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Abstract: While foot orthosis is suggested to improve rearfoot motion in running, little information
is known about forefoot biomechanics. The objective of this study was to examine the effects of
arch-support orthoses with various heel lift manipulation on the loading rate, spatiotemporal, and
forefoot joint mechanics using a skin marker set model. Fifteen male habitual rearfoot strikers ran
at their selected speeds on an instrumented treadmill in four foot orthoses conditions: flat-control,
D2 (2 mm heel lift, arch-support), D6 (6 mm heel lift, arch-support), and D10 (10 mm heel lift,
arch-support). A repeated measures ANOVA was performed to examine any significant difference in
each of the tested variables, with α = 0.05. Wearing D10 led to smaller maximum loading rate than D2
(p < 0.001) and control (p = 0.002). For sagittal plane, D10 had larger rearfoot touchdown dorsiflexion
than D2 (p = 0.027) and control (p = 0.007) and larger in D6 than control (p = 0.025). For frontal plane,
wearing D10 demonstrated larger rearfoot frontal RoM than D2 (p = 0.018) and peak forefoot eversion
than D6 (p = 0.047) and control (p = 0.048). Furthermore, the forefoot frontal range of motion was
lowest when wearing D6. For joint moment, wearing control orthosis exhibited larger peak rearfoot
eversion moment than D6 (p = 0.035), but smaller peak knee extension moment than D2 (p = 0.025)
and D10 (p = 0.010). These findings indicate that the use of arch-support orthoses would alter the
running mechanics that are related to injury potential. Lower heel lift orthoses led to alternations to
most of the biomechanical variables than higher heel lift orthoses. Further longitudinal study seems
necessary to optimize arch-support orthoses design in running.

Keywords: metatarsophalangeal joint; impact; skin marker; frontal kinematics; forefoot; heel-
toe drop

1. Introduction

There has been a large increase in the participation of running events within the past
decades. However, it has been reported that 37–79% of the runners in a given year experi-
enced running-related injuries at a lower extremity [1,2]. Improper running mechanics and
footwear contribute to the risk of developing running-related injuries [2–4]. Thus, effective
interventions are required to reduce the risk potential in running. Medial longitudinal
arch is the largest and most important arch of the foot to provide rigidity of the mid and
forefoot structures for effective push-off. Foot orthoses, which refer to shoe inserts that
contour plantar foot surface, are frequently used in footwear in attempts to re-distribute
the plantar loading, maintain stability, and minimize the localized plantar pressure, hence
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reducing injuries [5,6] and improving comfort for better running performance [7]. The use
of arch-support orthoses with arch-support aims to increase the foot-insole contact area
and pressure at medial longitudinal arch of a foot, enhancing somatosensory inputs over
the plantar foot [8] to provide foot support and shock absorption during contact on the
ground [9].

Biomechanically, it was shown that the use of arch-support orthoses increased max-
imum ankle inversion angle during the landing of the basketball lay-up and the shuttle
run, suggesting that this may contribute to cumulative fatigue of the proximal portion
of the fifth metatarsal bone [10]. This type of injury could theoretically predispose an
individual to stress fracture, acute fracture, or combined stress/acute fracture [10]. Further-
more, the use of arch-support orthoses increased vertical impact force and loading rate in
running [11,12]. The higher ground reaction force (GRF) magnitudes were identified as
key biomechanical indicators in running-related injury risk among recreational athletes.
Collectively, arch-support orthoses can significantly decrease strain in the plantar aponeu-
rosis and reduce the rearfoot pronation, but the orthoses may lead to a poorer perception
of forefoot cushioning, heel cushioning, and overall comfort [11,13]. Furthermore, the
inconsistent findings across studies could be related to the effectiveness of arch-support,
such as the stack height and heel to toe drop. For the same medial arch-support height, the
decreased heel thickness could biomechanically lead to higher pressure at the medial arch
region. Though extensive research has been done on the use of foot orthoses with medial
arch support, little attention has been paid to the combined effects of arch-support orthoses
with heel lifts on running biomechanics.

