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A B S T R A C T   

Background: This study, the first of its kind, originated with the need for a brace (an ankle foot orthosis), to 
constrain ankle plantarflexion and dorsiflexion within a motion threshold of <5◦. A conventional thermoplastic, 
solid brace failed during a quasi-static loading study, informing the investigation and development of an 
experimental carbon composite brace, maximizing stiffness and proximity of shank and foot cylindrical shells to 
provide the required degree of control. 
Methods: Two experiments were conducted: a quasi-static loading study, using cadaveric limbs (n = 2), and a gait 
study with healthy subjects (n = 14). Conditions tested were STOP, FREE, and CONTROL. Data for all studies 
were collected using six motion-capture cameras (Vicon, Oxford, UK; 120 Hz) tracking bone-anchored markers 
(cadaveric limbs) and skin-anchored markers (subjects). In the quasi-static loading study, loading conditions 
were congruent with the gait study. Study 1 involved a quasi-static loading analysis using cadaveric limbs, 
compared motion data from a conventional thermoplastic solid brace and the experimental brace. Study 2 
involved quantifying ankle plantarflexion and dorsiflexion in subjects during treadmill walking, in brace STOP, 
FREE, and CONTROL conditions. 
Findings: The experimental brace in STOP condition consistently constrained ankle plantarflexion and dorsi
flexion below the motion threshold of <5◦, across all studies. 
Interpretation: Collectively, these findings demonstrate (1) that a conventional thermoplastic, solid brace was 
ineffective for clinical applications that required significant motion control, and (2) that ankle motion control is 
most effective when considered as a relationship between the brace, the ankle-foot complex, and the external 
forces that affect them both.   

1. Introduction 

This study of motion control in an experimental ankle foot orthosis- 
footwear combination (exAFO-FC) using healthy human subjects origi
nated with the collapse of a conventional thermoplastic solid AFO 
(SOLID AFO) during a quasi-static loading study, that was tested in 
previous experiments requiring use of an orthotically constrained ankle 
during walking. Our subsequent investigation revealed few studies 
providing a quantitative baseline for AFO motion control performance 
(Kobayashi et al., 2011; Sumiya et al. 1996; Totah et al., 2009), despite 
the AFO’s ranking as the most prescribed lower limb orthosis (Practice 

Analysis, 2019). We found a similar paucity of publications on the role of 
integral footwear in minimizing gait compensation in an AFO-restrained 
ankle (Hutchins et al. 2009). 

Absent this evidence, we reasoned that the beginnings of a normative 
baseline, derived from tightly controlled investigations, could provide 
clinicians with evidence, never before reported, of an AFO’s ability to 
constrain ankle motion. Producing this baseline would require a sys
tematic, quantifiable approach to AFO design. This approach, detailed 
below, combined a reconsideration of materials with the application of 
biomechanical principles that improve stiffness and leverage. This was 
subsequently followed by systematic testing to quantify the AFO’s 
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ability to constrain ankle motion. 
The fact that we used fundamental principles in biomechanics and 

common knowledge of material properties to guide our design should 
not be remarkable, nor should it be a surprise that significant perfor
mance benefits accrued from this approach. What is remarkable, how
ever, is that systematic, scientific evidence of AFO performance is 
largely absent from, thus unavailable for, clinical consideration. This 
study, is our contribution to literature aimed at better informing clinical 
expectations regarding device efficacy, improving decisions and 
providing clinicians a fresh perspective on patient response to AFO 
treatment. 

Our investigations required an AFO capable of delivering near-total 
ankle constraint, i.e., <5◦ combined ankle plantarflexion (PF) and dor
siflexion (DF) during gait. When our first motion control device, a SOLID 
AFO, collapsed into dorsiflexion during a quasi-static loading study, we 
saw an opportunity to design an AFO for strictly experimental purposes, 
without regard for commercial concerns, such as cost, size, and fault- 
tolerant custom fitting, all of which support the prevalence of thermo
plastic AFOs in clinical practice. 

