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ARTICLE INFO ABSTRACT

Keywords: Background: Many studies on ankle-foot orthoses investigated the optimal stiffness around the ankle, while the

G?it ) effect of footplate stiffness has been largely ignored. This study investigated the effects of ankle-foot orthosis

Biomechanics footplate stiffness on ankle-foot push-off power during walking in able-bodied persons.

f/[r;]ier;go;rzg:iis:: Methods: Twelve healthy participants walked at a fixed speed (1.25 m-s~1) on an instrumented treadmill in four

Foot model conditions: shod and with a posterior leaf-spring orthosis with a flexible, stiff or rigid footplate. For each trial,
ankle kinematics and kinetics were averaged over one-minute walking. Separate contributions of the ankle joint
complex and distal hindfoot to total ankle-foot power and work were calculated using a deformable foot model.
Findings: Peak ankle joint power was significantly higher with the rigid footplate compared to the flexible and
stiff footplate and not different from shod walking. The stiff footplate increased peak hindfoot power compared
to the flexible and rigid footplate and shod walking. Total ankle-foot power showed a significant increase with
increasing footplate stiffness, where walking with the rigid footplate was comparable to shod walking. Similar
effects were found for positive mechanical work.
Interpretation: A rigid footplate increases the lever of the foot, resulting in an increased ankle moment and energy
storage and release of the orthosis' posterior leaf-spring as reflected in higher ankle joint power. This effect
dominates the power generation of the foot, which was highest with the intermediate footplate stiffness. Future
studies should focus on how tuning footplate stiffness could contribute to optimizing ankle-foot orthosis efficacy
in clinical populations.

1. Introduction improve walking ability (CJ and Martina, 2004; Morris et al., 2011). An

AFO can improve gait by counteracting excessive muscle activity or

In patients with central neurological disorders, lower-limb neuro-
muscular impairments such as spasticity and (calf) muscle weakness are
frequently present. These impairments are often associated with de-
viations of the gait pattern, e.g. excessive ankle dorsiflexion and knee
flexion during stance, excessive plantar flexion and/or reduced ability to
push-off (Kempen et al., 2016; Olney, 1996; Ploeger et al., 2017; Rodda
et al., 2004). This may contribute to a reduced walking ability in terms
of a lower walking speed and/or high energy costs of walking (Brehm
et al.,, 2006; Huang et al., 2015; Kramer et al., 2016; van den Hecke
et al., 2007).

Ankle-foot orthoses (AFOs) are commonly prescribed aiming to
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compensating a loss of function. AFOs comprising of materials with
spring-like properties, e.g. a carbon posterior leaf-spring AFO, are
typically prescribed in patients with a reduced ability to push-off during
walking. These AFOs can improve the walking ability, by normalizing
the ankle and knee joint angles and moments during walking (Bregman
et al., 2012; Esposito et al., 2014; Harper et al., 2014; Kerkum et al.,
2015a; Kobayashi et al., 2013; Singer et al., 2014; Waterval et al., 2020).
Moreover, the spring-like properties of these AFOs allow energy storage
in the beginning of the stance phase as a result of ankle dorsal flexion,
which is returned during plantar flexion in late stance, thereby taking
over or enhancing plantar flexor muscle push off work and enhancing
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push-off power (Bregman et al., 2011; Bregman et al., 2012; Kerkum
et al., 2015a; Waterval et al., 2020). However, the ankle push-off power
generally remains reduced while walking with AFOs relative to normal
walking (Bregman et al., 2012; Collins and Kuo, 2010; Esposito et al.,
2014; Kerkum et al., 2015a; Kobayashi et al., 2011; Kobayashi et al.,
2017a; Kobayashi et al., 2017b).

