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Coordination of Lower Limb During Gait in
Individuals With Unilateral
Transfemoral Amputation

Mingyu Hu*, Yufan He"', Genki Hisano*, Hiroaki Hobara™, and Toshiki Kobayashi

Abstract— Understanding the lower-limb coordination of
individuals with unilateral transfemoral amputation (uTFA)
while walking is essential to understand their gait mecha-
nisms. Continuous relative phase (CRP) analysis provides
insights into gait coordination patterns of the neuro-
musculoskeletal system based on movement kinematics.
Fourteen individuals with uTFA and their age-matched non-
disabled individuals participated in this study. Kinematic
data of the lower limbs of the participants were collected
during walking. The joint angles, segment angles, and CRP
values of the thigh-shank and shank-foot couplings were
investigated. The curves among the lower limbs of the
participants were compared using a statistical parametric
mapping test. Compensatory strategies were found in the
lower limbs from coordination patterns. In thigh-shank cou-
pling, although distinct coordination traits in stance and
swing phases among the lower limbs were found, the lower
limbs in both groups were discovered to remain in a sim-
ilar coordination pattern during gait. For individuals with
uTFA, in shank-foot coupling, intact limbs demonstrated a
short period of foot-leading pattern which was significantly
different from that of the other limbs during mid-stance to
compensate for the weaker force generation by prosthetic
limbs. The findings offer normative coordination patterns
on the walking of individuals with uTFA, which could benefit
prosthetic gait rehabilitation and development.

Index Terms— Amputee, continuous
(CRP), gait rehabilitation, prosthetic, walk.
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|. BACKGROUND

ALKING ability is generally restored using prostheses
Win individuals with unilateral transfemoral amputation
(uTFA). However, their gait is typically characterized as func-
tional asymmetries in the lower limbs that are significantly
different from those of non-disabled individuals [1], [2].
These gait asymmetries include different force generation,
stance phase duration, and varied joint angles between the
lower limbs [2], [3], [4], [5]. Some of these asymmetries are
attributed to compensation mechanisms. Due to the loss of
some major muscles and bones, the amputated side has limited
force generation that adversely impacts kinetic parameters [6].
Additionally, the residual limb inside the prosthetic socket
might not be able to bear high pressure during gait [7]. The
intact limb hence compensates for the weaker force generation
of the prosthetic limb by producing larger progression force
and impulses during walking [2]. Kinematically, the limited
prosthetic knee flexion during the swing phase is compensated
by a greater hip motion of the intact limb, which causes an
extended duration of the stance phase of the intact limb [5].
The quality of life in individuals with uTFA depends highly
on the quality of prosthetic gait rehabilitation and the comfort
of prostheses [4]. A deeper understanding of the prosthetic
gait profile could benefit both prosthetic gait rehabilitation and
prosthesis design, ultimately improving the quality of life for
individuals with uTFA using prostheses.

Individuals with uTFA develop adapted gait patterns due to
limb loss. The direct description of a movement is not viable
and one solution is to build a complex human neuromuscu-
loskeletal system using dynamic system theory [8]. During
gait, the human neuromusculoskeletal system can be treated
as a complete system with energy exchange. The movement
and energy exchange in the lower limbs resembles a dynamic
system because it contains pendulum structures that move in a
sinusoidal waveform with constant energy flux. Describing this
lower-limb dynamic system only needs its current status and
the changing rate [8]. The dynamic system theory provides a
quantitative means to describe movement coordination, which
is known as the continuous relative phase (CRP) angle [9].
The current status and the changing rate of the lower limbs
can be represented by the angular displacement and the angular
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velocity at this moment, respectively [8]. Dividing the lower
limbs into the thigh, shank, and foot segments and calculating
their angles with reference to the global coordinate system
offers a more sensitive detection method as opposed to using
joint angles [9]. The coordination patterns between the two
segments which reflect the control strategy can be quantified
by the CRP values. The mean absolute relative phase (MARP)
and the deviation phase (DP) quantify the CRP patterns and the
variability of the coordination patterns during a specific time
or phase of the gait, respectively [9]. The coordination patterns
can be distinguished by the MARP values, with high values
indicating out-of-phase patterns and low values indicating
in-phase patterns. For the DP value, an excessively high (low)
DP indicates unstable (restricted) movement patterns [8].

The gait profile of individuals with uTFA is characterized as
functional asymmetries via compensatory mechanisms. These
mechanisms exist across different body parts [10]. While
recent investigations focused on a single joint [6], the coupling
effects or the coordination patterns of the lower limbs of
individuals with uTFA are equally important. This is because
the coupling effects could reveal the coordination patterns gen-
erated by the central nervous system, which might advance the
understanding of the gait features of individuals with uTFA.
However, very few studies have investigated the lower-limb
coordination patterns in individuals with uTFA [11], [12],
[13]. One study reported that a prosthetic limb exhibited a
larger DP in knee-ankle coupling during the stance phase and
vice versa during the swing phase of walking [13]. Another
two studies applied CRP as an evaluation tool for prosthetic
gait rehabilitation and prosthesis design and found changes in
coordination patterns [11], [12]. However, these studies built
models based on joint angles, which might not be appropriate
according to the dynamic system theory [8]. The original
model was built based on the segment angle, and it is preferred
because the dynamic system is based on the pendulum model
[14], [15]. It should be noted that the joint angles are the rel-
ative angles between two neighboring segments. However, the
pendulum model needs an external reference (e.g., horizontal
plane) rather than relative references [15], [16]. One study
evaluated the difference between the segment and joint angles
using the CRP model and demonstrated that segment angles
provide more sensitive results [17].