The exAFO-FC we described had three characteristics: 1) sufficient 
stiffness to minimize anatomical ankle motion within a stipulated mo
tion threshold (<5◦ combined PF and DF); 2) articulated ankle joint and 
linear bearing, to maintain ankle motion control in two experimental 
conditions, STOP (maximum restriction of motion) and FREE (minimum 
restriction of motion); and 3) custom footwear, to minimize gait 
compensation and preserve rollover dynamics. 

Focusing on these characteristics, we built an exAFO-FC, testing its 
effectiveness in two performance studies: (1) a quasi-static loading study 
using cadaveric limbs, to quantify the motion control capability of the 
experimental AFO without footwear (exAFO); and, (2) a gait study, 
involving human subjects, to quantify the combined effectiveness of the 
exAFO-FC for motion control and preservation of rollover. 

Section 2 of this article describes the exAFO-FC design processes. 
Section 3 presents the methods, results, and discussions of the two per
formance studies. Section 4 provides our conclusions, regarding clinical 
relevance, the significance of our findings and how our approach may 
benefit the rehabilitation community. 

2. AFO-FC design process 

2.1. Material properties and biomechanical principles used to design 
exAFO 

The ankle functions biomechanically as a modified hinge joint to 
allow motion of the shank and foot segments. An AFO that effectively 
restricts ankle motion should be made from materials with sufficient 
stiffness to withstand motion in the shank and foot segments of the limb, 
as well as motion of the ankle joint itself. To improve the stiffness of the 
exAFO, we employed three common tropes from structural and me
chanical engineering: modulus of elasticity, geometry of shape, and a three- 
force system. 

2.1.1. Modulus of elasticity (Young’s modulus) 
Modulus of elasticity or Young’s modulus, a numerical representation 

of the ratio of stress (force) to strain (deformation), describes the relative 
stiffness of a material. Very low-modulus materials (e.g., thermoplastics) 
exhibit lower resistance to force and deformation than, for example, 
titanium, which has a very high modulus. Given the likely deformation 
of the thermoplastic AFO, a material with a significantly higher modulus 
of elasticity was required. We selected carbon composite laminate, a 
combination of materials that is familiar to clinical orthotists for its 
superior strength, its ability to be molded, and its high strength-to- 
weight ratio, all of which are important advantages for patients whose 
clinical conditions require maximum restriction of ankle motion during 
walking. The typical modulus of elasticity for polypropylene used in 
thermoplastic AFOs is 0.23 (x 106 psi). By comparison, carbon 

composite’s modulus of 18.5 (x 106 psi) is over 80 times greater than 
that of polypropylene (Weber and Murphey, 2019). 

2.1.2. Geometry of shape 
Our observed assessment of the failed SOLID AFO also called into 

question its half cylindrical shell geometry. Even using a stiffer material 
such as carbon composite, we were doubtful a half cylindrical shell 
would be able to reliably stop ankle PF and DF motion during gait, as 
required for our experimental studies. Tubes are stiffer than solid rods of 
the same weight; they are more resistant to torsion and their wider 
radius of curvature (compared to a rod of the same weight) has a greater 
resistance to bending (Calladine, 2007). With this in mind, our carbon 
composite design consisted of two cylindrical shells, encapsulating the 
shank and the foot (Fig. 1). 

2.1.3. Three-force system 
Both the material stiffness of carbon composite and the structural 

stiffness provided by the two cylindrical shells were required in order to 
effectively use a three-force system to minimize plantarflexion (PF) and 
dorsiflexion (DF). The three-force system as described here is an adap
tation of the well-known Euler–Bernoulli theory of beam bending, which 
uses three points of contact to transmit bending forces (Timoshenko, 
1953). 

