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INTRODUCTION 
Energy storing prosthetic feet have demon

strated clinical advantages for active below-
knee amputees. However, indications for use of 
energy storage systems have not been estab
lished for less active, low velocity ambulators. 
The intent of this research was to determine if 
the general below-knee amputee population 
would benefit biomechanically from an energy 
storage prosthetic foot system. 

A group of moderately active individuals, 
who could be referred to as non-vigorous am
bulators, participated in the study. A physical 
exam (to rule out musculoskeletal causes of 
gait deviation) was followed by motion anal
ysis. SACH and Flex Foot(tm) were analyzed. 
Statistically significant improvements were 
found in two important areas. 

CASE STUDIES 
Six male below-knee amputees between the 

ages of 23 and 56 participated in the study. The 
gait of three subjects was studied with both 
SACH foot and Flex-Foot(tm) prostheses. Direct 
SACH/Flex-Foot(tm) comparisons were made 
from this group (n = 3). Three additional sub
jects were analyzed with the Flex-Foot(tm) (n = 
6). They enabled the investigators to determine 
the consistency of trends. 

All subjects were asked to walk at their own 
comfortable pace, therefore, the results repre
sent the biomechanics of walking. They do not 

reflect the action of the Flex-Foot(tm) during in
tense activities or vigorous ambulation. 

RESULTS 
Linear Gait Parameters 

There were no differences found in velocity 
(walking speed) and cadence (number of steps 
per minute) between the Flex-Foot(tm) and 
SACH foot trials. Both variables were below 
normal values. This finding is true for a broad 
population of below-knee amputees as evi
denced by other researchers. 9 It indicates that 
our population is representative of low intensity 
ambulators. 

Two periods of single limb stance exist 
within a gait cycle. (One period is on the pros
thetic side; the other is on the sound limb side.) 
One hundred percent of a gait cycle is from 
heel contact to ipsilateral heel contact. The per
centage of single limb stance spent on the pros
thesis did not vary when the Flex-Foot(tm) or 
SACH foot prostheses were worn. Likewise, 
the percent of the gait cycle spent on the sound 
limb did not vary between the Flex-Foot(tm) and 
SACH trials. However, single limb stance time 
was more symmetrical between the prosthetic 
and sound limbs when the Flex-Foot(tm) was 
worn. 

Double limb stance is a period of weight 
transfer when both feet are on the ground. The 
total percent of time spent in double limb 
stance did not change between Flex-Foot(tm) and 
SACH trials. 



Linear gait parameters did not change (be
tween the Flex-Foot(tm) and SACH foot) for 
moderately active persons. The similarities 
found demonstrate the adaptability of the 
human body to the loss of a limb regardless of 
the type of prosthetic device. However, other 
variables such as joint rotations, foot timing, 
and force largely reflect the design and mate
rials of the prosthesis. 

Foot Timing and Joint Rotations 
Stance has been delineated by the periods of 

heel contact (HC), foot flat (FF), midstance 
(MS), heel off (HO), and toe off (TO). This 
sequence of events shall be referred to as foot 
timing. It is measured as a percentage of the 
gait cycle (Figure 1). 

The results of joint rotations (ankle range of 
motion) will be reviewed concurrently. Even 
though neither the Flex-Foot(tm) nor SACH foot 
contains an ankle joint, the gait analysis 
cameras can perceive their action as ankle dor-
siflexion and plantarflexion. Because the com
puter software does not specify a neutral posi
tion, "relative" motion is analyzed. For these 
two variables (foot timing and joint rotation), 
the periods of early and late stance will be eval
uated separately. 

In normal gait, the ankle is in a neutral posi
tion when the heel strikes the floor. The ankle 
then plantarflexes 12 to 15 degrees6 in order for 

the foot to become flat on the ground. Thus, 
foot flat occurs at nine percent of the gait 
cycle 1 , 2 as a result of 12 to 15 degrees of rela
tive motion in early stance. 

Compression of the SACH heel simulates 
ankle plantarflexion in early stance. However, 
this provides considerably less than normal 

Figure 1. Normal foot timing. The periods of stance represented as a percent of the gait cycle: heel contact 
(HC), foot flat (FF), heel off (HO), and toe off (TO). 1 , 2 , 1 7 

Figure 2. Relative magnitude of ankle motion in 
early stance.6 



motion (Figure 2). As a result, the foot cannot 
become flat on the ground until much later in 
the gait cycle (21 percent) when the body 
weight is shifted farther forward (Figure 3). 

