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It has been suggested that the foot acts as a twisted osteoligamentous plate to control pronation and
facilitate supination during walking. The aim of this study was to investigate the effect of an orthosis
inspired by the concept of a foot’s twisted osteoligamentous plate on the kinematics of foot-ankle com-
plex. Thirty-five subjects underwent a kinematic assessment of the foot-ankle complex during walking
using three different orthoses: (1) Twisted Plate Spring (TPS) orthosis: inspired by the concept of a
twisted osteoligamentous plate shape and made with a spring-like material (carbon fiber); (2) Flat ortho-
sis: control orthosis made of a non-elastic material with a non-inclined surface; and (3) Rigid orthosis:
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Twisted osteoligamentous plate control ortt}051s made of a non-elastic material, with the same shape of the TPS: Repeated measures aqal—
Locomotion yses of variance demonstrated that the TPS reduced the duration and magnitude of rearfoot eversion

(p <0.03), increased rearfoot inversion relative to shank (p < 0.01), increased forefoot eversion relative
to rearfoot (p <0.01), and increased peak of plantar flexion of forefoot relative to rearfoot during the
propulsive phase (p=0.01) compared to Flat orthosis. The effects of the TPS were different from the
Rigid orthosis, demonstrating that, alongside shape, material properties were a determinant factor for
the obtained results. The findings of this study help clarify the role of a mechanism similar to a twisted
osteoligamentous plate on controlling foot pronation and facilitating supination during the stance phase
of walking.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction During loading phase of walking, weight bearing tends to

untwist the plate which corresponds to the occurrence of foot

The foot structure has been described as a twisted osteoliga-
mentous plate (Fig. 1A e B) (Eslami et al., 2007; Leardini et al.,
2014; Sarrafian, 1987). The anterior part of this plate corresponds
to the metatarsal heads, which are horizontally oriented, and the
posterior part of this plate corresponds to the calcaneus, which is
vertically oriented. This twisted plate determines the shape of
the longitudinal and transverse arches of the foot (Sarrafian,
1987). In this view, many soft tissues are responsible for maintain-
ing this twisted plate and establishing its stiffness, such as fascia,
ligaments and muscles (Flanagan, 2013).
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pronation. This motion can be visualized as rearfoot eversion and
longitudinal arch flattening (i.e. movement of dorsiflexion of fore-
foot relative to rearfoot) (Fig. 1C e D) (Flanagan, 2013; Sarrafian,
1987). As the rearfoot everts and forefoot dorsiflexes relative to
rearfoot, the foot soft tissues elongate and store elastic energy
(Ker et al., 1987; Sanchis-Sales et al., 2018; Stearne et al., 2016).
The deformation-related increased tension at these tissues may
help decelerate foot pronation. During the propulsive phase of
walking, when weight bearing is transferred from rearfoot to fore-
foot during heel rise, the same tissue tension inverts the rearfoot
and returns the foot longitudinal arch to its original shape
(i.e. plantar flexion of forefoot relative to rearfoot) (Flanagan,
2013; Stearne et al., 2016).

We suggest, therefore, that one of the mechanisms that control
foot pronation and facilitate its supination is the torsional spring
behavior of the twisted plate resisting both rearfoot eversion and
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Fig. 1. The concept of a twisted foot osteoligamentous plate, in which the anterior
part represents the metatarsal heads and the posterior part represents the
calcaneus. (A) and (B): foot in the neutral position of pronation/supination with
the osteoligamentous plate twisted (i.e. posterior part of the plate is vertical). (C)
and (D): pronated foot in closed kinematic chain with the osteoligamentous plate
untwisted (i.e. posterior part of the plate is less vertical).

longitudinal arch flattening (Gomes et al.,, 2019; Souza et al.,
2014b). The ‘foot spring’ would be able to store energy during its
deformation into pronation and, then, return to its original shape
by means of elastic energy release (Riddick and Kuo, 2016;
Willwacher et al., 2013), which facilitates foot supination as the
foot plate restores to neutral. Foot supination converts the foot into
a rigid lever, which is necessary to carry out effective propulsion
(Blackwood et al., 2005; Kirby, 2000).

