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A B S T R A C T   

Background: The longitudinal arch of the foot acts like a spring during stance and contributes to walking effi-
ciency. Pronated foot characterized by a collapsed medial longitudinal arch may have the impaired spring-like 
function and poor walking efficiency. However, the differences in the energetic behavior during walking be-
tween individuals with pronated foot and neutral foot have not been considered. 
Research question: How does the energetic behavior within the foot and proximal lower limb joints in pronated 
foot affect walking efficiency? 
Methods: Twenty-one healthy young adults were classified into neutral foot and pronated foot based on the Foot 
Posture Index score. All subjects walked across the floor and attempted to have the rearfoot and forefoot seg-
ments contact separate force plates to analyze the forces acting on isolated regions within the foot. Kinematic and 
kinetic data were recorded by a three-dimensional motion capture system. The hip, knee, ankle, and mid-tarsal 
joint power was quantified using a 6-degree-of-freedom joint power method. To qualify total power within all 
structures of the foot and forefoot, we used a unified deformable segment analysis. Additionally, we calculated 
the center of mass power to quantify the total power of the whole body 
Results: There is no difference in the mid-tarsal joint work between the pronated foot and neutral foot. On the 
other hand, pronated foot exhibited greater net negative work at structures distal to the forefoot during walking. 
Additionally, pronated foot exhibited less net positive work at the ankle and center of mass during walking 
compared to neutral foot. 
Significance: Individuals with pronated foot generate the mid-tarsal joint work by increasing the work absorbed at 
structures distal to the forefoot, which results in reduced energy efficiency during walking. That energy in-
efficiency may reduce positive work at the ankle and affect the walking efficiency in individuals with pronated 
foot.   

1. Introduction 

Human walking is accomplished by the positive and negative me-
chanical work performed on the center of mass (COM) [1]. This me-
chanical work is performed by physiological tissues, including 
contributions from both active muscle contractions and passive soft 
tissue deformations, and affects the kinetic and potential energy of the 
body [2]. To maintain consistent walking speed, any mechanical energy 
dissipation within a walking cycle must be compensated by an equal 
amount of positive work [3]. During steady walking, it has been found 
that positive and negative work are exchanged, and the required net 

work is zero [2]. Therefore, it is important to reduce the energy loss and 
active work from the muscles for economical walking. 

Elastic energy storage and return is known to contribute to walking 
efficiency by reducing active work demands on muscles [4,5]. The 
mid-tarsal joint which is the major joints spanning the medial longitu-
dinal arch acts elastically during stance, compressing and recoiling in 
response to the load. The elastic behavior of the mid-tarsal joint has been 
described as a spring-like function, which allows mechanical energy to 
be stored and subsequently released during each stance [6]. Therefore, 
the midtarsal joint has been believed to have a significant role in 
walking efficiency. The spring-like function of the mid-tarsal joint has 
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been considered as passive and active process. In the passive process, the 
plantar fascia plays a key role for spring-like function. The plantar fascia 
exhibits viscoelastic behavior under tension, thereby contributing to the 
elastic recoil of the mid-tarsal joint. It has been reported that the plantar 
fascia provides between 8 % and 17 % of the mechanical energy required 
for a stride [6,7]. On the other hand, the intrinsic and extrinsic foot 
muscle contribute to the active process of spring-like function. The 
intrinsic foot muscles have been shown to undergo active lengthening 
and shortening during stance, which contribute to power absorption in 
early to mid-stance and power return and generation in late stance [8,9]. 
The extrinsic foot muscles provide both power absorption and genera-
tion capabilities during stance through their long tendons and con-
necting passive structures [10]. 

Meanwhile, in individuals with pronated foot, it has been demon-
strated that the cross-sectional area and thickness of intrinsic foot 
muscles and plantar fascia are smaller compared to those with neutral 
feet [11]. Additionally, these differences have been found to be more 
pronounced with increasing severity of the pronation alignment [12]. 
These altered plantar structures in individuals with pronated foot can be 
considered to affect the spring-like function and thus walking efficiency. 
Indeed, Otman et al. reported that individuals with collapsed longitu-
dinal arch exhibit increased energy cost and oxygen consumption during 
walking, and that use of appropriate arch support can improve these 
outcomes [13]. These findings indicate that reduced walking efficiency 
in individuals with pronated foot may be attributed to increased energy 
loss at distal foot structure due to impaired the spring-like function of 
the mid-tarsal joint. Additionally, more severe pronated alignment has 
been reported to be correlated with lower walking speed, stride length, 
and step width [14]. To maintain steady walking speed, increased en-
ergy loss at distal foot structure may need to be compensated by greater 
active work at proximal lower limb joints. We hypothesized that in-
dividuals with pronated foot exhibit 1) increased energy loss at distal 
foot structure due to the impaired spring-like function of the mid-tarsal 
joint, 2) increased active work at proximal lower limb joints, and 3) 
reduced walking efficiency. To verify our hypothesis, we investigated 
the differences in the energetic behavior within the foot and proximal 
lower limb joints between the neutral and pronated foot. Addressing 
these issues will advance our understanding the effect of foot structure 
on walking efficiency and enable innovative approaches to improve 
walking efficiency in individuals with pronated foot. 

