
Abstract—Lower-limb amputees have identified comfort and
mobility as the two most important characteristics of a prosthe-
sis. While these in turn depend on a multitude of factors, they
are strongly influenced by the biomechanical performance of
the prosthesis and the loading it imparts to the residual limb.
Recent years have seen improvements in several prosthetic
components that are designed to improve patient comfort and
mobility. In this paper, we discuss two of these: VSAP and
prosthetic foot-ankle systems; specifically, their mechanical
properties and impact on amputee gait are presented.

Key words: amputation, artificial limbs, biomechanics, pain,
rehabilitation, residual limbs.

INTRODUCTION

The primary goal of rehabilitation of the individual
who has undergone lower-limb amputation is the opti-
mum restoration of function. Although many aspects of
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the rehabilitation plan—beginning with the surgical care,
physical therapy, occupational therapy, and psychological
support—can influence the rehabilitation outcome, one of
the most important determinants is the quality of the pros-
thetic restoration. This depends primarily upon the fit of
the prosthetic socket and the choice of prosthetic compo-
nents. The physician and prosthetist who formulate a
prosthetic prescription must integrate marketing and sci-
entific data to make important, cost-effective decisions.
Unfortunately, the marketing strategy of most prosthetic
manufacturers is to persuade providers and patients to
choose the most expensive components, and the scientif-
ic evaluation of these components is frequently quite lim-
ited. As we formulate a prosthetic prescription, we must
be simultaneously aware of the prosthetic characteristics
that are most important to the amputee and of the charac-
teristics that will most strongly influence their functional
status.

Patient comfort is one of the most important factors
that influence the functional status a patient ultimately
achieves. In a survey of veterans and nonveterans with
lower-limb amputations, Legro et al. (1) found that the fit
and comfort of the prosthesis, and the avoidance of blis-
ters or sores on the residual limb, were the most impor-
tant functional characteristics of the prosthesis. Similarly,



Postema et al. (2) found that amputees rate “absence of
stump pain” and “no fatigue during walking” as the most
important subjective aspects of a prosthesis. Although its
negative impact on function is widely appreciated, resid-
ual-limb pain continues to be a pervasive problem for the
amputee. In a survey of 255 amputees, Ehde et al. (3)
found that 74 percent had residual-limb pain with a mean
intensity of 5.4 on a 0 to 10 scale; further, of those with
pain, 60 percent described it as moderately to severely
bothersome.

The factors responsible for an amputee’s perception
of discomfort have not been firmly established but are
likely to include abnormal loading of the residual-limb
soft tissues, abnormal or excessive musculoskeletal load-
ing of the residual-limb proximal structures, and/or
abnormal or excessive loading of the intact limb muscu-
loskeletal structures. In the prosthetic lower limb, the
forces associated with the impact at heelstrike, the sup-
port of body weight, the acceleration and deceleration of
the center of mass, and the swing phase must be trans-
mitted through the soft tissues of the residual limb and
ultimately through its skeletal and musculotendinous
structures. The soft tissues of the residual limb are not
adapted to load bearing and in many situations may be
compromised by scar tissue, split thickness skin grafts, or
neuromata.

A number of prosthetic-limb characteristics may
influence tissue loading. These include the quality of the
suspension system which, if poor, can result in residual-
limb “pistoning”; the quality of the socket design and
contours; the type of interface material that is interposed
between the hard socket and the tissues of the residual
limb; the ability of the prosthetic pylon to absorb or dis-
sipate forces; and the mechanical properties of the pros-
thetic foot, the most important of which are the stiffness
of the heel and forefoot keel. Choosing appropriate com-
ponents as part of the prosthetic prescription, while opti-
mizing socket contours and prosthetic alignment, is
critical to optimum user comfort.