Regarding gait patterns, the typical gait parameters are
discrete and obtained from the joint angle curves. For example,
the peak knee extension and flexion angles, and the range
of motion values were chosen from knee angle curve during
gait cycle to represent the movement of the knee joint. This
method reduces the dimension of the data and extracts key
information from the curve. However, it neglects the dynamic
changes of the gait pattern across the gait cycle. Statistical
parametric mapping (SPM) is an n-dimensional methodology
for the topological analysis of smooth continuum changes
associated with experimental intervention [18]. It provides a
framework for the continuous statistical analysis of smooth
bounded n-dimensional fields [19]. For example, the SPM
reveals that individuals wearing used shoes cause significantly
less knee flexion angle from 90% to 100% of the stance
phase than the new shoes [20]. The CRP characterizes the

coordination pattern that changes as a function of time. Hence,
applying the SPM analysis of CRP is suitable.

The coordination patterns of the lower limbs of individuals
with uTFA are important in prosthetic gait rehabilitation and
design. However, the coordination patterns during walking
based on segment angles are still unclear. The coordination
curve of the gait cycle reveals the change in coordination
patterns at each percentage of the gait cycle. Thus, this study
aimed to understand the walking coordination patterns of
lower limbs (prosthetic and intact limbs) in individuals with
uTFA in reference to the lower limbs (right) of non-disabled
individuals. The first hypothesis is that a prosthetic limb
demonstrates a larger MARP with a smaller DP than the other
two limbs (intact, and right limbs) in thigh-shank coupling
because a prosthetic limb has limited synchronization with the
residual limb and restricted degree of freedoms. The second
hypothesis is that a prosthetic limb demonstrates a smaller
MARP and DP than the other two limbs in shank-foot coupling
because of the passive structure and restricted variability of a
prosthetic shank and foot.

[I. METHODS

A. Participants

This study involved 14 individuals with uTFA or knee
disarticulation and 14 non-disabled individuals with a mean
(SD) age of 32.6 (10.2) years, height of 1.65 (0.10) m,
weight of 60.0 (10.6) kg, amputation time of 14.1 (9.1)
years, and a walking speed of 1.36 (0.16) m/s (Table I).
All individuals with uTFA used ischial containment sockets
while all individuals with knee disarticulation used distal
bearing sockets. All participants used silicone sleeves. Of the
individuals with uTFA, four had long residual limbs, five had
medium residual limbs and three had short residual limbs.
The residual limb length was categorized as: long when it
constituted 2/3 or more of the original femur bone length;
medium when it ranged from 1/3 to 2/3 of the original length;
and short when it was equal to or less than 1/3 of the original
length [21]. The inclusion criteria were as follows: 1) older
than 18 years of age, 2) unilateral transfemoral amputation
or knee disarticulation, and 3) no neurological or skeletal
complications other than amputation. The 14 non-disabled
individuals were selected from the Advanced Industrial Sci-
ence and Technology gait database with similar age, gender,
and walking speed as the individuals with uTFA group [22].
The non-disabled group has a mean (SD) age of 32.5 (9.5)
years, a height of 1.69 (0.09) m, a weight of 66.9 (12.5) kg, and
a walking speed of 1.36 (0.16) m/s. The study was approved
by the National Institute of Advanced Industrial Science and
Technology (AIST) Institutional Review Board, and it was
conducted following the guidelines given in the Declaration of
Helsinki (1983). All subjects were informed about the study
before participation and informed consent was obtained.

B. Experimental Setting and Procedure

A 3D motion capture system (MX-T 160, Vicon, Oxford
Metrics, UK) was used to record kinematic data, including
15 near-infrared cameras with a sampling rate of 200 Hz.
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TABLE |
DEMOGRAPHIC DATA

Participant Gender Age Height Mass Amputated

Time since Walking .
Etiology amputation Residual

speed Prosthetic knee Prosthetic feet

(M/F) (y) (cm) (kg) side ) (m/s) limb length

1 F 18 156  58.3 Right Trauma 35 1.18 Middle Total knee (Ossur) Variflex xc (Ossur)
2 F 38 1485 439 Right  Infection 15 1.2 Long Intelligent (Nabtesco)  Total Concept (Ossur)
3 F 19 149 433 Right Sarcoma 7.5 1.2 Short 3R106 (Ottobock) 1H38 (Ottobock)

4 M 33 167 62 Left Trauma 16 122 Long 3R95 (Ottobock) J-foot (IMASEN)

5 F 32 156 474 Right  Trauma 6.5 1.25 Middle Total knee (Ossur)  Total Concept (Ossur)
6 M 43 168 67.7 Left Trauma 16 1.32 Middle 3R80 (Ottobock) Variflex (Ossur)