A heel lift is an insert which placed over the heel region of shoes to elevate the
foot into a more plantarflexed position during walking and running [14,15]. It is usually
prescribed to manage lower limb pain and injuries such as plantar heel pain [16], posterior
leg compartment muscles strains [17], and inflammation at the Achilles tendon [18–21]
and calcaneus [22]. It can also be used to improve between-leg symmetry for patients
suffering from leg length discrepancy [23] and with limited joint range of motion of the
affected side [24]. However, heel lifts are rather individualized and specific to symptomatic
participants. Furthermore, some heel lift heights can be greater than 15 mm, which limits
the usage to a broader healthy population [14]. Akin to the heel lift concept applied in
recreational sports, shoe heel-toe drop is suggested to alter weight transfer by tilting the
foot longitudinally toward the mid and forefoot regions of a shoe, and thus affecting
running kinematics and loading [14–24]. In short, lower shoe heel-toe drop would result in
smaller foot strike angles [25,26], which is expected to reduce the impact peak and loading
rate [27], thereby reducing the risk potential of running-related injuries [14,25,26,28]. To
date, most referenced studies applied experimental heel lift conditions with only heel
inserts or flat/built in insoles, the interaction of arch-support and heel lift has yet to be
tested and warrants further investigation.

Considering that it is plausible to induce running injuries in occasional runners when
running in shoes with higher heel lift or heel-toe drop [14,29–33], it is believed to lower
loading rate and thereby reduce the risk of running-related injuries [28,34,35]. Moreover,
arch-support orthoses may provide support on the midfoot structure and thereby affect
forefoot mechanics during push-off [36], but this was not investigated in previous biome-
chanical studies on the effectiveness of arch-support orthoses. The forefoot is commonly
injured and can be an insidious comorbidity in lateral ankle sprains and chronic ankle in-
stability [37]. Both ankle sprains and chronic ankle instability are common musculoskeletal
injuries that are a result of inversion injury during cutting and landing in various sports [37].
Forefoot impairment contributes to functional limitation and disability of individuals who
experience lateral ankle sprain and chronic ankle instability [37]. Most arch-support or-
thoses are built with different contours of arch support (medial-lateral and rearfoot-midfoot
offsets) to control flatfooted deformation [37]. The orthoses are suggested to influence
midfoot kinematics possibly by minimizing arch motion during locomotion [38]. Most
previous studies predominantly applied a single-segment foot model to evaluate primarily
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on rearfoot movements [39]. Furthermore, using shoe markers, instead of skin markers,
for foot motion measurement do not reflect the actual foot motion inside the shoe [40]. It
seems warranted to examine the combined effects of arch-support orthoses with varying
heel lifts on forefoot joint kinematics and joint moment variables.

Hence, the purpose of this study was to examine whether arch-support orthoses
combined with various heel lifts (2-mm, 6-mm, and 10-mm) would influence GRF loading,
spatiotemporal, sagittal, and frontal joint kinematics and joint moments using the skin
marker set model. It is hypothesized that running in shoes with arch-support orthoses and
lower heel lift can lead to smaller loading rate, stride frequency, larger stride length and
contact time, and altered forefoot and rearfoot joint mechanics. Such information would
aid coaches, physicians, and runners in understanding the effectiveness of foot orthoses
with different heel lifts during running. The study results may also contribute to improving
running shoes and training regimes to help prevent running-related injuries.

2. Materials and Methods
2.1. Participants

A priori power analysis indicated that a minimum number of 15 participants were
required to obtain α = 0.05, effect size = 0.80 large, and power = 0.80, based on the impact
loading, temporal-distance parameters from the previous studies [14,29]. To ensure a
sufficient sample size, nineteen male recreational runners (mean age: 26.4 ± 6.5 yrs; mean
mass: 72.0 ± 7.1 kg; mean height: 177.0 ± 4.8 cm) were recruited from local running clubs.
All runners were self-reported habitual rearfoot strikes. Their usual shoe sizes were the
same as our test shoe model. All participants ran more than 10 km per week (average
mileage: 35.2 ± 25.1 h) in the past six months. The ink footprint of each participant was
obtained, and all of the footprints were categorized as normal arch (0.21 to 0.26, [41]).
Participant was excluded if he had musculoskeletal injuries within the past six months,
severe musculoskeletal disorder or foot deformities. The experimental procedure was
approved by the university ethics committee (HSEAR20180915002), based on the rules of
the Declaration of Helsinki. Written consent was obtained from each participant prior to
the commencement of the study.

