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Accurate foot placement is important for dynamic balance during activities of daily living. Disruption of
sensory information and prosthetic componentry characteristics may result in increased locomotor task
difficulty for individuals with lower limb amputation. This study investigated the accuracy and precision
of prosthetic and intact foot placement during a targeted stepping task in individuals with unilateral
transtibial amputation (IUTAs; N = 8, 47 + 13 yrs), compared to the preferred foot of control participant’s
(N =8, 33 £ 15 yrs). Participants walked along a 10-metre walkway, placing their foot into a rectangular
floor-based target with dimensions normalised to a percentage of participant’s foot length and width;
‘standard’ = 150% x 150%, ‘wide’ = 150% x 200%, ‘long’ = 200% x 150%. Foot placement accuracy (relative
distance between foot and target centre), precision (between-trial variability), and foot-reach kinematics
were determined for each limb and target, using three-dimensional motion capture. A significant foot-by-
target interaction revealed less mediolateral foot placement accuracy for IUTAs in the wide target, which
was significantly less accurate for the intact (28 + 12 mm) compared to prosthetic foot (16 + 14 mm).
Intact peak foot velocity (4.6 + 0.8 m.s~') was greater than the prosthetic foot (4.5 = 0.8 m.s™') for all tar-
gets. Controls were more accurate and precise than IUTAs, regardless of target size. Less accurate and pre-
cise intact foot placement in IUTAs, coupled with a faster moving intact limb, is likely due to several
factors including reduced proprioceptive feedback and active control during prosthetic limb single
stance. This could affect activities of daily living where foot placement is critical, such as negotiating clut-
tered travel paths or obstacles whilst maintaining balance.

Keywords:

Transtibial Amputation
Prosthesis User

Foot Placement
Locomotion

Single Limb Support
Stance Phase Stability

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Lower limb amputation has a number of physical effects that
reduce individuals’ mobility. As individuals regain locomotor func-
tion, they must adapt to their altered musculoskeletal system and
subsequent sensory changes, as well as the mechanical constraints
of the prosthetic devices they use. This leads individuals with
lower limb amputation to develop locomotor adaptations
(Barnett et al., 2009; Hak et al., 2014). As a result, maintaining bal-
ance can be challenging for individuals with lower limb amputa-
tion, which is reflected by their increased risk of falling (Miller
et al., 2001).
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The positioning of the foot relative to the body’s centre of mass
during stance plays a crucial role in maintaining stability during
gait (Bruijn and Van Dieén, 2018). The margins of stability concept,
which measures locomotor stability using centre of mass and
lower limb dynamics (Hof et al., 2005), has been used to reveal that
the step length asymmetry reported previously in individuals with
unilateral transtibial amputation (IUTAs), may serve a functional
purpose in maintaining dynamic stability (Barnett et al., 2009;
Hak et al., 2014). This raises the possibility that errors in foot place-
ment could be detrimental to dynamic stability in this population.
This may be particularly pertinent when completing activities of
daily living (ADLs) where the margin for error in foot placement
is small, such as negotiating cluttered travel paths or avoiding
and/or stepping over obstacles.

Indeed, when stepping up to or down from a kerb, IUTAs dis-
played specific lead limb preferences; when stepping down, IUTAs
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tended to lead with their affected limb and when stepping up,
tended to lead with their intact limb (Barnett et al., 2014) with
authors suggesting that IUTAs utilised the improved capacity
(e.g. greater ankle/knee mobility and power generation/absorp-
tion) of the intact limb to control these movements. When crossing
an obstacle during gait, IUTAs tended to walk more slowly and
position their feet closer to the obstacle prior to and after crossing
it compared to control participants (Buckley et al., 2013). This
appeared to ensure successful toe and heel clearance over the
obstacle. Considering that lateral stability is closely related to ener-
getic cost during gait (Bruijn and Van Dieén, 2018; Donelan et al.,
2004) and individuals with lower limb amputation have reduced
mediolateral stability (Beltran et al., 2014; Gates et al., 2013), foot
placement and subsequent dynamic stability, may also have rele-
vance for the increased energetic cost of walking in this population
(Gailey et al., 1994).

