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Mechanical energy fluctuation of the segments of lower
limbs during walking has not been fully investigated. It was
hypothesized that the segments may work as a pendulum,
i.e. the kinetic and potential energies exchanged out of phase.
This study aimed to investigate energy changes and recovery
during gait in hip replacement patients. The gait data for
12 participants with total hip replacement and 12 age-matched
control was compared. The kinetic, potential and rotative
energies for whole lower limb and thigh, calf and foot, were
calculated. The effectiveness of a pendulum effect was analysed.
Gait parameters (speeds and cadence) were calculated. The
results showed that the thigh had significant effectiveness as a
pendulum during gait with energy recovery coefficient of
approximately 40% while the calf and foot were less like a
pendulum during gait. In comparison, energy recoveries of
lower limbs in the two groups were not significantly different.
If the pelvis was considered as an approximate to the centre of
mass, however, the control group had a higher energy recovery
than total-hip-replacement group by roughly 10%. This study
concluded that, unlike centre of mass energy recovery, the
mechanical energy recovery mechanism in the lower limbs
during walking is not affected after total hip replacement.

© 2023 The Authors. Published by the Royal Society under the terms of the Creative
Commons Attribution License http://creativecommons.org/licenses/by/4.0/, which permits
unrestricted use, provided the original author and source are credited.
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1. Introduction

Walking involves moving in a forward direction using the reasonable cost of mechanical and
physiological energy expenditure [1,2]. The evolution of the lower limbs and effective utilization of
the joint muscles support gait stability. This process conserves potential and kinetic energy and is one
of the basics of ‘biological conservation of energy’ [3,4]. Any interruption of the normal gait cycle
such as hip osteoarthritis, and the traits of energy preservation of trunk and limb motion will cause
higher energy cost [4].

Total hip replacement (THR) is a surgical procedure in which a hip prosthesis replaces the hip joint
[5]. The major causal indications for THR are osteoarthritis (OA), which was responsible for 88.4% of hip
replacement surgeries in the UK in 2019 [6]. While gait patterns largely improve after THR, they tend not
to return to normal, age-matched subjects [7-11]. The biomechanical feature of gait is a valuable clinical
tool to differentiate between normal and pathological walking [12], which then affects the treatment and
intervention [13-15]. The impact of gait speed on biomechanical variables is essential [16], as pathological
individuals tend to walk slower than their healthy counterparts, with cadence and stride length being the
determining factors of walking speed [17].

Mechanical energy cost of walking refers to the potential and kinetic energies of the centre of mass
(CoM) movement during gait, which can be used to measure gait efficiency [18,19]. Reduced
mechanical energy exchange and recovery have been observed in hip OA [20] and abnormalities
appear to continue even after THR [21,22]. While higher metabolic energy expenditure has been
reported following THR [23-25], abnormalities in mechanical energy exchange and recovery seem to
persist following THR [25,26].

Previous research has attempted to associate the metabolic energy expenditure of walking with
walking mechanics. Saunders ef al. suggested higher vertical displacement would cause higher
metabolic cost during gait and the body’s effort to minimize acceleration thus smoothing the CoM
trajectory [26]. However, Ortega & Farley [27] reported that minimum CoM movement increased
metabolic cost [27]. Cavagna et al. reported the benefits of mechanical energy exchange of non-flat
pendular dynamics, as step-to-step transitions play a major role in dictating the metabolic cost of
walking [28,29]. If the mechanical energy exchange is reduced, the muscles will exert more to
accelerate and decelerate the CoM during gait [28,30,31], causing higher total internal work following
THR [32,33]. This suggests that, to some extent, mechanical energy exchange influences the total
energy expenditure during walking. Given the fact that some studies have investigated normal
walking using the principle of an inverted pendulum [28,30,34], little research has investigated the
limb movements, e.g. the lower limbs moving similarly to a pendulum, i.e. the kinetic and potential
energies exchanging out of phase to save energy expenditure when walking. Scientifically, therefore, it
is hypothesized that the whole lower limb or some of the segments of the lower limbs could move
like a pendulum in swing phase and like an invert pendulum in stance phase during gait (figure 1),
which could also be applied to the assessment of gait for THR patients after surgery.

This present study aimed to investigate the changes in the kinetic and potential energies in the
segments of lower limbs, and energy recovery during gait for post-THR patients. This study
addressed whether the kinetic and potential energies were exchanged efficiently during walking and
the differences in terms of energy performance in the lower limbs between the control group and
THR patients. Scientifically, research hypotheses were that (i) the lower limbs or some segments may
have the potential and kinetic energies exchanged during gait, and (i) the principle of pendulum
may be applied in stance and swing phases. Clinically, the research hypotheses were that (i) THR
patients have different gait parameters from the control group, (ii) following THR, the patients would
have a lower pendular exchange of mechanical energies in using two mechanical energies than the
control group.

2. Material and methods
2.1. Methodology

This was a prospective and cross-sectional study consisting of gait analysis data from 24 participants
with and without THR. Ethical approval was obtained from the local research ethics committee of
NHS (09/51401/65) and the University of Dundee (EB/MC/LET/LN 1384).
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Figure 1. (a) The principle of pendulum: kinetic and potential energies exchanged during movement (left). The leg may be similar
to a pendulum during swing phase to save total energy. PE and KE: potential energy and kinetic energy (right). (b) The principle of
inverted pendulum: kinetic and potential energies exchanged during movement (left). The leg may use the principle of inverted
pendulum during stance phase (right).

2.2. Subject selection

All subjects were used irrespective of the side of THR, follow-up period, and age. All subjects were
ambulatory. There were 12 post-unilateral THR patients; 5 were in the 1st, 6 were in the 2nd, and 1
participant was in the 6th year after THR surgery when the gait analysis was conducted. Twelve
non-THR subjects were selected for the study control group.

2.3. Gait analysis

All subjects had undertaken gait analysis using a Vicon® MX motion capture system to collect kinematic
data with two Kistler force plates being used to acquire ground reaction forces (GRFs). The data collection
was carried out in the Clinical Gait Analysis Lab at the University of Dundee with Vicon Nexus 2.11. The
Vicon Plug-in-Gait model was used to process the data to obtain the coordinates for the hip, knee and
ankle joints, gait parameters, e.g. walking speeds, cadences, stride length.