2.2. Experimental Conditions and Procedure

Comparisons were made for four orthosis conditions (Figure 1): prefabricated arch-
support orthoses [2-mm (D2), 6-mm (D6), and 10-mm (D10) heel lift] versus control con-
dition (2-mm flat control). The three arch-support orthoses (D2, D6 and D10) had the
same arch-support of 25 mm, which was made of Polyurethane (PU) as specified with the
off-the-shelf orthosis (Arch-support series-Universal II, Dr. Kong Footwear Ltd., Hong
Kong), while the control orthosis did not have medial arch-support. The D2 orthosis had
the same heel lift as the original prefabricated orthosis, while the D6 and D10 conditions
were modified by adding the same PU material at the heel regions, respectively. The
information on stack height and heel lift is provided in Figure 1. All arch-support orthoses
were fit into the identical neutral running shoe (ARBN023, Li Ning, Beijing, China). Ten
holes with a diameter of about 15 mm were cut in the shoe to allow direct placement of the
reflective markers on the skin to assess forefoot and rearfoot kinematics.

After anthropometrical measurements were taken, a total of 28 reflective markers (di-
ameter 14 mm) were placed on the skin according to the modified Oxford Foot Model [42]:
four pelvis markers (left and right anterior and posterior superior iliac spines), medial and
lateral femoral condyles, medial and lateral malleolus, 1st and 5th metatarsal heads, and
triads markers on middle thigh, middle shank, posterior heel, and forefoot. The Oxford
Foot Model is a multi-segment foot model used to calculate forefoot and rearfoot kinematics
and it has been shown to have reliable gait measurements in various populations [42–44].
The foot markers were attached to the skin via a magnetic base that attached to the skin
using strong adhesive tape [36] (Figure 2). This allowed markers to be attached to and
detached from the foot through holes in the shoe, and ensured that the marker placement



Appl. Sci. 2021, 11, 1613 4 of 11

kept consistent among all test conditions since the magnetic bases stayed attached to the
foot during the entire data collection session. The markers on the medial and lateral epi-
condyles were used during the static trial and then removed before commencing with the
movement trials. The markers were placed by the same experimenter to ensure consistency
across the participants.
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The participants were instructed to run at their selected speeds (2.65 ± 0.45 m/s) in
four tested orthoses (D2, D6, D10, and control) on an instrumented treadmill with force
plate embedded (Bertec Corp, Columbus, Ohio, sampling at 1000 Hz). At first, the preferred
speed of each participant was determined while running on the treadmill by gradually
increased the running speed [45]. Briefly, while gradually increasing the treadmill speed,
the participants were instructed to identify their preferred speed for their regular running.
A synchronized 10-camera motion capturing system (Vicon MX, Vicon Motion System
Ltd., Oxford, England, sampling at 200 Hz) was used to record kinematic data for the
study. Running test for each condition lasted 1 min to achieve stable gait before data
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collection [29,46]. The last 10 footfalls from each condition were extracted for subsequent
analysis. The testing order was randomly assigned across participants using an online
program (www.random.org, accessed on 1 December 2018). To avoid any fatigue, they
were required to rest unshod (i.e., barefoot) for 5 min between orthosis conditions [29,45].

2.3. Data Processing

The marker trajectory data were filtered with a Butterworth fourth order filter at
a cut-off frequency of 12 Hz [47]. The data were then exported to Visual 3D program
(C-motion, Germantown, MD, USA) to define segments from body markers and joint
kinematics for subsequent analyses. Spatiotemporal variables, such as contact time, stride
length, and stride frequency were computed. Contact time was the duration between
initial contact and toe-off for each step. Stride length was calculated as the product of the
treadmill speed and time between successive initial contacts of the right foot [29]. Stride
frequency was calculated by reciprocal of averaged stride time of the ten strides. Vertical
instantaneous loading rate was calculated as the maximum slope of the vertical impact
peak [28]. Joint angle and moment in sagittal and coronal planes including initial, peak,
and total range of motion (RoM) of the rearfoot, forefoot and knee joint were selected for
this study. An inverse-dynamic model which comprised of the thigh, shank, rearfoot, and
forefoot segments were built in Visual 3D program (C-Motion Inc., Germantown, MD,
USA) to determine peak sagittal and coronal rearfoot and knee joint moments. In brief,
the metatarsophalangeal joint was modeled as a single hinge joint rotating about an axis
perpendicular to the sagittal plane (i.e., heel-to-toe direction). The segmental masses of
segments were taken from a universal model from Visual3D program. The segmental mass
of forefoot and rearfoot was then partitioned in the same ratios as their respective volumes,
modeling each as simple geometric solids with uniform densities [48]. The positive values
denoted as rearfoot dorsiflexion/inversion, forefoot dorsiflexion/inversion, and knee
extension/adduction. All GRF and joint moments were normalized to body weight (BW).