In our adaptation, the three forces were applied to counter or limit 
bending (of the ankle) (Fig. 2), using the orthosis as the medium that 
transmits the (counter-bending) forces and strategically transfers those 
forces to skeletal structures (Bowker et al., 1993; Von Baeyer, 1935; 
Jordan, 1939; Thomas, 1952; Lehmann and Warren, 1976; Condie and 
Meadows, 1977; Condie and Meadows, 1993; Smith and Juvinall, 1980; 
Rose, 1986; Redford, 1987; Weber and Agro, 1993). In order to maxi
mize the moment arm length of reactive forces during standing and 
walking, these transfer points were located as far as possible from the 
ankle joint axis on the proximal shank and at the distal foot of the exAFO 
(Fig. 3, parts a and b). A linear slide bearing anchored the contact points 
near the endpoints of the shank and foot cylindrical shells. We attached a 
tibial plate to the interior of the proximal shank cylindrical shell, using a 
ball and socket joint. This allowed for transmission of forces to the tibia 
in the sagittal plane based on transtibial prosthetic limb force trans
mission principles (Klopsteg and Wilson, 1968; Davenport et al. 2017), 
while mitigating rotational forces in the transverse and frontal planes 
(Fig. 3, part c and d). 

Because these transfer points were located where the orthosis con
tacts the limb, the exAFO design also required an understanding of 
pressure tolerance of the anatomical structures, so that the orthosis 
could be worn comfortably by human subjects. We addressed this issue 
in our design by installing closed-cell foam padding to the tibial plate 
and to the foot cylindrical shell to enhance subjects’ tolerance to force 
transmission at contact points. 

2.2. Material properties and biomechanical principles used to design 
footwear 

A gait study involving subjects using the exAFO-FC during acutely 
restricted ankle joint motion required subjects to walk at their preferred 
speed with minimal movement compensation. We needed to minimize 
the interruption during rollover which is known to accompany restricted 
joint motion in the ankle-foot complex and which increases movement 
compensation, energy expenditure, muscle fatigue, and reduces gait 
efficiency (Ackermann and Schiehlen, 2006; Nepomuceno et al., 2017; 
Wutzkea et al., 2012; Vanderpool et al. 2008; Adamczyk et al. 2006; 
Waters et al. 1988; Ralston 1965; Waters et al., 1982; Fowler et al. 1993; 
Waters and Mulroy, 1999). 

A growing body of evidence spanning several disciplines, including 
biomechanics and engineering, suggests that a well-designed external 
sole component includeing the heel, midfoot, and forefoot can 
contribute to restoring rollover (Adamczyk et al. 2006; Branthwaite and 
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Chockalingam, 2009; Hutchins et al. 2009; Wang and Hansen, 2010; 
Vanderpool et al. 2008; Nepomuceno et al., 2017). Informed by this 
evidence, we developed footwear to minimize the interruption during 
rollover and other movement compensations due to the constraint 
provided by the exAFO. 

Commercially available footwear could not be adequately integrated 
into the exAFO-FC; in response, we designed footwear to be worn in 
conjunction with the exAFO in all experimental conditions (STOP, FREE, 
and CONTROL). Subjects used the footwear on both limbs to minimize 
disruption of rollover, aid in forward progression of gait and minimize 
the potential for gait asymmetries that might occur due to orthotic 
constraint of ankle-foot motion. 

Our footwear design was based on current biomechanical under
standing of the four rockers of the healthy ankle-foot complex and how 
they contribute to rollover (Owen 2010; Perry and Burnfield, 2010) in 
order to produce an effective roll over shape (Hansen et al. 2004; Hansen 
and Wang, 2010). The result was a footwear sole that incorporated a 
curved profile shape and material flexibility in four regions: heel, mid
foot, forefoot, and toe. 

As illustrated in Fig. 4, the heel rocker zone, which acts as a surrogate 
heel rocker during early stance, consisted of flexible vulcanized rubber. 
The ankle rocker zone, which acts as a surrogate ankle rocker when the 

ankle is constrained by the exAFO, consisted of rigid thermocork in the 
shape of a wedge, to facilitate transmission of ground reaction force 
from heel rocker to the forefoot rocker during midstance. The forefoot 
rocker zone, which facilitates natural metatarsophalangeal joint (MTPJ) 
rocker, consisted of rigid thermocork in the shape of a half cylinder 
located proximal to the MTPJ and a flexible forefoot hinge at MTPJ to 
enhance heel rise and transfer of ground reaction force from ankle to 
forefoot. The toe rocker zone, which facilitates natural toe rocker, con
sisted of a curved profile ramp, made from flexible materials to allow 
natural interphalangeal joint motion during pre-swing. 