Several studies in different study populations showed that gait
biomechanics and walking ability can be optimized by tuning AFO
stiffness around the ankle (Bregman et al., 2012; Collins et al., 2015;
Kerkum et al., 2016; Ploeger et al., 2019; Totah et al., 2019; Waterval
et al.,, 2020), e.g. by exchanging posterior leaf springs of different
stiffness levels. In addition to the ankle joint, however, the human foot
has a significant contribution to push-off power in normal walking
(Bruening et al., 2012; Takahashi et al., 2017; Zelik and Honert, 2018).
Previous studies indicated deformable behaviour of the foot during
stance (Bruening et al., 2012; Leardini et al., 2007), with unique energy
and work profiles within the foot structures contributing to both power
absorption and generation (Bruening et al., 2012; Kelly et al., 2015;
Takahashi et al., 2017; Zelik and Honert, 2018). In addition, the stiffness
of the foot segment determines the point of application of the ground
reaction force (GRF) during the stance phase of walking, which will
affect the mechanical advantage of the actuators around the ankle (Goto
and Kumakura, 2013; Landin et al., 2015), and thus the ankle joint
moment and power. Yet, it can be argued that the efficacy of the AFO
does not only depend on the stiffness of the posterior leaf spring, but also
on the properties of the footplate in the AFO. It has already been shown
that AFO footplate characteristics can affect lower limb joint angles and
moments (Fatone et al., 2009; Kerkum et al., 2015b), yet its effect on
push-off power has not been assessed. Although many studies examined
the effects of the stiffness properties of the vertical leaf spring of an AFO
on ankle push-off power, the potential effects of the stiffness of the
footplate on ankle and foot push off power generation are so far largely
ignored.

Therefore, the aim of this study was to gain insight in the potential
effects of the footplate stiffness of a posterior leaf spring AFO on ankle-
foot push-off power. In this study we included healthy participants to
explore these mechanical effects in the absence of potentially con-
founding pathology. It was hypothesized that the AFOs footplate stiff-
ness will affect both the power generated at the ankle joint as well as in
the foot segment and consequently total foot-ankle push off power
during walking. As such, we would like to demonstrate that the potential
benefit of a posterior leaf spring in terms of energy storage and return
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may be maximized by optimizing footplate stiffness.
2. Methods
2.1. Participants

Twelve healthy participants (7 male, mean (SD) age 24 (Rodda et al.,
2004) years; height 175(0) cm; weight 71 (Ploeger et al., 2017) kg) were
included in this study. All participants provided written informed con-
sent in accordance with the procedures of the Institutional Review Board
of the department of behavioral and movement sciences of VU Univer-
sity (Amsterdam, The Netherlands).

2.2. Materials

The experimental AFO used in this study was a unilateral carbon
posterior leaf spring AFO (Ankle7, OttoBock, Duderstadt, Germany),
which were aligned in a neutral ankle angle of 0 degrees. To eliminate
any interfering effects of the shape of the shoe sole, the AFO was worn in
combination with flat flexible sneakers (Fig. 1). The stiffness of the leaf
spring was individually selected based on the participant's weight, ac-
cording to the manufacturer's prescription guidelines. The stiffness of
the AFO footplate could be changed by exchanging carbon footplates
with different degrees of stiffness, i.e. i) rigid [0.95 Nm-deg.’l], ii) stiff
(0.45 Nm~deg.’1) and iii) flexible (0.04 Nm-deg.’l). Footplates
extended over the full foot length and were available in different sizes to
accommodate to the participant's foot length. The reinforcement was
applied uniformly over the whole footplate, where stiffness was changed
by using a different amount of carbon layers. Stiffness of the shoe sole
[0.02 Nm-deg. '] was found to be negligible. The shoe sole and foot-
plate stiffness were assessed using the Bi-articular Reciprocal Universal
Compliance Estimator (BRUCE), which is an instrument designed to
define AFO mechanical properties (Bregman et al., 2009).