2.4. Data Analysis

All statistical analyses were computed using the SPSS package (SPSS v22.0 Inc.,
Chicago, IL, USA). All outcome measures showed normal distributions (Shapiro Wilk’s
normality test) and homogeneity of variances (Levene’s test). A repeated measures ANOVA
was performed to examine if there was any significant difference between orthotic con-
ditions (D2, D6, D8, and control). Bonferroni Post-hoc comparisons were applied when
any significant effect of orthosis was determined. The data were screened for sphericity
using Mauchly’s test. If sphericity was violated, significance of main effects was cor-
rected through Greenhouse Geisser’s test. Alpha level was set at 0.05. The effect sizes
for partial eta-squared (ηp

2) and Cohen’s d (d) were calculated and interpreted as small
(0.01 ≤ ηp

2 < 0.06; 0.2 ≤ d < 0.5), medium (0.06 ≤ ηp
2 < 0.14; 0.5 ≤ d <0.8) and large

(ηp
2 ≥ 0.14; d ≥ 0.5) [49].

3. Results
3.1. Spatiotemporal and GRF Variables

For GRF variable (Table 1), wearing D10 orthosis led to smaller maximum loading
rate than D2 (p < 0.001, d = 0.50) and control orthoses (p = 0.002, d = 0.46).

Table 1. Mean (SD) values and statistical results of spatiotemporal and loading rate variables by tested conditions.

Orthosis Condition ANOVA Results

Flat
(Control) D2 D6 D10 F-Value p-Value Partial Eta Squared (ηp

2)

Max loading rate (BW/s) 871.4 (321.0) * 881.7 (307.1) * 801.7 (275.4) 737.4 (266.4) 11.49 <0.001 0.45
Contact time (ms) 262.0 (31.5) 263.2 (33.3) 262.0 (30.5) 263.6 (34.3) 0.19 0.901 0.01
Stride length (m) 1.33 (0.12) 1.38 (0.11) 1.32 (0.11) 1.36 (0.11) 2.41 0.080 0.15

Stride frequency (Hz) 2.08 (0.45) 1.95 (0.26) 2.10 (0.42) 1.99 (0.32) 2.37 0.084 0.15

Note: Max = maximum; BW = bodyweight; * sig different from D10 (p < 0.05).

www.random.org
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3.2. Sagittal Joint Kinematics Variables

Rearfoot touchdown dorsiflexion was significantly larger in D10 than D2 (p = 0.027,
d = 0.70) and control (p = 0.007, d = 0.97) orthoses and larger in D6 orthosis than the control
condition (Table 2, p = 0.025, d = 0.80).

Table 2. Mean (SD) values and statistical results of sagittal joint kinematics variables by tested conditions.

Orthosis Condition ANOVA Results

Flat
(Control) D2 D6 D10 F-Value p-Value Partial Eta

Squared (ηp2)

Total RoM (o)
Forefoot-sagittal 17.6 (4.8) 19.7 (6.7) 18.0 (6.2) 20.7 (9.7) 1.60 0.224 0.10
Rearfoot-sagittal 29.5 (5.6) 31.5 (6.4) 31.5 (5.5) 33.2 (8.9) 2.06 0.152 0.13

Knee-sagittal 25.3 (3.2) 25.7 (3.0) 25.3 (2.8) 25.9 (2.8) 0.82 0.493 0.06
Angle at touchdown (o)

Forefoot dorsiflexion 12.9 (5.4) 14.3 (5.8) 10.7 (6.1) 10.5 (8.9) 2.67 0.090 0.16
Rearfoot dorsiflexion 2.2 (5.6) *ˆ 3.3 (8.1) * 7.3 (7.1) 9.5 (9.5) 8.96 <0.001 0.39