3. Performance studies 

In this section, we describe the experiments used to validate our 
exAFO-FC design for controlling ankle motion and maintaining rollover 
dynamics during gait. First, a quasi-static loading study, used a cadav
eric lower limb, to quantify the motion control performance of the 
exAFO and a replica of the SOLID AFO by emulating peak forces during 
the stance phase of gait. Second, we describe a gait study of healthy 
subjects using the exAFO-FC to quantify motion control performance of 
the exAFO and rollover dynamics of the footwear, in three conditions: 
maximum ankle constraint (STOP), minimum ankle constraint (FREE) 

Fig. 1. Illustration of shell design in two ankle foot orthoses. (a) conventional thermoplastic solid ankle foot orthosis (SOLID AFO) consists of a half cylindrical shell 
component extending from the shank to the foot section and forefoot with metatarsophalangeal joints (MTPJs) free. (b) Experimental AFO (exAFO) consists of two 
cylindrical shell components, one at the shank and one at the foot to provide increased stiffness. Foot section extends from heel to forefoot with MTPJs free. 

Fig. 2. Illustration of three-force system using anchors to control ankle motion in an orthosis. (a) Orthosis itself provides anchors at each point of force transmission 
to minimize ankle plantarflexion (PF1, PF2, PF3); (b) Corresponding three-force system on lower limb; (c) Orthosis with anchors at each point of force transmission 
minimizes ankle dorsiflexion (DF1, DF2, DF3); (d) Corresponding three-force system on lower limb; (e) Combining both anchored force systems in an orthosis 
minimizes ankle plantarflexion and dorsiflexion. 
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and no orthotic ankle constraint (CONTROL). 

3.1. Quasi-static loading study: cadaveric limb (no footwear) in exAFO 
and SOLID AFO. 

3.1.1. Methods 
We set out to quantify motion control of the exAFO, and predicted 

that the exAFO in the ankle STOP condition would decrease motion 
when compared to the SOLID AFO condition during a quasi-static 
loading study. 

Two right cadaveric adult lower limbs were utilized. The study 
involved a 3-D gait lab using six high-speed infrared cameras (Vicon, 
Oxford, UK; 120 Hz); four retroreflective markers attached to metal 
intramedullary screws in the tibia and calcaneus were used to collect 

ankle motion during peak quasi-static loading to simulate conditions 
during the stance phase of gait. 

All limbs were fitted with the two AFOs, each with the footwear 
removed, and all AFOs aligned to a shank to vertical angle (SVA) of 10◦

degrees incline (i.e., modest ankle dorsiflexion angle) as per the findings 
of Owen (2010). All limbs were tested in two conditions: STOP (exAFO, 
linear bearing locked) and SOLID AFO. For each AFO condition, each 
limb underwent five static loading trials in randomized order, to mea
sure maximally loaded DF and PF. Each trial was initiated in unloaded 
SAV inclined 10◦. Moment values were determined in a prior gait study 
of healthy adult subjects. Using a custom cable-driven loading appa
ratus, a controlled force was applied to cadaveric limbs to produce an 
external dorsiflexor moment of 140 Nm and to produce an external 
plantarflexor moment of 29 Nm. The magnitude of the observed 

Fig. 3. (a) Experimental ankle foot orthosis (exAFO) provides increased leverage (b) by maximizing moment arm length (10 cm) from ankle joint to the end point of 
linear bearing anchored to a cylindrical shell at foot. (c) Tibial plate at anterior proximal shank of the exAFO, and (d) cross-section of tibial plate (black) on ball joints 
(gold) attached to cylindrical shell at shank allows transmission of forces between tibia and orthosis while allowing tibial transverse plane rotation. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Curved-flexible footwear sole consists of a rounded exterior profile shape with materials of varying stiffness contained within four rocker zones to allow 
compression, pivoting, and rolling and lower limb rollover motion during gait. 
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moments was equivalent to maximum moments during stance phase of 
gait. 

