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Abstract

Objective

Unilateral trans-tibial amputation signifies a challenge to locomotion. Prosthetic ankle-foot
units are developed to mimic the missing biological system which adapts push-off power to
walking speed in some new prosthetic ankle-foot designs. The first systematic review includ-
ing the two factors aims to investigate push-off power differences among Solid Ankle Cush-
ion Heel (SACH), Energy Storage And Return (ESAR) and Powered ankle-foot units (PWR)
and their relation to walking speed.

Data sources

A literature search was undertaken in the Web of Science, PubMed, IEEE xplore, and Goo-
gle Scholar databases. The search term included: ampu* AND prosth* AND ankle-power
AND push-off AND walking.

Study appraisal and synthesis methods

Studies were included if they met the following criteria: unilateral trans-tibial amputees,
lower limb prosthesis, reported analysis of ankle power during walking. Data extracted from
the included studies were clinical population, type of the prosthetic ankle-foot units (SACH,
ESAR, PWR), walking speed, and peak ankle power. Linear regression was used to deter-
mine whether the push-off power of different prosthetic ankle-foot units varied regarding
walking speed. Push-off power of the different prosthetic ankle-foot units were compared
using one-way between subjects’ ANOVAs with post hoc analysis, separately for slower
and faster walking speeds.

Results

474 publications were retrieved, 28 of which were eligible for inclusion. Correlations
between walking speed and peak push-off power were found for ESAR (r=0.568, p =
0.006) and PWR (r = 0.820, p = 0.000) but not for SACH (r = 0.267, p = 0.522). ESAR and

PLOS ONE | https://doi.org/10.1371/journal.pone.0225032 November 19, 2019

1/15


http://orcid.org/0000-0002-4688-1515
https://doi.org/10.1371/journal.pone.0225032
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0225032&domain=pdf&date_stamp=2019-11-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0225032&domain=pdf&date_stamp=2019-11-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0225032&domain=pdf&date_stamp=2019-11-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0225032&domain=pdf&date_stamp=2019-11-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0225032&domain=pdf&date_stamp=2019-11-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0225032&domain=pdf&date_stamp=2019-11-19
https://doi.org/10.1371/journal.pone.0225032
https://doi.org/10.1371/journal.pone.0225032
http://creativecommons.org/licenses/by/4.0/
https://klinikum-bayreuth.de/
https://www.ossur.com/?select-default-destination=1
https://www.ossur.com/?select-default-destination=1

@ PLOS|ONE

Prosthetic push-off power in trans-tibial amputee walking

these authors are articulated in the Authors’
contributions section.

Competing interests: R.M. and R.A. are employees
of Klinikum Bayreuth GmbH and L.T. and K.L. are
employees of Ossur hf. a medical device
manufacturer whose products are included in this
review. This does not alter adherence to PLOS ONE
policies on sharing data and materials. There are
no patents, products in development or marketed
products associated with this research to declare.

PWR demonstrated significant differences in push-off power for slower and faster walking
speeds (ESAR (p =0.01) and PWR (p = 0.02)).

Conclusion

Push-off power can be used as a selection criterion to differentiate ankle-foot units for pros-
thetic users and their bandwidth of walking speeds.

Introduction

The total number of individuals with lower extremity amputations in the US is expected to
increase up to 3.6 million by 2050 and it is estimated that 38% of all amputations will be major
lower limb amputations [1]. As a result, the pursuit for an adequate replacement of the missing
structures led to the development of a variety of different ankle-foot units covering and reflect-
ing the manifold needs and applications given by the end users daily life/routines.

The positive power burst generated during the step-to-step transition is defined as push-off
power [2] generated by the plantar flexors in non-amputee level walking. Push-off occurs dur-
ing the first half of double-support stance phase and throughout the latter half of double-sup-
port stance when the weight-accepting foot is being lowered to the ground. In the final stage of
push-off weight shifts to under the toes [3]. A weaker push-off results in a longer double-sup-
port stance time and is therefore, relevant to balance and dynamic stability [4] a specific chal-
lenge for individuals with lower limb amputation [5]. When walking at higher speeds, the
ankle provides net positive work during push-off accounting for approximately half of the
total mechanical work that is performed by the joints of the lower limb in the sagittal plane
during a step [6]. Concerning the role of push-off work of the ankle, it has been debated
whether it contributes primarily to leg swing or centre of mass (COM) acceleration. Zelik and
Adamczyk [2] advocated that interpretations of ankle mechanics should abandon a contrasting
view of leg swing versus COM acceleration and that ankle push-off should be perceived in a
unified way with the effects being mutually consistent, thus underlining the importance of
push-off power during human prosthetic locomotion.

In contrast to non-amputee subjects, unilateral lower-limb amputees exhibit reduced push-
off which causes asymmetrical gait and increases load on the contra-lateral side [7-10]. The
increased loading of the sound side is indicated by an increase of the magnitude of the first
peak of the ground reaction force, the increased loading rate of the vertical ground reaction
force in early stance and the first peak of the external knee adduction moment. These factors
may accelerate the development of e.g. joint osteoathritis [11,12].

The evolution of prosthetic ankle-foot units has undergone impressive developments in
recent decades, mainly focused on the generation of adequate push-off power in functional
performance. State-of-the art Energy Storing And Return (ESAR) ankle-foot units, i.e. Ossur’s
Flex-Foot and Seattle Light generated almost 3 respectively 2 times greater energy when com-
pared to the early Solid Ankle Cushion Heel (SACH) ankle-foot units [13]. Other studies com-
paring these designs showed that increased push-off power contributed to a reduction of
metabolic cost with a prototype of a controlled ESAR [14] and increased self-selected walking
speeds with an advanced ESAR, i.e. Ossur’s Flex-Foot [15].

Further technological advancements include the powered (microprocessor controlled)
ankle-foot unit (PWR) which is also associated with an increased peak ankle power [16,17]
and a reduction in metabolic cost [17-19]. However, the relationship between metabolic

PLOS ONE | https://doi.org/10.1371/journal.pone.0225032 November 19, 2019 2/15


https://doi.org/10.1371/journal.pone.0225032

@ PLOS|ONE

Prosthetic push-off power in trans-tibial amputee walking

energy and mechanical work is a complex one and the results of other studies have shown that
powered ankle-foot units do not necessarily reduce metabolic cost, despite increased ankle
push-off work [20].

In healthy non-amputee subjects, the level of ankle push-off power increases with walking
speed [21]. Similar to non-amputee control subjects, unilateral lower-limb amputees exhibit
increased push-off ankle power with increasing walking speed [22-24]. For example, when
walking with the iWalk’s Power Foot BiOM (the only type of commercial powered prosthetic
foot in the market at this time) peak ankle power increases from about 1.3 W/kg at 0.75 m/s
walking speed to about 4.2 W/kg at 1.75 m/s [23]. However, corresponding experiments with
ESAR or SACH ankle-foot units are not known to us. Moreover, there seems to be no studies
comparing the push-off power of the three different ankle-foot units (SACH, ESAR, PWR) at
various walking speeds.