7 M 24 176 63 Left Trauma 2.7 1.36 Long 3R95 (Ottobock) Variflex (Ossur)

8 M 21 167 564 Left Cancer 18 1.36 Short 3R80 (Ottobock) Variflex (Ossur)

9 M 52 170  66.6 Left Trauma 29 1.38 KD Intelligent (Nabtesco) J-foot (IMASEN)
10 M 32 180 83.7 Left Cancer 24 1.41 KD Genium X3 (Ottobock) 1D35 (Ottobock)
11 M 44 178.5 63.6 Right Trauma 28 1.43 Short 3R80 (Ottobock) Triton (Ottobock)
12 M 34 161 58.7 Left Sarcoma 21 1.46 Middle 3R95 (Ottobock) Variflex (Ossur)

13 M 40 167 57.1 Left Cancer 4 1.52 Long 3R106 (Ottobock) Triton (Ottobock)

14 M 26 175 66 Right Trauma 52 1.8 Middle 3R80 (Ottobock) Reflex Rotate (Ossur)
Mean — 326 1656 598 — — 14 1.36 — — —

SD 102 103 10.6 — — 9.2 0.16 — — —

Abbreviations: F: female; M: male; KD: knee disarticulation; SD: standard deviation; y: year. The residual limb length was categorized as: long when it
constituted 2/3 or more of the original femur bone length; medium when it ranged from 1/3 to 2/3 of the original length; and short when it was equal to or less
than 1/3 of the original length; Ottobock located in Duderstadt Germany; Ossur located in Reykjavik Iceland; IMASEN located in Aichi Japan.

The ground reaction force (GRF) was measured by nine
walkway-embedded force plates (BP400600-1000PT and
BP400600-2000PT, AMTI, Watertown, MA, USA) with a
sampling rate of 2000 Hz. In total, 54 reflective markers were
placed on the subjects based on the model modified from the
Helen-Hayes marker set [23]. Subjects walked in a straight
line along a 10 m walkway using a self-selected speed for a
total of five times (Fig 1).

C. Data Collection and Analyses

All data were processed using Vicon Nexus software (Vicon
Motion System, Oxford, UK). The collected ground reaction
force (GRF) data were processed using a fourth-order Butter-
worth filter with zero lag and a cut-off frequency of 50 Hz.
The timings of initial contact and toe-off were determined
based on vertical GRFs above and below 16 N, respectively.
All trajectory data were processed using a fourth-order But-
terworth low-pass filter with a cut-off frequency of 10 Hz.
The gait cycle was normalized to 101 points. The prosthetic
and intact limbs of the individuals with uTFA, as well as
the right (control) limbs of the non-disabled individuals, were
included for statistical analyses. The lower-limb joint angles,
segment angles, and CRP-related parameters were calculated
for three limbs. Joint angles in the sagittal plane were used
as basic joint kinematics and segmental angles were obtained
to analyze coordination. Hip flexion, knee flexion, and ankle
dorsiflexion were defined as positive directions for joint angles.
For segment angles, a perpendicular line to the ground was
defined as O degrees, and the anti-clockwise direction is
defined as the positive direction (Fig. 1 (b)). Subsequently, the
CRP patterns were examined in the following two couplings:
thigh-shank and shank-foot. The range of motion of the joints

and segments, peak flexion (or dorsiflexion) and extension (or
plantar flexion) angles of the joints, and minimum angles of
the segments were calculated for analyses as the peak values
and range of motion indicate the movement limitation and
flexibility during gait.

Typically, CRP can be calculated based on the angular dis-
placement and angular velocity. Another method is the Hilbert
transform which replaces the calculation of angular velocities
by using the imaginary part of the angular displacement [24].
In this study, CRP was calculated by the Hilbert transform.
The segment angles () of each participant were normalized
() (eql) and treated as a time series signal (9 (f)) (eq2), where
i and ¢ represent the i th and the ¢ th respective points in the
analytical data. To perform the Hilbert transform (H (6 (¢)))
of the signal, a custom-made MATLAB (2020, MathWorks,
Massachusetts, Natick) script was employed in the previous
step (eq3) and (eq4), where j denotes the imaginary part.
The MATLAB ’unwarp’ function was utilized to calculate the
phase angle (¢,,) (eq5). The arctan function yielded phase
angles in the range of £90°, but for a polarized coordinate,
a complete range of 360° was required. To preserve the
previous value and prevent it from being confined to the +90°
range, the unwarp function was applied. The CRP angles for
the thigh-shank and shank-foot couplings were determined
by subtracting the proximal phase angle (¢,p—proximar) from
the distal phase angle (¢rp—qistar) (€q6). If the CRP angles
extended beyond +180°, they were adjusted to +180° by
adding or subtracting 360°. Subsequently, the MARP and DP
values for each gait cycle were calculated based on the CRP
values obtained in the last step (eq7) and (eq8). Where n is
the number of the points in the target time series, ¢y —crp and
SD; is the relative phase angle and standard deviation value
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Fig. 1. Retroreflective marker locations and lower limb model (a) and the definition of the segment angles (b).

at i th points of the mean relative phase curve. A MARP
evaluates the coordination pattern, while a DP represents the
variability of the overall coordination at a specific time or
phase within the gait cycle. A MARP (or CRP) value of 0°
indicates an in-phase coordination pattern, while an increasing
deviation from 0° signifies an out-of-phase relationship in the
coupling [25].