2. Methods 

2.1. Subjects 

Twenty-one healthy young adults without any disease or current 
illness that would affect walking participated in this study. Foot posture 
was evaluated using the Foot Posture Index (FPI) [15]. Based on the FPI 
score, all feet were classified into neutral foot (FPI score = 0 to +5) and 
pronated foot (FPI score ≥ 6). The FPI was evaluated by a single expe-
rienced assessor. Prior to the experiment, the intent and purpose of this 
study were explained to all subjects, and informed consent was obtained 
prior to their participation. This study was approved by the Ethical 
Committee for Epidemiology of Hiroshima University [Approval no. 
E-467-4]. 

2.2. Instrumentation and procedures 

A three-dimensional motion capture system that included ten 
infrared cameras (Vicon Motion Systems, Oxford, UK, sampling frame 
rate 100 frames/s) recorded positional data and eight force plates (Tec 
Gihan TF-400-A, Uji, Japan, sampling frame rate 1000 Hz) acquired 
ground reaction forces (GRF). 

Prior to measurement, a total of 67 reflective markers were attached 
to the following landmarks on both sides of each subject according to 
previous studies [16,17]: the temple, lateral end of the superior nuchal 

line, tragus, acromion, olecranon, ulnar styloid process, superior edge of 
the iliac crest, anterior superior iliac spine, posterior superior iliac spine, 
superior aspect of the greater trochanter, medial and lateral epicondyles 
of the femur, midpoint between the greater trochanter and the lateral 
epicondyle of the femur, medial and lateral tibial condyles, medial and 
lateral malleoli, midpoint between the lateral knee joint line and the 
lateral malleolus, superior apex of calcaneus, apex of calcaneal tuber-
osity, peroneal tubercle, sustentaculum tali, medial prominence of 
navicular bone, lateral centroid of cuboid bone, medial aspect of 1st 
metatarsal base, lateral aspect of 5th metatarsal base, midway between 
2nd and 3rd metatarsal heads, centroid of hallux nail, superior aspect of 
1st metatarsal head. 

After instrumentation, subjects walked on a flat 10 m walkway at a 
self-selected walking speed. The subjects walked across the floor and 
attempted to have the rearfoot and forefoot segments contact separate 
force plates to analyze the forces acting on isolated regions within the 
foot [18]. The subjects were instructed to walk as normally as possible, 
while the investigators adjusted the starting positions to ensure appro-
priate foot contact. Three successful trials were obtained. 

2.3. Data analysis 

Data analysis was performed using the analysis software Nexus 2.1.1 
(Vicon Motion Systems, Oxford, UK). Kinematic and kinetic data were 
low-pass filtered using a fourth-order Butterworth filter with cut-off 
frequencies of 6 Hz and 100 Hz, respectively. The head, thorax, pelvis, 
thigh, shank, rearfoot, forefoot, and hallux segments were created based 
on the obtained marker points. The pelvis, thigh, and shank segments 
separated the hip and knee were defined according to previous studies 
[16,19], and shank, rearfoot, forefoot, and hallux segment separated by 
the ankle, mid-tarsal, and metatarsophalangeal (MTP) joints were 
defined according to Bruening et al. [17]. Anthropometric parameters 
for mass, COM, and moment of inertia for the head, thorax, pelvis, thigh, 
and shank segment were obtained from the report by Okada et al. [20], 
and the rearfoot, forefoot, and hallux segment were calculated according 
to previous studies [18,21]. The whole-body COM displacement was 
calculated using coefficients of each body segment’s inertia. 