Thus, the objective of this systematic review was to identify push-off power differences and
their relation to walking speeds in three types (SACH, ESAR and PWR) of both pre-market
(prototypes) and commercial ankle-foot units. The secondary objective was to evaluate if the
push-off power differs among prosthetic ankle-foot types when walking speed increases.

Materials and methods

This review was performed in compliance with the preferred reporting items for systematic
review and meta-analysis protocols [25]. For the literature search the databases of Web of Sci-
ence, PubMed, IEEE xplore and Google Scholar were accessed from the initiation of the data-
bases up to June 17, 2019. The used search term was: ‘ampu*’ AND ‘prosth®> AND ‘ankle-
power’ AND ‘push-oft’ AND ‘walking’. Only journal papers and extended conference proceed-
ings (e.g., IEEE) in the English language were considered.

After removing duplicates, two reviewers (R.M. and K.L.) independently reviewed the
remaining publications for eligibility based on the title and abstract. The following topics led
to the inclusion of a publication: 1) unilateral trans-tibial amputees with lower limb prosthesis
and 2) reported analysis of ankle power during level walking (also case studies). Exclusion cri-
teria were: 1) purely theoretical concepts, 2) robotics, 3) non-amputees with simulated ampu-
tation (e.g. wearing an ankle-foot prosthesis emulator), 4) non-amputees walking with an
ankle-foot-orthosis or an ankle exoskeleton, 5) partial foot amputees, 6) pediatric amputees, 7)
trans-femoral or bilateral trans-tibial amputees and 8) running or jumping. After the first
screening of the title and abstract, full texts were obtained for publications considered poten-
tially eligible. The flow diagram in Fig 1 depicts the review process.

Data extraction from the included publications was completed by one of two reviewers (R.
M.), with a third reviewer (L.T.) checking the extracted data for accuracy and completeness.
Any identified discrepancies were discussed by all three reviewers to ensure the accuracy of
the extracted data.

The data extracted from the included studies were: 1) the clinical population examined
(number of subjects, age, weight, height), 2) the type of the prosthetic ankle-foot units (SACH,
ESAR, PWR; see below), 3) walking speed, 4) peak ankle power together with 5) walking ter-
rain (treadmill or over ground) and the used calculation method.

The ISO standard (13405-2:2015(E)) provides a classification and description of prosthetic
components related to their motion, activation and controls without any attempt to categorize
performance levels [26]. However, identifying selection criteria for prosthetic ankle-foot units
with regard to performance levels and intended use appears to be difficult because of con-
founding factors (users’condition, capacity and anthropometrics, prosthetic alignment, inter-
face-fit). Thus, a multifactoral modelling approach would be underpowered because the
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Fig 1. Flowchart showing the inclusion process.

https://doi.org/10.1371/journal.pone.0225032.9001

sample sizes in the existing literature are too small. Cherelle et al. [26] selected prosthetic
ankle-foot units based on the historical design development a) conventional feet (SACH), b)
early (i.e. SAFE Foot), advanced (i.e. Ossur’s Flex-Foot) and articulated ESR feet (ESAR), and
¢) bionic feet (i.e. iWalk’s Power foot BiOM and several prototypes). Unlike Cherelle et al. [26]
we assigned the articulated ESR feet (i.e. prototype of a controlled ESAR) as PWR because they
make use of electronics and small servomotors to engage or disengage locking mechanisms.

Statistical analysis (SPSS 20; Chicago, IL, USA) was performed using linear regression to
determine whether the ankle push-off power of different types (SACH, ESAR, and PWR) of
pre-market (prototypes) and commercial ankle-foot units varied with regard to walking speed.
Pearson correlation coefficients were used to determine the association between walking speed
and the different types of the prosthetic ankle-foot units (SACH, ESAR, and PWR). To com-
pare the push-off power of the different prosthetic ankle-foot units, a median split on walking
speed was implemented.

Based on the median split, we employed two one-way between subjects ANOVAs (sepa-
rately for slower and faster walking speeds) with Post-hoc analysis (Tukey HSD) to compare
the push-off power between the prosthesis and non-amputated controls (NA). To compare the
push-off power for slower and faster walking speed we performed a one-way ANOVA, sepa-
rately for SACH, ESAR, PWR and NA. The significance level was set at p < 0.05.
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Results

The search retrieved a total of 474 publications across the four selected databases. 88 of them
were classified as potentially eligible on preliminary screening. Assessment of full texts resulted
in 31 publications meeting the quality criteria. In three cases, two publications appeared to be
related to the same dataset (Fig 1). Thus, 28 publications were rated eligible for inclusion in the
systematic literature review.

Of the 28 studies shown in Table 1, seven investigated the push-off power in SACH (earliest
included study was published in 1993 [27]), 18 examined the push-off power in ESAR (earliest
included study was published in 1995 [28]) and 14 the push-off power in PWR ankle-foot
units (earliest included study was published in 2011 [29]). Three of the 28 studies compared
SACH with ESAR [28,30,31] and eight publications compared ESAR with PWR. Comparison
between non-amputees (NA) and different prosthesis were found in five publications, namely:
one publication compared NA with SACH [27], two compared NA with ESAR [32,33], one
compared NA with PWR [23], and one compared NA with ESAR and PWR ankle-foot pros-
theses [17]. None of the 28 studies compared all three different ankle-foot units.

The sample sizes differed between publications and ranged from one [28,30,34-37] and 22
participants [38]. In total, 192 trans-tibial amputees were included in our statistical analysis.

The methods for calculating the push-off power varied between publications (Table 1): 13
publications reported to have made a rigid foot segment (RFS) assumption; three [32,38,39]
used the UD model (UD) and the method in five publications is described as segmentally-
agnostic (SA) [40]. Additionally, four studies [24,34,36,41] determined push-off power directly
from parameters given by the powered device or applied individual calculations (other) and
three studies [30,35,42] did not specify details of push-off power calculations.

The investigated walking speed ranged from 0.8 [43] to 1.84 m/s [27], from 0.85 [38] to 1.39
m/s [28,32] and from 0.5 [24] to 1.75 m/s [23] for the SACH, ESAR, and PWR ankle-foot units
(Fig 2). Furthermore, the results of the peak ankle push-off power ranged from 0.2 [30] to 1.01
W/kg [27], from 0.71 [37] to 2.89 W/kg [32], and from 0.88 [24] to 4.2 W/kg [23] for the
SACH, ESAR and PWR ankle-foot units (Fig 2). Positive correlations between walking speed
and peak push-off power were found for ESAR (r = 0.568, p = 0.006) and PWR (r = 0.820,

p = 0.000) but not for SACH (r = 0.267, p = 0.522).