Although secondary to comfort, the degree of mobil-
ity provided by the prosthesis is extremely important to
functional outcome. In the survey by Legro and col-
leagues (1), the importance of maintaining mobility was
rated 97.6 on a scale of 0 to 100. Similarly, Kegel (4)
found that functional limitations such as the inability to
run and excessive fatigue were the main reasons given by
amputees for their lack of participation in recreational
sports. The level of mobility is largely a function of the
biomechanical characteristics of the prosthesis.
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To properly evaluate the biomechanical characteris-
tics of a prosthesis, the most important functional require-
ments of the intact ankle, foot, and associated
musculature during normal gait must first be understood.
At the instant of heelstrike, the rapid deceleration of the
stance limb results in a high-frequency “shock” wave that
is transmitted through the skeleton. This impact force is
attenuated by passive shock absorbers such as the heel
pad, articular cartilage, and synovial fluid, as well as by
active absorbers such as joint motion and muscle activity.
Following heelstrike, the anterior musculature of the
stance leg contracts eccentrically, as do the quadriceps, to
absorb the impact forces and to control the vertical decel-
eration of the body’s center of mass. During midstance,
eccentric contraction of gastrocnemius-soleus controls
the progression of the center of mass. Finally, in late
stance phase gastrocnemius-soleus provides the greatest
power output of all lower extremity muscle groups; this
positive power output is a product of both concentric
muscle work done by the muscle complex and the passive
return of elastic energy that was stored in it during mid-
stance lengthening. The positive power output may to a
small extent accelerate the body’s center of mass, but
more importantly, it serves to accelerate the leg forward
into swing phase. A key feature of the intact muscu-
loskeletal and neuromuscular foot/ankle complex is its
adaptability. It can function optimally over a wide spec-
trum of walking and running speeds as well as over vary-
ing terrains.

There have been numerous prosthetic components
designed to meet the requirements described above. Most
of these have been foot/ankle systems, but more recent
years have seen the introduction of “vertical shock-
absorbing pylons” (VSAPs). As their name implies, these
pylons are designed to attenuate the shock loads generat-
ed during walking in an attempt to increase comfort and
decrease fatigue. Improving comfort and mobility are
also the goal of foot/ankle systems that incorporate ener-
gy-storing components. These devices attempt to repro-
duce the normal elastic energy-storing mechanisms of the
gastrocnemius-soleus. Although advances such as VSAPs
and energy-storing foot/ankle systems provide significant
restoration of function, the positive power output and
adaptability of the normal limb have yet to be achieved.

This paper will address two important elements of
the transtibial prosthetic prescription that influence com-
fort and biomechanical function. Specifically, the contri-
bution of vertical shock pylons to tissue and
musculoskeletal loading, as well as the effects of the



301

KLUTE et al. Mechanical properties of prostheses

mechanical characteristics of prosthetic feet on tissue
loading and the biomechanics of amputee gait will be
discussed.

VERTICAL SHOCK-ABSORBING PYLONS

Tissue Damaging Transient Loads During Walking
During walking, the human body is subjected to

repetitive, high-magnitude forces as it comes into contact
with the ground. While these ground reaction forces are
generally of low to moderate frequency, at the instant of
heelstrike, the rapid deceleration of the stance limb results
in a high-frequency “shock” wave that is transmitted
through the skeleton. It is observed as a short spike of
force superimposed on the upslope of the ground reaction
force (Figure 1). Spectral analysis has shown 99 percent
of the power is contained below 15 Hz, although addi-
tional transients provide components above 50 Hz (5).

Research suggests that repetitive loading in general,
and high-frequency repetitive loading in particular, can be
harmful to the musculoskeletal system. Such loading has
been implicated in the initiation and progression of
osteoarthritis, prosthetic joint loosening, low-back disor-
ders, and other “over-use” syndromes (6–10). It has also
been associated with soft tissue damage; studies have
shown that repetitive loading can lead to inflammatory
autolysis of the skin and ultimately to ulceration (11,12).