Dynamic compression of the Flex-Foot(tm) 
heel pylon ("heel deflection") is another at
tempt to mimic ankle plantarflexion in early 
stance. Likewise, it results in less than normal 
motion (Figure 2). This finding was demon
strated even when the population was increased 
to six. A comparison of the Flex-Foot(tm) pros
thesis to the sound limb is illustrated in Figure 
4. Note the limited "ankle range of motion" of 
the prosthetic limb at foot flat. Lack of plantar-
flexion, likewise, delays the timing of foot flat 
(Figure 5), but to a lesser degree than with the 
SACH foot. 

During the early stance phase of non-vig
orous walking, joint rotations and foot timing 
did not significantly differ (between the Flex-
Foot(tm) and SACH foot). Both deviate from 
normal values. 

After the period of foot flat in normal gait, 
the leg rolls over the planted foot until it 

reaches a peak dorsiflexion of eight to ten de
grees.6 Shortly thereafter, the heel rises from 
the ground (HO). Immediately following, the 
ankle plantarflexes to a position of 18 to 23 de
grees of plantarflexion6; a total of 30 degrees of 
relative motion usually occurs during this latter 
part of stance. 

Peak dorsiflexion occurs on the SACH foot 
as the forefoot bends over the keel (followed by 
a return to the starting position). This resulted 
in only 11 degrees of relative motion, which is 
considerably less than normal (Figure 6). 

The Flex-Foot(tm) provides a significantly 
more normal substitute of ankle motion in late 
stance. Dynamic compression of the anterior 
pylon ("toe deflection") and a plantarflexion 
rebound afforded 20 degrees of motion (Figure 
6). Greater excursion potentially enables the 
amputee to lean farther forward and take more 
symmetrical steps. Figure 7 illustrates the simi
larities between the sound limb and Flex-Foot(tm) 
at the time of heel off. 

Likewise, foot timing was positively affected 
in late stance. The period of toe off occurred 

Figure 3: Foot timing: mean of the SACH trials. 

Figure 4a. Ankle motion at foot flat: Flex-Foot.(tm) Figure 4b. Ankle motion at foot flat: sound limb 



Figure 5. Foot timing: mean of the Flex-Foot(tm) trials. 

Figure 6. Relative magnitude of ankle motion in 
late stance.6 

Figure 7a. Ankle motion of heel off: Flex-Foot.(tm) 

Figure 7b . Ankle motion of heel off: sound limb. 



more symmetrically between the sound and 
amputated limbs when the Flex-Foot(tm) was 
worn. 

Therefore, even "average" walkers benefit 
from the ankle motion which the Flex-Foot(tm) 
provides in the late stance phase of gait. 

Force 
"Vertical force is the floor reaction force in 

the vertical direction as measured by the force 
plate ." 1 0 The magnitude of vertical force is 
typically measured in newtons. The value has 
been normalized to body mass (ie. newtons/kg) 
to enable comparison among subjects. Vertical 
force is graphically represented by two peaks 
separated by a valley (Figure 8). The first peak 
occurs as a result of the initial impact of the 
foot on the ground. In the past, the second peak 
has been thought to represent a push-off by the 
ankle plantarflexors (posterior calf muscles). 

Many of the energy storing feet claim to pro
vide a push-off similar in nature to the action of 
the ankle plantarflexor muscles. It seems rea
sonable, then, to investigate this claim by 
looking at the second peak of vertical force. 

Before doing so, current theories regarding 
the precise function of the ankle plantarflexor 
muscles should be reviewed. Cavagna con
tinues to support the idea that muscle action 
generates a forceful push-off.3 Although Mann 
does not support a "push-off," he claims that 
the "plantarflexors control the forward pro
pulsive momentum, making it possible for 
the body to move farther from its base of 
support."5 Sutherland recognizes that there is a 
"knee-ankle-stability linkage, suggesting that 
the ankle plantarflexors decelerate the tibia as it 
rotates in a forward direction over the talus, 
controlling a selective rapid extension of the 

Figure 8. Sample representation of vertical force 
data. 

Figure 9a. Subject MZ: lateral stick figure repre
sentation with superimposed floor reaction force 
vector.* 

*Hip joint marker placement on the ASIS rather than true 
joint center makes the knee appear more extended than 
what anatomically occurs. 

Figure 9b. Subject MZ: vertical force comparison 
of sound and amputated limbs. 



knee." 1 2 Perry reviewed Cunningham's study 
(1950) which found force plate records for 
below-knee amputees with SACH feet to be 
similar to the data of normal muscled persons.4 

She then theorized that "the late floor reaction 
peak is the result of leverage by body align
ment, rather than an active downward thrust."7 

The results of this study support Perry's con
tentions. The magnitude of the second peak of 
vertical force (normalized to body mass) was 
the same for the SACH foot as it was for the 
corresponding sound limb. Assuming that the 
SACH foot is not an energy storage system, it 
can be concluded that the similarity was due to 
"leverage by body alignment"7 (which for am
putees is influenced by prosthetic alignment). 