Despite the existence of a theoretical framework for the role
of the foot’s twisted osteoligamentous plate on foot pronation/-
supination, this mechanism is not considered when building
foot orthoses for controlling excessive pronation. It has been
suggested that orthotics with rigid medial wedges reduce rear-
foot eversion (Cheung et al, 2011; Desmyttere et al.,, 2018).
These orthoses function as hard physical constraints to motion,
and are not inspired by a physiological dynamic mechanism of
pronation control. Moreover, the use of rigid medial profile
orthotics may reduce the magnitude of pronation, but it seems
they do not reduce its duration (Bishop et al, 2016; Brown
et al,, 1995). An earlier pronation end may favor foot supination
and effective propulsion (Blackwood et al., 2005). These rigid
orthoses also have the potential to block pronation and arch
flattening, impairing the energy absorption and the elastic stor-
age/return mechanism (Stearne et al., 2016; Takahashi et al.,
2016).

Thus, we propose a biologically inspired orthosis that has the
characteristics of the foot’s osteoligamentous plate. This orthosis
would have the shape of a twisted plate (i.e forefoot horizontally
oriented, and rearfoot more vertically oriented), positioning the
forefoot more everted than the rearfoot when no weight is sup-
ported. On landing, as the body weight compresses the orthosis
(loading phase), it would untwist. In addition, as the rearfoot starts
to unload (heel rise), the orthosis would provide elastic energy as it
returns back to its twisted position.

Hence, the aim of the present proof of concept study was to
investigate the effects of an orthosis inspired by the foot’s twisted
osteoligamentous plate on kinematics of the foot-ankle complex
during the stance phase of walking. We hypothesized that the
orthosis inspired by the Twisted Plate Spring (TPS) would reduce
the magnitude and duration of pronation during loading response
through midstance, and increase supination during propulsion
compared to a Flat orthosis that simulate the natural behavior of
the foot. We also compared the effects of the TPS orthosis with a
medial wedge rigid orthosis, and we hypothesized that the Rigid
orthosis would decrease foot pronation magnitude, but would
not decrease pronation duration neither increase supination.

2. Methods
2.1. Participants

Thirty-five subjects (17 men and 18 women, aged
22.7+3.1years, body mass of 62.7+10.5kg height of
1.68 £ 0.07 m) participated in this study. The eligibility criteria
were: (1) age between 18 and 40 years; (2) having Body Mass
Index (BMI) less than 30 kg/m?; (3) wearing a shoe size of 7.5”,
for women, or a shoe size of 8.5”, for men, according to United
States system; (4) experiencing no pain or injury in the lower limbs
or trunk during the week before testing; (5) having no history of
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orthopedic surgery or fracture in the lower limbs or trunk; (6)
being free of neurological or rheumatologic pathologies; and (7)
not currently using foot orthoses. The exclusion criterion was the
inability to perform any assessed task. The number of participants
was determined based on the effect size achieved in a pilot study
with 10 participants and the same study design (d, = 0.5), a statis-
tical power of 80% and a probability of type I error of 0.05. This
work was approved by the institution’s Ethics in Research
Committee.

2.2. Foot orthoses and shoes

This study used three prefabricated foot orthoses (Fig. 2). The
TPS orthosis was inspired by the foot’s twisted osteoligamentous
plate, had a shape similar to this plate and was made of a spring-
like material. The other two orthoses worked as control to the
effects of the TPS. A Flat orthosis had a non-inclined surface to sim-
ulate the foot’s natural behavior, and worked as a control for the
effect of the shape and material of the TPS. The last orthosis, the
Rigid, had a medial wedge on rearfoot, and as a consequence had
its upper surface with the same shape of the TPS but, with no
spring-like behavior. The Rigid orthosis was designed to control
for the effect of the shape of the TPS upper surface, but not for
its springiness. The orthoses were available for women'’s shoe size
of 7.5” and men’s shoe size of 8.5”. The orthoses were inserted into
neutral sneakers (Futsal Topper Dominator III, Topper, Sdo Paulo,
Brazil) (Fig. 3). More details of each orthosis are described in
Fig. 2. The TPS orthosis’ torsion torque versus angle curve is showed

