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with that of nondisabled subjects, the gait of individuals
with amputation is more costly per minute and per meter
[3–6]; the latter often referred to as cost of transport
(COT). Furthermore, the higher up the leg the amputation, the higher the COT becomes [5,7]. Over approximately three decades, engineers have designed prosthetic
feet consisting of one or more elastic blades (Figure
1(a)), which deform during early stance and recoil in late
stance. It has long been assumed that these feet help to
reduce amputee COT, especially when compared with
traditional solid ankle cushioned heel (SACH) feet. Collectively, many of these designs are referred to as energy
storage and return (ESR) feet. ESR feet are thought to
replicate one of the functions of the Achilles tendon and
associated leg musculature, storing and releasing strain
energy during walking [8–11].
Unfortunately, published data have not led to a consensus on whether ESR feet do indeed reduce amputee
COT. Some articles have found a statistically significant,
albeit small, improvement in COT with ESR versus
SACH feet [12–13]. Most studies, however, have failed
to demonstrate any statistically significant differences
[3,4,6,14–18]. In the most recent systematic review of the
literature, Hofstad et al.’s Cochrane review found “a

Abstract—Energy storage and return (ESR) feet have long
been assumed to promote metabolically efficient amputee gait.
However, despite being prescribed for approximately 30 yr,
there is limited evidence that they achieve this desired function. Here, we report a meta-analysis of data from 10 studies
that met our selection criteria to determine whether amputee
walking with ESR feet is more efficient than with conventional
solid ankle cushioned heel (SACH) feet. Additionally, the data
were tested for a relationship with walking speed since it has
been suggested ESR feet might perform better at higher
speeds. The raw data were highly variable because of differences in study protocols; therefore, we normalized the data and
found a statistically significant difference (p < 0.001) between
ESR and SACH feet. However, the magnitude of this difference is small, with the cost of transport (COT) with ESR feet
being 97.3% of the cost with SACH feet. No relationship
between normalized ESR COT and speed was found (p =
0.19). We hypothesize that the small but statistically significant
difference between ESR and SACH feet may not constitute a
functionally significant improvement in COT, possibly related
to the limited push-off power provided by ESR feet compared
with nondisabled ankles.
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INTRODUCTION
The negative effect of lower-limb amputation on
quality of life is significant [1–2] and in part caused by
the poor energy efficiency of amputee gait. Compared
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Figure 1.
(a) A typical energy storage and return foot, showing the blades designed to store strain energy during stance and release it again at
push-off. (b) Conventional solid ankle cushioned heel (SACH) foot. (c) Cut-through of SACH foot showing the wooden keel beneath
the outer cover and the significant cushioning in the heel section.

small trend towards the Flex-foot (a type of ESR foot) in
comparison with the SACH foot for . . . lower energy cost
in individuals with a transtibial amputation” [19]. However, unusually for a Cochrane systematic review, this
conclusion was not based on a meta-analysis of the data.
Few studies comparing amputee COT using different
feet include a nondisabled control group, which makes
comparison of results from different studies difficult
because of potential protocol bias. A solution to this
problem is to use an alternative method of normalizing
the data, thereby allowing meaningful comparisons
between studies. Since many studies of amputee walking
include conventional SACH feet, these results can be
used to normalize the results for all other feet types.
Here, we present a novel meta-analysis of articles identified in Hofstad et al.’s systematic review [19] comparing
ESR feet with SACH feet to determine whether the
hypothesized improvement in COT is evident in the combined data from published studies. Additionally, we analyzed the data to see whether there was a relationship
with walking speed since it is thought that ESR feet may
be more effective at higher speeds [3,12].