Subjects were suitably attired and anthropometric data including weight, height, and segment
lengths (e.g. whole limb, upper leg, lower leg and foot segment) were measured. Retro-reflective
markers were then attached to the exact anatomical landmarks described in the Vicon manual,
including left/right anterior superior iliac (L/RASI), left/right posterior superior iliac (L/RPSI), left/
right thigh (L/RTHI), left/right knee (L/RKNE), left/right tibia (L/RTIB), left/right ankle (L/RANK),
left/right heel (L/RHEE) and left/right toe (L/RTOE). A Vicon MX camera (Vicon MX40, Oxford,
UK) was used to collect marker coordinates at 100 Hz sampling speed. Each participant was asked to
walk barefoot at a self-directed speed along a 10 m long walkway. The gait events were manually
defined using three points, i.e. foot strike, foot off and next foot strike. The gait parameters were
calculated using the marker coordinates and events timing. At least 10 trials were conducted, in which
three good trials (e.g. no missing markers or very small gaps in marker trajectories) were selected for
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analysis. As a result, 33 trials for operated sides and 33 trials for non-operated side from the post-THR
group and 35 trials for both legs from the control group were analysed for this study.

2.4. Energy calculation

After processing the data in Vicon Nexus, the ASCI (*.csv) files were exported to a custom-built software
program using Matlab where various energies were calculated. Energy was calculated frame by frame for
a gait cycle, then analysed for the whole gait cycle and for the stance and swing phases, respectively.

The equations used for translational kinetic energy and gravitational potential energy for each
participant were:

KE = (%) mo* (2.1)
and

PE = mgh. (2.2)

Where KE is the kinetic energy; PE is the potential energy; m is the segment mass; v is the velocity of
CoM for a segment, e.g. the upper leg, lower leg or foot; g is the gravitational constant of approximately
9.81 m/s% and I is the height between the CoM of a segment and a reference level on the lab ground. The
mass and CoM for each segment were calculated by referring to the relative mass of the whole body and
the relative length of the segment [35,36].

As the segment motion includes rotation, rotational kinetic energy (Joule) is also calculated using the
equation below:

RKE = G) I.o?, (2.3)

where I, represents the moment of inertia of the segment about the CoM of a segment, with units kgm?;
w is the angular velocity of the segment with units rad/s. I. usually is available from references [35,36].
To calculate limb rotations, a vector was placed in each limb/segment from the proximal to distal joints.
A related angle between two interval frames in space was defined as the rotative angle of the limb, and
then the rotative angular velocity was calculated by dividing the angle with the time duration taken
between two interval frames. Therefore, this angle and angular velocity included both flexion/
extension and adduction/abduction rotations. The rotation around the long axis of bone was ignored.
I. usually is estimated as the equation below,

I. = mp}. (2.4)

Where m is a segment mass, and p is the radius of gyration which is equal to the product of a ratio
and limb length. The ratios for the thigh, leg and foot are 0.323, 0.302 and 0.475 [36]. For example, a
participant has 80 kg in body mass and the thigh mass is estimated as 0.1 x 80 =8 kg where 0.1 is
relative mass for thigh [36]. The thigh length is calculated from hip to knee joint centres, e.g. 0.35 m,
and thus p=0.35x0.323 and I.=8x(0.35 x 0.323)>. Using this method, each segment’s mass and its
moment of inertia was estimated.

In order to assess the efficiency of energy transformation between kinetic and potential energies, a
coefficient of energy recovery was used:

Recovery . (APE + AKE) — APE + KE)
COVeryy = (APE + AKE) ’

(2.5)

where AKE is the maximum change in kinetic energy, APE is the maximum change in potential energy,
and A(PE + KE) is the maximum change in the sum of the two energies [34]. Kinetic energy includes
translational and rotative energies. The coefficient has a range from 0%—-100%, i.e. the worst to best
energy exchange rates. Obviously, the higher the coefficient, the better the energies exchanged. As
energy is scalar, various forms of energy could be exchanged with each other. Therefore, the
translational and rotative forms are permitted to be exchanged. However, the rotative energy is so
small compared with the translational one that it was ignored in this study. This equation gives a
general form to estimate how potential and kinetic energies exchanged in an object during movement
and can be used to estimate energy recovery efficiency for either the pendulum or invert pendulum
situations. In fact, a real pendulum is a free movement of pendulum with gravity only and without
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functioning by muscles and ligament. This study was to investigate to what degree a segment move likes [ 5 |

a pendulum, i.e. to what degree a segment uses the principle of pendulum.

In energy calculations, the three segments, i.e. Upper Leg, Lower Leg, and Foot, were calculated
separately and together. When the lower limbs were considered as a whole system, the equations
were used as below,

Xim;
Xcom = ZN} , (2.6)
-
Yeom = % 2.7)
zim
and Zcom = ZM Z (2.8)

Where Xcom, Ycom and Zcoy are the coordinates of whole system, x;, y; and z; the coordinates of each
segment CoM, m; the mass of each segment, and M the total mass of the lower limbs.

The calculation was carried out for the factor defined as ‘side’, which resulted in three sides, namely
the control, THR operated and THR non-operated sides of the lower limb during gait.

As there were no upper body markers collected, there is no way to calculate the energy for CoM. As
an effort, here we calculated the energy in the ‘centre of pelvis’ (CoP) which was defined by the centre of
four reflective markers, i.e. L/RASI and L/RPSI in the pelvis [37]. The movement in the CoP could be
considered as the approximate to CoM, i.e. assuming that CoP is close to CoM for the whole body,
although there are some errors [37].

2.5. Statistical analysis

IBM SPSS v. 28 was used to compare differences in energy-related parameters in the control and THR
groups. The comparisons were done for gait parameters and energy expenditure from both groups.
The statistical methods used were the Independent Sample T-Test for comparing demographic data
between control and post-THR group and the General Linear Model for comparing the variables
among the control, THR-operative and THR-nonoperative sides. In the general linear model, the main
effect was the side type, the interactive factor was sex and the covariate factor was BMI (body mass
index), i.e. body mass/height>. The level of significant difference was set at a p-value<0.05.
Bonferroni correction was used as an adjustment for multiple comparisons.