<

Fig. 2. Foot orthoses: (A) Medial and posterior views of the Twisted Plate Spring
(TPS) orthosis with and without a person stepping on it. The TPS orthosis has a
twisted shape - its anterior part was flat, keeping the metatarsal heads horizontal,
and its posterior part inclined at 17° relative to the ground, simulating the twisted
shape of the foot osteoligamentous plate. Under weight, this orthosis untwists so its
posterior part goes flat (i.e. decreases its inclination), as we can observe in the
picture with a person stepping on it. The orthosis stiffness causes it to twist as soon
as the weight reduces, returning the posterior part to 17° inclination. This orthosis
had, initially, its prototype manufactured in a 3D printer (uPrint SE Plus, Stratasys,
Eden Prairie, USA). The prototype allowed the construction of a model, which was
used to create the orthosis, with carbon fiber to provide a spring-like behavior. The
carbon fiber is a stiff material with high elastic modulus (230 gigapascals GPa) and
high tensile strength (4900 megapascal MPa). This carbon fiber (thickness of
0.2 cm) covered from posterior part of the calcaneus up to the metatarsal heads, and
ethyl vinyl acetate (EVA) (thickness of 0.2 cm) covered the phalanges and the
posterior part of calcaneus. This EVA was medium soft with a hardness of 40,
according to Shore A scale (0-100). The carbon fiber did not cover the metatar-
sophalangeal joints to prevent limiting their dorsiflexion during the propulsive
phase of gait. Furthermore, the carbon fiber did not cover the least posterior part of
the calcaneus (approximately 1.5 cm) in order to allow comfortable heel contact
during walking (i.e. help to cushioning the calcaneus for initial contact) and prevent
a large external plantar flexion torque after initial contact. Finally, the surface of
this orthosis was superiorly and inferiorly covered with a thin layer (thickness of
0.2 cm) of low-density EVA to provide comfort. This EVA was soft with a hardness of
25, according to Shore A scale (0 to 100). The total thickness of this orthosis was
0.6 cm. As this orthosis had a twisted shape and its posterior part was inclined, the
distance between its medial posterior part and the ground was of 2.2 cm. (B) Medial
and posterior views of the Flat orthosis with and without a person stepping on it.
This orthosis had a flat surface and was made of medium soft EVA (thickness of
0.3 cm) with a hardness of 40, according to Shore A scale (0-100). This orthosis was
covered with a thin layer (thickness of 0.2 cm) of soft EVA (hardness of 25 Shore A)
superiorly and inferiorly to provide comfort. The total thickness of this orthosis was
0.7 cm. (C) Medial and posterior views of the Rigid orthosis with and without a
person stepping on it. This orthosis was posted medially in the rearfoot using
medium soft EVA with a hardness of 40, according to Shore A scale (0-100). This
orthosis was also covered with a thin layer (thickness of 0.2 cm) of soft EVA
(hardness of 25 Shore A). The amount of posting produced the same inclination and
shape of the TPS orthosis’ upper surface (i.e. 17°). However, the Rigid orthosis’
cannot untwist during weight bearing situations as happen with the TPS orthosis.
The total thickness of the TPR orthosis was 0.7 cm in the anterior and lateral parts,
whereas the posterior medial part had 2.2 cm thickness.

in Fig. 4. Supplementary material show the equipment used to per-
form this measure.

2.3. Procedures

After signing the written informed consent, volunteers had their
body mass and height measured. An optoelectronic system with
eight cameras (ProReflex, Qualisys AB, Gothenburg, Sweden) was
used to collect the kinematic data at 120 Hz. To determine the gait
events, kinetic data were acquired by two force plates (AMTI OR6-
7-1000, Watertown, USA) at 1200 Hz. Passive reflexive markers
were attached to the participant’s left foot and shank as shown
in Fig. 5. Firstly, a static trial of five seconds was carried out with
the participant in the relaxed barefoot standing position. Then,
three additional static trials of five seconds in barefoot standing
position were conducted with the subtalar joint positioned in neu-
tral by an experienced examiner (Houck et al., 2008). The intra-
examiner reliability for the subtalar joint placement in neutral
was performed in a pilot study with 15 subjects. The measure
was carried out in two distinct days, with an interval of four to
seven days. The Intraclass Correlation Coefficient (ICC53) was
0.93 for the rearfoot-shank angle in the frontal plane, which repre-
sents an excellent intra-examiner reliability (Fleiss, 1986).