Because lower extremity amputees clearly lack the
majority of “natural” shock absorbers, they are particu-

larly vulnerable to the adverse effects of the repetitive
loads experienced during gait. Soft tissue sites unfamiliar
to repetitive loading, such as those of the residual limb,
cannot easily adapt and are prone to tissue breakdown
and localized pain (13). This is reflected in the high fre-
quency and severity of residual-limb pain in this popula-
tion; as many as 74 percent of amputees suffer from
residual-limb pain, and 60 percent consider it moderately
to severely bothersome (3).

In an attempt to ameliorate residual-limb problems,
prosthesis manufacturers have recently marketed VSAPs,
pylons designed to attenuate the deleterious loads gener-
ated during walking (Figure 2). In contrast to traditional
rigid pylons, these pylons have a compression element
that displaces under weight bearing. The equivalent stiff-
ness and damping of the pylon are determined primarily
by the choice of compression element. Despite the com-
mercial availability of these devices, few investigators
have attempted to characterize their mechanical proper-
ties or evaluate their impact on amputee gait.

Mechanical Properties of VSAP
Before their effect on amputee gait can be fully

understood, the mechanical response of VSAP to stan-
dardized loading conditions must be evaluated. To date,

Figure  1
Vertical component of the ground reaction force of a 89-kg male walk-
ing with a Flex-Foot prosthesis. 

Figure 2
Three commercially available VSAP. From left to right: (a) TT
Pyramid Pylon (Blatchford Endolite, Chas A. Blatchford & Sons Ltd.,
Hampshire, U.K.), (b) ICON™ Shock Pylon (Flex-Foot Inc., Aliso
Viejo, CA), (c) Total Shock Pylon (Century XXII Innovations Inc.,
Jackson, MI). 
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Hsu et al. (16) compared differences in metabolic
cost, efficiency, and intensity for walking and running
with three different prostheses, one of which included a
VSAP (i.e., the Re-Flex VSP). They found that for all
measures and both modes of locomotion, the prosthesis
with a VSAP significantly outperformed the other two.
No significant differences were found between the two
prostheses without VSAP, despite the fact that one
included an energy-storing foot.

Together, the studies by Miller and Childress (14)
and Hsu et al. (16) suggest that while VSAP may not sig-
nificantly affect the mechanics of amputee gait, they may
significantly affect the energetics and perception of com-
fort during amputee gait. This conclusion is tentative,
however, and requires further study. As yet, no conclu-
sions can be drawn regarding VSAP’s ability to attenuate
impulsive forces, since no study has focused specifically
on the heelstrike event.

PROSTHETIC FEET (FOOT/ANKLE)

Another aspect of the prosthetic prescription that
strongly influences comfort and function is the stiffness
of the foot-ankle system. Selection of an appropriate stiff-
ness is primarily based on a patient’s body weight, his/her
choice of activities, and the intensity level of those activ-
ities, but other factors such as residual-limb length, resid-
ual-limb pain, and patient sense of stability may also be
considered. Nearly all manufacturers allow the physician
(or prosthetist) to choose a desired stiffness from a vari-
ety of available components. For example, the Seattle
Foot (Seattle Orthopedics Group, Poulsbo, WA) is avail-
able in seven different keel stiffnesses, and the Flex-Foot
(Flex-Foot Inc., Aliso Viejo, CA) has nine categories of
stiffness. The physician must weigh the various factors
and choose a single stiffness to serve all conditions a
patient might experience (see Figure 3).

An inappropriate choice of stiffness may lead to
increased metabolic costs, abnormal muscle activation
patterns, decreased gait symmetry, tissue damage associ-
ated with abnormal residual-limb and intact-limb loading,
and pain (see, e.g., 2,17–23). Each of these studies
describes the biological response to prosthetic limbs with
different stiffness profiles and establishes an empirical
link between a particular commercial product with an
inherent but often unknown stiffness and the observed
effects on metabolic cost, muscle activation patterns, gait
symmetry, and limb loading.

few attempts to do so have been made. Miller and
Childress (14) were the first to conduct mechanical test-
ing of VSAP. Data from static and dynamic tests of the
Flex-Foot Re-Flex Vertical Shock Pylon were used to cal-
culate the linear time-invariant constants of a second-
order mass-spring-damper model. When the assumptions
are valid (i.e., linear and time-invariant), this type of
model can be used to predict attenuation across the fre-
quency spectrum, including suspected tissue-damaging
frequencies. Their calculated spring constant for the
pylon was of comparable magnitude to values reported in
the literature for the intact limb. Despite this agreement,
the authors correctly noted that a linear second-order
model is likely an oversimplification, suggesting that it
may be of limited use for predicting response to high-fre-
quency vibrations.

