knee 
ROM was also full and pain-free on 
the side of the amputation. The 
strength of both the knee extensors 
and flexors on the side of the ampu- 
tated limb could not be overcome in 
a break test using the shortened tibial 
segment (11 cm from the lateral knee 
joint line to the distal end of the re- 
sidual tibia) as the lever arm. 

Girth measurements taken with a 
measuring tape at l k m  intervals 
from the level of the greater t r o  
chanter to the inferior border of the 
patella of the intact and residual limbs 
differed by an average of 4.64 cm 
(3.00-7.00 cm) and were greater on 
the intact side. Limb length, measured 
with a measuring tape from the 
greater trochanter to the floor adja- 
cent to the calcaneocuboid joint, was 
85.0 crr1 on the intact side, 85.5 cm on 
the prosthetic side with the SACH 
foot, and 86.0 cm on the prosthetic 
side with the CC I1 foot. 

For the purpose of this study, a certi- 
fied prosthetist consuucted and fitted 
an endoskeletal patellar tendon- 
bearing prosthesis with medial wedge 
suspension and a totalcontact soft 
liner. The shank pylon was left ex- 
posed to allow for the exchange of the 
foot component. The person with the 
BK amputation domed the prosthesis 
only once during the entire data- 
collection period She wore the same 
pair of soft-soled, low-heeled shoes 
with both prosthetic feet. Prosthetic 
foot type was randomly selected by a 
drawing. The prosthetist affixed and 
aligned the SACH foot first, followed 
by the CC I1 foot. The person with the 
BK amputation was allowed to accom- 
modate to the foot by freely ambulat- 
ing for approximately 10 minutes. 

Retroreflective spherical targets 25.4 
mm in diameter were f i e d  to the 
skin superficial to the superior aspect 
of the greater trochanters, the left lat- 
eral femoral condyle, and the lateral 
aspect of the left lateral malleolus. 
Targets were also f i e d  to the pros- 
thesis lateral to the right femoral 
condyle, to the distal lateral aspect of 
the shank at the approximate location 
of the lateral malleolus, and to the 
foot at the approximate location of 
the fifth metatarsal head. 

Data Collection 

The person with the BK amputation 
walked at a self-determined "free" 
velocity through the data-collection 
volume. A datacollection trial com- 
menced approximately 2 seconds be- 
fore the person entered the data- 
collection volume and terminated 
approximately 2 seconds after she left 
the data-collection volume. Ten ac- 
ceptable trials were gathered for each 
prosthetic foot. An acceptable trial was 
one in which the person with the BK 
amputation achieved complete con- 
secutive steps occurring on sequential 
force plates and in which the kine- 
matic data were continuous. The data- 
collection phase lasted for 55 min- 
utes. A total of 46 trials of data were 
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collected in order to obtain the 20 
trials required for analysis. The per- 
son with the BK amputation did not 
report pain or fatigue, nor was tissue 
breakdown prevalent on inspection 
after data collection. There was a 30- 
minute rest period when the foot was 
exchanged, but the prosthesis was not 
removed at that time. 

Data Reduction 

The ADTECH Motion Analysis Soft- 
ware System (AMASS)** was used to 
create three-dimensional trajectories 
of the targets from the raw camera 
data. The NIH Automated Gait Evalua- 
tion Software (AGES) was used to 
compute the temporal, spatial, and 
lunetic variables from the target posi- 
tion time histories and force-plate 
data. 