The following steps were repeated once for each orthosis condi-
tion. First, the participants put on the sneakers with one of the
three conditions: (a) TPS, (b) Flat orthosis, or (c) Rigid orthosis.
The order of these three conditions was block randomized for each
volunteer. Additional markers were placed over the right shoe and
over the sacrum to determine gait events and speed (Fig. 5). The
participant walked 5 min at self-selected speed to familiarize with
each orthosis. Subjects walked on an 8 m walkway at their self-
selected speed, until six valid trials were obtained for each condi-
tion. As soon as the valid trials were obtained, the participants
filled a comfort visual analog scale (VAS) (Mills et al., 2010).

2.4. Data processing and reduction

The kinematic and kinetic data were processed using the Visual
3D™ (C-motion Inc., Germantown, USA) software. The forefoot,
rearfoot and shank kinematic model (Souza et al., 2014a) were
implemented. Markers trajectories and ground reaction forces
were filtered using low-pass Butterworth with a cut-off frequency
of 6 Hz and 10 Hz, respectively. The relative angles between fore-
foot and rearfoot as well as between rearfoot and shank were cal-
culated using the following Cardan sequence: medio-lateral,
antero-posterior and longitudinal axes. The neutral positions (0°)
for all angles were defined as the mean joint position of the static
trials with the subtalar joint in neutral position. Initial contact and
toe-off of the left foot were determined using vertical ground reac-
tion force (threshold of 10 N) and the distance between the foot’s
center of mass and the platform’s center of pressure (threshold
of 0.20 m). Right foot’s toe-off was determined based on the mini-
mum value of anterior-posterior displacement of the fifth metatar-
sal head marker relative to sacral marker (Zeni et al., 2008). Left
foot’s heel rise was determined based on vertical velocity of the
heel marker (Ghoussayni et al., 2004).

A MATALB® routine was written to extract the variables. All
variables were measured for each stride, and the average across
all measured strides in each condition was used for analysis. The
variables chosen to be analyzed were: (1) mean rearfoot-shank
angle in the frontal plane—foot pronation/supination indexing
(Chuter, 2010); (2) mean forefoot-rearfoot angle in the frontal
plane—amount of twist of the osteoligamentous plate indexing;
and (3) mean forefoot-rearfoot angle in the sagittal plane—longitu-
dinal arch flattening and raising indexing (Wilken et al., 2011).
These mean angles values were calculated during loading response
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Fig. 3. Lateral (A), superior (B) and posterior (C) views of the adapted sneaker with anterior and posterior custom made openings. The sneakers’ insole was removed, and an
anterior and posterior opening was made in the sneakers to allow direct placement of forefoot and rearfoot clusters.
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Fig. 4. Torque-angle curves of both Twisted Plate Spring (TPS) orthoses. Their
slopes represent the passive stiffness, which is slightly higher for the larger orthosis
than for the smaller one. Although both insoles were made of the same material, the
larger orthosis (i.e. Orthosis men'’s size 8.5”) has more carbon fiber due to its size.
Thus, the increased amount of resisting material resulted in a slightly higher
stiffness of the orthosis size 8.5” compared to the size 7.5".

(between left initial contact and right toe-off), midstance (between
right toe-off and left heel rise) and propulsive (between left heel
rise and left toe-off) phases. Moreover, rearfoot-shank eversion
peak, time elapsed until rearfoot-shank eversion peak, and
rearfoot-shank inversion peak during propulsive phase were calcu-
lated. Finally, forefoot-rearfoot dorsiflexion peak, time elapsed
until forefoot-rearfoot dorsiflexion peak, and forefoot-rearfoot
plantar flexion peak were also calculated during the propulsive
phase.

Gait speed (ms™') was calculated as the antero-posterior dis-
tance covered by the sacrum marker during the stance phase
divided by the time spent. The volunteers’ comfort for each ortho-
sis was measured as the length (cm) in the VAS.

The TPS orthosis inclination was measured with a digital incli-
nometer - Mini Digital Protactor (Cyntrax, Rio de Janeiro, Brazil).
The maximum torque of the TPS orthosis was calculated as the
maximum torque achieved during the orthosis untwisting move-
ment, and the stiffness as the slope of the torque-angle time-
series during the orthosis untwisting movement.