2.3. Procedure

Participants walked on an instrumented dual belt treadmill with
integrated force plate (Sloot et al., 2015) (Ymill, MotekForcelink,
Amsterdam, Netherlands) at a fixed speed of 1.25 m-s~!. The first
walking trial consisted of a control measurement, i.e. shod walking
without the AFO. Thereafter, participants performed three AFO walking
conditions, i.e. with the rigid, stiff or flexible footplate, in randomized

Fig. 1. Experimental AFO consisting of a carbon Ankle7 leafspring from which the foot part was shortenend (left panel) and fixed to replaceble footplates with
different stiffness levels (middle panel). The leafspring was connected through the back of the shoe to the footplate in a flexible sneaker. The cluster marker on the

hindfoot is highlighted (right panel).
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order. Each trial started with 2 min of familiarization, followed by 1 min
of data recording.

2.4. Measurements

Kinematic data collection was done using a 3D motion capture sys-
tem (Optotrak, Northern Digital Inc., Waterloo, Canada). Two technical
clusters, each consisting of three markers, were rigidly attached to the
shoe, at the level of the navicular bone, and shank of the left leg. A
pointer was used to indicate the relevant anatomical landmarks on both
segments. Anatomical landmarks of the foot that were inside the shoe
were pointed on the shoe.

A two-segment model was used, consisting of the shank and hindfoot
with articulating ankle joint and a deformable forefoot, i.e. all structures
distal to the hindfoot (Bruening et al., 2012; Leardini et al., 2007;
Takahashi et al., 2017; Zelik and Honert, 2018). The local reference
frame of the shank was defined using the anatomical landmarks of the
shank and thigh, i.e. medial and lateral epicondyle of the knee, lateral
malleolus and medial malleolus (Kingma et al., 1996). The hindfoot was
considered a rigid segment. Its anatomical local reference frame was
defined by use of the anatomical landmarks of the calcaneus, medial and
lateral malleoli and the point at 50% of the (virtual) line between the
anatomical landmarks of the first and fifth distal end of the metatarsal
bone during two leg standing pose. Mass and inertial parameters of the
structures distal to the hindfoot were neglected. Marker data were
tracked at a sample frequency of 100 Hz and synchronized with force
plate data.

Ground reaction force data was collected using the integrated force
sensors in de separate treadmill belts at a sample frequency 1000 Hz.
Spatial calibration of treadmill and motion capture coordinate systems
was performed using standard procedures.

2.5. Data processing

Kinematic and force plate data were analyzed using MATLAB version
R2015a (The Mathworks, Natick, USA). For each step, segment and joint
angles [deg] of the ankle joint and foot segment were determined using
Cardan rotation sequences (Kingma et al., 1996). Net joint moments
[Nm-kg™!] around the ankle joint were calculated using inverse dy-
namics, with respect to the proximal segment's coordinate system. For
analysis of potential effects of footplate stiffness of the foot's lever arm
during push off, center of pressure (CoP) [m] displacement, defined as
the forward displacement of the CoP relative to ankle joint, was
calculated.

Anke-foot power [W-kg™!] calculations were based upon the
recommendation of Zelik & Honert (Zelik and Honert, 2018). Following
their approach, the mechanical power generated by the different
structures of the ankle and foot complex was subdivided into two
components; the ankle joint complex power (Pajc) and distal hindfoot
power (Ppyr) (Zelik and Honert, 2018). Payc describes the interaction
between the shank and the hindfoot and provides an estimate of the
contribution of the muscles crossing the ankle joint and the posterior leaf
spring which ends at the posterior side of the calcaneus in the back of the
shoe. Ppyr describes the power due to 6 degrees of freedom motion of
the defined hindfoot segment relative to the ground, as such reflecting
the combined power from all structures distal to this segment. This
approach has been shown to be more robust to the deformation occur-
ring in the foot than the conventional modelling of the foot with a rigid
toe segment and hinge joint (Zelik and Honert, 2018).