When the Flex-Foot(tm) population was three, 
the magnitude of the late floor reaction force 
was greater for the prosthesis than for the sound 
limb. This should not be interpreted as a super
human "push-off." In fact, when the popula
tion was increased to six, the force generated 
by the Flex-Foot(tm) was less than that of the 
sound foot. This discrepancy made it necessary 
to investigate the cause. 

A trend was found, suggesting that when a 
knee extension moment existed at heel off, the 
late stance peak (of vertical force) of the Flex-
Foot(tm) was less than that of the sound limb 
(Figure 9). Those subjects who had a knee 
flexion moment at heel off generated forces 
which closely resembled the sound limb 
(Figure 10). The Flex-Foot(tm) responds with op
timal vertical force in late stance when a knee 
flexion moment is created through prosthetic 
alignment. 

Thus far, it has been determined that mus
cular action in the late stance of normal 
walking is not actually a "push-off." The data 
and literature suggest that the second peak of 
vertical force is primarily a product of align
ment. Therefore, some other means of investi
gating the supposed energy storage and release 
of new prosthetic feet must be determined. 

Simon studied subjects without posterior calf 
muscle activity and found ways in which they 
compensate. Because the plantarflexors were 
not available to provide a restraining force as 
the tibia rotated forward over the foot, his sub
jects spent less time in single limb stance (on 
the involved limb) and experienced premature 
opposite heel contact.8 Neither of these occur
rences were found in this study. 

As a secondary means of compensation, 
Simon's subjects experienced excessive impact 
at opposite heel strike (HC on the sound limb).8 

This occurred because of an inadequate re
straining force by the involved extremity. 

In this study, the magnitude of vertical force 
at impact (i.e. the first peak, also normalized to 

Figure 10a. Subject RS: lateral stick figure repre
sentation with superimposed floor reaction force 
vector.* 

*Hip joint marker placement on the ASIS rather than true 
joint center makes the knee appear more extended than 
what anatomically occurs. 

Figure 10b. Subject RS: vertical force compar
ison of sound and amputated limbs. 



body mass) was the same when the Flex-Foot(tm) 
and SACH foot struck the ground. This finding 
is consistent with the fact that the sound limb 
provides a similar restraining action regardless 
of which prosthetic device is worn on the am
putated limb. 

However, the sound limb struck the floor 
with significantly greater force during the 
SACH trials (as compared to the Flex-Foot(tm) 
trials). Because SACH foot does not provide a 
controlled restraint, the corresponding sound 
extremity must hit the floor with an excessive 
amount of force. Such compensation was un
necessary during the Flex-Foot(tm) trials. Appar
ently, the restraining action which the Flex-
Foot(tm) creates is a considerably better simula
tion of the function of the true ankle plantar
flexor muscles. 

After review of the data and current litera
ture, the role of the calf muscles appears to be a 
restraining action rather than a "push-off" 
during normal gait. The Flex-Foot(tm) more ef
fectively simulated the action of the calf 
muscles than the SACH foot in non-vigorous 
walking. 

SUMMARY 

Non-vigorous walking was studied to deter
mine if the general below-knee amputee popu
lation would biomechanically benefit from en
ergy storing feet during walking. We found that 
linear gait parameters did not significantly 
differ between the Flex-Foot(tm) and SACH foot. 
However, symmetry did improve with the 
Flex-Foot(tm). Ankle joint rotation in early 
stance was considerably less than normal with 
both types of artificial limbs. However, the 
Flex-Foot(tm) allowed significantly greater range 
of motion during late stance. Although foot 
timing was minimally improved with the Flex-
Foot(tm), the period of foot flat was delayed with 
both types of prostheses. Energy storage and 
release is apparent through an investigation of 
vertical forces. Forces which normally result 
from muscle activity must be mechanically cre
ated by the prosthesis. Force data suggests that 
the controlled restraining action of the Flex-
Foot® is a significantly better representation of 
the function of the posterior calf muscles. 

CONCLUSION 
Moderately active below-knee amputees ex

perience biomechanical benefits from an en
ergy storage prosthetic foot system. Thus, indi
cations for use of such systems should not be 
limited to athletes and vigorous ambulators. 
The Flex-Foot® should also be considered for 
less active individuals. Biomechanical respon
siveness should be considered along with other 
factors such as cost, fitting time, and cosmesis 
when selecting a prosthetic foot. 
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