For slower walking speeds, significant differences in the push-off power were established
between SACH (0.61 + 0.31 W/kg) and PWR (1.99 + 0.87 W/kg), SACH and NA (1.97 £ 0.49
W/kg), and ESAR (1.16 + 0.23 W/kg) and PWR (Fig 3). For faster walking speeds, significant
differences in the push-off power were found between SACH (0.70 + 0.27 W/kg) and ESAR
(1.84 + 0.54 W/kg), SACH and PWR (3.16 + 0.68 W/kg), SACH and NA (3.58 + 0.75 W/kg),
ESAR and PWR, and ESAR and NA (Fig 3). Additionally, when comparing the push-off
power for slower and faster walking speeds significant differences were identified for ESAR
(p=0.01), PWR (p =0.02), and NA (p = 0.01).

Discussion

To our knowledge, this paper is the first to compare the push-off power of three different
kinds of prosthetic ankle-foot units (SACH, ESAR, and PWR) at different walking speeds. The
results of our analyses demonstrated that a positive correlation between walking speed and
push-off power can be found when walking with the PWR or ESAR but not for SACH feet.
Furthermore, we found that for higher walking speeds (> 1.21 m/s), push-off power perfor-
mances among the different types increased whereas at lower walking speed (< 1.21 m/s) the
differences in push-off power performance were lower. Thus, push-off power can be used as a
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Table 1. Studies included in systematic review.

Articles N Age Weight Height | Prosthesis | Walking speed Peak power |Terrain |Methods
[years] [kg] [cm] [m/s] [W/kg]
Realmuto et al., 2019 [37] 1 50 82 180 ESAR 1.0 0.71 treadmill | RFS
Heitzmann et al., 2018 [32] 11 40+12 8117 18019 ESAR 1.33-1.39 1.48-2.89 ground | UD
11| 37+11 76+12 17948 NA 1.44 4.33 ground
Houdijk® et al., 2018 [44] or Wezenberger et al. 2014 | 15| 56+11 86+13 17414 SACH 1.22 0.6 ground | SA
(471 ESAR 122 17
Childers & Takahashi, 2018 [39] 5 44+14 81+14 173+8 ESAR 1.1 0.75-1.1 treadmill | UD
Tahir® et al., 2018 [22] 2 35+1 9619 183+2 PWR ¢ 0.75-1.65 1.1-3.3 ground | RFS
RayC etal., 2018 [38] 22 53%12 102+19 178+8. ESAR 0.85 1.0 ground | UD
Grimmer et al., 2017 [34] 1 17 55 - ESAR 1.1 1.38 treadmill | other
PWR 8 1.1 1.71
Weinert-Aplin© et al., 2017 [33] 10| 28+4 90+14 182+5 ESAR 1.36 2.26 ground | RFS
10 306 78+8 18245 NA 1.29 3.12 ground
Jeffers & Grabowski®, 2017 [64] or Montgomery & | 10 | 42+11 77+15 170+8 ESAR 1.25 2.05 treadmill | RFS
Grabowski, 2018 [56] PWR Y 1.25 2.05
Feng & Wang, 2017 [24] 47+11 69+13 171+1 PWR" 0.5-1.1 0.88-2.0 treadmill | other
Esposito et al., 2016 [17] 6 29+6 9316 181£10 ESAR 1.24 1.9 ground | RFS
PWR 1.24 2.95
2345 9112 179+11 NA 1.21 2.3 ground
Quesada® et al., 2016 [20] 4746 88+9 179+4 PWR' 1.25 2.95 treadmill | REFS
Huang® et al., 2015 [41] 55+19 - - ESAR 1.0 1.35 treadmill | other
PWRf 1.0 3.1
Doyle et al., 2014 [42] 10 3618 88+18 1767 ESAR 1.29 2.2 ground | ns
Huang et al., 2014 [35] 1 57 90 188 ESAR 1.0 1.25 treadmill | ns
PWR ' 1.0 3.0
Pickle® et al., 2014 [65] 9 306 95+8 180+10 ESAR 1.25 1.48 ground | RFS
PWR 1.25 3.29
Zhu et al., 2014 [36] 1 - 70 - PWR’ 1.25 33 ground | other
Grabowski & D’Andrea, 2013 [23] 7 4546 100+10 181+8 PWR¢ 0.75-1.75 1.3-4.2 treadmill | RFS
7 48+7 98+12 18616 NA 0.75-1.75 1.4-4.2 treadmill
Hill & Herr, 2013 [48] 2 34+8 712 174+1 PWR ¢ 1.25 4.0 ground | RFS
De Asha® et al., 2013 [66] 8 45+11 83+19 177+5 ESAR 0.93-1.38 1.2-1.05 ground | SA
Yeung® et al., 2013 [30] 1 47 75 170 SACH 1.14 0.2 ground | ns
Segal et al., 2012 [46] or Morgenroth et al., 2011 [10] | 7 52+12 81+10 185+5 ESAR 1.14 14 ground | SA
PWR*® 1.14 3.2
Ventura® et al., 2011 [31] 12| 49+17 82+13 178+6 SACH 1.2 04 ground | RFS
ESAR 1.2 1.25
Zelik® et al., 2011 [29] 5 50+13 77%3 - ESAR 1.14 1.36 ground | SA
PWR ¢ 1.14 3.1
Prince et al., 1998 [67] 5 42+14 80+2 1757 SACH 1.15 0.65 ground | SA
Allard et al., 1995 [28] 1 24 - - SACH 1.21 0.99 ground | RFS
ESAR 1.39 1.36
Hubbard & McElroy, 1994 [43] 20 - - - SACH 0.8 0.8 ground | RFS
(Continued)
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Table 1. (Continued)

Articles N Age Weight Height | Prosthesis | Walking speed Peak power |Terrain |Methods
[years] [kg] [cm] [m/s] [W/kg]
Prince et al., 1993 [25] 6 20+6 61+10 168+7 SACH 1.49-1.84 0.5-1.01 ground | RFS
5 19+8 58+15 166+13 NA 1.54-1.9 2.71-4.5 ground

UD = UD model [50]; AS = segmentally-agnostic [40], no assumptions are made about the foot rigidity [49]; RFS = rigid foot segment model, foot assumed as rigid-
segment; other = individual calculation performed, or different model applied; ns = foot model not specified.
* Peak power values are estimated from published figures.

® The author provided additional data not mentioned in the publication.

¢ Missing parameters were retrieved from a previously published study using the same data set.

4 PWR = BIOM (iWalk, USA).

¢ PWR = CESR (prototype, USA).

fPWR = powered ankle-foot with pneumatic artificial muscles (prototype, USA).

& PWR = Walk-Run Ankle (pre-market ankle-foot unit, SpringActive, USA).

" PWR = PKU-RoboTPro-II (prototype, Peking University, China).

! PWR = Powered ankle-foot prosthesis emulator (prototype, University of Pittsburgh, USA).

JPWR = PANTOE (prototype, Peking University, China).

https://doi.org/10.1371/journal.pone.0225032.t001

selection criterion to differentiate between ankle-foot units for prosthetic users with regard to
their bandwidth of walking speeds.