Pajc was calculated as:

Pac = Fanks(Vank, shank — Vank hf) + Manke (@ shank — @hf) (€]

in which, Fank is the net ankle force on the shank segment. v ank,
shank and Vank, hf respectively the velocity of the ankle joint center
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based on rigid body motion of the shank and hindfoot. Mank is the ankle
joint moment and @shank and whf respectively the angular velocity of
the shank and the hindfoot, indicated as the relative angular velocity of
the shank with respect to the hindfoot.

Ppur was calculated as:

Pour = F grfe (V’hf +@hf x Teopyy f) + Mfrees @he )

in which, ?grf is the ground reaction force, Vhf is the velocity of the
hindfoot Center of Mass (CoM) and @hf is the rotation velocity of the
hindfoot segment. 7 cop/hf is the position of the CoP relative to the

hindfoot CoM and IT/[free is the free moment exerted on the force plate
(Zelik et al., 2015).

Payc and Ppyr were added up into total ankle-foot power (Prap), i.e.
the power generation of the combined ankle-foot.

Prar = Paic + Pour 3

From the power profiles during the stance phase, positive and
negative mechanical work [J-kg™!] of the ankle joint complex (Wayc),
hindfoot (Wpyg) were calculated by taking the integral over the positive
and negative power interval during stance phase, and added up into
positive and negative total ankle-foot mechanical work (Wrap).

Peak power and work were calculated for all stance phases of the leg
wearing the AFO during the final minute of each trial. Stance phase was
defined from heel strike to toe off (GRF > 25 N). All outcome variables
were averaged over all correctly recorded strides during the 1-min data
acquisition. For graphical representation, power profiles were time
normalized to 100% stance phase before averaging.

2.6. Statistics

Statistical analyses were done with SPSS version 20 (SPSS Inc.,
Chicago, USA), using an alpha level of 0.05 for all tests of significance.
Descriptive statistics (mean and standard error (SE)) were used to
summarize all outcomes parameters. Differences in outcome parameters
between conditions were analyzed using a repeated measures ANOVA,
with conditions (i.e. shod walking, and rigid, stiff and flexible footplate
stiffness) as within-subject factor. Differences between individual con-
ditions were determined post-hoc using a Bonferroni correction. The
non-parametric Friedman's test was used for data which were not nor-
mally distributed. In that case, differences between individual condi-
tions were determined post-hoc using Wilcoxon signed- rank test with
Bonferroni adjustments (0.05/n-analysis).

3. Results
3.1. Power and mechanical work

Significant main effects were found for all joint power components.
The peak Ppjc was highest in shod condition and in the AFO condition
with rigid footplate, and significantly lower while walking with the
flexible and stiff footplate. Peak Ppyr was highest while walking with the
stiff footplate, and differed significantly from shod walking and walking
with the flexible footplate. Peak total ankle and foot power (Prap)
increased with increasing footplate stiffness. Peak Prar was significantly
different between successive footplate stiffness conditions and signifi-
cantly lower while walking with the flexible footplate compared to shod
walking (Table 1; Fig. 2).