3. Results

3.1. Demography and gait parameter

The control group comprised 12 subjects, with 25% (3) being male and 75% (9) female. The average
age for the control group was 54 years, whereas for the post-THR group it was 56 years (table 1). The
post-THR group consisted of 12 subjects, with 6 (50%) males and 6 (50%) females. There was a
significant difference in the height and BMI between the two groups as shown in table 1.

The results showed that the walking speed, stride length, step length and step width in the THR
group were similar to the control group as shown in table 2.

3.2. Segment energy

Altogether, the lower limb of the control group participants had similar kinetic energy to post-THR
participants (table 3). When dividing them into three segments, the energy recovery in the control
group was statistically lower compared to post-THR participants in the lower leg segment (table 4).
There was no significant difference in kinetic and potential energy and energy recovery in both the
upper leg and foot segments (tables 5 and 6). As the rotative energy ranges were mean 0.0097 and
s.d. 0.0081 joules and translational energy ranges were mean 11.785 and s.d. 3.547 joules, therefore the
rotative ones were ignored in this study.

According to the equations (1-4), each trial from both groups was produced. Figures 2-5 show all trial
curves for three segments in the lower limbs, respectively. From the figures, it is obvious that the upper
leg has the kinetic and potential energies exchanging very well, i.e. KE increased/decreased while PE
decreased/increased out of phase, But the lower leg and foot were in phase, i.e. not as efficient as the
upper leg in energy recovery.

*sosi/Jeunof/610Guiysgnd/aposjedos
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Table 1. Descriptive statistics between control and patient groups. (N =12 for control and post-THR groups respectively. Sex: n

control: 9 male 3 female, THR: 6 male and 6 female).

variable group mean std. deviation range p
age (year) control 54.42 3.476 48-59 0.386
post-THR 56.50 7.379 43-65

. body o (kg)

control

post-THR

14,6951

o8 IS 0090 .

54-113

e e eaw o
e v we amam

i PO e
R

Table 2. Comparison of gait parameters between control and patient groups.

information group mean std. error

cadence (steps/minute) control 112.60 1.41

step width (m)

*Covariates appearing in the model are evaluated at the following values: BMI = 28.4662.
PSex was input as an interactive factor.

“Adjustment for multiple comparisons: Bonferroni.

9All p > 0.05.

3.3. Energy in the stance and swing phases

The stance and swing phases were analysed respectively. The results showed that the upper leg has
greater energy recovery than the lower leg and foot in both stance and swing phases in tables 7 and 8.

3.4. Energy changes in CoP

The results in CoP showed nearly perfect energy recovery between the potential and kinetic forms
exchanged during gait in table 9 and figure 6. Moreover, the control group showed better energy
recovery than the THR group by a roughly 10% higher recovery coefficient.

*sosi/Jeunof/610Guiysgnd/aposjedos
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Table 3. Comparison of energy on whole lower limb segment during whole cycle.

type of energy group mean std. error
rangeKE (joule) control 26.64 1.13

operatedb “ » 25b.59 » 1 40
nonoperated2624140
rangePE(J0u|e) e B
operated584022
nonoperated S D
recovery(of%control947 s
operated e

non—operat.é.d” . 9.87 0.48”””
*Covariates appearing in the model are evaluated at the following values: BMI = 28.4662.
®Sex was input as an interactive factor.
‘Adjustment for multiple comparisons: Bonferroni.
Al p > 0.05.
°KE, kinetic energy; PE, potential energy; RE, rotational energy; RecoveryCof, energy recovery coefficient.
Table 4. Comparison of energy on upper leg segment during whole gait cycle.
segment type of energy group mean std. error
upper leg rangeKE (joule) control 1.1 0.47
operated ................................. e s
. nonoperated ........................ T e
rangePE (Joule) ............................ s o S
. operated e
nonoperated ............................ e o
} recoveryC of (%) .......................... s T o
operated .................................. S e
nonoperated ......................... Y T

*Covariates appearing in the model are evaluated at the following values: BMI = 28.4662.
bSex was input as an interactive factor.

‘Adjustment for multiple comparisons: Bonferroni.

9KE, kinetic energy; PE, potential energy; RecoveryCof, energy recovery coefficient.

3all p > 0.05.

4. Discussion

4.1. Gait parameters

Post-THR patients exhibited similar gait parameters to control subjects in this study. The mean
walking speed of 1.12ms™ ! of post-THR patients, however, is much faster compared to those
reported in previous studies [8,22,38]. Interestingly, the walking speed of post-THR patients in the
present study is similar to those of healthy adults in the same age range in a study by Monaco et al.
[39]. Although age could be the factor in reduced walking speed [7,22], even when choosing the
younger post-THR patients (mean age: 56 years) and appropriately matching them with a similar age
control group, the control group still showed similar walking speed (table 2). While Miki et al. [40]
described normalization of walking speed after 1 year of unilateral THR, the present study with a
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Table 5. Comparison of energy on lower leg segment during whole gait cycle.

pairwise comparison

segment type of energy std. error pairing
lower leg rangeKE (joule) control 11.20 0.47 control versus op 1
operated T TN nonop T
non-operated n4a 0.58 dp versus non-op 1
rangePE(JouIe) e Op s
operated XV, 007 ~ control versus non-ob 0.084
nonoperated B R op versusnonop e
fecoVeryCof (%)  ontol 136 018 ~ control versus op a <0.001
operated e nonop o
nonoperated e e opversus nonop o

®Covariates appearing in the model are evaluated at the following values: BMI = 28.4662.
bSex was input as an interactive factor.

‘Adjustment for multiple comparisons: Bonferroni.

dKE, kinetic energy; PE, potential energy; RecoveryCof, energy recovery coefficient.

Table 6. Comparison of energy on foot segment during whole gait cycle.

segment type of energy group mean std. error
foot rangeKE (joule) control 12.04 0.46
; operated ............................... T e
nonoperated ....................... g o
. rangePE(JouIe) e D
operate g oy o
; nonoperated .......................... oy o
R y Cof(%) ......................... o T o
operated .................................. o o
nonoperated ........................ e o

®Covariates appearing in the model are evaluated at the following values: BMI = 28.4662.
bSex was input as an interactive factor.

‘Adjustment for multiple comparisons: Bonferroni.

dKE, kinetic energy; PE, potential energy; RecoveryCof, energy recovery coefficient.