éze_min(e)_(max(@)—min(@))’ 0

2
0(t)=04, i=12,...,n, (2)
1

H (@) =H O 1)) =9(t)*5, (3)
(W =0@)+jH @), 4)
 aret H () . _ 19 5)

¢rp = arctan o | i=1,2,...,n,
PcrP =¢rp—distal _¢rp—pr0ximala (6)
MARP:;WM;—CM,i:LZ,...,n, %
DP:M, =1,2,...,n (8)

n

The calculation of the CRP thigh-shank curve of one gait
cycle was illustrated here (supplementary Fig. S1).

The positive slope of CRP curves represents the distal
segment leading the movement in the phase plane, while the
negative slope represents the proximal segment leading the
movement in the phase plane. The thigh, shank, and foot
segment angles were applied to calculate the CRP thigh-shank
and CRP shank-foot. Also, MARP and DP were calculated for
each CRP curve. The profiles of the joint segments and the
CRP angles across the gait cycle were plotted.

In sum, eight curves including the hip, knee, ankle joint
angle curves, thigh, shank, foot segment angle curves, the CRP
curves of the thigh-shank, shank-foot couplings were selected

from each trail and average among five gait cycles to represent
the curves of each individual.

For comparing the results with other biomechanical studies,
the peak values, the range of motion in the joint angle curves
were selected. The minimum values and range of motion were
extracted from the segment angle curves. The MARP and DP
were calculated from CRP curves of thigh-shank and shank-
foot couplings.

D. Statistical Analysis

For the discrete parameters, the Shapiro-Wilk test was used
to determine the normality of the data. For normal distribution
data, one-way ANOVA was performed to find the differences
among the three lower limbs, and Bonferroni post-hoc com-
parison (3 comparisons) was used to correct p values and
determine the differences among them. For data not presenting
normal distribution, the independent-samples Kruskal-Wallis
test was applied to investigate the differences. All the statistical
analyses for discrete parameters were conducted by SPSS
(IBM SPSS Statistics 22, SPSS Inc., Chicago, IL) and p <
0.05 was considered significantly different.

For the curves in this study, all curves (three joint angle
curves, three segment angle curves, and two CRP angle curves)
were compared using statistical parametric mapping (SPM).
The One-way ANOVA test was first applied on curves from
the prosthetic limbs. intact limbs, and the control limbs.
Then the Bonferroni post-hoc comparison was performed to
correct the p value for multiple comparisons (3 comparisons)
and evaluate if there was any significant difference among the
three limbs [26]. This step was conducted by modifying the
open-source spmld code (Version 0.4.18, https://spmld.org/)
in Python (Version 3.9) [27].

[1l. RESULTS

The results of the discrete parameters in this study are
shown in Table II. Three limbs (the prosthetic limbs, intact
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TABLE Il
MEAN VALUE, SD VALUE, NORMALITY, P-VALUE, AND POST-HOC OF THE PARAMETERS
Parameters Limbs Normality p-value Post-hoe

Control Intact Prosthetic (Main effect) I-C P-C I-P
Peak Ankle D-flex (°) 7.60+£2.21 7.49+4.11 8.20 +2.36 Y 0.81 — — —
Peak Knee Flex (°) 63.02 £4.34 61.02+6.18 62.73 £8.25 Y 0.70 — — —
Peak Hip Flex (°) 32.09+£4.33 35.94 +5.00 3424 £5.42 Y 0.15 — — —
Peak Ankle P-flex (°) 25.68 +7.65 34.76 +7.50 9.54+2.34 N <0.01" 027  <0.01" <0.01"
Peak Knee Ext (°) -0.61 £2.51 1.68+2.41 1.84+1.59 N 0.04 0.09 0.09 1.00
Peak Hip Ext (°) 17.39+6.17 16.71 £4.05 18.35+4.84 Y 0.72 — — —
Ankle RoM (°) 33.28 £6.26 42.24+4.70 17.74 £3.25 N <0.01" 1.36  <0.01" <0.01
Knee RoM (°) 6241 +£3.13 62.70 £ 6.04 64.57 £8.02 Y 0.62 — — —
Hip RoM (°) 49.48 +£3.77 52.66 + 5.88 52.59 £5.51 Y 0.21 — — —
Min Thigh (°) -20.54 +2.64 -21.79+2.24 -22.85+3.67 Y 0.14 — — —
Min Shank (°) -55.58 £2.65 -54.16 +4.38 -60.22 £4.21 Y <0.01" 1.00 0.01"  0.01"
Min Foot (°) -7.21 +7.64 -18.68 +6.37 3.59 +6.80 Y <0.01" <0.01" <0.01" <0.01"
Thigh RoM (°) 49.67 +3.76 52.07+3.76 54.67 +£4.45 N 0.01" 0.60 0.01" 0.25
Shank RoM (°) 76.94 £3.53 77.00 £4.67 84.19 £ 4.66 Y <0.01" 1.00  <0.01" <0.01"
Foot RoM (°) 98.35+£7.61 112.85+6.71 87.27+5.14 Y <0.01" <0.01" <0.01" <0.01"
MARP thigh-shank (°) 46.72 +5.64 45.53+5.72 53.52+10.79 N 0.05 — — —
MARP shank-foot (°) 21.17+2.53 18.93 +3.84 10.19 +£3.40 Y <0.01" 028  <0.01" <0.01"
DP thigh-shank (°) 2.71+0.81 3.18+1.34 1.73£0.70 N <0.01" 1.00 0.01° <0.01"
DP shank-foot (°) 1.75+0.43 2.35+0.94 0.71 £0.42 N <0.01" 0.84 <0.01" <0.01"