Gard (15) expanded the work of Miller and Childress
(14) to include vertical shock pylons from three different
manufacturers using the same experimental methods. The
force versus deformation test demonstrated that only one
of the three pylons had a linear spring constant, invalidat-
ing the use of a second-order linear time-invariant model
to compare between pylons. The preliminary work by
Gard is particularly valuable because it demonstrates that
linear, second-order models are likely to be inaccurate at
predicting attenuation at high frequencies. Future work
will require methods that address the nonlinear properties
of the shock-absorbing pylons.

Effect of VSAP on Amputee Gait
Of ultimate interest to the rehabilitation profession-

al is whether VSAP improve the comfort and function of
their amputee patients. Unfortunately, few data exist to
guide them in this respect.

To date, only two studies have examined the effect
of VSAP on amputee gait (14,16). Miller and Childress
(14) tested the Re-Flex VSP on two subjects, with and
without the telescoping pylon immobilized. Vertical
ground reaction forces, contact times, pylon displace-
ment, and vertical trunk motion were measured for each
experimental condition as the subjects walked at a com-
fortable and at a fast pace, jogged in place, and stepped
off a curb onto each limb. Few differences were observed
in these variables with the pylon immobilized compared
with the pylon functional, suggesting that the addition of
vertical compliance does not make an objective differ-
ence in amputee gait. However, both subjects expressed a
strong subjective preference for the prosthesis with the
pylon functional.
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tendons of the intact, biological limb. Whereas the bio-
logical limb can vary joint stiffness by altering the extent
of muscle activation, the prosthetic limb has no such
capability.

In understanding the limitations of these fixed-stiff-
ness prosthetic limbs, most investigators have simply
identified the manufacturer of the limb(s) they are investi-
gating. However, a few have measured the properties of
the limb that directly influence performance (20,21,24).
Lehmann and coworkers (20,21) observed that limb stiff-
ness had a direct influence on lower-limb kinematics,
ground reaction forces, joint moments, and step length. To
document the differences between the SACH, Seattle, and
Flex-Foot feet, they measured the force versus deflection
characteristics using a quasi-static loading apparatus.
From these data, the torque versus angular deflection
curve can be calculated (Figure 4). The results indicate
that there are clear differences in stiffness between feet as
well as within feet. All three feet demonstrated monotoni-
cally increasing torque as a function of joint angle. During
dorsiflexion (positive torque by convention), the SACH
foot was the stiffest, followed by the Seattle foot, and then
the Flex-Foot foot. During plantarflexion (negative torque
by convention), the Seattle foot was the stiffest, followed
by the SACH foot, and then the Flex-Foot foot.

Effect of Prosthetic Feet on Amputee Gait—
Biomechanical Effects

It is well accepted that the mechanical properties of
a prosthetic limb will influence the wearer’s ability to

In the last 10 years, a number of researchers have
conducted investigations to explore the properties of
transtibial limbs and how the products from various man-
ufacturers influence amputee gait. Investigators have
reported on both the mechanical properties of transtibial
limbs in isolated tests and how these properties affect bio-
mechanical and energetic outcomes of amputee gait.