Despite investigations of locomotor adaptations from a biome-
chanical perspective, one key issue that remains unexplored is that
of targeted foot positioning during ADLs. The combination of
changes to the musculoskeletal system, the altered sensory infor-
mation received by the individual and the prosthetic device
mechanical characteristics are likely to negatively influence IUTAs’
targeted stepping ability. If established, this may explain some of
the reliance on the intact limb during locomotor behaviour and
has relevance to falls risk reported in this population. Investigating
how the control of the lower limbs prosthetic devices affect the
accuracy (an ability to place the foot in the desired location) and
precision (the variability of foot placement from one attempt to
the next) of foot placement during locomotor tasks would go some
way in aiding this understanding. Variability in foot placement can
be modulated based on surface area availability, with precise foot
placements on a narrow walkway leading to a decrease in step-
width variability in healthy adults (Verrel et al., 2010). Further-
more, online alterations to the trajectory of the foot when stepping
into floor-based targets can improve the accuracy of foot place-
ment in healthy participants (Reynolds and Day, 2005). Thus, the
existing evidence base suggests adaptability is desirable during
targeted stepping. However, it is not known if and how IUTAs mod-
ulate accuracy and precision of foot placement during targeted
stepping with either their prosthetic or intact limb. Understanding
how well individuals with lower limb amputation are able to per-
form targeted stepping with the affected and intact limbs has rel-
evance for rehabilitation in terms of the locomotor tasks prescribed
and practiced. This also has relevance for prosthetic prescription in
terms of device characteristics and their influence on targeted
stepping performance. Both of these issues are also likely to feed
into an individual’s balance ability and thus, their subsequent falls
risk.

This study aimed to determine the accuracy and precision of
IUTAs’ prosthetic and intact foot placement when stepping into a
floor-based target, in comparison to control participants’ preferred
foot placement. It was hypothesised (1) that IUTAs would show
increased foot placement error (reduced accuracy and precision)
on the intact compared to the prosthetic foot when stepping into
a target. This hypothesis was derived from the previously reported
reliance on intact limb function during single limb stance during
stepping behaviour. This may suggest that the stance limb and
its ability to function during single limb support may be related
to and reflected in targeted stepping performance. It was also
hypothesised (2) that a wider or longer floor-based target would
result in increased foot placement error on the intact compared
to the prosthetic foot in the medial-lateral and anterior-posterior
directions respectively, given the increased margin for error.
Finally, it was hypothesised (3) that IUTAs would show increased
foot placement error in both feet (prosthetic and intact) when
compared to healthy control participants.

2. Methods
2.1. Participants

Eight healthy IUTAs and eight healthy control participants
(Table 1) consented to take part in the study. All IUTAs were cate-
gorized as being at least K3 on the Medicare Functional Classifica-
tion scale and wore their habitual prosthesis throughout data
collection. IUTAs undergoing amputation less than six months pre-
viously, or with ongoing medical issues related to the residual limb
(e.g. sores or blisters), and those with cardiovascular disorders,
neurological, visual or balance impairments were excluded from
taking part. The tenets of the Declaration of Helsinki were observed
and institutional ethical approval was obtained.

2.2. Protocol

Participants walked along a straight 10-metre walkway at a
self-selected speed, placing their foot into a rectangular floor-
based target positioned halfway along the walkway (Fig. 1a). IUTAs
were asked to accurately place their prosthetic or intact foot in the
centre of the target, and control participants were asked to accu-
rately place their preferred foot in the centre of the target only.
No guidance was provided regarding which part of the foot should
be used to aim for the target centre. Three rectangular floor-based
targets with dimensions normalised to a percentage of each partic-
ipant’s foot length and width with shoes on were used (Fig. 1b).
The three target sizes were; 150% (1) x 150% (w) - ‘standard’, (2)
150% (1) x 200% (w) - ‘wide’, (3) 200% (1) x 150% (w) - ‘long’
(Fig. 1b). Target sizes were selected to represent scenarios in ADLs
where foot placement is confined to small surface areas and preci-
sion is critical to negotiate the environment successfully (e.g. clut-
tered environments, step/stair treads).