All motion data were collected for 15 continuous seconds using the 
Vicon workstation and imported to MATLAB Version 7.11.0 (The 
Mathworks Inc., Natick, MA, USA) for post-processing. Motion data 
were filtered using 4th order Butterworth low pass filter with 10 Hz 
cutoff frequency, then analyzed to quantify motion of the ankle during 
unloaded and loaded DF and PF trials. Ankle PF and DF angles (◦) mean 
(standard deviation) were calculated for limbs in each AFO condition for 
all trials. 

3.1.2. Results 
During loaded DF, the SOLID AFO failed to cease bending, which 

required the test be halted. The external moment applied to the ankle (to 
produce a peak dorsiflexor moment) was then reduced by 50%, to 70 
Nm, and was applied to a duplicate of the SOLID AFO condition for all 
remaining tests. The exAFO limb maintained its original load of 140 Nm 
(to produce a peak dorsiflexor moment) throughout the testing (Fig. 5). 

Ankle total range of motion mean (standard deviation) was 2.1 (0.2)◦

in exAFO in STOP condition, compared to 14.0 (0.1)◦ in SOLID AFO 
condition. Ankle PF motion was 0.7 (0.1)◦ in exAFO in STOP condition, 
compared to 3.5 (0.1)◦ in SOLID AFO condition. Ankle DF motion was 
1.5 (0.2)◦ in exAFO in STOP condition compared to 10.5 (0.2)◦ in SOLID 
AFO condition (Fig. 6). 

3.1.3. Discussion 
The effective constraint of ankle motion by the exAFO in STOP 

condition supported our contention that applying relevant principles in 
material science and biomechanics to our design would improve motion 
control. Consideration of this information is requisite to successfully 
achieving the desired motion control performance of an AFO. This 
message has not been previously conveyed in the literature. Across all 
trials, the exAFO provided constraint of total ankle motion that was well 
below our pre-determined threshold of <5◦. During quasi-static loading, 
the exAFO in STOP condition exhibited greater restraint of ankle DF, PF 
and total ankle motion than did the SOLID AFO. 

In the exAFO, stiffness was increased by employing carbon com
posite, a material with greater modulus of elasticity than thermoplastic, 
and by employing a cylindrical shell design, the geometry of which 
provided greater resistance to bending. Our successful modification of 
the three-force system was due to the increase of moment arm length, 
and the addition of a linear bearing and tibial plate. A comparison of the 
force systems employed in the two AFOs is informative for clinicians and 
designers of lower limb orthoses because it illustrates the shortcomings 

of a representative conventional thermoplastic solid AFO design and 
provides solutions to improve ankle motion control performance as 
exemplified in the exAFO. 

In the SOLID AFO we studied (Fig. 7), material weakness (low elastic 
modulus) was exacerbated by the geometry of the half cylindrical shell 
itself. In addition to its inherent weakness compared to a cylindrical 
shell, the lack of anterior coverage provided a shorter, thus less effective 
moment arm from the ankle, due to the location of the plastic trim line 
with respect to the ankle (Sumiya et al. 1996) and the flexibility of the 
fabric straps. The notable decrease in PF, compared to DF, may be due to 
the limited coverage provided by the half cylindrical shell itself, which 
ended at the ankle joint while extending up the calf, far proximal and 
distal to the ankle joint. While this may have provided sufficient 
leverage and stiffness at force transmission points PF1 and PF3 to restrain 
ankle PF, the counterbalancing force at transmission point PF2 was 
compromised due to flexibility of the strap which reduced the stiffness 
needed as the counterbalancing force to effectively restrain ankle PF 
motion. 

In the exAFO, we amplified the previously described motion control 
benefits of carbon composite and a cylindrical shell design with the 
addition of a tibial plate and a rigid linear bearing, to address leverage 
and force transmission in plantarflexion and dorsiflexion. For DF, the 
increased height of the tibial plate (DF1) allowed greater leverage, and 
its rotating element uniquely allowed force transmission in more than 
one cardinal plane; the linear bearing anchored shank and foot shells 
anteriorly (F4), preventing DF motion in concert with a counter
balancing force at the heel (DF2) (Fig. 8). Plantarflexion was restricted 
by placement of the linear bearing far from the ankle joint (F4) to 
counterbalancing moment arm length, in concert with the ankle control 
strap (PF2) (Fig. 8). 