Different levels in push-off power

With the objective to compare the push-off power of three different kinds of prosthetic ankle-
foot units (SACH, ESAR, and PWR) it was demonstrated that their push-off power perfor-
mance progresses differently at different walking speeds. In able-bodied individuals positive
peak ankle push-oft power increases with walking speed [21]. To mimic human gait, PWR
ankle-foot units adjust push-off power based on walking speed, i.e. push-off power increases
with walking speed [22-24]. This has already been proven in the literature and can also been
seen in Fig 2 (similar slopes of the PWR and NA regression lines) and Fig 3 (no significant dif-
ferences of peak push-off power for slower and faster walking speeds).

A positive correlation between walking speed and push-off power can also be found when
walking with the ESAR (Fig 2), but with a flatter slope of the regression line when compared to
the PWR (PWR slope: 2.73, ESAR slope: 1.92). With the SACH ankle-foot unit, the push-off
power does not increase with walking speed (Fig 2). Shorter step length, lower gait symmetry
[44], increased sound limb loading [15], increased energy cost, reduced gait efficiency in
declines and inclines at higher speeds [45] are the results in comparisons when push-off power
increased in prosthetic ankle-units.

The differences in push-off power between the prosthetic ankle-foot units became larger
with increased walking speed (Figs 2 and 3). For slower walking speeds (< 1.22 m/s), signifi-
cant differences in the push-off power were present between SACH and PWR, and ESAR and
PWR (Fig 3). No significant differences were found between SACH and ESAR. For faster walk-
ing speeds, significant differences in the push-off power can be found between SACH and
ESAR, SACH and PWR, and ESAR and PWR (Fig 3). Thus, the benefit of push-off power in
the PWR compared to ESAR and SACH, and respectively ESAR to SACH, was more pro-
nounced at faster walking speeds.
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Fig 2. Linear regression between walking speed and peak ankle push-off power for different ankle-foot units and non-amputees. Regression lines
represent the data of the included studies independent of the sample size. The equation of regression are given for different ankle-foot units (SACH, ESAR, and
PWR) and non-amputees (NA).

https://doi.org/10.1371/journal.pone.0225032.9002

Prosthetic ankle-foot designs

During push-off the ESAR ankle-units deliver less power than the PWR [10,17,29,46] but
more power than the SACH [28,31,44,47]. SACH ankle-units are composed out of a solid core
and resilient material. Their dynamics rely on the recoil of the resilient material both in the
heel and the toe. A typical ESAR foot with a direct bolt-on heel to toe blade stores energy
within the composite material by deformation during early to mid-stance and then allows
those elastic structures to recoil and release the energy to provide energy for propulsion con-
tributing to push-off during pre-swing. Within the ESAR, the Pro-Flex showed distinct push-
off power performance (Table 1 and Fig 2). The Pro-Flex delivered similar peak ankle power
during push-off as the PWR ankle-foot units and more energy during push-off when
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Fig 3. Peak ankle push-off power for different types of ankle-foot units and non-amputees. Mean scores of peak ankle push-off power between different
types of ankle-foot units (SACH, ESAR, and PWR) and non-amputees (NA), separated for slower (0.5-1.21 m/s) and faster (1.22-1.9 m/s) walking speeds.
Error bars represent standard errors. Significant differences are indicated with ** (p < 0.05), “*’ (p < 0.01), and “**’ (p < 0.001), respectively.

https://doi.org/10.1371/journal.pone.0225032.9003

compared to the Vari-Flex (ESAR) ankle-unit [32]. The 3 blade-linkage system on the Pro-
Flex Foot is designed to pivot the shank section faster over the foot section and increases
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progressively the stiffness at terminal stance. In consequence the forefoot section is loaded
more rapidly at initial stance and allows for more prosthetic foot dorsiflexion at late stance
[39]. More dorsiflexion results in more energy stored in the forefoot section which increases
the energy returned during push-off. The PWR add external power generation (e.g. by using a
serial elastic actuator [48]) into the kinetic chain and thereby increase the potential energy
available at pre-swing.

Push-off power modelling approaches

The approaches for calculating the push-off power vary between studies. In most studies the
data for push-off power calculations were collected via 3D motion analysis. The conventional
models were based on the assumptions that the foot is a rigid body segment (RFS) and has a
defined joint articulation point. Both assumptions are violated when measuring prosthetic feet
with flexible keels and no articulation point [40,49]. The method of Prince et al. [49] defines
net prosthetic power as sum of rotational and translational power. The necessary parameters
are determined at a rigid part at the distal end of the prosthetic leg. The method does not rely
on the previously mentioned assumptions and can be described as segmentally-agnostic [40],
neither does the UD model which provides an estimate for below-knee structures but without
determining an ankle joint center or foot segment [50]. The model combines rigid and
deformable model components. Zelik et al. [40] showed that the conventional 3 DOF ankle
power, defining the foot as single rigid body, tends to overestimate the net power compared to
ankle foot power calculations without a single rigid body assumption or models that relax this
assumption by a different segmentation of the foot. Besides the used marker model, marker
placement and shoes impact the measurements of push-oft power [51,52]. Due to the wide var-
iance in shoe characteristics, shoe wear is hardly controllable and has therefore not been con-
sidered within the underlying review. Same holds true for marker placement, e.g. the position
of the ankle marker from the Plug-in Gait model may be difficult to define precisely as no obvi-
ous joint center may exist depending on the foot design and is usually subject to individual
estimation of the tester. The significance of the selected measurement methodology should be
considered when examining ankle power results of prosthetic feet.

Clinical outcomes

Key factors limiting the ability of lower limb prosthetic users are associated with increased risk
of falls, risk of osteoarthritis, occurrence of lower back pain and skin injuries [53-56]. The
influence of push-off power has not been linked to risks within this literature review.

Gait after unilateral lower limb amputation is reported to be asymmetrical and it is thought
that the asymmetrical limb loading may lead to the majority of the above-mentioned limita-
tions. Within the included publications, the definition of symmetry was based on many differ-
ent parameters. Step length symmetry was reported to improve when comparing SACH versus
ESAR [44]. However, during level walking PWR and ESAR provided similar symmetry results
[57].

Grabowski et al. found a reduction of 20% in external knee adduction moment (EAM) on
the sound side when using a powered ankle-foot prosthesis [23]. Morgenroth et al. reported
similar results, namely, that EAM was reduced by 26% on the sound side when using a PWR
compared to a conventional ankle-foot unit (i.e. Seattle Light 2). Even though the ankle push-
off power of the PWR was significantly higher than ESAR, differences in EAM were not statis-
tically significant between these two foot types [10]. In literature an increased EAM is believed
to contribute to the development of osteoarthritis [58,59].
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Additionally, metabolic cost has been frequently investigated in relation to prosthetic push-
off power but results are inconclusive. Five publications [17,19,60-62] report on reduced met-
abolic cost resulting from the presence of active push-off in prosthetic foot-ankle units how-
ever, these publications did not report the push-off power values. In contrast, three
publications included in the present systematic review reported that increased push-off power
work did not reduce metabolic cost in trans-tibial amputees during level walking [20,46,57].