Changes in power profiles as a result of foot plate stiffness were also
reflected in positive and negative mechanical work during the stance
phase. Positive Wy ;¢ was significantly higher during shod walking and
while walking with the rigid footplate compared to both walking with
the flexible and stiff footplate. Positive Wpyr was significantly higher
with the stiff footplate compared to all other walking conditions.
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Table 1
Effects of different walking conditions on mean (SD) peak ankle-foot power and mechanical work during stance (n = 12).
Condition Statistics
Shod Flexible Stiff Rigid F P Post-hoc
Pasc [W~kg71] 2.57 (0.654) 1.41 (0.358) 1.38 (0.312) 2.24 (0.382) 26.9 <0.001 sh-f; sh-s; f-r; s-r;
Ppur [W~kg71] 0.63 (0.184) 0.62 (0.192) 0.87 (0.134) 0.74 (0.233) 9.04 <0.001 sh-s; f-s
Prar [W-kgfl] 2.41 (0.665) 1.48 (0.210) 1.96 (0.231) 2.69 (0.406) 22.5 <0.001 sh-f; f-s; f-r; s-r;
positive Wajc [J-kg’IJ 25.2 (7.65) 15.6 (4.00) 17.4 (4.03) 25.3 (5.07) 13.6 0.001 sh-f; sh-s; f-r; s-r
negative Wa;c [J~kg’1] —29.2 (10.60) —28.2 (5.67) —30.6 (7.71) —33.2 (4.55) 1.94 0.142
positive Wpyg [J'kgq] 7.7 (2.94) 8.9 (1.74) 10.9 (1.68) 7.7 (1.93) 9.60 <0.001 sh-s; f-s; s-r
negative Wpyp [J-kgil] —9.1 (4.03) —13.3 (4.50) —13.5 (5.47) —12.4 (2.45) 3.08 0.041
positive Wrap [J~kg’1] 27.3 (6.81) 17.0 (3.05) 21.3 (3.52) 28.7 (4.43) 16.6 <0.001 sh-f; f-s; f-r; s-r
negative Wrap [J'kgq] —32.5(10.20) —34.1 (6.34) —37.8 (5.62) —41.1 (5.69) 6.55 0.001 sh-r; f-r;

Abbreviations: f, flexible footplate; Pa;c, ankle joint center power; Ppyy, distal hindfoot power; Prap, total ankle-foot power; r, rigid footplate; s, stiff footplate; sh, shod walking;
Wayc, ankle joint center work; Wpyr, distal hindfoot work; Wrap, total ankle-foot work.
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Fig. 2. Mean (n = 12) power of different structures of the ankle and foot during walking, normalized to 100% stance phase, for different walking conditions. Panels
represent total ankle-foot power (Prar), ankle joint complex power (Pajc) and distal hind foot power (Ppyr). Control (blue) represents shod walking, rigid (red), stiff
(yellow), and flex (purple) represent walking with a rigid, stiff and flexible AFO footplate stiffness, respectively. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

Positive Wrar again increased with footplate stiffness. It was signifi-
cantly higher in all condition compared to walking with flexible foot-
plate, and significantly higher with the rigid footplate compared to the
stiff footplate condition. No significant effects in negative mechanical
work were found for AJC and DHF, but negative Wrar was significantly
higher in the rigid footplate condition compared to all other walking
conditions (Table 1).

3.2. Secondary parameters

The ankle joint peak plantar flexion angle and ankle RoM were
significantly larger for shod walking compared to all footplate stiffness
conditions, but showed no significant difference between footplate
stiffness. Peak ankle dorsal flexion was largest while walking with the
rigid footplate but only differed significantly from shod walking. Net
ankle internal plantarflexion moment increased with foot plate stiffness
and was significantly different between successive footplate stiffness
conditions. Net ankle plantarflexion moment was also significantly

Table 2
Effects of different walking conditions on mean (SD) peak ankle joint kinematics and kinetics during stance (n = 12).
Condition Statistics
Shod Flexible Stiff Rigid F P Post-hoc
Dorsal flexion angle [deg] —3.0 (5.06) —4.8 (3.78) —4.5 (3.44) —6.0 (4.35) 3.65 <0.022 sh-r
Plantar flexion angle [deg] 19.0 (4.50) 5.4 (3.30) 5.4 (2.69) 4.6 (3.28) 117 <0.001 sh-f; sh-s; sh-r’
RoM * [deg] 21.9 (2.51) 9.4 (2.09) 9.9 (1.91) 10.3 (1.71) 181 <0.001 sh-f; sh-s; sh-r;
 ankle [deg-sil] 213.6 (66.9) 68.5 (20.95) 75.5 (22.18) 73.0 (23.26) 44 <0.001 sh-f; sh-§’ sh-r
net ankle moment ? [Nm~kg’1] 1.43 (0.149) 1.39 (0.104) 1.49 (0.122) 1.64 (0.106) 19 <0.001 sh-r; f-s; f-r; s-r
CoP displacement [m] 0.13 (0.013) 0.13 (0.011) 0.13 (0.012) 0.14 (0.007) 9.7 <0.002 sh-r; f-r; s-r

* non- parametric, F = X2~
¢ internal plantarflexion moment.