METHODS
Applicable studies for our meta-analysis were identified from the most recent systematic review of the literature [19]. Note that we are not attempting to repeat the
systematic review, since this has already been conducted
and is maintained by the Cochrane Collaboration, with the
most recent search being conducted in April 2006 and
Hofstad et al.’s [19] article updated. Rather, we are building upon the review article’s foundation and conducting a
meta-analysis of the data contained within articles already
judged to be of sufficient quality to be included in Hofstad et al.’s review. Not all articles contained within the
systematic review were suitable for our meta-analysis,
and therefore we applied four additional criteria in addition to the criteria used in Hofstad et al.’s Cochrane
review [19]:
1. We included only studies on subjects with unilateral
transtibial amputation to avoid the possible confounding influence of prosthetic knee joints.
2. We excluded studies involving subjects with vascular
amputation to avoid the possible confounding influences
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of their increased cost of walking, additional health
problems, and reduced fitness [17–18,20].
3. We required the studies to include SACH feet and also
devices that are commonly referred to as ESR feet to
enable our normalization approach.
4. We required the studies to contain metabolic cost of
walking data, either per minute or per meter.
After the application of the four additional criteria,
we identified nine articles [3,4,12–18] from Hofstad et
al.’s [19] systematic review that contained the necessary
data for our meta-analysis. In addition, we identified only
one article (Mengelkoch et al. [6]) published after the
systematic review that contained the relevant data and
met the necessary selection criteria for the normalization
method. The additional article (Mengelkoch et al. [6])
met Hofstad et al.’s quality criteria and therefore was also
included in our data set.
If the data from an included study were presented as
cost of walking per minute, then these results were
divided by walking speed to provide COT (i.e., cost per
meter). To normalize the data, we divided the ESR COT
by the SACH COT from the same study at each recorded
speed; this value will be referred to as the normalized
ESR COT. In essence, normalized ESR COT is the fraction of ESR COT versus SACH COT at every speed
within the study. Only one study, Torburn et al. [17], did
not include exactly identical speeds for SACH and ESR
feet, because they were self-selected speeds. However,
all these speeds were very closely matched (range from
81.0 to 84.7 m/min), and therefore the data were still considered suitable for our normalization method. A linear
relationship between normalized ESR COT and walking
speed was determined using an ordinary least squares
method regression analysis. The mean normalized ESR
COT was compared against the null hypothesis mean of 1
(i.e., no difference between ESR and SACH) using a Wilcoxon signed-rank test because the Kolmogrov-Smirnov
test for normality showed the data were not normally distributed (p < 0.001). All data analyses were performed
using MATLAB R2014b with the statistics toolbox (The
MathWorks, Inc; Natick, Massachusetts).

RESULTS
Data were collected from 10 studies (Appendix). The
raw data (Figure 2(a)) shows the variation in the COT
measurements reported. The difficulty in drawing any con-

Figure 2.
Cost of transport (COT) versus walking speed gathered from the
literature for subjects with nonvascular, transtibial amputation.
(a) Raw data for solid ankle cushioned heel (SACH) feet (circles) and energy storage and return (ESR) feet (triangles).
Nonamputee data (squares) are included for comparative purposes. The overlap and variability of the raw data, caused by
protocol differences, highlights the difficulties in understanding
the effect of ESR feet and, hence, the requirement to normalize
the data. (b) ESR COT normalized by SACH COT from the
same study at each recorded speed (termed normalized ESR
COT). Mean normalized ESR COT is 0.973 (dashed line), which
is significantly lower (Wilcoxon signed-rank test) than the
expected mean of 1 (solid line) if no difference existed. An ordinary least squares method regression found no significant relationship between normalized ESR COT and speed of walking.
Removing the outlying point (α) from the analysis changed the
mean normalized ESR COT from 0.973 to 0.969. Therefore, the
point was kept in the analysis since it had little effect on the
overall discussion of the results.

clusions from the raw data is clear and highlights the
importance of normalizing the data. Some data for control
walking are included for reference [4–6,21]. The raw COT
data (Figure 2(a)) is roughly U-shaped, with an optimum
walking speed around 80 m/min. However, Figure 2(b)
shows that the U-shape disappears after normalizing the
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ESR COT with respect to the SACH COT. The normalized
ESR COT data have a mean of 0.973 that is significantly
different from 1, the null hypothesis mean (Z = 4.582, p <
0.001). The normalized ESR COT was shown by the
regression analysis to be independent of the speed of walking (F1,58 = 1.753, r2 = 0.029, p = 0.19). Removing the
potentially outlying point (α; Figure 2(b)) from the analysis changed the mean normalized ESR COT to 0.969,
which has little effect on the overall interpretation and discussion of the results. Therefore, the outlier (α) was kept in
for the entire analysis.