2.5. Statistical analysis

Repeated measures analyses of variance (ANOVA) were con-
ducted to verify if the dependent variables changed among the
three conditions. When main effects were significant, two least-
significant difference contrasts were conducted: (a) TPS versus Flat
orthoses, and (b) TPS versus Rigid orthoses. The probability of type I
error was set at 0.05.

3. Results

Mean and standard deviation of the dependent variables as well
as the results of the ANOVA are presented in Table 2. Mean curves
of rearfoot-shank and forefoot-rearfoot motion are plotted in Fig. 6.

There was a significant main effect of the foot orthoses on all
variables related to rearfoot-shank in the frontal plane. Contrasts
showed that the TPS orthosis condition reduced rearfoot eversion
peak, increased rearfoot inversion peak and decreased mean ever-
sion angles of rearfoot-shank during all walking phases compared
to the Flat orthosis. On the other hand, when compared to Rigid
orthosis, the TPS orthosis condition presented greater eversion
peak angle, smaller inversion peak and greater mean eversion
angles in all the walking phases. Moreover, TPS orthosis condition
decreased time to reach eversion peak in comparison with both
Flat and Rigid orthoses.

Regarding the forefoot-rearfoot in the frontal plane, there was a
significant main effect of the foot orthoses on all variables. Con-
trasts demonstrated that the TPS orthosis condition increased
mean eversion angle during all walking phases compared to the
Flat orthosis. In addition, the TPS orthosis condition had reduced
eversion angles during all phases compared to the Rigid orthosis.

In relation to the forefoot-rearfoot in the sagittal plane, no sig-
nificant main effect was observed for mean angles during the load-
ing response phase. However, there was a significant main effect of
the foot orthoses on the following variables: dorsiflexion and plan-
tar flexion peaks; time to achieve dorsiflexion peak; and mean
angle during the midstance and propulsive phases. Contrasts
showed that TPS orthosis condition was not different from Flat
orthosis for dorsiflexion peak, time to dorsiflexion peak and mean
angle during midstance and propulsive phase. However, contrasts
demonstrated that the TPS orthosis reduced dorsiflexion peak, time
to achieve dorsiflexion peak and mean dorsiflexion angle during
midstance and propulsive phases when compared to the Rigid
orthosis. Finally, TPS orthosis condition showed greater plantar
flexion peak during the propulsive phase than both Flat and Rigid
orthoses.

The results for gait speed and orthoses comfort are presented in
Table 3. The ANOVA showed that speed did not change across con-
ditions. Furthermore, ANOVA revealed significant main effect for
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Fig. 5. (A) Markers and clusters used to collect kinematic data of the foot-ankle complex during static trial of five seconds with the participant in the relaxed standing
position. (B) Markers and clusters used to collect kinematic data of the foot-ankle complex during walking trials. Anatomical markers are displayed in black, whereas tracking
markers are displayed in white. MK = medial epicondyle of the femur; LK = lateral epicondyle of the femur; MM = medial malleolus; LM = lateral malleolus; 1 MB = first
metatarsal base; 1MH = first metatarsal head; 5 MB = fifth metatarsal base; 5MH = fifth metatarsal head; PT = peroneal tuberosity; ST = sustentaculum tali; SC = sacrum
marker placed between posterior superior iliac spines.

Table 1
Descriptive statistics of Twisted Plate Spring (TPS) orthosis characteristics.
Orthosis women’s size 7.5” Orthosis men'’s size 8.5”
Measure 1 Measure 2 Measure 3 Measure 1 Measure 2 Measure 3
Inclination (°) 17.00 17.50 16.20 16.40 17.00 16.60
Passive torque peak (Nm) 2.37 2.51 3.02 3.31 3.47 3.87
Passive stiffness (Nm/°) 0.11 0.12 0.14 0.15 0.17 0.17

Measure 1 = in the beginning of data collection (day 1). Measure 2 = in the middle of data collection (day 15). Measure 3 = in the end of data collection (day 30).

Table 2
Descriptive and inferential statistics of the dependent variables measured during walking trials in the three test conditions: (a) Twisted Plate Spring (TPS) orthosis, (b) Flat
orthosis, and (c) Rigid orthosis.