In summary, none of the publications included in this paper established a direct link
between increased push-off power and clinical outcomes. More research is needed in the
future to link the specific performance of a device to a particular clinical outcome due to the
fact that confounding factors are manifold and cannot be excluded. Typical limitations con-
cerned with prosthetic research studies is the absence of clinically authoritative differences due
to the sensitivity of the outcome measures and their sparse validation. However, future
research is needed to reveal whether physiological ankle push-off power has a positive effect to
mitigate comorbidities such as osteoarthritis or lower back pain. Future research might
observe prosthetic users during their daily routine (e.g. when descending curbs [63]) in order
to gain more insightful knowledge regarding potential clinical benefits of push-off power.

Competing interests statement

The authors have read the journal’s policy and the authors of this manuscript have the follow-
ing competing interests: R.M. and R.A. are employees of Klinikum Bayreuth GmbH and L.T.
and K.L. are employees of Ossur hf. a medical device manufacturer who produces some of the
products included in this review. This does not alter adherence to PLOS ONE policies on shar-
ing data and materials. There are no patents, products in development or marketed products
associated with this research to declare.

Supporting information

S1 Checklist.
(DOC)

Acknowledgments

We would like to thank Angela Harth and Felix Starker for proofreading the manuscript and
Peter Paul Heym (Sum of Squares Statistical Consulting) for his invaluable assistance in the
statistical analysis. We thank Anne K. Silverman for providing necessary data on request to be
able to include the publication.

Author Contributions

Conceptualization: Roy Miiller, Knut Lechler.

Data curation: Roy Miiller, Lisa Tronicke, Knut Lechler.
Formal analysis: Roy Miiller.

Methodology: Roy Miiller, Lisa Tronicke, Knut Lechler.
Supervision: Rainer Abel.

Validation: Lisa Tronicke, Knut Lechler.

Visualization: Roy Miiller.

Writing - original draft: Roy Miiller, Lisa Tronicke, Knut Lechler.

PLOS ONE | https://doi.org/10.1371/journal.pone.0225032 November 19, 2019 11/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0225032.s001
https://doi.org/10.1371/journal.pone.0225032

@ PLOS|ONE

Prosthetic push-off power in trans-tibial amputee walking

Writing - review & editing: Roy Miiller, Rainer Abel, Knut Lechler.

References

1.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Ziegler-Graham K, MacKenzie EJ, Ephraim PL, Travison TG, Brookmeyer R. Estimating the Preva-
lence of Limb Loss in the United States: 2005 to 2050. Arch Phys Med Rehabil. 2008 Mar; 89(3):422-9.
https://doi.org/10.1016/j.apmr.2007.11.005 PMID: 18295618

Zelik KE, Adamczyk PG. A unified perspective on ankle push-off in human walking. J Exp Biol. 2016;
219(283):3676—-3683.

Winter DA, Patla AE, Frank JS, Walt SE. Biomechanical walking pattern changes in the fit and healthy
elderly. Phys Ther. 1990; 70(6):340-347. https://doi.org/10.1093/ptj/70.6.340 PMID: 2345777

Pickle NT, Wilken JM, Aldridge Whitehead JM, Silverman AK. Whole-body angular momentum during
sloped walking using passive and powered lower-limb prostheses. J Biomech. 2016 03; 49(14):3397—
4086. https://doi.org/10.1016/j.jbiomech.2016.09.010 PMID: 27670646

Vrieling AH, Van Keeken HG, Schoppen T, Otten E, Hof AL, Halbertsma JPK, et al. Balance control on
a moving platform in unilateral lower limb amputees. Gait Posture. 2008; 28(2):222—228. https://doi.org/
10.1016/j.gaitpost.2007.12.002 PMID: 18207407

Winter DA. Biomechanics and motor control of human movement. John Wiley & Sons; 2009.

Adamczyk PG, Kuo AD. Mechanisms of Gait Asymmetry Due to Push-Off Deficiency in Unilateral
Amputees. IEEE Trans Neural Syst Rehabil Eng. 2015 Sep; 23(5):776-85. https://doi.org/10.1109/
TNSRE.2014.2356722 PMID: 25222950

Gailey RS, Wenger MA, Raya M, Kirk N, Erbs K, Spyropoulos P, et al. Energy expenditure of trans-tibial
amputees during ambulation at self-selected pace. Prosthet Orthot Int. 1994 Aug; 18(2):84-91. hitps://
doi.org/10.3109/03093649409164389 PMID: 7991365

Houdijk H, Pollmann E, Groenewold M, Wiggerts H, Polomski W. The energy cost for the step-to-step
transition in amputee walking. Gait Posture. 2009 Jul; 30(1):35—40. https://doi.org/10.1016/j.gaitpost.
2009.02.009 PMID: 19321343

Morgenroth DC, Segal AD, Zelik KE, Czerniecki JM, Klute GK, Adamczyk PG, et al. The Effect of Pros-
thetic Foot Push-off on Mechanical Loading Associated with Knee Osteoarthritis in Lower Extremity
Amputees. Gait Posture. 2011 Oct; 34(4):502—7. https://doi.org/10.1016/j.gaitpost.2011.07.001 PMID:
21803584

Esposito ER, Wilken JM. Biomechanical risk factors for knee osteoarthritis when using passive and
powered ankle—foot prostheses. Clin Biomech. 2014; 29(10):1186-1192.

Morgenroth DC, Gellhorn AC, Suri P. Osteoarthritis in the disabled population: a mechanical perspec-
tive. PM&R. 2012; 4(5):520-S27.

Czerniecki JM, Gitter A, Munro C. Joint moment and muscle power output characteristics of below knee
amputees during running: the influence of energy storing prosthetic feet. J Biomech. 1991; 24(1):63-75.
https://doi.org/10.1016/0021-9290(91)90327-j PMID: 2026634

Collins SH, Kuo AD. Controlled energy storage and return prosthesis reduces metabolic cost of walking.
Power. 2005; 600:800.

Snyder RD. The effect of five prosthetic feet on the gait and loading of the sound limb in dysvascular
below-knee amputees. 1995; 7.

Ferris AE, Aldridge JM, Rabago CA, Wilken JM. Evaluation of a Powered Ankle-Foot Prosthetic System
During Walking. Arch Phys Med Rehabil. 2012 Nov; 93(11):1911-8. https://doi.org/10.1016/j.apmr.
2012.06.009 PMID: 22732369

Esposito ER, Whitehead JMA, Wilken JM. Step-to-step transition work during level and inclined walking
using passive and powered ankle—foot prostheses. Prosthet Orthot Int. 2016 Jun 1; 40(3):311-9.
https://doi.org/10.1177/0309364614564021 PMID: 25628378

Lechler K, Frossard B, Whelan L, Langlois D, Miiller R, Kristjansson K. Motorized Biomechatronic
Upper and Lower Limb Prostheses—Clinically Relevant Outcomes. PM&R. 2018 Sep 1; 10(9, Supple-
ment 2):5207-19.