A triangular cluster of three reflective markers (14 mm diame-
ter) were placed on each shoe over the forefoot to track virtual
landmarks created by a digitizing wand (C-Motion, Germantown,
MD, USA) at the anterior-inferior (toe-tip) and posterior-inferior
(heel-tip) point of each shoe. Reflective markers were positioned
on each corner of the floor-based target to determine their position
within the capture volume. A reflective marker was also positioned
on the anterior thoracic trunk segment.

Participants were randomly allocated one of three starting posi-
tions that varied by +25 mm to begin each trial. This strategy coun-
ters the use of somatosensory feedback regarding target location
that can be gained when completing multiple trials that are needed
to allow comparison of conditions (Chapman, Scally, & Buckley,
2012). Kinematic data were captured at 100 Hz using ten infra-
red cameras (Qualisys, Gothenburg, Sweden) while participants
completed three trials of each limb and target condition. Presenta-
tion of target size was fully randomised on a trial-by-trial basis for
a complete block of prosthetic or intact foot trials (9 trials for each
side, IUTAs only), and limb order was counterbalanced between
participants. Only three trials were used to avoid potential fatigue
in IUTAs when completing the protocol.

2.3. Data analysis

Marker trajectories were labelled, gap filled, then exported as .
c3d files for further analysis in Visual3D (C-Motion, Germantown,
MD, USA). All trajectories were smoothed using a bi-pass second
order Butterworth low-pass digital filter with a 6 Hz cut-off.

2.3.1. Foot placement variables
Foot placement within the target was determined as the rela-
tive distance between the foot centre and target centre when the
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Table 1
Individual participant characteristics, including time since amputation and functional prosthesis for individuals with unilateral transtibial amputation (IUTAs).
Group Gender Age Height Mass Amputated Cause of Time since amputation Functional Foot Foot
(M/F) (years) (m) (kg) limb (R/L) amputation (years) prosthesis Length (m) Width (m)
IUTAs
1 M 56 1.85 105 R Trauma 2 Echelon 0.35 0.14
2 M 27 1.77 79 L Trauma 2 Proflex 0.32 0.14
3 M 32 1.81 83 L Trauma 2 Proflex 0.30 0.12
4 M 39 1.83 87 L Trauma 3 Elite blade 0.34 0.13
5 F 67 1.65 54 R Trauma 41 Variflex 0.30 0.11
6 M 46 1.91 107 R Trauma 2 Rush foot 0.35 0.14
7 M 56 1.79 73 R Vascular 4 Panthera foot 0.31 0.11
8 M 50 1.86 100 L Trauma 1 Echelon 0.31 0.12
Mean 47 1.81 86 7 0.32 (0.02) 0.13 (0.01)
(SD) (13) (0.08) (18) (14)
Controls
1 F 24 1.73 70 0.27 0.11
2 M 58 1.80 80 0.33 0.13
3 M 21 1.72 74 0.33 0.13
4 M 24 1.78 83 0.30 0.12
5 M 26 1.82 76 0.30 0.11
6 M 26 1.79 67 0.30 0.11
7 M 56 171 91 0.30 0.12
8 M 32 1.77 82 0.31 0.12
Mean 33 1.77 76 0.31 (0.02) 0.12 (0.01)
(SD) (15) (0.04) (10)
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Fig. 1. (a) A schematic of the targeted stepping task protocol completed by participants. (b) The targets were made from wooden slats that had a height and depth of 14 mm
and 20 mm, respectively. Increases in target length and width, normalised to a percentage of participant foot length and width with shoes on, reduced the task complexity in
the anteroposterior and mediolateral directions, respectively. Participant’s foot length was determined as the distance from the most anterior aspect of the forefoot to the
most posterior aspect of the rear foot. Foot width was determined as the distance from the most medial aspect of the foot to the most lateral aspect of the foot. (c) The relative
anteroposterior and mediolateral displacement of the foot centre relative to the floor-based target centre defined foot placement measures during the targeted stepping task.

foot was flat inside the target (Fig. 1c). Foot centre was calculated
as the mid-point along the vector created between the toe-tip and
heel-tip. Target centre was calculated as the mean of the sum of
the four anteroposterior and mediolateral reflective marker coordi-
nates positioned on each corner of the target. The following foot
placement variables were calculated in the anteroposterior and
mediolateral direction separately; Absolute error; the mean scalar
foot position distance (regardless of direction) relative to the target
centre, reflecting foot placement accuracy. Constant error; the
mean vector foot position displacement (+) relative to the target,
reflecting foot placement bias. Variable error; the variability (one
standard deviation) of constant error across trial repetitions,
reflecting precision of foot placement (Chapman et al., 2012;
Reynolds and Day, 2005). Positive anteroposterior and mediolat-
eral constant error values indicate the foot was positioned anterior
and lateral of the target centre, respectively. Larger values reflected
increased error across all foot placement variables.