The variables of step length, single- 
limb support time, swing period, 
double-limb support time, cadence, 
and average velocity during a stride 
were defined in accordance with Win- 
ter." Angular kinematics were de- 
fined as follows: hip joint angle was 
the anterior measure of the angle 
projected into the laboratory YZ plane 
formed by the intersection of the l ab  
oratory Z axis and the thigh segment; 
knee joint angle was the posterior 
measure of the angle projected into 
the laboratory YZ plane formed by 
the intersection of the thigh and 
shank segments; and ankle joint angle 
was the anterior measure of the angle 
projected into the laboratory YZ plane 
formed by the intersection of the 
shank and foot segments. Prosthetic 
ankle joint angle reflected foot defor- 
mation, although no prosthetic ankle 
joint motion was expected to occur 
with the solid-ankle design. Center of 
pressure was measured relative to its 
location at initial foot contact with 
respect to the laboratory Y axis. Net 
muscular and prosthetic moments 
about the hip, knee, and ankle in the 
sagittal plane were calculated as the 
inverse of the cross product of the 
ground reaction force vector during 
stance and the displacement vector 
from the joint target to the center of 
pressure.18 Prosthetic ankle joint 
power was calculated as the product 



of the ankle joint angular velocity and 
the net prosthetic moment about the 
ankle.10 

Data Analysis 

Because each of the two prosthetic 
feet was tested 10 times using the 
person with the BK amputation as a 
biped system (and not as a subject) in 
which only the prosthetic limb condi- 
tion was modified, two-way analyses 
of variance (ANOVAs) for repeated 
measures (with foot and side as fac- 
tors) were used to evaluate step 
length, single-limb support time, and 
swing period. Duration of double- 
limb suppon, cadence, and average 
velocity for the two prosthetic feet 
were compared by Student's t tests. 
The alpha level of significance for the 
ANOVAs and t tests was adjusted to 
.017 according to the Bonferroni 
method for multiple comparisons. 
This method guards against Type I 
errors in the case of multiple compar- 
isons by dividing the chosen level of 
significance (a=.05) by the number 
of similar comparisons (three each 
for the ANOVA and Student's t test), 
thereby making each individual test 
more stringent.19 Although this 
method is considered conservative 
and may result in low statistical 
power, when only a few comparisons 
are made with 9 degrees of freedom, 
the adjusted significance levels are 
not dramatically different from those 
obtained when more exact methods 
for making multiple comparisons are 
used.Z0 Ensemble averages were gen- 
erated for hip joint angle, knee joint 
angle, and ankle joint angle kinemat- 
ics throughout a stride and for center 
of pressure, net muscular moment 
about the hip, net muscular moment 
about the knee, net prosthetic mo- 
ment about the ankle, venical ground 
reaction force, and anterior-posterior 
ground reaction force during stance. 

Strlde Characterlstlcs 

The means and standard deviations 
for step length, single-limb suppon 
time, and swing period are presented 
in Table 1. Step length was 26% 

- 
Table 1. Mean Step Characteristics of Prosthetic and Intact Limbs Across Trials 
(N=IO) for Each Prosthetic Foot 

Prosthetlc Foor 

SACH CC II 

Prosthetic Intact Prosthetic Intact 
Characterlstlc Slde Slde Slde Slde 

Step length (m) 

x 0.764 0.597 0.766 0.61 5 

SD 0.001 1 0.008 0.00054 0.00074 

Range 0.708-0.833 0.549-0.630 0.739-0.806 0.583-0.652 

Duration of SLSb (s) 

x 0.32 0.41 0.32 0.41 

SD 0.00027 0.0001 8 0.0001 6 0.0002 

Range 0.30-0.34 0.38-0.42 0.30-0.34 0.38-0.42 

Swing period (s) 

x 0.41 0.31 0.42 0.31 

SD 0.0002 0.00038 0.00016 0.0001 8 

Range 0.40-0.44 0.28-0.34 0.40-0.44 0.30-0.34 

aSACH=solid-ankle cushion heel, CC II=Carbon Copy 11. 

b ~ ~ ~ = s i n g l e - l i m b  suppon. 

longer for the prosthetic limb than 
for the intact limb, single-limb sup- 
pon time was 28% longer for the in- 
tact limb than for the prosthetic limb, 
and swing period was 34% longer for 
the prosthetic limb than for the intact 
limb. 

The results of the two-way ANOVAs 
(see Tab. 2, for example) indicated 
that the differences between the intact 

and prosthetic sides for these varia- 
bles were significant (PC .O17). The 
exchange of prosthetic feet, however, 
did not affect any of these variables 
on either the intact or  the prosthetic 
side; no significant differences 
(P>.017) were found to exist across 
feet and in the footxside interactions. 