Abbreviations: CoP, center of pressure; f, flexible footplate; r, rigid footplate; RoM, range of motior; s, stiff footplate; sh, shod walking; o ankle, ankle angular velocity.
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higher in the rigid footplate condition compared to shod walking
(Table 2; Fig. 3).

Compared to shod walking, ankle angular velocity was significantly
decreased while walking with AFOs, showing no effects of footplate
stiffness (Table 2). A significant main effect was found for CoP
displacement. Post-hoc analyses revealed that CoP displacement was
larger while walking with the rigid footplate compared all other walking
conditions (Table 2; Fig. 3).

4. Discussion

The aim of this study was to gain insight into the effects of footplate
stiffness on ankle-foot push-off power in able-bodied persons while
walking with a posterior leaf spring AFO. Our results showed that
footplate stiffness significantly affects ankle-foot power generation.
Furthermore, power generated by the ankle joint complex (Pajc) and the
hindfoot (Ppyp) were affected by the footplate stiffness in distinctly
different ways.

Our analyses allowed evaluation of the power contributions from
structures around the ankle joint, i.e. plantarflexor muscle-tendon and
AFO leaf spring, as well as structures around the foot, including the
AFO's footplate (Zelik and Honert, 2018). Separate contributions of the
ankle joint complex and distal hindfoot to total ankle-foot power were
comparable to studies on barefoot walking in healthy people (Bruening
et al., 2012; Takahashi et al., 2017; Zelik and Honert, 2018), showing
that Payc is the most important contributor to mechanical power gen-
eration during push-off (Table 1; Fig. 2). Pajc was higher while walking
with rigid footplate, compared the flexible and stiff footplate (Table 1;
Fig. 2). The significant increase of the forward CoP displacement with
increasing footplate stiffness (Table 2; Fig. 3) indicates that the rigid
footplate introduced a larger lever arm of the GRF to the ankle joint
rotation center compared to the other footplates. This coincided with an
increased plantarflexion moment while walking with the rigid footplate
compared to all other walking conditions (Table 2; Fig. 3). Although we
cannot differentiate between contribution of the calf muscles and the
posterior leaf spring in our analysis, it can be argued that this increased
plantar flexor moment will put more load on the posterior leaf spring
exploiting its energy storing capacity to a larger extent. Yet, our results
confirm that altering footplate stiffness changes the point of application
of the GRF relative to the ankle joint (Eddison and Chockalingam, 2013;
Kerkum et al., 2015b), therewith affecting the mechanical advantage of
the actuators around the ankle (Goto and Kumakura, 2013; Landin et al.,
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2015), including the AFO's posterior leaf spring.

Next to the Ppjc, the power generated in the foot (Ppyp) has a
meaningful contribution to total ankle-foot push-off power (Table 1;
Fig. 2). Stiffness of the AFO footplate affects the amount of work
absorbed and subsequently generated in the foot segment. Ppyr was
found to be highest when walking with the stiff footplate compared to all
other walking conditions, although not significantly different compared
to the rigid footplate (Table 1; Fig. 2). Previous research found that the
energy-storing capacity of carbon AFO parts is stiffness dependent,
being optimal for medium stiffness degrees (Bregman et al., 2011).
Accordingly, the mechanical properties of the stiff footplate seem to
enhance energy storage and return as reflected in highest Ppyr and
Wpyr. Notably, although the amount of energy that can be returned by
the footplate is low compared to the capacity of the AFO's leaf spring, the
difference in total ankle-foot power between walking with the stiff and
flexible footplate seems to originate mainly from power contribution of
the foot.

