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Abstract
Background: Sloped walking is of particular difficulty for people with transtibial amputations. This can in part be
attributed to their lack of plantar flexor power during push-off and lack of dorsiflexion to allow for toe clearance during
swing (especially on inclines). Powered ankle-foot prostheses (PAFP) have been introduced as a possible solution to
these issues. While these devices are designed to provide the kind of assistance that those with transtibial amputations
seem to need at the ankle, it is unclear how beneficial these devices are when evaluated more wholistically.

Methods: A systemic literature review was performed using PUBMED, SCOPUS, WEB OF SCIENCE, IEEE Xplore,
MEDLINE, EMBASE, and MANUAL SEARCH in September and October of 2024. The focus of our search was on
people with unilateral transtibial amputations using a PAFP to walk on sloped surfaces. Outcome measures were
narrowed down for commonality across the different papers following full text evaluation.

Results: This literature review garnered seven papers. Across these seven papers, four found reductions in metabolic
expenditure in those using a PAFP, three found reductions in compensatory hip and knee kinetics of the contralateral
leg, and four found improved ankle kinetics.

Significance: Given the small body of work that exists, it is difficult to make a wholistic assessment on PAFPs for
use in sloped walking. The currently published works on the topic indicate multiple benefits, especially to those with
pronounced compensatory hip and knee joint strategies. More work should be done to evaluate PAFPs for sloped walking
using a wholistic slate of outcome measures such as balance metrics and temporal spacial parameters. There is also a
need for work evaluating long term benefits or lack-there-off of PAFPs after ambulatory strategies have had time to full
adjust to the device.
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1 Introduction

Walking on sloped surfaces poses significant biomechan-
ical challenges for individuals with lower-limb ampu-
tations, including individuals with transtibial amputa-
tions (TTA) (1). Individuals with TTA must compen-
sate for the loss of dynamic ankle functionality, often
resulting in altered gait patterns and increased energy
expenditure(2; 3; 4). Conventional passive prosthetic de-
vices, while effective for level-ground walking, are limited
in their ability to adapt to varying terrains, such as in-
clines and declines. These devices lack active control and
energy return mechanisms, leading to reduced mobility
and increased reliance on compensatory strategies at the

knee and hip joints(5; 6). Powered ankle-foot prosthe-
ses (PAFPs) have emerged as an innovative solution to
address these limitations by providing active propulsion
and adaptable control during walking (7; 8). PAFPs are
designed to mimic the biomechanical properties of the
biological ankle, offering features such as powered plan-
tarflexion, adjustable stiffness, and dynamic response to
ground conditions (9). Unlike their passive counterparts,
PAFPs can generate positive net work during walking,
enabling smoother transitions and more symmetrical
gait patterns (10). These characteristics are particularly
important during sloped walking, where the demand for
active ankle control is heightened. For instance, during
uphill walking, powered prostheses can improve forward
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propulsion, while during downhill walking, they can aid
in controlled deceleration and shock absorption (11).
The effectiveness of PAFPs in addressing the unique
demands of sloped walking can be evaluated through
gait kinematics (12) and metabolic costs (13). Several
studies have demonstrated that PAFPs can enhance
these parameters, resulting in improved mobility and
reduced compensatory efforts in individuals with unilat-
eral transtibial amputations (14; 13; 12; 15). However,
the variability in prosthetic designs, user populations,
and experimental conditions necessitates a systematic
approach to consolidate findings and identify trends.
This systematic review aims to assess the effects of
powered ankle-foot prostheses on gait kinematics and
metabolic costs in individuals with unilateral transtibial
amputations during sloped walking. By synthesizing the
available evidence, the review seeks to provide a com-
prehensive understanding of the biomechanical benefits
and limitations of PAFPs in slope-specific contexts. The
findings of this review will contribute to the optimiza-
tion of prosthetic designs and inform clinical practices,
ultimately enhancing the mobility and quality of life for
individuals with transtibial amputations.

2 Methods

2.1 Data Sources

Initial search terms were entered into multiple databases
in September 2024. The search terms were “(transtibial
OR trans-tibial OR tta OR below the knee OR below
knee OR bka) AND (unilateral) AND (amputee OR
amputees OR amputation OR prosth*) AND (slope*
OR incline OR decline) AND (walking OR gait) AND
(power*). These search terms yielded 65 papers. These
included the databases PUBMED, SCOPUS, WEB OF
SCIENCE, IEEE Xplore, MEDLINE, EMBASE, and
MANUAL SEARCH 1. Forty papers were removed due
to duplication done by Covidence. Papers were excluded
if they were not deemed relevant during the screening
of the title and abstract. Studies were not excluded due
to publication date, even due to technological advance-
ments. Papers were excluded if there was no mention
of “powered” or “active” prosthetic ankle and “inclined”
or “sloped” walking.