Herr HM, Grabowski AM. Bionic ankle-foot prosthesis normalizes walking gait for persons with leg
amputation. Proc Biol Sci. 2012 Feb 7; 279(1728):457-64. https://doi.org/10.1098/rspb.2011.1194
PMID: 21752817

Quesada RE, Caputo JM, Collins SH. Increasing ankle push-off work with a powered prosthesis does
not necessarily reduce metabolic rate for transtibial amputees. J Biomech. 2016 Oct 3; 49(14):3452—9.
https://doi.org/10.1016/j.jpiomech.2016.09.015 PMID: 27702444

PLOS ONE | https://doi.org/10.1371/journal.pone.0225032 November 19, 2019 12/15


https://doi.org/10.1016/j.apmr.2007.11.005
http://www.ncbi.nlm.nih.gov/pubmed/18295618
https://doi.org/10.1093/ptj/70.6.340
http://www.ncbi.nlm.nih.gov/pubmed/2345777
https://doi.org/10.1016/j.jbiomech.2016.09.010
http://www.ncbi.nlm.nih.gov/pubmed/27670646
https://doi.org/10.1016/j.gaitpost.2007.12.002
https://doi.org/10.1016/j.gaitpost.2007.12.002
http://www.ncbi.nlm.nih.gov/pubmed/18207407
https://doi.org/10.1109/TNSRE.2014.2356722
https://doi.org/10.1109/TNSRE.2014.2356722
http://www.ncbi.nlm.nih.gov/pubmed/25222950
https://doi.org/10.3109/03093649409164389
https://doi.org/10.3109/03093649409164389
http://www.ncbi.nlm.nih.gov/pubmed/7991365
https://doi.org/10.1016/j.gaitpost.2009.02.009
https://doi.org/10.1016/j.gaitpost.2009.02.009
http://www.ncbi.nlm.nih.gov/pubmed/19321343
https://doi.org/10.1016/j.gaitpost.2011.07.001
http://www.ncbi.nlm.nih.gov/pubmed/21803584
https://doi.org/10.1016/0021-9290(91)90327-j
http://www.ncbi.nlm.nih.gov/pubmed/2026634
https://doi.org/10.1016/j.apmr.2012.06.009
https://doi.org/10.1016/j.apmr.2012.06.009
http://www.ncbi.nlm.nih.gov/pubmed/22732369
https://doi.org/10.1177/0309364614564021
http://www.ncbi.nlm.nih.gov/pubmed/25628378
https://doi.org/10.1098/rspb.2011.1194
http://www.ncbi.nlm.nih.gov/pubmed/21752817
https://doi.org/10.1016/j.jbiomech.2016.09.015
http://www.ncbi.nlm.nih.gov/pubmed/27702444
https://doi.org/10.1371/journal.pone.0225032

@ PLOS|ONE

Prosthetic push-off power in trans-tibial amputee walking

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Grimmer M, Seyfarth A. Mimicking human-like leg function in prosthetic limbs. In: Neuro-Robotics.
Springer; 2014. p. 105-155.

Tahir U, Hessel AL, Lockwood ER, Tester JT, Han Z, Rivera DJ, et al. Case Study: A Bio-Inspired Con-
trol Algorithm for a Robotic Foot-Ankle Prosthesis Provides Adaptive Control of Level Walking and Stair
Ascent. Front Robot Al. 2018; 5:36.

Grabowski AM, D’Andrea S. Effects of a powered ankle-foot prosthesis on kinetic loading of the unaf-
fected leg during level-ground walking. J NeuroEngineering Rehabil. 2013 Jun 7; 10:49.

Feng Y, Wang Q. Combining push-off power and nonlinear damping behaviors for a lightweight motor-
driven transtibial prosthesis. [IEEEASME Trans Mechatron. 2017; 22(6):2512-2523.

Moher D, Shamseer L, Clarke M, Ghersi D, Liberati A, Petticrew M, et al. Preferred reporting items for
systematic review and meta-analysis protocols (PRISMA-P) 2015 statement. Syst Rev. 2015; 4(1):1.

Cherelle P, Mathijssen G, Wang Q, Vanderborght B, Lefeber D. Advances in Propulsive Bionic Feet
and Their Actuation Principles. Adv Mech Eng Lond [Internet]. 2014 [cited 2018 Jan 18]; Available from:
https://search.proquest.com/docview/1552843495/abstract/762E0217C874504PQ/1

Prince F, Allard P, McFadyen BJ, Aissaoui R. Comparison of gait between young adults fitted with the
space foot and nondisabled persons. Arch Phys Med Rehabil. 1993; 74(12):1369-1376. https://doi.org/
10.1016/0003-9993(93)90095-r PMID: 8259907

Allard P, Trudeau F, Prince F, Dansereau J, Labelle H, Duhaime M. Modelling and gait evaluation of
asymmetrical-keel foot prosthesis. Med Biol Eng Comput. 1995; 33(1):2. https://doi.org/10.1007/
bf02522937 PMID: 7616775

Zelik KE, Collins SH, Adamczyk PG, Segal AD, Klute GK, Morgenroth DC, et al. Systematic variation of
prosthetic foot spring affects center-of-mass mechanics and metabolic cost during walking. IEEE Trans
Neural Syst Rehabil Eng Publ IEEE Eng Med Biol Soc. 2011 Aug; 19(4):411-9.

Yeung LF, Leung AK, Zhang M, Lee WC. Effects of heel lifting on transtibial amputee gait before and
after treadmill walking: a case study. Prosthet Orthot Int. 2013; 37(4):317-323. https://doi.org/10.1177/
0309364612461521 PMID: 23124990

Ventura JD, Segal AD, Klute GK, Neptune RR. Compensatory mechanisms of transtibial amputees dur-
ing circular turning. Gait Posture. 2011 Jul; 34(3):307-12. https://doi.org/10.1016/.gaitpost.2011.05.
014 PMID: 21696958

Heitzmann DW, Salami F, De Asha AR, Block J, Putz C, Wolf Sl, et al. Benefits of an increased pros-
thetic ankle range of motion for individuals with a trans-tibial amputation walking with a new prosthetic
foot. Gait Posture. 2018; 64:174—180. https://doi.org/10.1016/j.gaitpost.2018.06.022 PMID: 29913354

Weinert-Aplin RA, Howard D, Twiste M, Jarvis HL, Bennett AN, Baker RJ. Energy flow analysis of
amputee walking shows a proximally-directed transfer of energy in intact limbs, compared to a distally-
directed transfer in prosthetic limbs at push-off. Med Eng Phys. 2017 Jan 1; 39:73-82. https://doi.org/
10.1016/j.medengphy.2016.10.005 PMID: 27836575

Grimmer M, Holgate M, Ward J, Boehler A, Seyfarth A. Feasibility study of transtibial amputee walking
using a powered prosthetic foot. IEEE Int Conf Rehabil Robot Proc. 2017 Jul; 2017:1118-23.

Huang S, Wensman JP, Ferris DP. An Experimental Powered Lower Limb Prosthesis Using Propor-
tional Myoelectric Control. J Med Devices. 2014 Mar 7; 8(2):024501-024501.