€all pairs p > 0.05.

follow-up range of 1-6 years and other studies have also reported similar results of reduced walking
velocity after longer follow-up [11,41,42].

The changes in stride length in the post-THR group have not been observed in this study, although
previous studies have mentioned that the reduction of stride length may be caused by a reduced hip
RoM [8-10,33,41], in which Beaulieu et al. also described reduced peak hip extension [7]. As a result,
individuals may need to lift the lower limb higher, thus causing higher energy expenditure because
of higher vertical displacement [26,43]. The present study, however, did not find difference in stride
lengths, nor any increase in mechanical energy expenditure. Pain [44], muscle weakness [9,41], and
soft tissue damage [41] could also cause a reduction in the hip RoM and the consistent shorter stride
length reported.

Previously, narrower step width has been reported to be linked to higher work because of the
circumduction of the swing leg around the stance leg, which increases metabolic cost [45]. In contrast,
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gait cycle (%)

) upperleg kinetic E
14 o
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0 10 20 30 40 50 60 70 80 90 100
gait cycle (%)

Figure 2. The upper leg: potential (upper) and kinetic (lower) energies change during gait. Kinetic and potential energies
exchanged out of phase, and thus the principle of pendulum was applied. Note: green line—control; blue line—THR non-
operative side; red line—THR operative side; thick lines are mean and thin ones are standard error of mean; the number of
trials was 72 for control including both sides, and 33 for operative side and non-operative sides, respectively; please note that
the potential energies have been normalized by a reference height as self-mean; the roughly first 60% of gait cycle is the
stance phase and the remaining 40% is the swing phase; all notes are the same in the following figures.

Metcalfe et al. [38], reported wider step width compared to controls. However, there is no significant
difference between both groups in our study (table 2), its implication in a clinical setting may not
be significant.

While the present study observed a significant difference in height between the two groups, this did
not seem to affect the mechanical energy exchange in both groups (tables 3-6) after BMI was used as
covariates and sex as interactive factor in statistical analysis.

The results when comparing the operated and non-operated limb’s gait parameters in this
investigation showed no significant differences, suggesting good biomechanical recovery following
THR. Previous work by Connor et al. [46] found similar hip contact force profiles between
operated and non-operated limbs, which also suggests a symmetrical biomechanical recovery in
unilateral THR. Bennett et al. [8] also reported symmetrical kinematic variables in a 10-year follow up,
which supports the premise that kinematic symmetry could be achieved in the long term following THR.

In contrast, Foucher and Wimmer found an increased abduction moment in non-operated hips even
up to a year after THR, which may lead to abnormalities in gait spatiotemporal parameters [47]. Our
findings of equal gait parameters between operated and non-operated limbs may be due to a longer
period of recovery, which may also be the case for previous studies [8,46].

4.2. Mechanical energy

Mechanical energy expenditure mirrors an individual’s functional performance capability [2,36].
Queen et al. [20] used a whole-body model to analyse OA patients’ walking, using the integral of
ground reaction force to estimate energy fluctuation in CoM. They reported reduced energy
recovery in any joint with OA, especially with hip and ankle OA, where the energy recovery was
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(a) lowerleg potential E

0 10 20 30 40 50 60 70 80 90 100

gait cycle (%)
b) lowerleg kinetic E
12 -
10
8
L
g 6
2
4
2

N

0 10 20 30 40 50 60 70 80 90 100
gait cycle (%)

Figure 3. The lower leg: the kinetic (lower) and potential (upper) energies change during gait. Kinetic and potential energies
exchanged in phase, and thus the principle of pendulum was not applied. Note: green line—control; blue line—THR
non-operative side; red line—THR operative side.

(a) foot potential E

~o 0 20 3 40 50 6 70 8 90 100

gait cycle (%)

(b) foot potential E )

12

10
o 8
2 6

4

2

0.\— 10 20 30 40 50 60 70 80 90 100

gait cycle (%)

Figure 4. The foot: the kinetic (upper) and potential (lower) energies change during gait. Kinetic and potential energies exchanged
nearly in phase, and thus the principle of pendulum was not applied in the foot.
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Figure 5. The lower limb: the kinetic (lower) and potential (upper) energies change during gait. Kinetic and potential energies
exchanged nearly in phase, and thus the principle of pendulum was not applied in the lower limb. Note: green line—control; blue
line—THR non-operative side; red line—THR operative side.

never achieved as in asymptomatic subjects. However, they did not consider any segments in
terms of energy recovery. Hip OA has a high chance of disturbing energy exchange mainly because
of the reduced RoM in hip extension during terminal stance [48]. This may restrict the rise and
fall of the CoM, which then reduces the amount of potential energy stored and disrupts the
energy curves as it changes the timing of pushoff relative to the timing of the peak potential energy
[20]. In theory, any disruption of the normal gait cycle and energy-conserving traits of body motion
would cause an increase in energy expenditure [4,26], thus it is crucial to revert the energy
recovery values closer to asymptomatic individuals to decrease muscular effort, pain, and tiredness
during gait.

Following THR, Loizeau ef al. showed there was still a reduction in mechanical energies at the hip and
knees, even in non-operated limbs [22]. Although energy expenditure was reduced when compared to
pre-operative data, it was still not within normal limits [23,32]. The present study did not support
this, as the results show similar values in potential and energy recovery between post-THR and
control subjects (tables 3-6), even between the operated and non-operated legs (tables 3-6). This was
the opposite of the study hypothesis, where the mechanical energy expenditure would be higher, thus
reducing mechanical energy exchange and recovery will be observed following THR. This suggests
that following THR, energy exchange and recovery can obtain similar values as those in age-matched,
asymptomatic subjects.

During gait, walking speed was one of the clinical indicators and a significant measure of functional
capacity in the elderly, with reduced speed associated with a higher risk of poor health-related outcomes
[1,49]. A study by Wang et al. [34 found that a comfortable gait speed has the optimum mechanical
energy exchange and recovery. While it is difficult to directly associate physiological energy cost with
mechanical energy exchange and recovery, it was found that a comfortable walking speed has higher
(better) energy exchange and recovery [34]. A previous study by Huang and Foucher reported low
mechanical energy exchange, with a positive relationship between fatigue and mechanical energy
exchange in THR patients [21]. The association between the two may have been caused by patients
doing compensatory gait to reduce fatigue [4], where they reduce the body’s motion during gait [21].
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Table 7. Comparison of the energy in swing phase for different segments.