2.2 Eligibility Criteria

A paper was deemed eligible for inclusion due to the
established criteria. The inclusion criteria were: 1)

Populations of individuals with unilateral below-the-
knee/transtibial amputation, 2) Participants walking
on a sloped or inclined surface, and 3) Use of an ac-
tive or powered ankle prosthetic device. Studies were
excluded if having the following conditions from this
literature review: individuals with above-the-knee or
transfemoral amputation or prosthesis, individuals with
bilateral amputations, level or even ground, rocky or
uneven surfaces, passive ankle prosthesis, and powered
knee prosthesis. The selection protocol is displayed in
Figure 1. Each author read all the papers with a ma-
jority rules agreement to determine whether eligibility
criteria were accurate before including them in the final
list.

2.3 Data Extraction and Data Synthesis

The included papers were screened in full text, and
population, intervention, outcomes, and results were put
into an Excel sheet. The intervention was categorized by
surface type (sloped treadmill or ramp) and prosthetic
design. The outcome measures of interest were ankle,
knee, and hip kinematics and kinetics, metabolic cost,
and muscle activation.

3 Results

The search resulted in a total of 65 articles. After re-
moving duplicates and filtering titles and abstracts for
relevance there were a total of 14 articles. The 14 articles
were read in full text and assessed based on the exclusion
criteria resulting in a total of 7 articles included in this
literature review.

3.1 Demographics

The journal articles in this literature review included
individuals with unilateral transtibial amputations. Four
of the included studies had a sample size of 10, with
the remaining three including 8, 6, and 5 participants.
Three studies had populations with a mean age of 29.7
years and the remaining four studies had an average age
between 40-50 years (M=44.1). The 7 included articles
had a total participant population of 44 males and 15
females. Of the 7 studies included, 4 had a control group
matched by height and weight.
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3.2 Hip Kinetics

Powered prostheses improved hip power dynamics in sev-
eral contexts. They reduced compensatory increases in
hip power absorption (12) and decreased hip power gen-
eration required for large inclines and declines, though
hip power demands increased for level walking (Pickle,
2016). In early stance, powered prostheses resulted in
reduced power generation and midstance power absorp-
tion compared to energy-storing prostheses. However,
power generation and absorption were higher during
normalized-speed walking, possibly to account for leg
length differences (16).

Hip moments also varied across conditions. The pros-
thetic limb showed reduced hip extensor moments during
loading response and reduced flexion moments during
terminal stance. Intact limb hip extensor moments and
power generation peaks were 36%–78% higher than able-
bodied levels during early stance, with PWR prostheses
increasing peak moments in loading response compared
to ESR prostheses (16).

3.3 Knee Kinetics

The knee extensors in the prosthetic limb exhibited
reduced power generation and range of motion com-
pared to the intact limb and able-bodied individuals
across various slopes (16; 12). Knee flexion during load-
ing response was significantly lower in the prosthetic
limb for both powered (PWR) and energy-storing-and-
returning (ESR) prostheses. ESR prostheses increased
knee extensor demands on the intact limb at midstance,
requiring 47%–78% more effort than able-bodied levels.
In contrast, PWR normalized these demands closer to
able-bodied levels, reducing the burden on the intact
limb (16).

The PWR prosthesis decreased intact limb knee ex-
tensor power generation relative to ESR and reduced
prosthetic limb knee power generation peaks during mid-
stance (Rábago et al., 2016). Peak knee power absorption
was also lower during decline walking (12). Additionally,
reductions in knee extensor moments were observed in
both limbs, particularly at midstance, with prosthetic
limb moments lower than able-bodied levels (16).

3.4 Ankle Kinetics

The PWR prosthesis significantly improved ankle per-
formance compared to the ESR. Positive ankle work
increased by 89% at +6° and 55% at +9°, with net

ankle work increasing by up to 10 times on steep slopes
(11). Peak angles and power were also greater with the
PWR prosthesis compared to the ESR (13). These ben-
efits improved propulsion and reduced compensatory
demands on the intact limb.