3.2. Gait study: Healthy subjects in experimental AFO-footwear 
combination 

To test the ankle motion control performance of the experimental 
AFO-FC during gait, we expected that subjects wearing the exAFO-FC in 
STOP condition would demonstrate decreased ankle motion when 
compared to wearing the exAFO-FC in FREE and CONTROL (no exAFO, 
footwear only) during walking, and that the footwear would minimize 
any movement compensations due to orthotic constraint of ankle 
motion. 

Fourteen healthy human subjects [eight females, six males, ages 
21.04 (0.89) yrs., height 171.19 (4.11) cm, mass 65.74 (4.72) kg] gave 
written informed consent to participate in a protocol approved by the 

Fig. 5. Photographs during quasi static loading tests in the two ankle foot orthoses (AFOs). (a) SOLID AFO condition exhibited continuous bending and failed to 
completely stop ankle dorsiflexion during loading to produce a 140 Nm peak dorsiflexor moment. (b) Experimental AFO in STOP condition exhibited restricted ankle 
dorsiflexion during loading to produce a 140 Nm peak dorsiflexor moment. 
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Georgia Tech Institutional Review Board. The study involved a 3-D gait 
lab using six high speed cameras (Vicon, Oxford, UK; 120 Hz), 16 
retroreflective markers taped to the pelvis and lower limbs of subjects 
using a method modified by Kadaba (Kadaba et al. 1990) to record joint 
motion. A custom dual belt treadmill with imbedded force plates, one 
under each belt (AMTI, Watertown, MA, USA; 1080 Hz) was used to 
collect ground reaction forces, joint moments and temporal-spatial pa
rameters (i.e. stance duration, swing duration and cadence) 
respectively. 

3.2.1. Methods 
In order to ensure proper fit of the single exAFO-FC and congruency 

between the anatomical and orthotic ankle joints, subject inclusion 
criteria specified a range for individual foot length, ankle height, and 
calf girth. Alignment of the ex-AFO-FC in STOP condition, for all 14 legs, 
was set at SVA 10◦ incline (i.e., modest ankle dorsiflexion angle) as per 
the findings of Owen, (2010). Subjects were tested walking at their 
preferred speed [1.34 (0.09) m⋅s−1], wearing the exAFO-FC in three 
conditions: CONTROL (bilateral footwear, no exAFO), FREE (contra
lateral footwear, ipsilateral exAFO-FC, no joint constraint) and STOP 
(contralateral footwear with ipsilateral exAFO-FC in maximal 

Fig. 6. Cadaveric limb segment dorsiflexion and plantarflexion mean (standard deviation) during quasi static loading in cadaveric limbs wearing SOLID AFO 
condition and experimental AFO in STOP condition. All values are expressed in degrees of limb segment motion. (α) loading to produce 70 Nm dorsiflexor moment, 
(β) loading to produce 140 Nm dorsiflexor moment, (γ) loading to produce 29 Nm plantarflexor moment. Dashed line is threshold for total ankle motion. 

Fig. 7. Illustration of an interpretation of three-force system approach using 
anchors to control ankle motion in the SOLID AFO condition. Forces at three 
transmission points (PF1, PF2 and PF3) control ankle plantarflexion motion. 
Forces at three transmission points (DF1, DF2, DF3) control ankle dorsi
flexion motion. 

Fig. 8. Illustration of an interpretation of three force system approach using 
anchors to control ankle motion in the experimental AFO condition. Forces at 
multiple transmission points (PF1, PF2 and PF3) in concert with linear bearing 
(PF1, F4 and PF3) control ankle plantarflexion motion. Forces at multiple 
transmission points (DF1, DF2, DF3) in concert with linear bearing (DF1, F4 and 
DF3) control ankle dorsiflexion motion. 
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constraint) (Supplementary Fig. S1). Preferred walking speed was 
determined by administering three trials of the 10-m walk test for over 
ground walking (Peters et al. 2013). The mean over ground walking 
speed was then matched to individuals’ treadmill speeds by adapting a 
method described by Amorim et al., (2009). 