Means and standard deviations for 
double-limb suppon time, cadence, - 

Table 2. Two-Way Analysis of Vanance for Repeated Measures of Step Length by 
Foot and Side 

Source dl SS MS F P 

Foot 1 0.00096 0.00096 3.08 . l l a  

Error 9 0.00281 0.00031 

Side 1 0.25249 0.25249 132.35 .0001 

Error 9 0.0171 7 0.00191 

Foot x side 1 0.00064 0.00064 1.15 .31 a 

Error 9 0.00502 0.00056 

aNot significant at a=.017. 

b~ignificant at a=.017. Level of significance (a=.05) adjusted for multiple comparisons by Bonfer- 
roni method of correction.19 
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Table 3. Compa&m of Duration of Double-Limb Support (DU), Cadence, and 
Average Velocity with Solid-Ankle C d i o n  Heel (SACH) and Carbon Copy II (CC II) 
Prosthetic Feet Acros Trials (N= 10) 

- 
X SD Range t P a  

Duration of DLS (s) 

SACH 0.303 0.019 0.280-0.340 1.367 .19 

CC I I  0.293 0.013 0.280-0.320 

Cadence (stepslmin) 

SACH 118.0 2.0 115.2-120.8 0.505 .62 

CC I I  118.4 1.5 116.1-120.8 

Average velocity (mls) 

SACH 1.321 0.022 1.284-1.353 1.931 .07 

CC II 1.342 0.027 1.302-1.370 

"Not significant at a=.017. Level of significance (a=.05) adjusted for multiple comparisons by Bon- 
ferroni method of correction.19 

and average velocity are presented in 
Table 3. The results of the t tests indi- 
cate that there were no significant 
differences (P> ,017) between pros- 
thetic feet for any of these variables. 

Hlp and Knee Kinernatlcs 

Because the angular kinematic ensem- 
ble averages of the intact limb for 
both prosthetic feet were virtually 
identical, on visual inspection when 
plotted, the values for the intact limb 
are presented as a single ensemble 
average in Figures 2 through 6. 

Hip Joint Angies 

The hip joint angle demonstrated a 
flexion-extension pattern over the 
course of a single stride (Fig. 2a). At 
heel-strike, the hip joint angle showed 
greater hip flexion on the side of am- 
putation than on the intact side for 
both prosthetic feet. From 20% to 
40% of the gait cycle, the hip joint 
angles were nearly identical for both 
sides and feet. After 40% of the gait 
cycle, the hip joint angle continued to 
be more flexed on the side of arnpu- 
tation than on the intact side for both 
prosthetic feet. 

Knee Joint Angles 

The ensemble averages for knee joint 
kinematics of the intact and prosthetic 
limbs are depicted in Figure 2b. The 
knee joint angle for the intact limb 
demonstrated a flexion-extension- 
flexion pattern during stance that is 
typical of normal gait. Conversely, the 
ensemble averages for the prosthetic 
limb for each type of foot clearly 
lacked this typical triphasic pattern. 
Instead, the knee was maintained pre- 
dominantly in a fully extended posi- 
tion. During swing, the prosthetic side 
knee joint was flexed approximately 
10 degrees more than the intact side 
knee joint. 

Vertical Ground 
Reaction Forces 

Figure 3a shows the ensemble aver- 
ages for the vertical component of the 
ground reaction force. In general, the 
vertical ground reaction force curve 
generated during a single stance 
phase can be described as a compos- 
ite of two "peaks" that occur chrono- 
logically: an initial maximum peak 
(Fl), followed by an intermediate 
trough (F2), and a second maximum 
peak (F3).21 Although it was not clear 
in this study which condition had the 
greatest duration of loading (ex- 
pressed as time lapsed to reach F1) 