Analyses were conducted on the data during the stance phase. The 
initial contact and toe-off were identified according to the vertical GRF 
using a threshold of 20 N. Joint angles were calculated the distal 
segment expressed relative to the adjacent proximal segment using a 
right-handed orthogonal Cardan xyz sequence of rotations [22]. The hip, 
knee, ankle, and mid-tarsal joint power was quantified using a 
6-degree-of-freedom (6DOF) joint power method [23]. This technique 
has been shown previously to yield a mathematically complete estimate 
of joint power. 6DOF joint power was calculated using the following 
equation:  

P6DOF= Fjt • Δvjt + Mjt • ωjt                                                            (1) 

P6DOF is the summation of power due to the dot product of the joint 
force (Fjt) and the relative translational velocity between the distal and 
proximal segment ends (Δvjt), and power due to the dot product of joint 
moment (Mjt) and the joint angular velocity (ωjt), where the Fjt and Mjt 
are derived from inverse dynamics analysis. P6DOF at the hip, knee, and 
ankle joints were computed using data from combined two force plates, 
and mid-tarsal joint was calculated using data from anterior force plate. 

To qualify total power within all structures of the foot, we used a 
unified deformable (UD) segment analysis [24]. The UD segment model 
is a hybrid segment composed of a rigid component (i.e., reference 
segment) and a distal deformable component. The UD analysis quan-
tifies the total power due to all structures distal to a chosen reference 
segment. In this study, we set the rearfoot and forefoot as reference 
segments to qualify power profiles within the foot and forefoot. 
UD-based power profiles were calculated using the following equation:  

PUD = FGRF • VCOP_distal + Mfree • ωRF                                              (2) 

W. Kawakami et al.                                                                                                                                                                                                                            



Gait & Posture 107 (2023) 23–27

25

The total mechanical power of structures distal to a chosen reference 
segment (P) can be quantified by summing the dot product of the total 
deformation velocity of the distal deformable component (VCOP_distal) 
and GRF (FGRF) with the dot product of the free moment (Mfree) and 
angular velocity of the reference segment (ωRF). VCOP_distal was computed 
as:  

VCOP_distal = VRF_COM + (ωRF × rCOP/RF)                                            (3) 

Where VCOM_distal and ωRF represent the translational and rotational ve-
locity of the reference segment, and rCOP/RF represents the distance from 
the center of pressure to the reference segment COM. PUD at rearfoot 
segment was computed using data from combined two force plates, and 
PUD at forefoot segment was computed using data from anterior force 
plate. 

Additionally, we calculated the COM power to quantify the total 
power of the whole body [25]. It can be calculated by the dot product of 
the GRF and COM velocity.  

PCOM = FGRF • VCOM                                                                      (4) 

Mechanical work of structures distal to the rearfoot, distal to the 
forefoot, ankle, knee, hip joints, and COM during stance phase were 
calculated by time integration of power. 

2.4. Statistical analysis 

Statistical analysis was performed using EZR 1.54 (R, open-source), 
with the significance level set at 5 %. The normality of the data distri-
butions were assessed using the Shapiro–Wilk test. Participants’ char-
acteristics, spatiotemporal parameters, and mechanical work at 
structures distal to the rearfoot, distal to the forefoot, hip, knee, ankle, 
mid-tarsal joints, and COM were compared between groups using in-
dependent t-test. 

3. Results 

The results of the participants’ characteristics and spatiotemporal 
parameters are shown in Table 1. Pronated foot had significantly lower 
maximum COM acceleration during stance compared to neutral foot. 
There was no significant difference in spatiotemporal parameters be-
tween groups. 

The results of the mechanical work during walking of the neutral foot 
and pronated foot are shown in Table 2 and Fig. 1. For the mechanical 
work at the mid-tarsal joint, there was no significant difference between 
groups. On the other hand, pronated foot performed significantly greater 
negative work and net negative work at the structures distal to the 
rearfoot compared to neutral foot. Furthermore, pronated foot per-
formed significantly greater net negative work at the structures distal to 
the forefoot compared to neutral foot. 

For the mechanical work at the lower limb joints, pronated foot 

performed less positive work and net positive work at the ankle during 
walking compared to neutral foot. There was no significant difference in 
the mechanical work at the hip and knee between groups. 

For the mechanical work at COM, pronated foot performed less 
positive during walking compared to neutral foot. 

4. Discussion 

This study addressed the hypothesis that individuals with pronated 
foot exhibit 1) increased energy loss at distal foot structure due to the 
impaired spring-like function of the mid-tarsal joint, 2) increased active 
work at proximal lower limb joints, and 3) reduced walking efficiency. 
Contrary to our hypothesis, no differences were detected in the mid- 
tarsal joint work between groups. On the other hand, we found that 
pronated foot exhibited greater net negative work at structures distal to 
the forefoot. Additionally, pronated foot exhibited less net positive work 
at the ankle and COM compared to neutral foot. Based on the above 
findings, we conclude that individuals with pronated foot utilized the 
spring-like function at mid-tarsal joint by compensating with increased 
energy transfer from the MTP joint, which results in reduced energy 
efficiency at distal foot structure during walking. That energy 

Table 1 
Subject characteristics and spatiotemporal parameters of the neutral foot and 
pronated foot groups.   