Knee flexion −18.3 (4.2) −18.4 (4.3) −18.6 (4.2) −17.6 (4.7) 1.44 0.093 0.09
Peak angle during stance (o)

Peak forefoot dorsiflexion 17.4 (5.2) 18.0 (5.9) 17.7 (5.5) 16.5 (7.9) 0.39 0.671 0.03
Peak forefoot plantarflexion −0.2 (3.7) −1.7 (4.7) −0.3 (4.9) −4.2 (7.4) 2.81 0.051 0.17

Peak rearfoot doriflexion 21.3 (6.5) * 23.6 (7.3) * 23.7 (7.4) * 27.9 (8.8) 5.29 0.003 0.27
Peak rearfoot plantarflexion −8.6 (6.8) −7.7 (7.7) −7.8 (6.0) −5.3 (8.1) 1.69 0.183 0.11

Peak knee flexion −42.9 (3.6) −43.0 (3.7) −43.1 (3.6) −42.6 (4.1) 0.34 0.797 0.02
Min knee flexion −17.5 (4.0) −17.2 (4.5) −17.8 (4.1) −16.7 (4.2) 1.36 0.267 0.09

Joint angles at push-off (o)
Forefoot dorsiflexion 9.5 (5.8) 10.3 (5.1) 11.4 (5.7) 8.8 (9.1) 1.25 0.302 0.08

Rearfoot plantarflexion −6.6 (8.5) −5.7 (8.1) −6.1 (8.0) −3.0 (8.9) 1.82 0.159 0.12
Knee flexion −23.1 (4.9) −22.3 (5.9) −23.3 (6.3) −22.4 (5.1) 0.93 0.435 0.06

Min = minimum; * sig different (p < 0.05) from D10; ˆ sig different (p < 0.05) from D6.

3.3. Frontal Joint Kinematics Variables

For frontal joint variables (Table 3), wearing D6 orthosis had significant smaller
forefoot frontal RoM than D2 (p = 0.013, d = 0.73) and D10 orthoses (p = 0.018, d = 0.80).
Wearing D10 orthosis demonstrated larger rearfoot frontal RoM than D2 (p = 0.018, d = 0.37)
and larger peak forefoot eversion than D6 (p = 0.047, d = 0.89) and control orthoses
(p = 0.048, d = 0.91).

Table 3. Mean (SD) values and statistical results of frontal joint kinematics variables by tested conditions.

Orthosis Condition ANOVA Results

Flat
(Control) D2 D6 D10 F-Value p-Value Partial Eta

Squared (ηp
2)

Total RoM (o)
Forefoot-frontal 4.4 (1.3) 5.3 (2.1) ˆ 4.1 (1.2) 5.7 (2.8) ˆ 3.50 0.024 0.20
Rearfoot-frontal 13.2 (3.5) 12.8 (3.1) * 13.2 (2.2) 13.9 (2.9) 2.87 0.048 0.17

Angle at touchdown (o)
Forefoot inversion 1.2 (2.5) −0.03 (4.6) 0.4 (2.9) −0.8 (2.2) 1.53 0.220 0.10
Rearfoot eversion 1.3 (4.2) 0.6 (2.6) 0.5 (3.8) 0.01 (4.1) 0.61 0.613 0.04

Peak angle during stance (o)
Peak forefoot eversion −1.5 (1.7) * −3.4 (4.7) −1.2 (2.5) * −3.6 (2.9) 3.35 0.028 0.19
Peak forefoot inversion 2.8 (2.0) 1.8 (4.5) 2.9 (2.0) 2.1 (2.6) 0.65 0.590 0.04
Peak rearfoot eversion −7.8 (5.0) −7.9 (4.1) −8.4 (4.7) −9.6 (3.9) 1.74 0.173 0.11
Peak rearfoot inversion 5.4 (4.1) 4.9 (2.6) 4.8 (3.6) 4.3 (3.2) 0.50 0.683 0.04

Joint angles at push-off (o)
Forefoot eversion 0.4 (2.1) −1.3 (4.2) 1.1 (2.1) −1.1 (3.1) 2.69 0.058 0.16
Rearfoot inversion 4.9 (4.2) 4.7 (2.9) 4.4 (3.5) 3.6 (3.5) 0.77 0.520 0.05

* sig different from D10 (p < 0.05); ˆ sig different from D6.
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3.4. Joint Moment Variables

Joint moment variables (Table 4), wearing control orthosis exhibited larger peak
rearfoot pronation moment than D6 orthosis (p = 0.035, d = 0.39), but smaller peak knee
extension moment than D2 (p = 0.025, d = 0.31) and D10 (p = 0.010, d = 0.28).