during the early phases (0%-5%) of 
stance, it appears that the intact limb 
duration exceeded that of the pros- 
thetic limb while using the CC I1 foot, 
which in turn exceeded that of the 
prosthetic limb while using the SACH 
foot. The vertical ground reaction 
force reached F1 slightly earlier in 
stance in the intact limb than in the 
prosthetic limb while using either 
type of foot. The F1 peak was greater 
for the SACH foot than for the CC I1 
foot, but it occurred later in the 
stance phase. The F2 troughs for the 
prosthetic limb while using either 
type of foot were slightly higher in 
magnitude and occurred slightly later 
than for the intact limb. The F3 peaks 
were lower in magnitude than the F1 
peaks for both sides and both pros- 
thetic feet. The magnitude of the F3 
peak was greatest for the intact limb; 
these magnitudes were virtually iden- 
tical for both prosthetic limb condi- 
tions. The duration of unloading (ex- 
pressed as the time lapsed from F3 to 
100% of stance) appeared to be great- 
est for the prosthetic limb with the 
SACH foot, followed by the prosthetic 
limb with the CC I1 foot. The duration 
of unloading of the intact limb was 
only slightly shorter than that of the 
prosthetic limb with the CC I1 foot. 

Anterior-Posterior Ground 
Reaction Forces 

All anterior-posterior ground reaction 
force ensemble averages depicted a 
braking, or  negative-acceleration, 
phase followed by a propulsive, o r  
positive-acceleration, phase (Fig. 3b). 
The peak force for the braking phase 
of the intact limb occurred at approxi- 
mately 15% of stance and was of 
much greater magnitude than for ei- 
ther prosthetic limb condition. Nei- 
ther prosthetic limb condition dem- 
onstrated a well-distinguished peak 
force during the braking phase. The 
durations of the braking phase were 
nearly identical for the prosthetic 
limb conditions, and they were ap- 
proximately 5% longer than for the 
intact limb. 

With the exception of the last 10% of 
stance, the intact limb demonstrated a 
higher force throughout the propul- 
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of stance and continued until approxi- 
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Figure 2. Emernble averages for (a) hip joint angle (HJA) and (b) knee joint angle 
(KJA) versus percentage of gait cycle for the intact limb, the prosthetic limb with the 
solid-ankle cushion heel (SACH) foot, and the prosthetic limb with the Carbon Copy II 
(CC II) foot. Arrows indicate toe-off for the intact side (70%) and the prosthetic side 
(60%). ( ' tension = >180°.) 

sive phase and a much higher peak 
propulsive force than did the pros- 
thetic limb while using either type of 
foot. The peak propulsive forces for 
the two prosthetic limb conditions 
were approximately equal, but this 
force occurred slightly later in stance 
for the CC II foot than for the SACH 
foot. 

Net Muscular Moments 
About the Hlp 

The ensemble averages for the net 
muscular moment about the hip var- 
ied substantially between intact and 
prosthetic limbs (Fig. 4a). There were 
slight differences in the rate, peak 
moment, and time at which the peak 
moment occurred between prosthetic 
limb conditions. In general, the pros- 
thetic side demonstrated a large ex- 
tensor moment, about twice the mag- 
nitude of that of the intact limb, 

mately 50% of stance. For the remain- 
der of stance, the net muscular mo- 
ments about the hip for the prosthetic 
side remained close to zero. The net 
muscular moment about the hip on 
the intact side began with a slight 
flexor moment and progressed rap- 
idly to an extensor moment that 
peaked at approximately 10% of 
stance. It then dropped to nearly zero 
at 15% of stance, where it remained 
until late stance, at which time a 
flexor moment was produced. 

Net Muscular Moments 
About the Knee 

At the knee as well as the hip, the net 
muscular moments were quite similar 
for the two prosthetic limb conditions 
and quite different from the intact 
limb (Fig. 4b). The two prosthetic 
limb conditions demonstrated a flexor 
moment throughout the entire stance 
phase. The knee of the intact limb 
demonstrated an initial flexor mo- 
ment, followed by a larger extensor 
moment that peaked at approximately 
20% of stance and continued until 
approximately 35% of stance. The 
remainder of stance on the intact 
limb demonstrated a flexor moment 
of greater magnitude than on the 
prosthetic side and reached a peak at 
approximately 70% of stance. 