2.3.2. Stepping kinematics and walking velocity

Initial foot-reach and terminal foot-reach (Chapman et al.,
2012) determined the timing of the foot stepping movement into
the target (see Fig. 2), quantifying potential foot trajectory adjust-
ments between foot and target conditions. Approach velocity was

calculated as the mean horizontal velocity of the trunk marker,
from the initiation of the trial at the beginning of the 10-metre
walkway to the instant of touch-down within the target. Walking
velocity was calculated over the duration of the whole trial, from
start to finish (Fig. 1a).

2.4. Statistical analysis

Group mean data were used for statistical analysis. Differences
in group characteristics (age, height, mass, foot length, foot width)
were analysed using an independent samples t-test (SPSS 24.0 for
Windows, Chicago, IL, USA). Residual plots were used to visually
inspect all variables for normality. Foot placement variables for
one control participant were removed for all three target condi-
tions due to outlying data points that exceeded three standard
deviations of the remaining group mean.

To address hypotheses (1) and (2), a two-way repeated mea-
sures analysis of variance (ANOVA) (SPSS 24.0 for Windows, Chi-
cago, IL, USA) determined differences within IUTAs, with foot
(prosthetic and intact) and target size (standard, wide, long) as
repeated factors. To address hypothesis (3), we performed two sep-
arate two-way mixed design ANOVA analyses; (a) to determine the
difference between the prosthetic and control foot for each target
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Fig. 2. Two sub-phases were determined for the timing of the stepping movement into the target based on the resultant (mediolateral and anteroposterior) foot velocity
trajectory. Initial foot-reach was determined from the instant of toe-off (TO) to the instant of peak resultant foot velocity (Vel;each). Terminal foot-reach was determined from
the instant of Vel e,cn to the instant of touch-down (TD) within the target (Chapman et al., 2012). Toe-off and touch-down gait events were determined using previously
developed kinematic overground gait event detection algorithms (O’Connor et al., 2007).

size, and (b) to determine the difference between the intact and
control foot for each target size. Post-hoc analyses were performed
using a Bonferroni correction and level of significance was set
atp < 0.05.

3. Results

There were no significant differences between the IUTA and
control participants based on age (p = 0.083), height (p = 0.179),
mass (p = 0.259), foot length (p = 0.106) or foot width
(p = 0.192) (Table 1). There were no significant differences for
approach or walking velocity within or between groups and target
size.

3.1. Intact and prosthetic foot comparisons in IUTAs

Across all target sizes, intact foot mediolateral absolute error
(18 + 12 mm) was increased compared to the prosthetic foot
(12 + 9 mm, F;7 = 7.104, P = 0.032, 13 = 0.504) (Table 2). There
were no differences in anteroposterior absolute error or anteropos-
terior and mediolateral constant and variable error when compar-
ing between the intact and prosthetic feet. Intact foot peak reach
velocity (4.6 £ 0.8 m.s™') was greater than the prosthetic foot
across all target sizes (4.5 + 0.8 m.s™!, Fq1, 7 = 15.909, P = 0.005,
ng = 0.694), but there were no significant differences in initial or
terminal foot reach between feet.