Compared to shod walking, total ankle-foot push-off power was
significantly reduced while walking with an AFO using a flexible and
stiff footplate (Table 1; Fig. 2). This reduction of ankle push-off power
was a consequence of a reduced ankle RoM and angular velocity induced
by the AFO, and is in accordance to previous findings (Bregman et al.,
2012; Esposito et al., 2014; Kerkum et al., 2015a; Kobayashi et al.,
2017a). Previous studies suggested and showed that this limiting effect
of AFOs on ankle range of motion and hence push-off power and ankle
work can be minimized by optimizing the AFO stiffness around the ankle
joint (Bregman et al., 2012; Kerkum et al., 2015a; Ploeger et al., 2019;
Waterval et al., 2020). However, these studies did not consider footplate
stiffness in their study design. Our results indicate that footplate stiffness
is an important parameter to tune when optimizing AFO properties.
With the rigid footplate we could enhance ankle and foot push off power
to the level of shod walking while using a fixed posterior leaf spring
stiffness in our able-bodied participants. Therefore, future studies
should focus on optimizing the combined effects of the AFO's ankle and
footplate stiffness, therewith further maximizing treatment efficacy.

This study is subject to some limitations. In this study, the marker
cluster at the hindfoot was attached to the shoe. Due to possible
movement of the foot and AFO in the shoe during push-off, an under-
estimation in hindfoot motion may have occurred, resulting in de-
viations in power attributed to AJC or DHF. Nevertheless, total ankle-
foot power would not be affected. This was checked by calculating
distal shank power (Zelik and Honert, 2018), which provided similar
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Fig. 3. Mean (n = 12) sagittal ankle angle, internal ankle flexion-extension moment, and center of pressure displacement for different walking conditions,
normalized to 100% stance phase. Control (blue) represents shod walking, rigid (red), stiff (yellow), and flex (purple) represent walking with a rigid, stiff and flexible
AFO footplate stiffness, respectively. Positive values on the y-axis of ankle angle and ankle moment represent plantar flexion. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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results to Prap. We only manipulated AFO stiffness in this study, while
other properties are also relevant for AFO treatment efficacy, e.g.
alignment of the shank in the AFO-footwear combination. We used a
neutral (zero degree) alignment of the AFO-footwear combination
throughout our experiments. Studies have shown that individualized
tuning of the alignment of the AFO-footwear combination, i.e. a shank-
to-vertical angle of 8-12 degrees, is a prerequisite for optimal AFO ef-
ficacy (20, 34, 35). We did not tune this parameter in our population but
assume effect to be randomly distributed over conditions between par-
ticipants. Furthermore, we only evaluated effects of footplate stiffness
on ankle and foot parameters, while changes in footplate stiffness and
concomitant shifts in COP displacement can also affect alignment of the
GRF relative to the knee joint (Fatone et al., 2009; Kerkum et al., 2015b).
Most importantly, our study was conducted in able-bodied persons to
observe the biomechanical effects of footplate stiffness in the absence of
movement pathology. While these biomechanical effects will also apply
to patient populations, their specific pathology might mediate to an
overall effect. As our results cannot be generalized to patients with
movement pathologies, future research should focus on clinical target
populations and include the effects of changing AFO footplate stiffness
on both foot, ankle and the knee joint.

5. Conclusions

In conclusion, the push off power during walking with a posterior
leaf spring AFO is dependent on footplate stiffness. Stiffness of the
footplate affects the lever arm of the GRF, thereby increasing the ankle
joint moment and power generation. This can result in higher storage
and release of mechanical power in the posterior leaf spring and as such
enhance efficacy of the AFO. In addition, AFO footplate stiffness affects
the amount of energy stored and released in the foot segment, although
this effect is smaller compared to the effect at the level of the ankle. We
propose that tuning of footplate stiffness should be considered in concert
with tuning of the posterior leaf spring stiffness when optimizing AFO
treatment in clinical practice. Future studies should address this issue in
different patient populations.
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