All data were collected in the Vicon workstation and motion data 
were processed using the Plug-in-Gait model to identify and label 
markers. All data were imported to MATLAB version 7.11.0 (The 
Mathworks Inc., Natick, MA, USA) for additional processing. Raw force 
signals were filtered (4th order Butterworth low pass filter with cutoff 
frequency of 20 Hz) and analyzed to determine ground reaction force 
components and joint moments during stance and to identify the dura
tion of stance and swing phases. Motion data were filtered (4th order 
Butterworth low pass filter with 10 Hz cutoff frequency) and analyzed to 
determine angular motion of the ankle joint. All motion and force data 
were synchronized, and time normalized to 100% of the gait cycle and 
analyzed using standard inverse dynamics calculations and estimated 
inertial characteristics based on subject specific anthropometrics and 
consideration of the inertial properties of the orthosis (Winter 2009). 

Because the dominant motions of the ankle joint complex occur 
through the talocrural articulation as plantarflexion and dorsiflexion 
during gait, analysis of ankle motion was limited to the sagittal plane 
(Perry and Burnfield, 2010; Zatsiorsky 1998; Farris and Sawicki, 2012). 
Mean ankle joint angle and moments in each condition were analyzed 
using 95% confidence interval and a repeated-measures ANOVA with 
Bonferroni post hoc comparison. 

To examine potential movement compensation, we analyzed 
temporal-spatial outputs (stance duration, swing duration, and 
cadence). We computed the mean and standard deviation and per
formed comparisons of means (one-way ANOVA) and Bonferroni post 
hoc analysis to determine differences in outputs between each condition. 

3.2.2. Results 
All data were analyzed during minute 4 of treadmill walking when 

subjects had achieved the onset of steady state gait with minimal 

movement compensation. Subjects exhibited decreased ipsilateral ankle 
range of motion to within 3.7 (2.1)◦ in STOP condition, compared to 
27.7 (4.2)◦ in CONTROL condition (P = 0.000) and 24.2 (3.6)◦ in FREE 
condition (P = 0.091) and no difference in ankle moments (P > 0.05) 
(Fig. 9). Cadence was similar in CONTROL, STOP and FREE conditions 
(P > 0.05). There was no difference (P > 0.05) in mean stance phase and 
mean swing phase duration in CONTROL condition. There was a modest 
(<2.5%) but statistically significant difference (P < 0.05) between legs 
in mean stance phase duration during STOP and FREE conditions, and a 
modest (<2.5%) but statistically significant (P < 0.05) difference be
tween legs in mean swing phase duration during STOP and FREE con
ditions (Table 1). 

The exAFO-FC in STOP condition substantially limited motion dur
ing stance phase, when the ankle experiences the greatest joint moments 
and, typically, where one might observe lack of motion control. 

Fig. 9. (a) Ipsilateral ankle angle (◦) and (b) ipsilateral ankle moment (Nm), (c) contralateral ankle angle (◦) and (d) contralateral ankle moment (Nm). Data 
normalized to gait cycle (%) in CONTROL, FREE and STOP conditions during minute 4. A 95% confidence interval (CI) of CONTROL (gray), mean of FREE (green) 
and mean of STOP (red) for all 14 subjects. Toe off in CONTROL (vertical line). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Table 1 
Cadence, stance and swing duration, mean (standard deviation) of CONTROL, 
FREE and STOP conditions of all subjects (n = 14) during minute 4 (onset of 
steady state gait). Percent gait cycle (% GC).   

Ipsilateral Contralateral P-Value 
(between legs) 

Cadence (steps⋅min−1) 
CONTROL 54.3 (3.1) 54.4 (3.3) 0.752 
FREE 53.3 (2.4) 53.1 (2.4) 0.752 
STOP 52.6 (1.5) 52.4 (1.6) 0.721  

Stance duration (% GC) 
CONTROL 62.6 (0.7) 62.9 (0.6) 0.116 
FREE 62.9 (0.5) 64.4 (0.4) 0.001 
STOP 62.3 (0.7) 64.9 (0.9) 0.002  