95% confidence interval

segment dependent variable std. error lower bound upper bound

upper leg swing range PE (joule) control 3.56 0.15 3.25 3.86
T
THR-non-op 381  0.19 343 418
s
THRp 729 034 661 7.97
1
©swing recoveryCof% ool 5404 15 5107 5701
L
e e
T Ot S 3
THRop 180 008 165 1%
e e
i
T
THR-non-op 953 048 858 1049
s
THRop 139 036 069 209
T S
‘foot - swihgbr‘ange'PE‘(JduIe‘)u tontfo‘I o “1.43 ‘ 0.03 1.37”“ ‘ 1.49
R S
e e we e
el o e e we nw
1
1
T
R
THR-non-op 1000 034 932 1068
%Covariates appearing in the model are evaluated at the following values: BM = 28.4662.
bSex was input as an interactive factor.

‘Adjustment for multiple comparisons: Bonferroni.
9All pairs have p > 0.05.

THR-non-op

This was not correlated, as our results showed similar walking speed and kinetic energy exchange in
post-THR patients (tables 2-6).

In terms of energy exchanges in the lower limb segments, this study has found that the upper leg has
higher energy recovery, roughly 40%, compared to the lower leg and foot, roughly less than 10%. In other
words, the upper leg works better as the principle of a pendulum than the lower leg and foot. To our best
knowledge, this is the first study to report this finding. Future research on the lower limb segments is
recommended to further investigate the energy recovery mechanism in each segment, thus providing
better rehabilitation following THR.

It was also found that the ‘centre of pelvis’ (CoP), as an approximate to CoM, has an energy
recovery coefficient as high as roughly 70%, and also that the control group was better than the
THR by roughly 10% (table 9). This result shows that as whole body, the control group has a
greater capacity than the THR in using energy, although the lower limbs did not show significantly
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Table 8. Comparison of the energy in stance phase for different segments.

segment dependent variable std. error

upper leg stance range PE (joule) control 2.80 0.1
THRop e
THRnonop291013
stancerange KE(J0u|e) YT
THRop S
THRnonop S
S recovery(of% S
THRop S D
THRnonop e
‘ ‘Iowe‘r Iégl - ‘sta‘nc‘e'rangé PE (‘jdulle)‘ - colntrolﬂ - 0.93 ‘0.04 B
THRop S
THR-non-op 1l 005
G rangeKE(JouIe) S e
. THRop S
THRnonop701042
stancerecoveryCof% e
THRop S
THRnonop e
T rangePE(JouIe) S
THRop 0.88 003
THRnonop S
‘sta‘nc‘e'rang‘e KE (‘jdulle)‘ - colntrolﬂ - 1.55 ‘0.11A B
THRop S
HRnone p,.. e i s
S recovery(of% S
. THRop P
THRnonop005002
*Covariates appearing in the model are evaluated at the following values: BMI = 28.4662.
bSex was input as an interactive factor.

‘Adjustment for multiple comparisons: Bonferroni.
®All pairs have p > 0.05.

difference in energy recovery. This finding also brings in another hypothesis that the upper limbs, trunk,
neck and head may contribute to the energy exchange mechanism by using their coordinated movements
to the walking.

4.3. Limitations

There were no pre-operative gait data for the THR group, and thus it is impossible to compare pre- and
post-operative gait patterns. In the calculation of mechanical energy, the segment mass for post-THR
patients was unclear, thus normal anthropometric proportions were used. In addition, THR data
covers a long period from 1-6 years, and it is not clear if this long period would bring in any bias.
When estimating the CoM movements, we fully understand that the centre of pelvis used is not the
CoM for whole body, although this approximate gave us indication on the CoM. These shortcomings
also indicate the directions for future study.
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Figure 6. The centre of pelvis as an approximate to CoM: the kinetic (lower) and potential (upper) energy changes during gait.
Kinetic and potential energies exchanged at the perfect phase, and thus the principle of pendulum was applied in whole body. Note:
green line—control; red line—THR group. The thick line is mean and the thin line standard error of mean.

Table 9. Comparison of energy recoveries in the CoP for the THR and control groups.

95% confidence interval

dependent variable group std. error lower bound upper bound
range KE (joule) control 29.31 1.51 2633 32.29 0.278
THR nBo 138 28.99 3446
. range 'P'E”('jdlj'lve')' . T
. recovery(of (%) v
T

®Covariates appearing in the model are evaluated at the following values: BMI = 28.4772.
®Adjustment for multiple comparisons: Bonferroni.
BMI was input as covariate and sex as an interactive factor.

5. Conclusion

The present study was conducted to analyse the energy exchange mechanism and recovery in the lower
limbs of post-THR patients during walking. The THR and control groups had similar walking speed,
stride length, wider step width, and both groups had similar energy recovery in limb segments. This
suggested that the mechanical energy recovery mechanism in the lower limbs during walking was
comparable to those in age-matched, asymptomatic individuals. In terms of principle of a pendulum,
the upper leg has a significant effect on gait while the lower leg, foot and whole lower limb are not
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significant. Also, the upper leg has better energy recovery in swing phase than in stance phase. When [ 15 |
the centre of pelvis was analysed for the whole body, the control group is better at energy recovery
than the THR by roughly 10%, indicating that the THR gait still has room to be improved with
respect to whole-body movement.

Regarding the comparison of energy recovery in the operated side and non-operated side of the lower
limbs of THR patients, there was no significant difference in all segments, suggesting good
biomechanical recovery.

Ethics. The University of Dundee (EB/MC/LET/LN 1384) and NHS (09/51401/65) Ethics Review Board approved the
present study. Informed consent was obtained from all individual participants included in the study.

Data accessibility. The data are available from the Dryad Digital Repository: https:/ /doi.org/10.5061/dryad.rdxgxd2fr [50].
Authors’ contributions. S.F.Z.A.: data curation, formal analysis, investigation, writing—original draft; Y.W.: data
curation, formal analysis, investigation; W.R.: data curation, resources; G.A.: data curation, project administration,

*sosi/Jeunof/610Guiysgnd/aposjedos

resources; W.W.: conceptualization, formal analysis, funding acquisition, investigation, methodology, resources,
software, supervision, validation, visualization, writing—review and editing.