Variables Mean (SD) ANOVA Contrasts
TPS Flat Rigid p F n’p  TPS x Flat TPS x Rigid
p d, p d,
Frontal plane  Rearfoot-shank Loading resp. phase (°) —4.23 (3.63) -4.77(3.52) -0.12(3.47) <0.01* 109.98 0.76 0.03* 0.38 <0.01* 1.80
Midstance phase (°) -6.78 (343) -7.71(3.59) -1.94(3.60) <0.01* 216.83 0.86 <0.01* 0.58 <0.01* 2.98
Propulsive phase (°) —2.82 (4.00) -4.24(398) -0.22(4.08) <0.01* 8739 0.72 <0.01* 0.72 <0.01* 1.57
EV peak (°) -8.48(3.70) -9.44(3.77) -4.02(3.88) <0.01* 202.94 0.86 <0.01* 0.63 <0.01* 2.82
Time to EV peak (%) 4433 (15.17) 49.17 (14.71) 58.03 (19.49) <0.01* 9.43 0.22 0.01* 047 <0.01* 0.60
INV peak (°) 1.72 (4.28) 0.34 (4.67) 3.32 (4.38) <0.01* 39.28 0.54 <0.01* 0.67 <0.01* 0.87
Forefoot- Loading resp. phase (°) —1.86 (3.51) 1.10 (3.58) -3.46(3.01) <0.01* 181.07 0.84 <0.01* 0.52 <0.01* 0.91
rearfoot Midstance phase (°) -3.06 (2.99) -1.24(297) -5.77(2.84) <0.01* 134.76 0.80 <0.01* 1.26 <0.01* 1.67
Propulsive phase (°) —-3.89(3.12) -2.01(3.25) -5.74(3.18) <0.01* 96.83 0.74 <0.01* 1.26 <0.01* 1.08
Sagittal plane Forefoot- Loading resp. phase (°) 1.14 (2.32) 1.69 (2.72) 1.79 (3.19) 0.16 1.97 0.06 - — — —
rearfoot Midstance phase (°) 3.65 (2.28) 3.99 (3.04) 5.10 (3.15) <0.01* 10.15 023 0.25 0.20 <0.01* 0.67
Propulsive phase (°) 0.23 (2.79) 0.46 (3.30) 1.96 (3.51) <0.01* 17.17 034 046 0.12 <0.01* 0.92
DF peak (°) 5.24 (2.53) 5.51 (3.02) 6.66 (3.38) <0.01* 8.97 021 040 0.15 <0.01* 0.64
Time to DF peak (%) 46.83 (16.53) 42.99 (16.42) 55.20(14.53) <0.01* 16.40 033 0.09 0.30 <0.01* 0.71
PF peak (°) -734(3.56) -6.24(3.67) -5.11(4.18) <0.01* 15.81 0.32 0.01* 0.50 <0.01* 0.89

SD = standard deviation; resp: response; EV = eversion; INV = inversion; DF = dorsiflexion; PF = plantar flexion; n?p = partial eta squared; d, = Cohen’s effect size for paired
sample; * = significant effect.

Negative values of angles indicate eversion or plantar flexion, and positive values indicate inversion or dorsiflexion.

The angles during loading response phase, midstance and propulsive phase were calculated as the mean angle of each phase. The INV and PF peaks were extracted as the
peaks of the angle curves during the propulsive phase.

orthoses comfort. The contrasts demonstrated no difference The TPS orthosis characteristics did not have large variation
between Flat and TPS orthoses, and TPS orthosis was more com- during the study. The values of orthosis inclination, maximum tor-
fortable than Rigid orthosis. que and stiffness are shown in Table 1.



V.L. Araiijo et al./Journal of Biomechanics 93 (2019) 118-125 123

(A) Rearfoot - Shank (B)
6 . : 6

Frontal Plane
Forefoot - Rearfoot

(C) Sagittal Plane
Forefoot - Rearfoot

6

Angle (deg)
Eversion (-) /Inversion (+)
Angle (deg)
Eversion (- ) /Inversion (+)

-8 -

Angle ( deg )
Plantar flexion ( - ) / Dorslflexion (+)

-8

T T 1 T T T 1

20 40 60 80 100 20
Stance Phase (%)

Stance Phase (%)

60 80 100 20 40 60 80 100
Stance Phase (%)

Fig. 6. Curves of the mean values of all subjects (n = 35) for each orthosis condition for: (A) rearfoot-shank in the frontal plane, (B) forefoot-rearfoot in the frontal plane, and
(C) forefoot-rearfoot in the sagittal plane during stance phase of gait. Vertical lines are for right foot’s toe-off and left foot’s heel rise, and divide the stance phase into three sub
phases: loading response phase (0 to +20%), midstance (+20% to +60%) and propulsive phase (+60% to 100%).