3.2. Target size manipulation effects on the intact and prosthetic foot
in IUTAs

A significant foot-by-target interaction indicated both pros-
thetic and intact foot mediolateral absolute error was increased
in the wide (22 * 14 mm) compared to the standard (11 £ 6 mm)
and long target (12 + 6 mm), but the increased absolute error
was significantly greater for the intact (28 + 12 mm) compared
to the prosthetic foot (16 + 14 mm, F,14 = 3.949, P = 0.044,
nf, = 0.361) (Table 2). For all target sizes, IUTAs placed their feet

medial of the centre (Fig. 3), but constant error increased when
stepping in the wide (18 + 18 mm) compared to the standard
(7 £ 10 mm) and long target (8 + 10 mm, F, 14 = 11.709,
P <0.001, n3 = 0.626). There were no differences in anteroposterior
absolute, constant or variable error, or mediolateral variable error,
when comparing between target sizes for both the prosthetic and
intact foot. Terminal foot reach was shorter for the wide (0.241 +
0.030 s) in comparison to the long target (0.253 + 0.031 s, Fy310,
9.170 = 8.395, P = 0.013, nf, = 0.545), but there were no significant
differences in initial foot reach and peak reach velocity across tar-
get sizes.

3.3. Comparison between IUTAs and the control group

Across all target sizes, control foot anteroposterior absolute
error was decreased (20 + 9 mm) compared to IUTAs intact
(39 £ 18 mm, F;, 14 = 12.754, P = 0.003, nlz, = 0.477) and prosthetic
foot (32 + 15 mm, F;, 14 = 7.045, P = 0.019, nf, = 0.335). Constant
error was increased in the anteroposterior direction for IUTAs with
both feet significantly overstepping the target centre (intact;
32 + 28 mm, F; 14 = 5.575, P = 0.033, n3 = 0.285, prosthetic;
27 £ 20 mm, Fq, 14 = 6.754, P = 0.021, nlzj = 0.325) compared to
the control foot (9 + 17 mm) (Fig. 3). IUTAs exhibited increased
variable error in the anteroposterior direction when placing their
intact (22 + 10 mm, F; 14 =8.227,P = 0.012, nlz, =0.370) and pros-
thetic foot (20 £ 10 mm, F; 14 =5.788, P = 0.031, nf, =0.293) in the
centre of the target compared to the control foot (14 £ 9 mm).

A significant foot-by-target interaction indicated that mediolat-
eral absolute error was larger in magnitude for the intact and con-
trol foot in the wide (20 + 13 mm) compared to the standard
(11 £ 5 mm) and long targets (11 £ 6 mm), but the increased abso-
lute error in the wide target was significantly greater for the intact
foot (28 + 12 mm) compared to the control foot (14 * 8 mm, F; o955,
27324 = 7410, P = 0.003, n3 = 0.346).

There was a significant foot-by-target interaction effect for
mediolateral constant error, whereby the intact and control foot
were placed more medial of the target centre for the wide
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Fig. 3. Location of the foot centre (for all trials) for the prosthetic, intact and control foot relative to the centre of the standard (a), wide (b) and long target (c). Negative values
on the horizontal and/or vertical axis indicate that the foot was positioned medial and/or posterior of the target centre, respectively.

a raised surface (Barnett et al., 2014). During single limb support
on the affected side, the reduced capabilities of the residual limb
and mechanical constraints of the prosthetic device may limit
IUTAs in adjusting intact foot placement error. Conversely, intact
limb single support may allow for continual, accurate and precise
adjustment of affected foot trajectory. Similarly, increased medio-
lateral foot placement error in the intact limb may relate to well
established effects linking gait stability and the energetic cost of
walking in IUTAs. Previous research has demonstrated that [UTAs
have an increased cost of walking when compared to matched con-
trols (Gailey et al., 1994). This is due to a number of factors includ-
ing prosthetic componentry (Schmalz et al., 2002), age (Esposito
et al., 2014) and comorbidities (Torburn et al., 1995). However,
the lateral stability of gait has been shown to be closely related
to the energetic cost of walking (Bruijn and Van Dieén, 2018;
Donelan et al., 2004) and IUTAs have been shown to have reduced
mediolateral gait stability (Beltran et al., 2014; Gates et al., 2013).
Therefore, if IUTAs are not able to place their feet accurately and
precisely, particularly when using the intact foot, then this may
decrease the mediolateral stability of gait, which may subse-
quently increase the energetic cost of walking. However, this hypo-
thetical link, whilst logical, requires further investigation. A key
follow on question is then, what underpins this inability to control
foot placement in IUTAs? One explanation may be that given medi-
olateral stability of gait requires sensory feedback (Donelan et al.,
2004), IUTAs foot placement is worse, potentially due to the sen-
sory disruption resulting from amputation surgery. This suggests
that the preparation for and adjustments of foot placement during
swing, are more easily achieved when in single limb stance on the
intact limb. When in prosthetic single limb stance, increased intact
foot placement error may result from altered proprioceptive feed-
back, particularly from the residuum-socket interface and control
attributed to the prosthetic limb (Mak et al., 2001). IUTAs tended
to move the intact foot towards the target at a faster rate, reflected
in greater peak reach velocity for all target sizes. This increase may
reflect a desire to initiate intact limb stance as quickly as possible,
as a result of prosthetic limb instability. In combination with
increased intact foot placement error, a faster moving intact foot
suggests that there is a speed-accuracy trade-off when completing
the task, whereby faster steps into the floor-based target exhibit