Neutral foot (n = 10) Pronated foot (n = 11) 

Age [year] 22 ± 1 22 ± 1 
Sex [male/female] 6/4 5/6 
Body height [m] 1.68 ± 0.08 1.64 ± 0.08 
Body mass [kg] 59.4 ± 10.5 62.0 ± 13.5 
Investigate side [right/left] 3/7 4/7 
FPI score [point] 2 ± 2 8 ± 2** 
Walking speed [m/s] 1.27 ± 0.06 1.29 ± 0.05 
Stance duration [s] 0.61 ± 0.03 0.60 ± 0.04 
Step length [m] 0.40 ± 0.02 0.39 ± 0.02 
Max COM acceleration [m/s2] 1.91 ± 0.48 1.57 ± 0.27* 

FPI: Foot Posture Index, Max: Maximum, COM: Center of mass 
mean ± SD, *: p < 0.05, **: p < 0.01 

Table 2 
Mechanical work profiles during walking of the neutral foot and pronated foot.    

Neutral 
foot 
(n = 10) 

Pronated 
foot 
(n = 11) 

p- 
value 

Effect 
size d 

Mid-tarsal joint 
[J/kg] 

Positive 0.099 ±
0.045 

0.104 ±
0.027  

0.744  0.08  

Negative –0.084 ±
0.018 

–0.085 ±
0.013  

0.884  0.03  

Net 0.015 ±
0.049 

0.020 ±
0.034  

0.814  0.05 

Distal to the 
Rearfoot [J/ 
kg] 

Positive 0.088 ±
0.038 

0.077 ±
0.024  

0.439  0.18  

Negative –0.076 ±
0.019 

–0.107 ±
0.019**  

0.002  0.63  

Net 0.011 ±
0.045 

–0.031 ±
0.031*  

0.029  0.48 

Distal to the 
Forefoot [J/ 
kg] 

Positive 0.014 ±
0.008 

0.009 ±
0.006  

0.117  0.35  

Negative –0.088 ±
0.043 

–0.122 ±
0.034  

0.071  0.40  

Net –0.073 ±
0.044 

–0.112 ±
0.032*  

0.039  0.45 

Ankle [J/kg] Positive 0.282 ±
0.043 

0.247 ±
0.026*  

0.043  0.45  

Negative –0.087 ±
0.029 

–0.099 ±
0.022  

0.345  0.22  

Net 0.194 ±
0.044 

0.148 ±
0.038*  

0.023  0.49 

Knee [J/kg] Positive 0.085 ±
0.024 

0.070 ±
0.023  

0.187  0.30  

Negative –0.096 ±
0.042 

–0.094 ±
0.027  

0.925  0.02  

Net –0.011 ±
0.051 

–0.024 ±
0.026  

0.476  0.16 

Hip [J/kg] Positive 0.099 ±
0.034 

0.124 ±
0.032  

0.122  0.35  

Negative –0.142 ±
0.069 

–0.131 ±
0.058  

0.714  0.09  

Net –0.043 ±
0.087 

–0.008 ±
0.085  

0.382  0.20 

COM [J/kg] Positive 0.362 ±
0.045 

0.316 ±
0.034*  

0.021  0.50  

Negative –0.252 ±
0.064 

–0.253 ±
0.053  

0.968  0.01  

Net 0.109 ±
0.072 

0.062 ±
0.065  

0.155  0.32 

COM: Center of mass 
mean ± SD, *: p < 0.05, **: p < 0.01 
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inefficiency at distal foot structure may reduce positive work at the 
ankle and affect the walking efficiency in individuals with pronated foot. 