Zhu J, Wang Q, Wang L. Effects of toe stiffness on ankle kinetics in a robotic transtibial prosthesis dur-
ing level-ground walking. Mechatronics. 2014; 24(8):1254-1261.

Realmuto J, Klute G, Devasia S. Preliminary Investigation of Symmetry Learning Control for Powered
Ankle-Foot Prostheses. In: 2019 Wearable Robotics Association Conference (WearRAcon) [Internet].
Scottsdale, AZ, USA: IEEE; 2019 [cited 2019 Jul 4]. p. 40-5. Available from: https://ieeexplore.ieee.org/
document/8719630/

Ray SF, Wurdeman SR, Takahashi KZ. Prosthetic energy return during walking increases after 3
weeks of adaptation to a new device. J Neuroengineering Rehabil. 2018; 15(1):6.

Childers WL, Takahashi KZ. Increasing prosthetic foot energy return affects whole-body mechanics
during walking on level ground and slopes. Sci Rep. 2018; 8(1):5354. https://doi.org/10.1038/s41598-
018-23705-8 PMID: 29599517

Zelik KE, Honert EC. Ankle and foot power in gait analysis: Implications for science, technology and clin-
ical assessment. J Biomech. 2018 Jun; 75:1-12. https://doi.org/10.1016/j.jbiomech.2018.04.017 PMID:
29724536

Huang S, Wensman JP, Ferris DP. Locomotor Adaptation by Transtibial Amputees Walking With an
Experimental Powered Prosthesis Under Continuous Myoelectric Control. IEEE Trans Neural Syst
Rehabil Eng Publ IEEE Eng Med Biol Soc. 2016; 24(5):573-81.

Doyle SS, Lemaire ED, Besemann M, Dudek NL. Changes to level ground transtibial amputee gait with
a weighted backpack. Clin Biomech. 2014; 29(2):149—-154.

PLOS ONE | https://doi.org/10.1371/journal.pone.0225032 November 19, 2019 13/15


https://search.proquest.com/docview/1552843495/abstract/762E0217C874504PQ/1
https://doi.org/10.1016/0003-9993(93)90095-r
https://doi.org/10.1016/0003-9993(93)90095-r
http://www.ncbi.nlm.nih.gov/pubmed/8259907
https://doi.org/10.1007/bf02522937
https://doi.org/10.1007/bf02522937
http://www.ncbi.nlm.nih.gov/pubmed/7616775
https://doi.org/10.1177/0309364612461521
https://doi.org/10.1177/0309364612461521
http://www.ncbi.nlm.nih.gov/pubmed/23124990
https://doi.org/10.1016/j.gaitpost.2011.05.014
https://doi.org/10.1016/j.gaitpost.2011.05.014
http://www.ncbi.nlm.nih.gov/pubmed/21696958
https://doi.org/10.1016/j.gaitpost.2018.06.022
http://www.ncbi.nlm.nih.gov/pubmed/29913354
https://doi.org/10.1016/j.medengphy.2016.10.005
https://doi.org/10.1016/j.medengphy.2016.10.005
http://www.ncbi.nlm.nih.gov/pubmed/27836575
https://ieeexplore.ieee.org/document/8719630/
https://ieeexplore.ieee.org/document/8719630/
https://doi.org/10.1038/s41598-018-23705-8
https://doi.org/10.1038/s41598-018-23705-8
http://www.ncbi.nlm.nih.gov/pubmed/29599517
https://doi.org/10.1016/j.jbiomech.2018.04.017
http://www.ncbi.nlm.nih.gov/pubmed/29724536
https://doi.org/10.1371/journal.pone.0225032

@ PLOS|ONE

Prosthetic push-off power in trans-tibial amputee walking

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Hubbard WA, McElroy GK. Benchmark data for elderly, vascular trans-tibial amputees after rehabilita-
tion. Prosthet Orthot Int. 1994; 18(3):142—-149. https://doi.org/10.3109/03093649409164399 PMID:
7724347

Houdijk H, Wezenberg D, Hak L, Cutti AG. Energy storing and return prosthetic feet improve step length
symmetry while preserving margins of stability in persons with transtibial amputation. J Neuroengineer-
ing Rehabil. 2018; 15(1):76.

Hofstad C, Linde H, Limbeek J, Postema K. Prescription of prosthetic ankle-foot mechanisms after
lower limb amputation. Cochrane Database Syst Rev. 2004;(1):CD003978. https://doi.org/10.1002/
14651858.CD003978.pub2 PMID: 14974050

Segal AD, Zelik KE, Klute GK, Morgenroth DC, Hahn ME, Orendurff MS, et al. The effects of a con-
trolled energy storage and return prototype prosthetic foot on transtibial amputee ambulation. Hum Mov
Sci. 2012 Aug; 31(4):918-31. https://doi.org/10.1016/j.humov.2011.08.005 PMID: 22100728

Wezenberg D, Cutti AG, Bruno A, Houdijk H. Differentiation between solid-ankle cushioned heel and
energy storage and return prosthetic foot based on step-to-step transition cost. J Rehabil Res Dev.
2014;51(10):1579. https://doi.org/10.1682/JRRD.2014.03.0081 PMID: 25860285

Hill D, Herr H. Effects of a powered ankle-foot prosthesis on kinetic loading of the contralateral limb: a
case series. IEEE Int Conf Rehabil Robot Proc. 2013 Jun; 2013:6650375.

Prince F, Winter DA, Sjonnesen G, Wheeldon RK. A new technique for the calculation of the energy
stored, dissipated, and recovered in different ankle-foot prostheses. IEEE Trans Rehabil Eng. 1994
Dec; 2(4):247-55.

Takahashi KZ, Kepple TM, Stanhope SJ. A unified deformable (UD) segment model for quantifying total
power of anatomical and prosthetic below-knee structures during stance in gait. J Biomech. 2012 Oct;
45(15):2662—7. https://doi.org/10.1016/j.jbiomech.2012.08.017 PMID: 22939292

Major MJ, Scham J, Orendurff M. The effects of common footwear on stance-phase mechanical proper-
ties of the prosthetic foot-shoe system. Prosthet Orthot Int. 2018 Apr; 42(2):198-207. https://doi.org/10.
1177/0309364617706749 PMID: 28486847

Schwartz MH, Trost JP, Wervey RA. Measurement and management of errors in quantitative gait data.
Gait Posture. 2004 Oct; 20(2):196—203. https://doi.org/10.1016/j.gaitpost.2003.09.011 PMID:
15336291

Miller WC, Speechley M, Deathe B. The prevalence and risk factors of falling and fear of falling among
lower extremity amputees. Arch Phys Med Rehabil. 2001 Aug; 82(8):1031-7. https://doi.org/10.1053/
apmr.2001.24295 PMID: 11494181

Dudek NL, Marks MB, Marshall SC, Chardon JP. Dermatologic conditions associated with use of a
lower-extremity prosthesis. Arch Phys Med Rehabil. 2005 Apr; 86(4):659—63. https://doi.org/10.1016/j.
apmr.2004.09.003 PMID: 15827914