Center of Pressure 

Regardless of side or  condition, the 
center of pressure under the foot of 
the supporting limb moved anteriorly 
a distance of approximately 210 mm 
from heel-strike to toe-off (Fig. 5). 
The center of pressure under the in- 
tact foot was more anterior than that 
of either prosthetic foot for the dura- 
tion of stance. Until 15% of stance, the 
center-of-pressure values for the 
SACH and CC I1 feet were similar. 
Between 15% and 80% of stance, the 
center of pressure for the SACH foot 
was more anterior than that of the 
CC I1 foot. At 80% of stance, the ten- 
ters of pressure for the SACH and 
CC I1 feet united. 
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Figure 3. Ensemble averages of (a) vertical and (b) anterior-posterior ground reac- 
tion force:; (GRF) (in newtons) versus percentage of stance for the intact limb, the pros- 
thetic limb with the solid-ankle cushion heel (SACH) foot, and the prosthetic limb with 
the Carbon Copy II (CC II) foot. Arrows indicate mid-stance for the intact side (51%) 
and the prosthetic side (57%). 

Prosthetic Foot Function 

In the sagittal plane during stance, the 
CC I1 foot ankle joint underwent a 
greater excursion (4.8")han did the 
SACH foot ankle joint (2.3")Fig. 6a). 
Ankle joint angular velocities were 
also greater in both the negative and 
positive directions for the CC I1 foot 
(Fig. 6b). The curves showing the net 
prosthetic: moment about the ankle 
were similar for the two prosthetic 
feet (Fig. 6c), although plantar-flexor 
moments increased more rapidly in 
the SACH: foot. 

The power profiles for the two pros- 
thetic feet were virtually identical for 
the first 35% of stance (Fig. 6d). From 
35% to almost 80% of stance, the 
power values for the CC I1 foot were 
more negative than those of the SACH 
foot, indicating a greater rate of en- 
ergy storage. From 80% to 100% of 
stance, the power values for the CC I1 
foot were more positive than those of 
the SACH foot, indicating a greater 
rate of energy return. During the lat- 
ter 20% of stance, the peak power for 
the CC I1 foot was 19 W as compared 
with 5 W for the SACH foot. 

The work performed by the different 
prosthetic feet can be determined by 
integrating the power profiles with 
respect to time (Tab. 4).1° During the 
negative (energy-storing) portion of 
the power profile, the SACH foot per- 
formed only 26% of the work per- 
formed by the CC I1 foot. During the 
positive (energy-returning) portion of 
the power profile, the SACH foot per- 
formed only 50% of the work per- 
formed by the CC I1 foot. The CC I1 
foot returned 57% of its stored en- 
ergy as compared with a 30% return 
by the SACH foot. The net work per- 
formed by the CC I1 foot was 19% 
more negative than that of the SACH 
foot. 

Many of the results, specifically stride 
characteristics and angular kinematics 
for both the intact and prosthetic 
limbs, are typical for subjects with BK 
amputations.22 The results of the ki- 
netic analysis of the intact limb are 
fairly typical of normal ambulation.23 

Prosthetic foot type had no effect on 
the stride characteristics or, except for 
prosthetic ankle joint angle, on the 
lunematic gait variables of the person 
with BK amputation in this study. Be- 
cause the angular accelerations of her 
anatomical joints and the timing of 
her gait pattern were consistent 
across feet and because her mass re- 
mained relatively constant under both 
conditions, we can reasonably assume 
that she was imparting similar loads 
to the two prosthetic feet during the 
stance phase. Therefore, the variables 
that directly reflected prosthetic foot 
performance, namely center of pres- 
sure, ankle joint angle, net prosthetic 
moment about the ankle, and ankle 
joint power, probably reveal differ- 
ences between the feet related to 
their energy-storing and energy- 
returning characteristics. 