It has been indicated that individuals with pronated foot have altered 
plantar structure compared with neutral foot [11,12], and we assumed 
that the spring-like function at the mid-tarsal joint would be impaired. 
However, contrary to our assumption, there is no differences in the 
mid-tarsal work between groups (Table 2). On the other hand, in-
dividuals with pronated foot performed greater net negative work at 
structures distal to the forefoot than those with neutral foot (Table 2). 
Most of the mechanical work performed by the structure distal to the 
forefoot generated around the late stance (Fig. 1), which could arise 
from the extension mobility of the MTP joints [26]. Therefore, increased 
net negative work at structure distal to the forefoot in pronated foot 
likely to be caused by the MTP joint. Taking this into consideration, our 
results may be explained by the kinetic coupling between the mid-tarsal 
joint and MTP joint. It has been reported that the induced tension 
resulting from the MTP joint extension during late stance may transfer 
energy from the MTP joint to the mid-tarsal joint, facilitating positive 
mid-tarsal power generation during push-off [27]. This relationship can 
also be comprehended by observing that positive power at the mid-tarsal 
joint and negative power at structure distal to the forefoot are almost 
synchronously generated (Fig. 1). Considering this relationship, our 
results can be interpreted that in individuals with pronated foot, 
disability of work generation at the mid-tarsal joint due to altered 
plantar structure is compensated by increasing the energy transfer from 
the MTP joint. Consequently, the apparent spring-like function at 
mid-tarsal joint is utilized by this compensation. However, individuals 
with pronated foot performed greater net negative work at structures 
distal to the rearfoot than those with neutral foot (Table 2), which means 
reduced energy efficiency at distal foot structure due to that compen-
sation. Net work at structures distal to the rearfoot in neutral foot was 
nearly zero, indicating good energy recycling within the whole of the 
foot, whereas pronated foot had net negative work at structures distal to 
the rearfoot, indicating poor energy recycling within the whole of the 
foot. 

For the lower limb joints proximal to the foot, individuals with 
pronated foot were found to perform lower net positive ankle work than 
those with neutral foot (Table 2). As most of positive power at ankle can 
be observed during late stance (Fig. 1), lower positive ankle work is 
likely to mean reduced push-off work at ankle. This result was contrary 
to our hypothesis that individuals with pronated foot have increased 
active work at proximal lower limb joints to maintain the steady walking 
speed. The lower positive work at the ankle in individuals with pronated 
foot may be explained by reduced energy efficiency at distal foot 
structure. The foot acts as a variable lever arm during walking, which 
can improve the mechanical advantage of the ankle. There are some 
evidence that adding stiffness to the foot through insoles altered ankle 
energetic behavior and soleus muscle-tendon mechanics [28,29]. 
Moreover, the Achilles tendon has been reported to be structurally 
connected with the plantar fascia and facilitate active force transmission 
between these structures [30–32]. Therefore, the foot structural prop-
erties may be closely related with power generation at the ankle during 
walking. Krupenevich et al. have indicated that the mechanical energy 
loss from distal foot structure contributes to reduce push-off power at 
the ankle in older adults [33]. 

Ankle push-off is known to mainly contribute to COM acceleration by 
increasing speed and kinetic energy of the trailing leg [34]. Individuals 
with pronated foot had lower positive COM work and maximum COM 
acceleration compared to those with neutral foot (Table 2), which is 
likely to be associated with less positive work at the ankle. The present 
findings may indicate that individuals with pronated foot cannot fully 
compensate for reduced energy efficiency through active work, even 
during steady walking, and describe poor walking efficiency in in-
dividuals with pronated foot. Our findings must advance our under-
standing of the impact of foot structure on walking efficiency, but there 
are several limitations. First, the present mechanical works were 
calculated throughout the stance phase, and differences in each phase of 
stance have not been examined. In the future, it is necessary to inves-
tigate the differences in mechanical work across each phase of stance. 
Second, we have not conducted a quantitative evaluation of the medial 
longitudinal arch. To accurately assess the form, it might have been 
necessary to combine the FPI with other quantitative foot assessments 
such as the Navicular Drop test. Third, we could not detect the difference 
in spatiotemporal parameters between groups, and how they compen-
sated for insufficient acceleration of the COM was not determined. 
Future studies are warranted to clear this. Finally, subjects walked about 
30–40 times before obtaining three successful trials. Therefore, the 
present results may include the effects of fatigue. However, there is no 
significant difference in total trial number between groups, and breaks 
were provided during measurements as needed. We believe that the 
effect of fatigue has been kept to a minimum. 

5. Conclusion 

Individuals with pronated foot have greater net negative work at 
structures distal to the forefoot and rearfoot, but no differences were 
detected in the mid-tarsal joint work between groups. Additionally, in-
dividuals with pronated foot have less net positive work at the ankle and 
COM during walking compared to neutral foot. These findings may 
indicate that individuals with pronated foot utilized the spring-like 
function at mid-tarsal joint by compensating with increased energy 
transfer from the MTP joint, which results in reduced energy efficiency 
at distal foot structure during walking. That energy inefficiency may 
reduce positive work at the ankle and affect the walking efficiency in 
individuals with pronated foot. Pronated foot has an impact on energetic 
behavior during walking, suggesting that it is important to evaluate foot 
posture for improving walking efficiency. 
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