Mechanical Properties of Prosthetic Feet
The stiffness characteristics of the prosthetic limb

are designed to substitute for the loss of the muscles and

Figure 3
Three commercially available prosthetic feet that exhibit markedly
different designs and stiffnesses. From top to bottom: (1) SACH foot
(Kingsley Manufacturing Co., Costa Mesa, CA), (2) Seattle foot
(Seattle Orthopedics Group, Poulsbo, WA), and (3) Vari-FlexTM foot
(Flex-Foot Inc., Aliso Viejo, CA).

Figure 4
Torque versus angular deflection curves revealing differences in stiff-
ness between the SACH Foot, Seattle Foot, and Flex-Foot (data adapt-
ed from reference 21). 
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walk or run. However, in a continuous process such as
gait, there are an infinite number of variables that might
yield an observable response due to a change in a limb
property such as stiffness. From the many possible vari-
ables, Cortes and coworkers (25) identified 18 plausible
kinetic and kinematic variables during the gait cycle that
might be affected by the type of prosthetic foot. They per-
formed a statistical analysis of over 1,300 trials of eight
traumatic transtibial amputees walking on four different
feet and found that prosthetic foot type had a significant
impact on several variables that describe lower-limb
movement. Most significant was ankle position immedi-
ately following heelstrike; their metric was the peak dor-
siflexion angle. Large dorsiflexion angles can prolong the
period of heel-only support and delay achievement of the
stable, foot-flat position. Perry and coworkers (26) stud-
ied 10 transtibial amputees wearing three different feet
and observed that heel stiffness had a strong influence on
the duration of heel-only support prior to foot flat. They
found that all three feet contributed to a delayed foot-flat
position and concluded that to improve walking perfor-
mance, the properties of prosthetic feet must promote
early foot flat and preserve stability. Prosthetic foot stiff-
ness is clearly a factor in achieving the stable, foot-flat
position.

The second most significant kinematic variable of
Cortes’s study (25) was knee position at mid-stance. In a
seminal paper, Saunders et al. (27) identified knee flexion
and extension during stance as the third of six gait deter-
minants; knee range of motion is an essential element of
normal locomotion. The range of knee flexion during
stance in amputees is generally half the range of motion of
the intact population (7 versus 15 degrees; 28). Tibial pro-
gression, and hence knee flexion, can be inhibited by
excessive stiffness in a prosthetic foot. In addition to pro-
longed heel-only support, Perry et al. (26) also found that
all three prosthetic feet contributed to reduced knee flex-
ion during level walking. Likewise, Torburn and cowork-
ers (29) observed an inability to advance the tibia and
body weight over the foot when their transtibial amputee
subjects wore a stiff foot during stair climbing, but not
while wearing a more flexible foot. These studies all con-
firm that foot stiffness influences biomechanics and fur-
ther work is necessary to better quantify foot stiffness.

Investigators have also looked at the effects of the
prosthetic foot type on the intact limb based on the
hypothesis that altered gait patterns resulting from ampu-
tation are responsible for early degenerative changes
observed in the intact limb of unilateral amputees. In a

study of 10 traumatic transtibial amputees wearing five
different prosthetic feet, Powers and coworkers (30) found
prosthetic foot type did influence the impact forces of the
sound limb. The Flex-Foot foot significantly reduced the
initial peak of the vertical ground reaction force, while the
SACH foot consistently produced the greatest ground
reaction force. Snyder and others (31), conducting tests
with dysvascular transtibial amputees, similarly found
lower ground reaction forces with the Flex-Foot foot in
comparison with four other feet. Both studies support the
hypothesis that higher intact limb forces may be responsi-
ble for early degenerative changes, and both show these
forces can be modulated by prosthetic foot type of known
qualitative differences in stiffness.

Recognizing that the design and properties of the
prosthetic foot have a strong influence on performance,
Pitkin (28) set out to design a foot that would closely
approximate the performance of the biological foot.
Pitkin hypothesized that the high initial stiffness in cur-
rent transtibial limbs has two negative consequences.
First, it decreases the range of motion in the knee and
thus limits the knee’s ability to function as a shock
absorber. The second negative consequence is that a stiff
ankle can increase the pressure on the residual limb with-
in the socket. Both negative consequences can result in
pain, discomfort, and greater risk of ulceration at the
residual-limb-socket interface. Pitkin’s rolling-joint pros-
thetic foot was designed to mitigate the effects of high
initial stiffness. In testing the prototype, Pitkin and co-
workers (32) reported that they observed that their test
subject had greater stance phase knee flexion while wear-
ing the prototype in comparison to the knee flexion
observed while wearing a SACH foot.