Abbreviations: Y: Yes; N: No; Ext: extension; Flex: flexion; D-Flex: dorsiflexion; P-Flex: plantarflexion; RoM: range of motion; MARP thigh-shank:
mean absolute relative phase of thigh-shank coupling; MARP shank-foot: mean absolute relative phase of shank-foot coupling; DP thigh-shank: deviation
phase of thigh-shank coupling; DP shank-foot: deviation phase of shank-foot coupling. An asterisk (¥) indicates a statistical significance level at p<0.05.
C: control (right) limb of non-disabled individuals. I: the intact limb of individuals with uTFA. P: the prosthetic limb of individuals with uTFA.

limbs, and control limbs) are included in the profiles of the
CRP and joint angle curves (Fig. 2, Fig. 3).

A. Coordination

There was no significant difference in the MARP of
thigh-shank across all three limbs (p = 0.05). For shank-
foot, the prosthetic limbs had significantly smaller MARP than
the other limbs (p < 0.01, intact: 18.93 + 3.84°, prosthetic:
10.19 £ 3.40°, control: 21.17 + 2.5°). Regarding the DP of
the thigh-shank, there were no significant differences between
the intact and the control limbs. The prosthetic limbs exhibited
a significantly smaller DP value when compared to the intact
and control limbs (p < 0.01, intact: 3.18 & 1.34°, prosthetic:
1.73 £ 0.70°, control: 2.71 £ 0.81°). In the DP of shank-foot,
no significant difference was found between the control limbs
and the intact limbs. However, the prosthetic limbs exhibited a
significantly lower value than the intact and the control limbs
(p < 0.01, intact: 2.35 £ 0.94°, prosthetic: 0.71 £+ 0.42°,
control: 1.75 £ 0.43°).

In the CRP thigh-shank curves (Fig. 2 (a)), the main dif-
ferences were found between 0% to 60% of the gait cycle
(Fig. 2 (al)). During the 0% to 25% of the gait cycle, both
the control and intact limbs exhibited significant differences
with respect to the prosthetic limbs (Fig. 2 (a2, a4)). Signifi-
cant differences were identified between the intact limbs and
prosthetic limbs during 40% to 60% of the gait cycle. The
intact limbs and the control limbs displayed the shank-leading
pattern at the beginning of the gait cycle and changed to the
thigh-leading pattern at around 10% of the gait cycle, with
both limbs remaining in this pattern until 60% of the gait cycle
after which they switched back to the shank-leading pattern

again until the end of the gait cycle. The prosthetic limbs
displayed the thigh-leading pattern until 55% of the gait cycle
and switched to the shank-leading pattern until 90% of the gait
cycle and changed back to the thigh-leading pattern at the end
of the gait cycle. However, the last thigh-leading pattern of the
prosthetic limbs only exhibits a limited significant difference
from the intact and control limbs at the end of the gait cycle
(Fig. 2 (a2)).

In the CRP shank-foot curves (Fig. 2 (b)), the main dif-
ferences were found across the whole gait cycle with the
exception of around 60% and 100% of the gait cycle
(Fig. 2 (bl)). The intact and prosthetic limbs exhibited signifi-
cant differences during around 5% to 20% of the gait cycle and
70% to 90% of the gait cycle (Fig. 2 (b2)). The control limbs
and prosthetic limbs exhibited significant differences during
5% to 60% of the gait cycle and 65% to 90% of the gait
cycle (Fig. 2 (b4)). No significant differences were observed
between the intact and control limbs during the whole gait
cycle except at around 20% (Fig. 2 (b3)). At the initial stance,
all limbs chose the foot-leading pattern and switched to the
shank-leading pattern quickly. In the mid-stance, the intact
limbs exhibited a shorter period of the foot-leading pattern at
20% of the gait cycle than the other two limbs. In the swing
phase, the prosthetic limbs remained in a foot-leading pattern,
while the other limbs changed from foot-leading to shank-
leading at around 75% of the gait cycle.