Swing duration (% GC) 
CONTROL 39.4 (0.4) 39.2 (0.1) 0.137 
FREE 40.4 (0.3) 39.1 (0.5) 0.002 
STOP 42.0 (0.8) 39.3 (0.6) 0.001  
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3.2.3. Discussion 
Overall, results of our performance study showed that the exAFO-FC 

in STOP condition was effective in restricting total ankle motion within 
the desired threshold (<5◦), both resisting deformation and maintaining 
the ankle near neutral alignment. During terminal stance (30–50% of 
gait cycle [GC]) (Perry and Burnfield, 2010), when the ankle experi
ences its greatest moments, and when one would expect greater ankle 
motion, the exAFO-FC restricted DF motion to within <2◦. During 
loading response (0–10% GC) and midstance (10–30% GC), (Perry and 
Burnfield, 2010) when the ankle experiences substantially lower mo
ments, the exAFO-FC similarly restricted motion to <2◦. 

Furthermore, evidence showing no difference in ankle motion and 
moments on the contralateral leg in the conditions (CONTROL, FREE 
and STOP) suggests that the integral footwear included in the exAFO 
design achieved our goal: to minimize interruption in rollover. Despite 
considerable restriction of ipsilateral ankle motion in STOP condition, 
the footwear may have minimized subjects’ movement compensation on 
the contralateral leg. This is supported by no difference (P < 0.05) 
observed in mean cadence between any of the conditions (STOP, FREE, 
CONTROL) and only a modest (<2.5%) difference observed in mean 
stance duration and mean swing duration between each of the condi
tions (STOP, FREE and CONTROL) when movement of both legs is 
reciprocal. This evidence supports the likelihood that the footwear 
design contributed to maintaining rollover and minimized interruption 
of forward progression, despite the maximal restriction of ankle motion 
provided by the exAFO-FC. 

We also found that subjects using the exAFO-FC in STOP condition 
exhibited the same amount of ankle motion — approximately 2 degrees 
PF in early stance and approximately 2 degrees DF in late stance — while 
the mean external ankle moment of 19 Nm in early stance was four times 
lower than the mean external ankle moment in late stance (81 Nm). We 
believe these similarities in motion, despite substantial differences in 
force, are due to differences in anatomical tissue stiffness at force 
transmission points of the orthosis. Specifically, lower-stiffness calf tis
sue at the posterior proximal force transmission point (PF1) produces 
greater deformation to a lower force, compared to the higher-stiffness 
tibia at the anterior proximal shank force transmission point (DF1) 
(Fig. 8). 

3.3. Limitations 

Our analysis revealed a limitation in the exAFO-FC design: the 
available length of travel in linear bearing was insufficient for some 
subjects, whereby the FREE condition (compared to CONTROL) 
restricted ankle PF during terminal stance and pre-swing phase of gait. 
Future researchers implementing our design should make the requisite 
adjustments in the linear bearing to avoid this limitation. 

4. Conclusion 

Today’s near-total emphasis on specific patient populations, with 
few details about devices used in studies (Eddison et al., 2017), fails to 
acknowledge the importance of device development and performance 
baselines. Our study addresses these shortcomings - demonstrating that 
an experimental AFO, incorporating three common tropes from struc
tural and mechanical engineering: use of high modulus materials, full 
shell geometry of shape, and a three- force system maximizing leverage, 
produced superior resistance to deforming moments in stance. Since 
many countries in the world use thermoplastics in AFOs for clinical 
applications that require significant constraint of motion, designers may 
consider replacing the half cylinder shell to full cylinder shells at shank 
and foot; stiffening the ankle region by extending deep ankle trimlines or 
adding ankle corrugation reinforcements (Fatone et al., 2020, Sumiya 
et al. 1996); and using footwear that laces tight over the dorsum of the 
foot to enhance leverage. These alterations may improve stiffness and 
resistance to deforming moments in stance, as many of these features 

were used in the experimental AFO. Future researchers are encouraged 
to conduct experimentally rigorous, device-specific studies on patient 
populations and healthy subjects (e.g., to provide values for normal 
limits of device function and human response) that include intended 
function (e.g., ankle motion control), material and mechanical proper
ties (Kobayashi et al., 2011), alignment (Eddison et al., 2017, Owen 
2010) and impact on human performance and quality of life. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.clinbiomech.2021.105285. 
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