Table 3

Descriptive and inferential statistics for gait speed and orthoses comfort measured during walking trials in the three test conditions: (a) Twisted Plate Spring (TPS) orthosis, (b)

Flat orthosis, and (c) Rigid orthosis.

Variables Mean (SD) ANOVA Contrasts
TPS Flat Rigid p F n’p TPS x Flat TPS x Rigid
P d, P d.
Gait speed (m/s) 1.26 (0.13) 1.25 (0.15) 1.26 (0.15) 0.86 0.16 0.01 - - - -
Orthoses comfort (cm) 6.97 (1.92) 7.08 (1.67) 3.51 (1.90) <0.01* 60.28 0.64 0.71 0.06 <0.01* 1.42

SD = standard deviation; * = significant effect.
For orthoses comfort, the greater is the value, better is the comfort.

4. Discussion

The findings of the present study support the hypothesis that
the TPS orthosis reduced the duration and magnitude of rearfoot
eversion and facilitated rearfoot inversion relative to shank during
the stance phase of walking compared to the Flat orthosis. The TPS
orthosis, as expected, also increased forefoot eversion relative to
rearfoot during the entire stance phase, and increased peak of plan-
tar flexion of forefoot relative to rearfoot during the propulsive
phase in comparison with the Flat orthosis. These findings suggest
that the TPS orthosis increased the twisting of the osteoligamen-
tous plate during stance, and raised the longitudinal arch during
propulsion. Moreover, the effects of TPS orthosis were different
from the Rigid orthosis, demonstrating that the orthosis shape
was not the only determinant for the observed effects, but also
the orthosis’ material. Therefore, these results reinforce the
hypotheses that the TPS orthosis can be an important mechanism
for controlling foot pronation and facilitating supination.

The results of this study corroborate those of Sarrafian (1987),
who stated that the foot behaves as a twisted plate, according to
the counter motion of the rearfoot and forefoot. The outcomes of
the present study also reinforce the idea that the torque generated
by midfoot can decelerate foot pronation and increase supination.

Therefore, it seems that midfoot stiffness can play an important
role in foot motion during walking, as suggested by Gomes et al.
(2019), Hunt et al. (2001), Sanchis-Sales et al. (2018) and Souza
et al. (2014b).

The gait speed was not different among conditions. As the
amount of foot pronation/supination is influenced by gait speed
(Hornestam et al., 2016), it was important to make sure that differ-
ences found were due to the orthoses’ effects. Moreover, the TPS
orthosis comfort was not different from that reported for the Flat
orthosis. It suggests that the orthosis architecture produced in car-
bon fiber did not promote any additional discomfort. Although the
TPS and Rigid orthoses had similar shapes, the latter orthosis was
quite uncomfortable when compared to the other orthosis. The dis-
comfort of the Rigid orthosis may have interfered in its kinematics
effects (Che et al., 1994). Thus, the kinematic change observed
when using the Rigid orthosis may be due to its mechanical effect
of hampering pronation or due to its discomfort. Finally, the TPS
orthosis characteristics did not change meaningfully throughout
the study (maximum variation of 1.3° in inclination, 0.65 Nm in
torque peak and 0.03 Nm/° in stiffness), which ensured its correct
functioning for all participants.