B. Kinematics

The discrete parameters are shown in Table II. In the joint
and segment angles, the prosthetic limbs had a significantly
smaller ankle plantar flexion angle than the other limbs



3840

IEEE TRANSACTIONS ON NEURAL SYSTEMS AND REHABILITATION ENGINEERING, VOL. 31, 2023

(a) CRP thigh-shank

20+
0_
o~
o
N’
o 204
—
2
< -40-
N
% 60
-
-9
-804
-100 T T T T |
0 20 40 60 80 100
Gait Cycle (%)
(al) Main effect (a2)  Intact/ Prosthetic
25.0 6.0 /\
= 200 =40 0\
= 15.0 - 2.0
é 10.0 /\ é 0.0
5.0 2.0
0.0 VeaV. 4.0
20 40 o0 80 100 20 40 60 80 100
(33)40 Control / Intact (a4)  Control / Prosthetic
- o RN
= & = 4.0
Z 00 [N Z 20
@ _2.0\’/\ / @ 0.0
2.0
4.0 e 4.0
20 40 60 80 100 20 40 60 80 100

Fig. 2.

CRP shank-foot
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Results of CRP curves and SPM analyses. The red and blue colors represent the prosthetic limbs and intact limbs, respectively. The

black color represents the right limbs. The (a) and (b) are the CRP curves for thigh-shank and shank-foot couplings. In each CRP curve, the top
plots are the CRP curves with standard deviations of the three limbs. The bottom four plots are the SPM results for main effect and post hoc test
with Bonferroni correction. The shaded parts indicate significant differences. The bottom first plots (a1, b1) show the main effects among the three
limbs (prosthetic limbs, intact limbs, and control limbs). The bottom second plots (a2, b2) show the statistical significance between intact limbs and
prosthetic limbs. The bottom third plots (a3, b3) show the statistical significance between intact limbs and control limbs. The bottom fourth plots
(a4, b4) show the statistical significance between control limbs and prosthetic limbs.

(p < 0.01, intact: 34.76 + 7.50°, prosthetic: 9.54 £ 2.34°,
control: 25.68 £ 7.65°). The prosthetic limbs had a signifi-
cantly smaller ankle range of motion than the other limbs (p <
0.01, intact: 42.24 + 4.70°, prosthetic: 17.74 £ 3.25°, control:
33.28 £ 6.26). In regard to minimum segment angles, while
no significant difference was observed in the thigh segments
(p = 0.14), the prosthetic limbs had smaller minimum segment
angles than the other limbs in the shank segment (p < 0.01,
intact: —54.16 £ 4.38°, prosthetic: —60.22 £ 4.21°, control:
—55.58 £ 2.65°). Furthermore, in the foot segment, the intact
limbs had significantly smaller minimum segment angles than
the other limbs, and the prosthetic limbs had significantly
higher minimum segment angles than the other limbs (p <
0.01, intact: —18.68 £ 6.37°, prosthetic: 3.59 &£ 6.80°, control:
—7.21 + 7.64°). The prosthetic thigh segments exhibited a
larger range of motion than the control (p = 0.01, intact:
52.07 &+ 3.76°, prosthetic: 54.67 £ 4.45°, control: 49.67 £
3.76°), while the prosthetic limbs had a significantly larger
shank range of motion than the other two limbs (p < 0.01,
intact: 77.00 £ 4.67°, prosthetic: 84.19 £ 4.66°, control:
76.94 £ 3.53°). In regard to the foot segment range of
motion, both the prosthetic limbs and intact limbs exhibited
significant differences from the control limbs (p < 0.01,
intact: 112.85 £ 6.71°, prosthetic: 87.27 £+ 5.14°, control:
98.35 £ 7.61°).

In regard to hip joint angle curves (Fig. 3 (a)), the main
significant differences were observed in the first 20% of the
gait cycle (Fig. 3 (al)), and the post hoc test showed that
during this period the intact limbs had a significantly larger
flexion than that of the prosthetic limbs (Fig. 3 (a2)). The
control limbs exhibited no significant difference between the
intact and prosthetic limbs (Fig. 3 (a3-4)). For the knee joint
angle curves (Fig. 3 (b)), a significant difference was found
throughout the gait cycle (Fig. 3 (bl)). A lack of knee flexion
during early stance for the prosthetic limbs was observed,
and this was also significant in the post-hoc test from SPM
(Fig. 3 (b2, b4)). Additionally, the prosthetic limbs hit the
extension limit earlier than the intact and control limbs at
around 90% of the gait cycle (Fig. 3 (b2)). Significance in the
ankle joint curves (Fig. 3 (c)) was primarily observed during
the pre-swing phase and initial-swing phase (Fig. 3 (cl)).
In the thigh angle curves (supplementary Fig. S1 (a)), sig-
nificant differences were evident in the early stance and
swing phase (supplementary Fig. S2 (al)). Notable signifi-
cances were observed in the shank angle curve (supplementary
Fig. S2 (a)) during the early stance phase and throughout
the swing phase (supplementary Fig. S22 (bl)). Significant
differences were found in the foot angle curve (supplementary
Fig. S2 (a)) during the mid-stance phase and throughout the
swing phase (supplementary Fig. S2 (cl)).
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Fig. 3. Results of joint angles and SPM analyses. The red and blue colors represent prosthetic limbs and intact limbs, respectively. The black color
represents the right limbs. The (a), (b), and (c) are results for hip, knee, and ankle joints. In each joint angle, the top plots are the joint angle curves
with standard deviations of the three limbs. The bottom four plots are the SPM results for main effect and post hoc test with Bonferroni correction
The shaded parts indicate significant differences. The bottom first plots (a1, b1, c1) show the main effects among the three limbs (prosthetic limbs,
intact limbs, and control limbs). The bottom second plots (a2, b2, c2) show the statistical significance between intact limbs and prosthetic limbs.
The bottom third plots (a3, b3, c3) show the statistical significance between intact limbs and control limbs. The bottom fourth plots (a4, b4, c4) show

the statistical significance between control limbs and prosthetic limbs.