As previously noted, the SACH and CC 
I1 feet center-of-pressure values were 
very similar for the first 15% of 
stance, although the rate of the verti- 
cal ground reaction force increase in 
early stance was faster for the CC I1 
foot and the F1 peak was higher for 
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rather may be derived from resistance 
of the joint itself. 
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Figure 4. Ensemble averages of net muscular moments about (a) the hip (NMH) 
and (6) the knee (NMK) (in newton-meters) verstrspercentage of stance for the intact 
limb, the prosthetic limb with the solid-ankle cushion heel (SACH) foot, and the pros- 
thetic limb with the Carbon Copy I1 (CC II) foot. Arrows indicate mid-stance for the in- 
tact side (51%) and the prosthetic side (57%). Positive values for NMH represent exten- 
sor moments; positive values for NMK represent flexor moments. 

the SACH foot. It is during this phase 
that the cushioned heel of the SACH 
foot and the cushioned heel and 
energy-storing keel of the CC I1 foot 
compress. Differences in deformation 
characteristics between the two feet 
would directly affect these measures. 
Beyond 15% of stance, the center of 
pressure of the SACH foot was more 
anterior than that of the CC I1 foot. 
This may result from the weight trans- 
ference onto the deformable compo- 
nents of the CC I1 foot as compared 

with the rigid keel of the SACH foot. 
Associated with the more anterior 
center of pressure under the SACH 
foot was a greater knee flexor net 
muscular moment through mid-stance 
and a greater hip extensor net muscu- 
lar moment from 20% to 30% of 
stance onward. The prosthetic knee, 
however, was in a fully extended po- 
sition. Thus, the net muscular flexor 
moments recorded throughout stance 
may not have a muscular origin, but 

Both feet were shown to store and 
return energy during stance. Both 
energy storage and energy return, 
however, were greater in the CC I1 
foot than in the SACH foot. The CC I1 
foot also dissipated a greater amount 
of energy as comparecl with the SACH 
foot, although the CC I1 foot's overall 
energy-returning efficiency was 
greater. 

The significance to the person with a 
BK amputation of the energy-storage 
and energy-return capabilities of these 
prosthetic feet is of primary impor- 
tance in determining their clinical 
usefulness. One way to make such an 
assessment relies on the concepts of 
gravitational potential energy (PE) and 
kinetic energy (KE). Recall that 

(1) PE = mgh 

where m=body mass, g=gravitational 
constant, h = height of the body's ten- 

ter of mass, W=positive work (ie, en- 
ergy returned), and v=average veloc- 
ity of gait.10 That is, the energy 
returned by the prosthetic foot can 
have two possible effects on the body: 
that of raising the center of mass (ie, 
increasing APE) and that of increasing 
average velocity of gait (ie, increasing 
AKE). Substitution into equation 
(2) of experimentally obtained values 
for m and W, and assuming that hinitial 
is equal to 1 m, shows that under the 
conditions of level, nonvigorous gait, 
the energy returned by the SACH foot 
was sufficient to raise the body's ten- 

ter of mass 0.67 mm, whereas that 
returned by the CC I1 foot was suffi- 
cient to raise the center of mass 2.57 
mm. Substitution into equation (4) of 
experimental values for m, vinitial, and 
W shows that the energy returned by 
the SACH foot was sufficient to in- 
crease average velocity by 115 mm/s, 
whereas that returned by the CC I1 
foot was sufficient to increase average 
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Flgure 5. Mean location of the center of pressure (COP) beneath the intact, solid- 
ankle cushion heel (SACH), and Carbon Copy II (CC II) feet along the Y axis of ambula- 
tion and with respect to its location at heel-strike. Arrows indicate mid-stance for the 
intact side (51 %) and the prosthetic side (57%). 

velocity by 224 mm/s. As the average 
external calibration error for the kine- 
matic data-acquisition system was 2.06 
mm, it is likely that such small effects 
were barely appreciated experimen- 
tally. Furthermore, these estimated 
effects on APE and AKE are probably 
not clinically significant, even in the 
case of the CC I1 foot. 