Downloaded from https://royal societypublishing.org/ on 02 March 2023

All authors gave final approval for publication and agreed to be held accountable for the work performed therein. f’:
Conflict of interest declaration. We declare we have no competing interests. ‘R
Funding. The University of Dundee the Library’s Institutional Open Access Fund. The Knowledge Economy °
Partnerships Pakistan-UK (grant no. KEP-058) of the British Council. 'S
Acknowledgements. Many thanks to Mr. Sadiq Nasir and Mr. lan Christie for their technical help and support : 2
throughout the research project. 2

'8
References =
1. Abellan Van Kan G et al. 2009 Gait speed at 2014 Gait and gait-related activities of daily 18.  Willems PA, Cavagna GA, Heglund NC. 1995

usual pace as a predictor of adverse outcomes living after total hip arthroplasty: a systematic External, internal and total work in human

in community-dwelling older people an review. (lin. Biomech. (Bristol. Avon) 29, locomotion. J. Exp. Biol. 198, 379-393. (doi:10.

International Academy on Nutrition and Aging 705-718. 1242/jeb.198.2.379)

(IANA) Task Force. J. Nutr. Health Aging. 13, 1. Perron M, Malouin F, Moffet H, McFadyen BJ. 19.  Winter DA. 2009 Biomechanics and motor

881-889. (doi:10.1007/512603-009-0246-2) 2000 Three-dimensional gait analysis in women control of human movement, 4th edn. Hoboken,

2. Waters RL, Mulroy S. 1999 The energy with a total hip arthroplasty. Clin. Biomech. NJ: John Wiley & Sons, Inc.

expenditure of normal and pathologic gait. Gait (Bristol, Avon). 15, 504-515. (doi:10.1016/ 20.  Queen RM, Sparling TL, Schmitt D. 2016 Hip,

Posture 9, 207-231. (doi:10.1016/50966- $0268-0033(00)00002-4) knee, and ankle osteoarthritis negatively affects

6362(99)00009-0) 12. Phinyomark A, Osis ST, Hettinga BA, Kobsar D, mechanical energy exchange. Clin. Orthop. Relat.
3. Elftman H. 1966 Biomechanics of muscle with Ferber R. 2016 Gender differences in gait Res. 474, 2055-2063. (d0i:10.1007/511999-

particular application to studies of gait. J. Bone kinematics for patients with knee osteoarthritis. 016-4921-1)

Jt. Surg. 48, 363-377. (doi:10.2106/00004623- BMC Musculoskelet. Disord. 17, 157. (doi:10. 21. Huang CH, Foucher KC. 2019 Step length

196648020-00017) 1186/512891-016-1013-z) asymmetry and its associations with mechanical
4. Inman VT, Ralston HJ, Todd F. 1981 Human 13.  Kadaba MP, Ramakrishnan HK, Wootten ME. energy exchange, function, and fatigue after

walking, 154 p. London, UK: Williams & Wilkins. 1990 Measurement of lower extremity total hip replacement. J. Orthap. Res. 37,

5. Ferguson RJ, Palmer AJ, Taylor A, Porter ML, kinematics during level walking. 1563-1570. (doi:10.1002/jor.24296)

Malchau H, Glyn-Jones S. 2018 Hip J. Orthop. Res. 8, 383—-392. (doi:10.1002/jor. 22.  Loizeau J, Allard P, Duhaime M, Landjerit B.

replacement. Lancet 392, 1662—1671. (doi:10. 1100080310) 1995 Bilateral gait patterns in subjects fitted

1016/50140-6736(18)31777-X) 14, Naili JE, Wretenberg P, Lindgren V, Iversen MD, with a total hip prosthesis. Arch. Phys. Med.
6. NJR. 2020 17Th Annual Report. 2020. National Hedstrom M, Brostrom EW. 2017 Improved knee Rehabil. 76, 552-557. (doi:10.1016/S0003-

Joint Registry 17th Annual Report. biomechanics among patients reporting a 9993(95)80510-9)

7. Beaulieu ML, Lamontagne M, Beaulé PE. 2010 good outcome in knee-related quality of life 23. Brown M, Hislop HJ, Waters RL, Porell D. 1980

Lower limb biomechanics during gait do not one year after total knee arthroplasty. BMC Walking efficiency before and after total hip

return to normal following total hip Musculoskelet. Disord. 18, 122. (doi:10.1186/ replacement. Phys. Ther. 60, 1259-1263.

arthroplasty. Gait Posture. 32, 269-273. (doi:10. $12891-017-1479-3) (doiz10.1093/ptj/60.10.1259)

1016/j.gaitpost.2010.05.007) 15. Simon SR. 2004 Quantification of human 24, Pugh LGCE. 1973 The oxygen intake and energy
8. Bennett D, Humphreys L, 0'Brien S, Kelly C, Orr motion: gait analysis-benefits and limitations to cost of walking before and after unilateral hip

JF, Beverland DE. 2008 Gait kinematics of age- its application to clinical problems. J. Biomech. replacement, with some observations on the

stratified hip replacement patients-A large scale, 37, 1869-1880. (doi:10.1016/j.jbiomech.2004. use of crutches. J. Bone Jt. Surg. B 55, 742-745.

long-term follow-up study. Gait Posture 28, 02.047) (doi:10.1302/0301-620X.55B4.742)

194-200. (doi:10.1016/j.gaitpost.2007.11.010) 16.  Fukuchi CA, Fukuchi RK, Duarte M. 2019 Effects 25. Unyo C, Caceres E, Salazar J, Gich |, Coll R. 2015
9. Ewen AM, Stewart S, St A, Gibson C, Kashyap of walking speed on gait biomechanics in Total hip replacement improves aerobic capacity

SN, Caplan N. 2012 Gait & Posture Post- healthy participants: a systematic review and in osteoarthritis patients : a prospective

operative gait analysis in total hip replacement meta-analysis. Syst Rev. 8, 153. (doi:10.1186/ experimental study. Int. J. Phys. Med. Rehabil. 3,

patients — a review of current literature and s13643-019-1063-2) 1-9.

meta-analysis. Gait Posture 36, 1-6. (doi:10. 17. Murray MP, Kory RC, Clarkson BH, Sepic SB. 26.  Saunders JB, Inman VT, Eberhart HD. 1953 The

1016/j.gaitpost.2011.12.024) 1996 Comparison of free and fast speed major determinants in normal and pathological
10.  Kolk S, Minten MJM, van Bon GEA, Rijnen WH, walking patterns of normal men. Am. J. Phys. qait. J. Bone Joint Surg. Am. 35-A, 543-558.