Effect of Prosthetic Feet on Amputee Gait—
Energetic Effects

Transtibial amputees are known to expend greater
amounts of energy while walking than nonamputees (33).
The magnitude of disparity appears to be dependent on
the cause of amputation. Dysvascular amputees, walking
at a self-selected speed of 45 m/min, demonstrated a cost
of locomotion of 0.26 ml/kg/m, while traumatic amputees
walked at a faster self-selected speed (71 m/min) and at a
lower cost of locomotion (0.20 ml/kg/m). However, nei-
ther could compete with the nonamputee control group
whose self-selected speed was 82 m/min at a locomotion
cost of 0.16 ml/kg/m.

Several investigators have hypothesized that differ-
ences between prosthetic limbs might have an effect on



locomotion costs and that certain manufacturers’ prod-
ucts might reduce metabolic expenditures. Casillas and
coworkers (34) compared the metabolic performance of
both traumatic and dysvascular transtibial amputees
walking with a SACH foot and an energy-storing foot
(Proteor). The traumatic amputees walked 6 percent
faster with an 8-percent lower cost of locomotion on the
energy-storing foot compared to the SACH foot.
However, the dysvascular amputees showed no signifi-
cant differences between feet. Colborne et al. (35) also
looked at metabolic measures, but in children and adoles-
cent congenital amputees walking on either a SACH or
Seattle Foot. The cost of locomotion was slightly lower
with the Seattle foot, but for only a portion of the 8-
minute protocol (statistically significant at minutes 3 and
7). These two studies support the hypothesis that limb
properties can affect metabolic costs.

In contrast, several other investigators have rejected
the hypothesis that differences between prosthetic limbs
would be reflected in metabolic costs. Lehmann and oth-
ers (21) reported metabolic measures from a mixed group
of traumatic and dysvascular transtibial amputees in a
study comparing the SACH foot with a Flex-Foot foot
and a Seattle Foot. The test subjects walked at various
velocities (73 to 120 m/min), but no significant differ-
ences in the cost of locomotion were measured. In a relat-
ed work comparing the SACH foot with a Seattle
Ankle/Lite foot with another mixed amputee group
(N510), Lehmann and coworkers came to the same con-
clusions (20). Also finding no metabolic differences in a
mixed group were Perry and Shanfield (23) in a compar-
ison of five different feet during walking. However, both
Lehmann’s and Perry’s metabolic results may be con-
founded by failing to block effects related to the cause of
amputation (traumatic versus dysvascular). By using a
mixed subject pool with known differences shown by the
Waters et al. study (33), the increased variability in the
data would require a large sample size in order to detect
a significant difference (36).

In another study by Perry’s and coworkers (22), they
also found no metabolic differences between five differ-
ent feet during transtibial amputee walking. This study
likewise included a mixed pool (traumatic and dysvascu-
lar) for analysis, giving cause for potentially confounded
results. Perhaps of equal relevance, the investigators also
did not alter the prosthetic alignment between successive
feet in an attempt to control as many variables as possi-
ble. As noted by Michael (37), this failure to optimize
alignment between successive feet might inadvertently
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mask differences between feet, and furthermore, contra-
dicts contemporary standards for prosthetic prescription.