The observed effects of the TPS orthosis were different from the
Rigid orthosis. It should be noted that the Rigid orthosis did not
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intend to mimic any foot orthosis proposed in the literature, as it
has a large amount of medial wedge than the ones usually used.
The aim of this orthosis was solely to serve as a shape control for
the TPS orthosis. Considering the rearfoot-shank in the frontal
plane, the Rigid orthosis decreased eversion in comparison to the
TPS orthosis. During loading response phase, the mean rearfoot-
shank eversion for the Rigid orthosis was extremely limited
(0.12°), indicating that this orthosis blocked eversion or the ortho-
sis’s discomfort lead the participants to avoid eversion. On the
other hand, the TPS orthosis allowed rearfoot eversion to occur.
Consequently, the mean rearfoot-shank eversion during loading
response phase was 4.23°, which represents a desirable effect, as
foot pronation is necessary to allow energy absorption (Leardini
et al,, 2014; McPoil and Knecht, 1985). Even though the TPS ortho-
sis reduced rearfoot eversion when compared to the Flat orthosis, it
did not block this movement, considering the values of rearfoot-
shank range of motion reported in the literature (Rankine et al.,
2008). Examining forefoot-rearfoot in the sagittal plane during
the propulsive phase, the TPS orthosis increased forefoot-rearfoot
plantar flexion peak compared to Rigid orthosis, suggesting the
importance of a spring behavior to allow the hypothesized effect
of raising the arch. In addition, the TPS orthosis decreased duration
of rearfoot-shank eversion compared to Rigid orthosis. It seems
that the TPS orthosis acted to store/return energy, anticipating foot
supination. This effect indicates that the combination of the oste-
oligamentous plate shape with its material properties and comfort
are essential to produce the desired foot behavior.

The effect size analyses of the pairwise comparison between
TPS and Flat orthoses revealed that the magnitude of the effects
were greater at propulsive phase (d,=0.72), followed by mid-
stance (d,=0.58) and loading response phase (d,=0.38). This
makes sense because as the greater the contact area of the anterior
part of plate on the ground, the greater will be the effectiveness of
the twisted plate to resist both rearfoot eversion and longitudinal
arch flattening. During the beginning of loading response phase,
the metatarsal heads does not contact the ground and are not sta-
bilized and, thus, the orthosis are not in proper position to generate
as much resistance moment to rearfoot eversion and longitudinal
arch flattening. During midstance, the effect produced by the TPS
orthosis increased, as the forefoot rested on the ground, allowing
the full functioning of the spring. During the propulsive phase,
the observed effect size was even greater than that of the mid-
stance, since weight bearing is partially removed from rearfoot,
allowing the orthosis to increase rearfoot inversion by means of
elastic energy return. Therefore, the greater effect of the TPS ortho-
sis was related to foot supination facilitation.

Contrary to our hypotheses, the TPS orthosis did not reduce the
duration and magnitude of forefoot dorsiflexion relative to rearfoot
(i.e. reduce longitudinal arch flattening) in comparison to the Flat
orthosis. This finding may be explained by the heel elevation pro-
duced by the TPS orthosis, which may have increased rearfoot
plantar flexion and, as a consequence, increased forefoot-rearfoot
dorsiflexion. This effect of increasing forefoot-rearfoot dorsiflexion
may counterbalance the hypothesized effect of increasing forefoot
plantar flexion relative to rearfoot (i.e. increase longitudinal arch
raising). It is possible that a stiffer TPS orthosis might be necessary
to produce greater effects in forefoot-rearfoot behavior in the
sagittal plane.

The present study was designed as a proof of concept about the
effect of an orthosis inspired by the foot’s twisted plate on foot
kinematics. As a proof of concept, this study does not intend to rec-
ommend the use of the TPS orthosis. Before using this TPS orthosis
in clinical practice, additional studies are required to compare this
orthosis with others currently used to modify foot motion. In addi-
tion, the magnitude of the effects on kinematics using TPS orthosis
was small and its clinical importance remains unclear.

The present study had some limitations. Firstly, this study did
not measure the effect of TPS orthosis with different stiffness mag-
nitudes and on springs that have hard non-linear characteristics as
most human “springs”. Secondly, we limited participants BMI and
orthosis size, and this limits the generalization of the results, since
the orthoses effects may be dependent of the subject mass and
orthosis stiffness. Thirdly, the effect of the orthoses may be differ-
ent if they were inserted in sneakers with different characteristics
(Stacoff et al., 1991).

The orthosis inspired by the concept of a foot's twisted oste-
oligamentous plate was able to control foot pronation and facili-
tate/anticipate supination during walking. The results showed
that both shape and spring like behavior are linked to these effects.
The TPS orthosis proposed by this study represents a new biologi-
cally inspired approach for managing excessive foot pronation.
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