greater endpoint error, which is similar to previous findings on
visually guided foot-targeting tasks (Chapman et al., 2012;
Reynolds and Day, 2005). Although the current study does not pre-
sent data to show IUTAs are unstable during prosthetic single limb
stance, findings clearly relate to previous reports of IUTAs taking
longer steps with their prosthetic limb (Barnett et al., 2014; Hak
et al., 2014) or a preference to lead with the prosthetic limb when
stepping down from a kerb (Barnett et al., 2014). Similarly, the cur-
rent data showing that as target size increases/widens, foot place-
ment error was increased may reflect IUTAs compromising
accuracy and precision of the targeting intact foot to focus more
on overall gait function, hence the lack of change in walking speed
observed in the current study. IUTAs may therefore modulate their
mediolateral intact foot placement less where there is a greater
surface area to step in/on, in favour of greater stability by increas-
ing step width. This affect may be problematic in situations where
foot placement quality is required and task execution time is
reduced e.g. unplanned or reactive side-stepping during
locomotion.

4.1. Limitations

There are a number of limitations that should be considered
when interpreting the results of this study. Firstly, measures of foot
placement performance were defined using the geometric centre of
the foot. However, it is not clear how participants, particularly
IUTAs, conceptualise what part or area of the foot constitutes the
centre and how that relates to their locating of the floor-based tar-
get. This may be further complicated by the appearance of the
prosthetic device and/or footwear worn by participants. As this
may explain some of the medial bias observed in the current study,
further investigation is required to understand what part of the
foot IUTAs use to aim directly towards the floor-based targets.
The small number of trials (n = 3) used to provide a measure of
variable error may not have been sufficient, although increasing
the number of trials may have led to fatigue within IUTAs. Given
the relationship between foot placement with gait stability, appli-
cation of a full body biomechanical model in future investigations
would enable the accurate calculation of whole-body centre of
mass, which could determine whether IUTAs were closer to their
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margins of stability during the foot-targeting task. The sample size
for each group of participants was relatively small. However, the
paucity of research in this area meant that reliable a priori power
analyses were not possible, thus the current findings may inform
sample size estimations for similar future studies on targeted step-
ping in IUTAs (Batterham & Atkinson, 2005). Although there were
no differences in participant characteristics between IUTAs and
the control group, future research should aim to match partici-
pants by age, to avoid any age effects on balance and gait variabil-
ity (Schrager et al., 2008). Findings from the current study pertain
to relatively active IUTAs. Increased foot placement errors may be
further exacerbated in IUTAs who are less mobile (i.e. K2 or below),
or for individuals with a higher level of amputation (i.e. unilateral
transfemoral amputation). These factors are likely to have a greater
impact on tasks where foot accuracy and precision is more chal-
lenging, which would highlight the importance of developing rele-
vant foot-targeting assessments (Houdijk et al., 2012) and even
interventions that could improve gait adaptability and improve
the clinical decision making process.

5. Conclusion

IUTAs were less able to produce accurate and precise foot place-
ments with their intact compared to the prosthetic limb. Control
participants exhibited better accuracy and precision than the
IUTAs intact foot. Our data supplements current knowledge and
understanding of strategies used by IUTAs for completing ADLs
where foot placement is relevant. The importance of foot-
targeting assessments and interventions should be explored in a
wider variety of locomotor tasks.
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