Torque production was enhanced with the addition of
parallel springs, which increased peak torque by 13.81%
and reduced motor torque demand (17). Parallel springs
also optimized energy use, reducing energy consumption
by 19.97% (17)). However, peak push-off force with the
PWR prosthesis remained 35% lower than the intact
limb, suggesting some residual limitations (16).

3.5 Metabolic Cost

Powered prostheses provided significant metabolic ad-
vantages over ESR devices, particularly during incline
walking. The PWR prosthesis reduced metabolic cost
by 5%–26%, with the largest improvements at +6° and
+9° inclines (18). Adjusted spring mechanisms further
reduced metabolic cost by an average of 26.37% across
slopes (17).

Improvements in symmetry also contributed to energy
efficiency. Powered ankles increased net work of the
affected leg by 146% at +6° and 82% at +9° compared
to passive devices (11). These benefits supported greater
work symmetry and reduced fatigue, enhancing mobility
and quality of life for users.

4 Discussion

The positive impacts the of PAFPs on hip and knee
mechanics became more pronounced on larger inclines
and declines indicating that this class of devices may be
particularly well suited to address the needs of people
with transtibial amputations on sloped terrains. Many
of the findings with regard to joint kinetics focused on
lessened compensatory strategies and physical demand
on the contralateral limb. This may indicate that these
devices could be used to alleviate compensatory am-
bulatory strategies in people where they are especially
pronounced.

The powered assistance of PAFPs likely lessens the
power and moment generation load on the other joints
and contributes to the reduced metabolic expendi-
ture when using these devices on slopes. This reduced
metabolic cost to sloped walking will likely lead to phys-
ically demanding activities such as hiking to become
more accessible to those with transtibial amputations.

This class of device may perform well on some terrains
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and for certain tasks and not others. Given the variability
in performance of the devices across different slopes this
seems like it might be the case. Assessing exactly when
these devices cross the threshold of performance over
their passive counterparts would be useful to not only
determine when these devices are useful but in what way.
While there seem to be very distinct benefits to PAFPs,
they remain heavy, bulky, and constrained by the quality
of their controller. They also remain fairly understudied
outside of a controlled lab setting. In the case of slope
walking, these drawbacks seem to be outweighed by the
benefits.

4.1 Limitations/Further Research

The primary limitations of this review is the limited
availability of literature on this specific topic of pow-
ered ankle prostheses in sloped walking. While this field
is evolving, there is little research exploring the key
outcomes measures such as kinetics, kinematics, and
metabolic costs of uphill walking with powered ankle
prosthesis remains unexplored. The results of the review
relied on a small pool of literature to extract. These
articles overlapped one another, using the same partici-
pants, groups, and intervention strategies. This overlap
of literature limits the diversity of reliable articles for
the findings and poses challenges in generalizability.

The literature following this topic has multiple limita-
tions in methodology and study design. All of the studies
found had small sample sizes of less than 10 participants,
which limits the generalizability of the findings. Many
studies have fixed walking speeds of 1.25m/s, which
may not reflect real-world variations in gait parameters.
The acclamation periods were short for adaptation to
the powered ankle (12 hours), so the affected limb was
unable to take full advantage of the powered prosthe-
sis. In addition, the studies were performed within a
controlled laboratory setting. These limitations in the
literature hinder the ability to draw a conclusion about
the powered ankle in various settings within day-to-day
life.

Future research of this topic should include more di-
verse populations and real-world scenarios. As the field
progresses as well as technology, additional research
into advancement of prosthetic design with improved
energy efficiency, and adaptability should be explored.
Furthermore, the use of larger cohort studies, and differ-
ent prosthetic designs will address the gaps within the
research and provide a stronger foundation for the field.

5 Conclusion

Our review of studies exploring the effects of the powered
ankle prosthesis on sloped/inclined surfaces revealed the
potential benefits and limitations. The powered ankle
prosthesis has been shown to have significant improve-
ments in gait kinematics, reduction of compensatory
strategies, and improvement of metabolic cost compared
to the passive prosthesis. The key results of the re-
view included improvement in ankle power push-off,
reduction in metabolic cost, and work symmetry on
steeper inclines. These advances in technology suggest
that the powered ankle can improve quality of life and
independence in individuals with unilateral transtibial
amputations.
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A APPENDIX

Power Ankle Prosthesis Incline Walking 

15th November 2024 
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Figure 1. Covidence literature review flowchart
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