Before we can conclude, however, 
that the CC I1 foot is not a clinically 
effective energy-saving prosthetic foot, 
several points merit consideration. 
First, the person who participated in 
this study received no formal instruc- 
tion or  training in the use of the 
CC I1 foot:. This discrepancy in experi- 
ence with the two feet was intentional 

for the purpose of this study, because 
the research design relied on consis- 
tent stance phase loading of the feet 
by the person in her role as a part of 
the laboratory instrumentation. We 
purposely avoided introducing greater 
variability into the instrumentation by 
minimizing the person's use of the 
CC 11 foot prior to her participation in 
this study. With training and experi- 
ence using the CC I1 foot, however, 
the person would be expected to uti- 
lize the energy-storing capabilities of 
the CC I1 foot more advantageously. 
Second, because ankle joint angle was 
determined as a projection into the 
laboratory YZ plane, any rotations of 
either the foot or shank segments out 
of that plane would have resulted in - 

Table 4. Work Performed and E n e w  Stored and Returned (in Joules) by 
Solid-Ankle Cwhion Heel (SACH) and Carbon Copy II (CC II) Prosthetic Feet 

Negatlve Work Posltlve Work Energy Returned (%) 
Foot (Storage) (Return) Net Work (ReturnIStorage) 

SACH -1.1565 0.341 7 -0.8148 30 

CC II -2.3348 1.3323 - 1.0024 57 

an underestimate of ankle joint angu- 
lar displacement and hence of its de- 
rivatives angular velocity and accelera- 
tion. Thus, net prosthetic moment 
about the ankle and ankle joint power 
would subsequently have been under- 
estimated. Although our use of a sin- 
gle person with demonstrated consist- 
ency of gait kinematics supports 
conclusions based on the relative ef- 
fects of the two prosthetic devices, the 
calculations estimating the absolute 
changes in PE and KE may be lower 
than the actual values obtained for 
both the SACH and the CC I1 feet. 
Finally, under more strenuous loading 
conditions, such as vigorous walking, 
running, or jumping, the greater effi- 
ciency of energy return by the CC I1 
foot may well improve functional per- 
formance. Indeed, it was for such ac- 
tivities that the concept of the energy- 
storing foot was conceived. 

Conclusions 

The person who participated in this 
study showed no discernable change 
in overall gait characteristics, as mea- 
sured by stride characteristics and 
angular kinematics of the hip and 
knee of both limbs while using either 
of the two prosthetic feet. She was 
therefore an ideal instrument to use 
in the mechanical testing of the differ- 
ent prosthetic foot designs. Differ- 
ences evoked from the use of either 
the SACH or  the CC I1 foot were dis- 
cernable when measurements were 
clearly specific to keel design and 
appear to be associated with the 
energy-storage and energy-return 
characteristics of the feet. The CC I1 
foot was shown to return energy at 
57% efficiency as compared with only 
30% efficiency for the SACH foot. 

Despite the superior efficiency of the 
CC I1 foot as an energy-storing and 
energy-returning device, estimates of 
the change in PE and KE caused by 
the energy returned during level, 
nonvigorous gait are clinically unre- 
markable. Future studies are needed 
to investigate similar effects during 
more strenuous activities. 
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Flgure 6. Ensemble averages of (a) prosthetic ankle joint angle (AJA) (in degrees), 
(b) pmtktic ankle joint angular velocity (VEL) (in degrees per second), (c) net prosthetic 
moment about the ankle (NUA) (in newton-meters), and (d) prosthetic ankle joint power 
(in watts) versus percentage of stance for the pmsthetic limb with the solid-ankle cushion 
heel (SAC.) foot and the pmsthetic limb with the Carbon Copy I1 (CC IiJ foot. Arrows in- 
dicate mid-stance for the prosthetic side (57%). Values greater than 134 degrees for AJA 
and positive values for VEL represent plantarfrexion; positive values for NUA represent 
plantar-jlem'on moments; positive values for power represent e n q  return. 
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