Kulkarni J, Gaine WJ, Buckley JG, Rankine JJ, Adams J. Chronic low back pain in traumatic lower limb
amputees. Clin Rehabil. 2005; 19(1):81-6. https://doi.org/10.1191/0269215505cr8190a PMID:
15704512

Struyf PA, van Heugten CM, Hitters MW, Smeets RJ. The prevalence of osteoarthritis of the intact hip
and knee among traumatic leg amputees. Arch Phys Med Rehabil. 2009 Mar; 90(3):440-6. https://doi.
org/10.1016/j.apmr.2008.08.220 PMID: 19254609

Montgomery JR, Grabowski AM. Use of a powered ankle—foot prosthesis reduces the metabolic cost of
uphill walking and improves leg work symmetry in people with transtibial amputations. J R Soc Interface.
2018 Aug; 15(145):20180442. https://doi.org/10.1098/rsif.2018.0442 PMID: 30158189

Baliunas AJ, Hurwitz DE, Ryals AB, Karrar A, Case JP, Block JA, et al. Increased knee joint loads dur-
ing walking are present in subjects with knee osteoarthritis. Osteoarthritis Cartilage. 2002; 10(7):573—
579. https://doi.org/10.1053/joca.2002.0797 PMID: 12127838

Mindermann A, Dyrby CO, Andriacchi TP. Secondary gait changes in patients with medial compart-
ment knee osteoarthritis: Increased load at the ankle, knee, and hip during walking. Arthritis Rheum.
2005; 52(9):2835—44. https://doi.org/10.1002/art.21262 PMID: 16145666

Au SK, Herr H, Weber J, Martinez-Villalpando EC. Powered ankle-foot prosthesis for the improvement
of amputee ambulation. Conf Proc Annu Int Conf IEEE Eng Med Biol Soc IEEE Eng Med Biol Soc Annu
Conf. 2007; 2007:3020-6.

Mancinelli C, Patritti BL, Tropea P, Greenwald RM, Casler R, Herr H, et al. Comparing a passive-elastic
and a powered prosthesis in transtibial amputees. Conf Proc Annu Int Conf IEEE Eng Med Biol Soc
IEEE Eng Med Biol Soc Annu Conf. 2011; 2011:8255-8.

Caputo JM, Collins SH. Prosthetic ankle push-off work reduces metabolic rate but not collision work in
non-amputee walking. Sci Rep [Internet]. 2014 Dec 3 [cited 2015 Mar 18]; 4. Available from: http://www.
nature.com/srep/2014/141203/srep07213/full/srep07213.html

PLOS ONE | https://doi.org/10.1371/journal.pone.0225032 November 19, 2019 14/15


https://doi.org/10.3109/03093649409164399
http://www.ncbi.nlm.nih.gov/pubmed/7724347
https://doi.org/10.1002/14651858.CD003978.pub2
https://doi.org/10.1002/14651858.CD003978.pub2
http://www.ncbi.nlm.nih.gov/pubmed/14974050
https://doi.org/10.1016/j.humov.2011.08.005
http://www.ncbi.nlm.nih.gov/pubmed/22100728
https://doi.org/10.1682/JRRD.2014.03.0081
http://www.ncbi.nlm.nih.gov/pubmed/25860285
https://doi.org/10.1016/j.jbiomech.2012.08.017
http://www.ncbi.nlm.nih.gov/pubmed/22939292
https://doi.org/10.1177/0309364617706749
https://doi.org/10.1177/0309364617706749
http://www.ncbi.nlm.nih.gov/pubmed/28486847
https://doi.org/10.1016/j.gaitpost.2003.09.011
http://www.ncbi.nlm.nih.gov/pubmed/15336291
https://doi.org/10.1053/apmr.2001.24295
https://doi.org/10.1053/apmr.2001.24295
http://www.ncbi.nlm.nih.gov/pubmed/11494181
https://doi.org/10.1016/j.apmr.2004.09.003
https://doi.org/10.1016/j.apmr.2004.09.003
http://www.ncbi.nlm.nih.gov/pubmed/15827914
https://doi.org/10.1191/0269215505cr819oa
http://www.ncbi.nlm.nih.gov/pubmed/15704512
https://doi.org/10.1016/j.apmr.2008.08.220
https://doi.org/10.1016/j.apmr.2008.08.220
http://www.ncbi.nlm.nih.gov/pubmed/19254609
https://doi.org/10.1098/rsif.2018.0442
http://www.ncbi.nlm.nih.gov/pubmed/30158189
https://doi.org/10.1053/joca.2002.0797
http://www.ncbi.nlm.nih.gov/pubmed/12127838
https://doi.org/10.1002/art.21262
http://www.ncbi.nlm.nih.gov/pubmed/16145666
http://www.nature.com/srep/2014/141203/srep07213/full/srep07213.html
http://www.nature.com/srep/2014/141203/srep07213/full/srep07213.html
https://doi.org/10.1371/journal.pone.0225032

@ PLOS|ONE

Prosthetic push-off power in trans-tibial amputee walking

63.

64.

65.

66.

67.

AminiAghdam S., Vielemeyer J., Abel R., & Milller R. (2019). Reactive gait and postural adjustments fol-
lowing the first exposures to (un) expected stepdown. Journal of biomechanics, 94, 130-137. https:/
doi.org/10.1016/j.jbiomech.2019.07.029 PMID: 31399205

Jeffers JR, Grabowski AM. Individual leg and joint work during sloped walking for people with a transti-
bial amputation using passive and powered prostheses. Front Robot Al. 2017; 4:72.

Pickle NT, Wilken JM, Aldridge JM, Neptune RR, Silverman AK. Whole-body angular momentum during
stair walking using passive and powered lower-limb prostheses. J Biomech. 2014 Oct 17; 47(13):3380—
9. https://doi.org/10.1016/j.jbiomech.2014.08.001 PMID: 25213178

De Asha AR, Munjal R, Kulkarni J, Buckley JG. Walking speed related joint kinetic alterations in trans-
tibial amputees: impact of hydraulic 'ankle’ damping. J NeuroEngineering Rehabil. 2013 Oct 17; 10:107.

Prince F, Winter DA, Sjonnensen G, Powell C, Wheeldon RK. Mechanical efficiency during gait of adults
with transtibial amputation: a pilot study comparing the SACH, Seattle, and Golden-Ankle prosthetic
feet. J Rehabil Res Dev. 1998 Jun; 35(2):177-85. PMID: 9651889

PLOS ONE | https://doi.org/10.1371/journal.pone.0225032 November 19, 2019 15/15


https://doi.org/10.1016/j.jbiomech.2019.07.029
https://doi.org/10.1016/j.jbiomech.2019.07.029
http://www.ncbi.nlm.nih.gov/pubmed/31399205
https://doi.org/10.1016/j.jbiomech.2014.08.001
http://www.ncbi.nlm.nih.gov/pubmed/25213178
http://www.ncbi.nlm.nih.gov/pubmed/9651889
https://doi.org/10.1371/journal.pone.0225032