Geurts ACH, Verdonschot N, Weerdesteyn V.

Med. 45, 8-23.

(doi:10.2106/00004623-195335030-00003)


https://doi.org/10.5061/dryad.r4xgxd2fr
http://dx.doi.org/10.1007/s12603-009-0246-z
http://dx.doi.org/10.1016/S0966-6362(99)00009-0
http://dx.doi.org/10.1016/S0966-6362(99)00009-0
http://dx.doi.org/10.2106/00004623-196648020-00017
http://dx.doi.org/10.2106/00004623-196648020-00017
http://dx.doi.org/10.1016/S0140-6736(18)31777-X
http://dx.doi.org/10.1016/S0140-6736(18)31777-X
http://dx.doi.org/10.1016/j.gaitpost.2010.05.007
http://dx.doi.org/10.1016/j.gaitpost.2010.05.007
http://dx.doi.org/10.1016/j.gaitpost.2007.11.010
http://dx.doi.org/10.1016/j.gaitpost.2011.12.024
http://dx.doi.org/10.1016/j.gaitpost.2011.12.024
http://dx.doi.org/10.1016/S0268-0033(00)00002-4
http://dx.doi.org/10.1016/S0268-0033(00)00002-4
http://dx.doi.org/10.1186/s12891-016-1013-z
http://dx.doi.org/10.1186/s12891-016-1013-z
http://dx.doi.org/10.1002/jor.1100080310
http://dx.doi.org/10.1002/jor.1100080310
http://dx.doi.org/10.1186/s12891-017-1479-3
http://dx.doi.org/10.1186/s12891-017-1479-3
http://dx.doi.org/10.1016/j.jbiomech.2004.02.047
http://dx.doi.org/10.1016/j.jbiomech.2004.02.047
http://dx.doi.org/10.1186/s13643-019-1063-z
http://dx.doi.org/10.1186/s13643-019-1063-z
http://dx.doi.org/10.1242/jeb.198.2.379
http://dx.doi.org/10.1242/jeb.198.2.379
http://dx.doi.org/10.1007/s11999-016-4921-1
http://dx.doi.org/10.1007/s11999-016-4921-1
http://dx.doi.org/10.1002/jor.24296
http://dx.doi.org/10.1016/S0003-9993(95)80510-9
http://dx.doi.org/10.1016/S0003-9993(95)80510-9
http://dx.doi.org/10.1093/ptj/60.10.1259
http://dx.doi.org/10.1302/0301-620X.55B4.742
http://dx.doi.org/10.2106/00004623-195335030-00003

Downloaded from https://royal societypublishing.org/ on 02 March 2023

27.

28.

29.

30.

31

32.

33

34,

35.

Ortega JD, Farley CT. 2005 Minimizing center of
mass vertical movement increases metabolic
cost in walking. Appl. Physiol. 99, 2099-2107.
(doi:10.1152/japplphysiol.00103.2005)

Cavagna GA, Thys H, Zamboni A. 1976 The
sources of external work in level walking and
running. J. Physiol. 262, 639—657. (doi:10.
1113/jphysiol. 1976.5p011613)

Donelan JM, Kram R, Kuo AD. 2002 Mechanical
work for step-to-step transitions is a major
determinant of the metabolic cost of human
walking. J. Exp. Biol. 205(Pt 23), 3717-3727.
(doi:10.1242/jeb.205.23.3717)

Cavagna GA, Heglund NG, Taylor CR. 1977
Mechanical work in terrestrial locomotion: two
basic mechanisms for minimizing energy
expenditure. Am. J. Physiol. 233, R243-R261.
Kuo AD. 2007 The six determinants of gait and
the inverted pendulum analogy: a dynamic
walking perspective. Hum. Mov. Sci. 26,
617-656. (doi:10.1016/j.humov.2007.04.003)
Nankaku M, Akiyama H, Kanzaki H, Kakinoki R.
2012 Effects of vertical motion of the centre of
mass on walking efficiency in the early stages
after total hip arthroplasty. Hip Int. J. Clin. Exp.
Res. Hip Pathol. Ther. 22, 521-526.

Nankaku M, Tsuboyama T, Kakinoki R, Keiichi K,
Kanzaki H, Mito Y, Nakamura T. 2007 Gait analysis
of patients in early stages after total hip
arthroplasty : effect of lateral trunk displacement
on walking efficiency. J. Orthap. Sci. 12, 550-554.
(doi:10.1007/500776-007-1178-2)

Wang W, Crompton RH, Li Y, Gunther MM. 2003
Energy transformation during erect and ‘bent-
hip, bent-knee “ walking by humans with
implications for the evolution of bipedalism.

J. Hum. Evol. 44, 563-579. (doi:10.1016/50047-
2484(03)00045-9)

Niggs B, Herzog W. 2007 Biomechanics of the
musculo-skeletal system, 3rd edn. New York, NY:
John Wiley & Sons.

36.

37.

38.

39.

4.

4.

8.

Winter DA. 1979 A new definition of mechanical
work done in human movement. J. Appl.
Physiol. 46, 79-83. (doi:10.1152/jappl.1979.46.
1.79)

Eames MHA, Cosgrove A, Baker R. 1999
Comparing methods of estimating the total
body centre of mass in three-dimensions in
normal and pathological gaits. Hum. Mov. Sci.
18, 637-646. (doi:10.1016/S0167-
9457(99)00022-6)

Metcalfe AJ, Stewart C, Postans N, Dodds AL,
Holt CA, Roberts AP. 2013 The effect of
osteoarthritis of the knee on the biomechanics
of other joints in the lower limbs. Bone Joint J
95-B, 348-353. (d0i:10.1302/0301-620X.95B3.
30850)

Monaco V, Rinaldi LA, Macri G, Micera S. 2009
During walking elders increase efforts at
proximal joints and keep low kinetics at the
ankle. (lin. Biomech. 24, 493-498. (doi:10.
1016/j.clinbiomech.2009.04.004)