IV. DISCUSSION

This study investigated the lower-limb coordination of
individuals with uTFA and non-disabled individuals dur-
ing walking. Two hypotheses were proposed regarding the
thigh-shank and shank-foot couplings. In the thigh-shank
coupling, prosthetic limbs were hypothesized to demonstrate
larger MARP with smaller DP than the other two limbs.
In shank-foot coupling, prosthetic limbs were hypothesized
to demonstrate smaller MARP and DP than the other two
limbs. In non-disabled individuals, MARP and DP between
the lower limbs were hypothesized to be similar. The first
hypothesis was not supported as the three limbs exhibited
no significant differences in the MARP, while the prosthetic
exhibited smaller DP than intact and control limbs. The second
hypothesis was partially supported since the prosthetic limbs
exhibited more in-phase (smaller MARP) coordination patterns
and smaller DP than the other two limbs. Thus, the results
of this study suggest that the individuals with uTFA could
coordinate their thigh-shank coupling on two lower limbs as
well as non-disabled individuals during walking. Different
coordination patterns were induced by shank-foot couplings
between prosthetic and intact limbs.

The regulation of unique gait patterns is revealed by CRP
tools in individuals with uTFA. Surprisingly, in the thigh-
shank coupling, the MARP of thigh-shank values revealed
similar coordination patterns of thigh-shank coupling over
the gait cycle for the three limbs. In the detailed view from
the thigh-shank CRP curves, there lacks transition from the
shank-leading pattern to the thigh-leading pattern of prosthetic
limbs during the stance phase. However, this transition was
identified during the swing phase when compared with the
intact and control limbs. Same transition is also found during
the sprinting gait of individuals with uTFA [25]. This could
be the compensatory strategy of thigh-shank coupling to apply

the different coordination features in the stance and swing
phases to achieve a similar coordination pattern during gait.
This could be explained as the prosthetic limb shank is a
passive structure and thus relies on the thigh-leading pattern
during the early stance phase for weight acceptance [28].
As for the swing phase differences, the intact and control
limbs maintained the shank-leading pattern to prepare for heel
strike. But at around 90% of the gait cycle, the prosthetic knee
did not have adequate extension room (Fig. 2 (b)), and thus
had to adopt the thigh-leading pattern to seek assistance from
the thigh. The individuals with uTFA applied significantly
different control strategies to achieve similar coordination
patterns in the thigh-shank coupling of the lower limbs during
the gait cycle.

In shank-foot coupling, the prosthetic limbs exhibited com-
pletely different coordination strategies than the other two
limbs. The MARP shank-foot on the prosthetic limbs indicated
that the prosthetic limbs applied a more in-phase coordination
pattern during the gait cycle than the other limbs. This may
suggest that prosthetic shank-foot coupling is more synchro-
nized in prosthetic limbs [8]. However, it should be noted
that this does not mean better coordination. In our study, the
prosthetic shank and foot segments were passive structures and
only rotate due to external forces. For example, an intact limb
generates propulsive force at the end of the stance phase on the
foot segment to the ground, while the lack of force generation
of a prosthetic limb is partly compensated for by the intact
limb [29]. In the shank-foot CRP curves, the prosthetic curve is
closer to zero than for the other two limbs. This agrees with the
significantly smaller MARP shank-foot value of the prosthetic
limbs than that of the other limbs. A couple of distinct
features were observed from the curves. First, the prosthetic
limbs utilized foot-leading patterns throughout the swing phase
while the other limbs switched to the shank-leading pattern at
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around 80% of the gait cycle. This was because the prosthetic
limbs were mainly influenced by the inertia force due to
rotation and gravity. Both factors are consistent in producing a
synchronized foot-shank coordination pattern of the prosthetic
limbs, while the intact and control limbs during the terminal
swing phase promote shank advancement to start the next gait
cycle [30]. Thus, there is no coordination pattern switch of the
shank-foot coupling of the prosthetic limbs during the swing
phase. Another noticeable difference was observed during the
mid-stance, where the coordination pattern of the intact limbs
remained in the shank-leading pattern but fluctuated during
20% to 40% of the gait cycle when compared with the smooth
shank-leading pattern of the prosthetic and control limbs. The
fluctuation might be due to the increase in the foot-leading
pattern during this period. This could be associated with the
heel raising on the intact limbs from mid-stance to terminal
stance. When the heel rises, an intact limb generates larger
forces than the limb of non-disabled individuals forming a
foot-leading pattern over a short period of time [30].