Table 4. Mean (SD) values and statistical results of joint moment variables by tested conditions.

Orthosis Condition ANOVA Results

Flat
(Control) D2 D6 D10 F-Value p-Value Partial Eta

Squared (ηp
2)

Peak moment (Nm/BW)
Rearfoot plantarflexion −2.75 (0.50) −2.67 (0.52) −2.69 (0.57) −2.78 (0.54) 1.56 0.215 0.10

Rearfoot eversion 0.18 (0.25) 0.11 (0.23) 0.08 (0.26) # 0.11 (0.22) 3.03 0.040 0.18
Knee extension 2.07 (0.42) 2.20 (0.42) # 2.19 (0.46) 2.19 (0.44) # 3.24 0.031 0.19
Knee adduction −1.05 (0.37) −1.04 (0.40) −1.00 (0.31) −1.05 (0.34) 0.41 0.748 0.03

BW = body weight; # sig different from Control (p < 0.05).

4. Discussion

This study examined the changes in loading rate and spatiotemporal, sagittal, and
frontal joint kinematics and moment variables across arch-support orthosis conditions
(2-mm, 6-mm, and 10-mm heel lift). In our study, wearing higher heel lift (e.g., D10) or-
thoses was shown to be associated with smaller loading rate, but larger rearfoot touchdown
angle when compared to wearing lower heel lift orthoses (e.g., D2 and control). This is in
line with previous studies, which suggested that wearing shoes with higher heel lift would
lead to a smaller loading rate and larger foot strike angle [14,25,29,32,47,50]. The decrease
in loading rate would be resulted from lower peak pressure and contact area at rearfoot re-
gion in higher heel lift condition [51]. Previous studies have reported a decrease in loading
rate when increasing the foot strike angle would be associated with the reduction of the
risk potential of running-related injuries [28]. Our results found that orthoses with higher
heel lift were associated with smaller maximum loading rate, which is not in line with
another study which found higher loading rate in higher heel lift condition instead [47].
The contradicting findings for higher maximum loading rate could be due to the interaction
of medial arch-support and fatigue. It is reported that fatigue alters running biomechanics
and neuromuscular output in as little as 15 min of running [52]. Another study reported
that the loading rate significantly increased following fatigue-inducing exercise of ankle
dorsiflexors [53]. Since foot orthoses may reduce fatigue and overuse injuries through
minimizing the localized plantar loading and altering the “fit” of the contour of the foot
contact surface [5,6,12]. Future research should examine the efficiency of arch-support
orthoses combined with varying heel lifts in reducing loading rate and altering sagittal
joint kinematics when running during training and match.

A higher heel lift is believed to increase the available range of motion of the rear-
foot into dorsiflexion by placing the ankle in a more plantarflexed position [14]. Acute
adaptations that may indicate a shift towards a more mid-foot running pattern have been
reported to alter lower limb biomechanical characteristics included temporal-distances,
plantar pressures, joint kinematics and loading, as well as muscle function [14,15]. How-
ever, our study results indicated that some of the frontal forefoot and rearfoot angles (1.1 to
2.4 degree) were regarded as clinically insignificant (<2 degree), although they displayed
statistically differences. Such small absolute amount of ankle angle changes was often
found across various studies done on heel lift [19], heel curvature [54], and arch-support
manipulation [55]. The results from this study could be clinically applicable for individuals
with heel pain, Achilles tendon pain, and limited dorsiflexion RoM, who may benefit by
wearing footwear/orthoses with a larger heel lift [16,17,20,22,24].