In summary, when metabolic measures of the cost of
locomotion were included in the investigation, the results
showed small differences or were inconclusive. However,
the inconclusive results may be due to sample population
problems (mixed traumatic and dysvascular groups) or
methodological limitations (alignment issues). The ques-
tion whether limb properties can affect metabolic mea-
sures is unresolved. Differences in limb properties can
alter gait biomechanics, and this may reduce dependency
on residual and secondary muscles. In turn, the reduced
dependency on these less-effective muscles may reduce
the cost of locomotion as well as secondary injuries such
as lower-back pain, intact limb articular cartilage dam-
age, and soft tissue ulcers, all of which are difficult to
measure.

SUMMARY

Stiffness differences between feet have well-recog-
nized effects on gait biomechanics, but somewhat incon-
clusive effects on metabolic measures. However, in spite
of these observations, it remains completely unknown
what the optimal stiffness profile should be in order to
minimize the metabolic cost of locomotion, increase gait
symmetry, or simply improve patient comfort. For clini-
cians using the current prescription model based on man-
ufacturer guidelines and a qualitative knowledge base
differentiating products from various manufacturers,
more detailed information is desirable.

It remains a long-term aim to explore how stiffness
should vary in the prosthetic limbs of transtibial
amputees as they go about their activities in their daily
lives. By learning what stiffness profile is appropriate and
how it should change with respect to variation in walking
speed and daily activities, more effective prosthetic limbs
that further vocational and recreational pursuits can be
developed.

DISCUSSION

The recent data provided by Legro et al. (1) informs
us that the key issues of importance to the lower-limb
amputee are residual-limb comfort and optimum biome-
chanical restoration. In light of this, it is troubling to note
the results of Ehde’s (3) detailed survey of post-amputa-



tion pain in a large number of lower extremity amputees:
Despite recent innovations, prosthetic replacement still
results in a high incidence of moderate to severe residual-
limb pain. In the absence of data on their current pre-
scription, it is uncertain whether the pain experienced by
the amputees in the survey could be modulated by VSAP
or by changes in the stiffness characteristics of their pros-
thetic feet. However, several studies suggest that this
might be the case (14,16).

High-frequency impact loads, or transients, occur
primarily within the first 20 to 30 msec of heel contact.
These high-frequency transients are felt to be particu-
larly injurious to soft tissues and other connective tissue
structures. The absorption of these transients is critical-
ly related to three characteristics of the prosthesis: the
heel stiffness, the characteristics of a vertical shock
pylon if present, and the characteristics of the interface
material. From a clinical perspective, particular atten-
tion must be made to the prosthetic prescription when
the residual limb is relatively short and therefore has a
reduced surface area for force dissipation; the activity
level is high (i.e., sports participation) such that the load
magnitude and/or the number of cycles is high; or the
soft tissues of the residual limb are compromised. In
these instances, the decision whether to utilize special
interface materials or shock-absorbing pylons and the
choice of heel stiffness characteristics become particu-
larly important. These determinations are currently
based upon clinical experience and marketing informa-
tion. There is little objective information that can assist
the clinician in intelligent decision making as to opti-
mum stiffness characteristics of prosthetic components
or which VSAP have the greatest efficacy under specif-
ic loading conditions. There is a critical need for further
study of prosthetic components and their effect on
patient function.

The ideal prosthetic prescription would restore the
biomechanical characteristics of the intact lower limb.
In the transtibial amputee, this would include the normal
energy dissipative, storage, and generative functions of
the foot-ankle musculotendinous structures. As noted
earlier, current prosthetic components are not able to
generate energy nor are they able to adapt to various
walking speeds or surface conditions. Some do allow
for passive energy storage and return, but these are fab-
ricated with a single-stiffness profile that cannot func-
tion optimally across a spectrum of activity levels and
functional demands. Presently, there are no biomechan-
ical data or metabolic energy consumption data that
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conclusively show one prosthetic foot type to have a
measurable benefit over another. Clinical decision-
making is therefore largely empirical, based upon cost
analyses and experience. Enhancements in function will
largely come from a better understanding of the effects
of prosthetic foot stiffness profiles on the biomechanical
function of the amputee, and the development of intelli-
gent foot systems that may allow dynamic alterations
in foot stiffness based upon specific loading
characteristics.
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