Miki H, Sugano N, Hagio K, Nishii T. 2004
Recovery of walking speed and symmetrical
movement of the pelvis and lower extremity
joints after unilateral THA. J. Biomech. 37,
443-455. (doi:10.1016/}.jbiomech.2003.09.009)
Madsen MS, Ritter MA, Morris HH, Meding JB,
Berend ME, Faris PM, Vardaxis VG. 2004 The
effect of total hip arthroplasty surgical approach
on gait. J. Orthop. Res. Off. Publ. Orthop. Res.
Soc. 22, 44-50. (doi:10.1016/50736-
0266(03)00151-7)

Vogt L, Brettmann K, Pfeifer K, Banzer W. 2003
Walking patterns of hip arthroplasty patients:
some observations on the medio-lateral
excursions of the trunk. Disabil. Rehabil. 25,
309-317. (doi:10.1080/0963828021000043752)
Kerrigan DG, Viramontes BE, Corcoran PJ, LaRaia
PJ. 1995 Measured versus predicted vertical
displacement of the sacrum during gait as a
tool to measure hiomechanical gait

4,

45,

46.

47.

4.

49.

50.

performance. Am. J. Phys. Med. Rehab. 74, 3-8.
(doiz10.1097/00002060-199501000-00002)
Bennett D, Ogonda L, Elliott D, Humphreys L,
Lawlor M, Beverland D. 2007 Comparison of
immediate postoperative walking ability in
patients receiving minimally invasive and
standard-incision hip arthroplasty: a prospective
blinded study. J. Arthroplasty. 22, 490-495.
(doi:10.1016/j.arth.2006.02.173)

Shorter KA, Wu A, Kuo AD. 2017 The high cost
of swing leg circumduction during human
walking. Gait Posture. 54, 265-270. (doi:10.
1016/j.gaitpost.2017.03.021)

Connor JDO, Rutherford M, Bennett D, Hill JC,
Beverland DE, Dunne NJ, Lennon AB. 2018
Long-term hip loading in unilateral total hip
replacement patients is no different between
limbs or compared to healthy controls at similar
walking speeds. J. Biomech. 80, 8-15. (doi:10.
1016/j.jbiomech.2018.07.033)

Foucher KC, Wimmer MA. 2012 Gait &
posture contralateral hip and knee gait
biomechanics are unchanged by total hip
replacement for unilateral hip osteoarthritis.
Gait Posture 35, 61-65. (doi:10.1016/j.gaitpost.
2011.08.006)

Schmitt D, Vap A, Queen RM. 2015 Effect of
end-stage hip, knee, and ankle osteoarthritis on
walking mechanics. Gait Posture 42, 373-379.
(doi:10.1016/j.gaitpost.2015.07.005)

Graham JE, Ostir GV, Fisher SR, Ottenbacher KJ.
2008 Assessing walking speed in dinical
research: a systematic review. J. Eval. Clin. Pract.
14, 552-562. (doi:10.1111/}.1365-2753.2007.
00917.x)

Anwar SFZ, Wang Y, Raza W, Amold G,

Wang W. 2023 Mechanical energy fluctuation
in lower limbs during walking in participants
with and without total hip replacement.
Dryad Digital Repository. (doi:10.5061/dryad.
raxgxd2fr)

L¥00€Z ‘0L s tadp 205y sosyjeumolbiobunsiqndfaanosiedor g


http://dx.doi.org/10.1152/japplphysiol.00103.2005
http://dx.doi.org/10.1113/jphysiol.1976.sp011613
http://dx.doi.org/10.1113/jphysiol.1976.sp011613
http://dx.doi.org/10.1242/jeb.205.23.3717
http://dx.doi.org/10.1016/j.humov.2007.04.003
http://dx.doi.org/10.1007/s00776-007-1178-2
http://dx.doi.org/10.1016/S0047-2484(03)00045-9
http://dx.doi.org/10.1016/S0047-2484(03)00045-9
http://dx.doi.org/10.1152/jappl.1979.46.1.79
http://dx.doi.org/10.1152/jappl.1979.46.1.79
http://dx.doi.org/10.1016/S0167-9457(99)00022-6
http://dx.doi.org/10.1016/S0167-9457(99)00022-6
http://dx.doi.org/10.1302/0301-620X.95B3.30850
http://dx.doi.org/10.1302/0301-620X.95B3.30850
http://dx.doi.org/10.1016/j.clinbiomech.2009.04.004
http://dx.doi.org/10.1016/j.clinbiomech.2009.04.004
http://dx.doi.org/10.1016/j.jbiomech.2003.09.009
http://dx.doi.org/10.1016/S0736-0266(03)00151-7
http://dx.doi.org/10.1016/S0736-0266(03)00151-7
http://dx.doi.org/10.1080/0963828021000043752
http://dx.doi.org/10.1097/00002060-199501000-00002
http://dx.doi.org/10.1016/j.arth.2006.02.173
http://dx.doi.org/10.1016/j.gaitpost.2017.03.021
http://dx.doi.org/10.1016/j.gaitpost.2017.03.021
http://dx.doi.org/10.1016/j.jbiomech.2018.07.033
http://dx.doi.org/10.1016/j.jbiomech.2018.07.033
http://dx.doi.org/10.1016/j.gaitpost.2011.08.006
http://dx.doi.org/10.1016/j.gaitpost.2011.08.006
http://dx.doi.org/10.1016/j.gaitpost.2015.07.005
http://dx.doi.org/10.1111/j.1365-2753.2007.00917.x
http://dx.doi.org/10.1111/j.1365-2753.2007.00917.x
http://dx.doi.org/10.5061/dryad.r4xgxd2fr
http://dx.doi.org/10.5061/dryad.r4xgxd2fr

	Mechanical energy fluctuation in lower limbs during walking in participants with and without total hip replacement
	Introduction
	Material and methods
	Methodology
	Subject selection
	Gait analysis
	Energy calculation
	Statistical analysis

	Results
	Demography and gait parameter
	Segment energy
	Energy in the stance and swing phases
	Energy changes in CoP

	Discussion
	Gait parameters
	Mechanical energy
	Limitations

	Conclusion
	Ethics
	Data accessibility
	Authors' contributions
	Conflict of interest declaration
	Funding
	Acknowledgements
	References