Additionally, we found an inverted U pattern for forefoot frontal RoM, with medium
heel lift orthosis (D6) significantly differ from the D2 and D10. This partly supports the
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contention that an increase in the magnitude of heel lift does not necessarily result in
a proportional change in joint kinematics [19]. Similarly, Mo et al. [29] investigated the
effect of shoes with various heel lifts relative to forefoot (0 mm, 4 mm, 8 mm, and 12 mm)
on running biomechanics and found no systematic changes across heel lifts. While no
significant difference was found between the large (12 mm) and small (0 mm) heel lift
conditions, the authors found that the medium heel lift condition (8 mm) was significantly
higher foot strike angle than small heel lift (0 mm) and significantly longer stride length
than the large heel lift (12 mm) in self-preferred speed running. When heel lift increases, the
windlass effect is activated and produced a relative shortening of longitudinal arches that
is suggested to alter the plantar loading and joint positioning transmitted from the rearfoot
to the forefoot [16]. These changes of joint kinematics lead to different relative points of
force application and shift the GRF vector, resulting in the similar pattern with rearfoot
and knee moments in our study. Our results, along with previous findings, suggest that
optimal range of heel lift seems to exist to optimize running mechanics and performances.

Wearing arch-support orthoses lead to smaller peak rearfoot eversion moment but
larger peak knee extension moment when compared to wearing flat orthoses. This is in
line with previous studies [56,57], which suggested that wearing foot orthosis reduced
peak rearfoot eversion moment but increased peak knee extension moment. Foot ortho-
sis with arch-support could sustain the medial longitudinal arch and control excessive
pronation [56]. The significant reduction in the peak ankle eversion moment facilitated
by the orthosis could alleviate further pronation and progression [56,58], which could
be difficult to obtain by surgical intervention alone [59]. On the other hand, the larger
extension moment when wearing arch-support orthoses could be resulted from restricted
plantarflexion of ankle [57]. MacLean and his colleagues [60] stated it is possible that
increasing the knee extension moment could be deleterious to patellofemoral dynamics.
However, in the studies of Peng et al. study [56] and Fatona et al. study [57], only partici-
pants with flatfoot and post-stroke hemiplegia were recruited. Hence, further studies may
consider conducting studies on the use of arch-support orthoses by injury-free and healthy
participants before a viable conclusion can be made.

When interpreting our results, it is important to consider several limitations in our
study. Firstly, only male habitual rearfoot strikers were recruited in this study. The findings
may not be generalizable to habitual midfoot/forefoot strikers and female population
as biomechanical data differ across various foot strikes and between gender. Females
are expected to have larger Q-angle and lower heel pad stiffness that may predispose
distinct biomechanics pattern and loading characteristics and thus different running
injuries [14,17,22,61]. Secondly, we did not measure comfort perception variables. Com-
fort perception has been received considerable interest by coaches and sports scientists
as increase in perceived comfort was related to better running economy [7] and impact
attenuation and performance during running [62]. Thirdly, we compared a large number
of biomechanical variables to provide a comprehensive analysis of the orthotic effect in
running. There is an increased chance of type I error when interpreting our study findings.
Fourthly, while there are well over 40 different ways of foot type classification and there
is no international standard on which method is the most appropriate [63], our study
screened the participants using only single foot type classification method and instructed
the participants to run with their preferred running speed. It should pay particular at-
tention when comparing the orthotic effects across the studies which had different foot
type classification methods and running speeds. Finally, the study was conducted without
using incorporated arch-support on different medial-lateral wedge orthoses. The addition
of custom arch-support to standard wedge orthoses may improve foot and knee symptoms
in people with knee osteoarthritis and concomitant pronated feet [64]. Future studies
may consider conducting studies using arch-support wedge insoles as it would be great
potential to aid daily uses in training and competition. Fourthly, the study was also con-
ducted using shoes with holes to get better accuracy on foot movement. This may affect
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shoe integrity and consequently running movement. Hence, future studies may consider
conducting studies using shoes with holes as this might affect running biomechanics.

5. Conclusions

Wearing arch-support orthoses with various heel lifts leads to different movement
mechanics and loading on ankle and knee joints compared to flat-control orthoses. Wearing
D10 orthosis can lead to smaller impact loading, larger peak rearfoot dorsiflexion, peak
forefoot eversion, and peak knee extension moment than flat-control orthosis. Wearing D6
orthosis was effective to reduce rearfoot eversion moment than control and smaller forefoot
RoM than D2 and D10 orthoses, implying a higher rearfoot stability and control in frontal
plane. These findings could be insightful for training and insole development in running.
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