In this study, the variability of the coordination patterns
provides additional insight for both the individuals with uTFA
and non-disabled individuals. Larger DP might be associated
with more involvement (e.g., force generation) of the limbs
during gait. According to the definition of the CRP method,
an excessively low DP value indicates a restricted coordination
pattern [9]. A previous study on sprinting suggested that
prosthetic limbs are more restricted than intact limbs [25].
The findings of this study are in line with the findings during
running. This might suggest that during both walking and
running, the prosthetic limbs are more restricted compared
with the intact limbs.

Individuals with uTFA develop significantly different gait
patterns between the lower limbs in gait kinematics and novel
findings were illustrated with SPM analyses. The joint and
segment angles’ profiles in this study agreed well with the
normative profile of the prosthetic walking gait reported in
previous studies [29], [31]. In the ankle joint, the prosthetic
limb exhibited a limited range of motion and peak plantar
flexion angle. This is because a prosthetic ankle joint is a
passive structure without ankle plantar flexors to generate
active force for propulsion [32]. The hip and knee joints
showed a similar range of motion and peak angle values among
the three limbs. However, a lack of knee flexion of prosthetic
limbs during the early stance was found. This is a common
strategy when using prosthetic limbs in order to avoid expe-
riencing large forces that may accidentally induce buckling
during weight acceptance [33]. Additionally, differences in
the range of motion were found between lower limbs using
segment angles than using joint angles. Joint angles measure
the relative orientation between two neighboring segments
while the segment angles measure the absolute orientation of
the corresponding segment. Our results indicate that segment
angles are more sensitive in detecting changes when compared
to joint angles. This is consistent with previous studies using
segment angles for calculating CRP [15], [16], [17].

The findings of this study are expected to offer a new
perspective on the coordination patterns for gait rehabilitation
and prosthetic design. The gait rehabilitation program contains
several steps with the aim of repeatedly practicing gait to

rebuild the movement patterns. The findings and method of
this study could be useful in gait evaluation and formulating
training goals. Specifically, in the gait evaluation process, the
CRP provides a new perspective regarding the coordination of
movement. Changes in coordination patterns suggest alterna-
tions in the neuromusculoskeletal system. Hence CRP could be
applied to evaluate the mastering of the prosthetic gait. In the
gait training process, understanding the standard coordination
profiles of the lower limb could provide a training target for
prosthesis users. The prosthetic gait profile of experienced
individuals with uTFA wearing prostheses could be used as a
baseline to train individuals without experiences using uTFA
to learn how to walk with prostheses with realistic goals.
For example, after training, if the new prosthesis users show
similar coordination patterns as the experienced prosthesis
users, this might suggest maturity in the prosthetic gait. As for
the application in prosthetic design, it is not reasonable to force
a prosthetic limb to generate the same movement pattern as an
intact limb, since a conventional prosthetic limb is a passive
structure without actuators to control the segments [25]. But
in newly developed powered prostheses and exoskeletons,
forces/torques could be generated by motors with various
control algorithms [34]. Optimizing the control algorithm for
force generation by making segment angles and coordination
patterns closer to the intact limbs or the limbs of non-disabled
individuals may be a solution for better prosthesis design.

This study has several limitations. Firstly, the cause of
amputation varied among the participants. This factor was
suggested to influence certain gait parameters. For instance,
the vascular type of amputation is believed to result in slower
walking speed and shorter stride length compared to traumatic
amputation [35]. Secondly, the residual limb length was not
consistent in the individuals with uTFA. The femoral length
may affect the gait parameters, with shorter residual limb
lengths being associated with a larger hip abduction angle
[36]. Thirdly, this study only examined kinematic data via CRP
analysis in the sagittal plane. Subsequent studies should incor-
porate other planes (transverse and/or coronal planes) to enrich
the knowledge of coordination in walking among individuals
with uTFA. Finally, the profiles of the prosthetic knees and
feet influence the kinematics. The hydraulic/ pneumatic knees
with or without microprocessor control, and prosthetic feet in
various shapes and materials, can affect segmental kinematics
during walking [37], [38].

V. CONCLUSION

In summary, individuals with uTFA use compensatory
strategies during the stance and swing phases to achieve
similar coordination patterns of the lower limbs in thigh-shank
coupling while walking. Specifically, to counterbalance the
insufficient force generation in the prosthetic shank, the pros-
thetic thigh-shank employs a consistent thigh-leading pattern
during the entire stance phase, while the intact limb tran-
sitions from shank-leading to thigh-leading within the same
phase. During the swing phase, a prosthetic limb transitions
from shank-leading to thigh-leading, while the intact limb
consistently exhibits a shank-leading pattern through the entire
swing phase. These distinct coordination characteristics help
achieve similar coordination patterns during gait. In shank-foot
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coupling, a prosthetic limb exhibits a more in-phase coordina-
tion pattern and improved synchronization due to its passive
structure, compared to an intact limb with active muscles.
The findings of this study can provide novel insights into
prosthetic gait rehabilitation and the development of prosthetic
devices with a better understanding of lower-limb movement
coordination.

SUPPLEMENTARY MATERIALS

Supplementary Fig. S1. Illustration of the calculation of
CRP thigh-shank coupling using Hilbert transform.

Supplementary Fig. S2. Results of segment angles and SPM
analyses.

Figure caption for supplementary files.
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