DISCUSSION
The results presented here provide the first conclusive evidence that ESR feet reduce the cost of walking
(per meter) in subjects with amputation versus conventional SACH feet. However, this reduction is very small,
with the mean cost of amputee walking across all ESR
feet being 97.3 percent of that with a SACH foot. This
confirms what only a few studies have shown with statistical significance (p < 0.05) [12–13]. The majority of
studies have failed to obtain statistically significant
results [3–4,6,14–18], probably because of insufficient
statistical power to detect such small differences. The
lack of a relationship between speed and normalized ESR
COT (Figure 2(b)) was unexpected because it has previously been suggested that ESR feet may only be effective
compared with SACH feet at higher walking speeds
[3,12]. It is interesting to note that the apparent clustering
of the 10 lowest points in the normalized ESR COT analysis (Figure 2(b)) is based on data from six different
studies [4,12–13,15,17–18] and six different ESR foot
designs. Therefore, this apparent clustering of the data is
not due to the protocols of a few studies or feet that have
consistently different designs from the rest of the feet.
Studies of amputee gait highlight the fact that passive
prosthetic feet of all types (including ESR feet) provide a
small fraction of the push-off power generated by an
intact foot and ankle [22–24]. The reduced push-off
power of passive ESR feet is likely because the neutral
(zero moment) ankle angle of a passive prosthesis corresponds to normal standing, which means that once the
prosthesis moves into plantar flexion, it will always produce a dorsiflexion moment (acting to return it to neutral), the opposite of what is required during push-off.
This greatly reduces push-off at the end of stance com-

pared with nondisabled intact ankles [23–24]. As a result,
subjects with amputation using ESR feet have to compensate for the lack of push-off power using more proximal joints and their sound limb. We believe that poor
push-off is a likely cause of the disappointingly small
improvement in COT achieved by passive ESR feet versus SACH feet. It is important to note that, although the
majority of studies included in our meta-analysis are
based on relatively older feet, modern ESR feet are still
broadly based on the same design and therefore lack the
ability to plantar flex beyond neutral during push-off.
Indeed, people with amputation who use an actively
driven prosthetic foot and ankle show a reduction in COT
compared with those using ESR feet; furthermore, no statistically significant difference in their COT compared
with nondisabled controls has been found [25]. Additionally De Asha et al. suggested that reducing the “braking
effect” that many prosthetic feet produce at the start of
stance may also be important for improving prosthetic
ankle/foot function and reducing the metabolic cost of
gait for those with amputation [26]. In conclusion,
despite significant effort to develop more energy efficient
passive prosthetic feet, the results are disappointing.
While our meta-analysis of normalized COT during level
walking of individuals with nonvascular, unilateral, transtibial amputation is not a comprehensive comparison of
ESR and conventional SACH feet, we feel these findings
support the view that further research is required on the
design of passive prostheses as well as on actively controlled and powered prosthetic feet (for review see Versluys
et al. [27]).

CONCLUSIONS
ESR feet only marginally improve the COT in subjects with traumatic transtibial amputation compared
with SACH feet. In our opinion, this small but statistically significant difference does not constitute a functionally significant improvement in COT for those with
amputation and is likely related to the limited push-off
power provided by ESR feet. Further research into both
the design of passive prostheses and devices with active
push-off is strongly recommended. We also encourage
future studies of prosthetic feet to always include nondisabled control subjects because this vastly improves the
ability to compare alternative designs and aids in removing potential protocol bias in review articles.
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