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Drop foot is a nerve-muscle disorder that affects the muscles that lift the foot. The two main side effects
of drop foot are slapping/kicking the foot after heel strike (foot) and dragging the foot during the swing
(toe drag). Treatment methods such as ankle-foot orthoses (AFO) have some biomechanical benefits, but
are not applicable to all walking conditions and cannot mitigate significant gait complications. This study
introduces the design of a passive AFO system, which combines an ordinary AFO and a shape memory
alloy (SMA) element. OpenSim was used to simulate patients with muscle weakness and to calculate the
torque needed to imitate normal ankle joint stiffness. The calculated torque was then reproduced for dif-
ferent levels of muscle weakness by the superelasticity of SMAs. The study showed that the normal joint
stiffness profile for each patient with a certain level of muscle weakness can be restored by designing a

© 2019 Published by Elsevier Ltd on behalf of IPEM.

1. Introduction

Walking is crucial for human mobility; however, millions of
people have impaired gait as a result of neuromuscular disorders
[1]. Ankle dorsiflexor muscles play an important role throughout
the gait cycle. Drop foot is a motor deficiency caused by gen-
eral or relative paralysis of the muscles innervated by the com-
mon peroneal nerve or paralysis of the anterior tibial muscle and
the peroneal group [2]. Major complications of drop foot during
walking include: (1) slapping the forefoot after heel strike, and (2)
pulling the toes at the beginning of each swing phase. In a patient
with drop foot, hitting the heel is followed by the foot moving
uncontrollably towards the ground and producing an abnormality
(foot slap) [3]. Toe drag prevents proper limb advancement and in-
creases the risk of tripping during the mid-swing phase of the gait
cycle. As a result, patients suffering from drop foot disorder either
scuff their toes on the ground, or bend their knees to raise their
feet higher than usual to prevent scuffing, causing a “steppage”
gait. Drop foot forces the patient to move the hip joint extensively
during the swing phase to prevent their toes contacting the ground
and to ensure they reach the ground with the forefoot [4]. These
patients tend to walk with difficulty and suffer from fatigue, which
affects their walking speed and distance. Drop foot is an indication
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of a major problem and, depending on the cause, can be temporary
or permanent.

Causes of drop foot include neurodegenerative disorders of the
brain that lead to muscular problems, such as stroke and cerebral
palsy; motorneuronal disorders, such as polio; some forms of mus-
cular spasm atrophy; amyotrophic lateral sclerosis; damage to the
nerve root, such as stenosis; and spinal cord and peripheral neuro-
logical disorders [3].

Immobilization and not using the affected joints can worsen the
outcome. Staying in a fixed position for a long time can lead to
muscle shortening and worsening of contractions and spastic re-
flexes [5,6]. One of the most common treatments for drop foot
is ankle-foot orthoses (AFOs) [7]. In 2002, a statistical study by
Nielson showed that more than 2 million people in North Amer-
ica are partially or completely paralyzed, and that 20.3% of these
people utilize orthoses to improve their gait pattern [8]. AFOs are
designed to protect and align the ankle and foot to mitigate con-
traction force on the associated muscles, help the weak or para-
lyzed muscles of the ankle and foot, and prevent and modify the
deformities [9]. Orthotic devices can be used to stretch the affected
muscles to return them to their physiological posture and increase
the range of movement of the joints.

Kobayashi et al. designed and fabricated an ankle orthosis with
springs and adjustable mechanical properties. The orthosis was
tested on post-stroke patients and motion analysis showed that
a change in orthosis properties led to changes in the kinetics
and kinematics of the knee and ankle joints [10]. Bhadane et al.
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designed an ankle-knee brace using a shape memory alloy (SMA)
wire to mimic the stiffness profile in a normal ankle [11]. By lay-
ing SMA wires in regular braces, they designed a brace for pa-
tients with normal ankle plantar flexion but difficulty in dorsiflex-
ion motion. Bhadane showed that the placement of two parallel
SMA wires was very useful for mimicking healthy ankle stiffness
characteristics and states. Deberg et al. provided an actuator made
of Nitinol superelastic alloys that had faster reaction times and
made the brace more practical and effective for walking [12,13].
Plantar flexion of the ankle pushes the SMA wires and prevents
excessive ankle plantar flexion, and stores energy to help dorsiflex-
ion. Results of motion analysis indicated that the brace can help
the abnormal gait cycle in drop foot patients. As suggested by An-
dani et al., a brace consisting of a superelastic SMA rod as a pas-
sive actuator is based on a multi-axial loaded rod that is parallel
to the ankle axis. It was exposed to torsional load due to the ro-
tation of the ankle and the rotational load, and the linear motion
of the solenoid actuator. The multi-axial load enables adjustment
of the rod rotational stiffness during the gait cycle and creates dif-
ferent levels of stiffness at different speeds [14]. Another design
was proposed by Mataee et al. for a superelastic SMA actuator un-
der bending torques consisting of superelastic hinges, an adjustable
joint, a linear actuator and a slider. In this model, the linear actu-
ator determines the position of the slider and adjusts the hinge
length, which results in the distinct stiffness required in the ankle
[15]. Another study by Pittaccio et al. showed that the superelas-
tic Nitinol alloy can be used with a specific shape in the actua-
tor springs and this holds the ankle in a steady state and reduces
spasm around the ankle [16]. In another study, Facchinello et al. as-
sessed the use of monolithic superelastic rods with variable flexu-
ral stiffness for spinal fusion: they concluded that such alloys could
be utilized to define an optimum stiffness profile for implants [17].

These orthoses improve gait by reproducing the overall stiff-
ness of the healthy joint. The weak muscle of the patient can pro-
duce some portion of the torque required. The activity and power
of healthy muscles reduce after all the torques needed during the
gait cycle have been generated. By producing all the torque needed
for the joint during the gait cycle, it is not possible to achieve
the stiffness of a normal joint. This type of design reduces the
healthy muscle input and produces more torque, which results in
more pressure on the plantar flexion ankle in passive orthoses. The
needs of each patient are assessed individually using motion anal-
ysis [18] and the required torque is reproduced to achieve the stiff-
ness of a normal joint.

The aim of this study was to design an ankle orthosis to pro-
vide normal ankle movement in patients with dorsiflexor muscle
weakness. The torque needed to correct patient kinematics can
be achieved through placing an actuator at the ankle joint and
using motion analysis and simulation of the patient in OpenSim
software. Therefore, this method enables analysis and design of
orthosis for patients with different degrees of muscle weakness.
Inserting the SMA element in a regular brace reproduces the
stiffness of a healthy ankle joint and a more natural gait pattern is
achieved. The SMA element is employed to reproduce the required
stiffness using the Finite Element Method (FEM) in ABAQUS soft-
ware and the user’s sub-routines written for an SMA based on the
Brinson constitutive equations [19].

2. Ankle behavior

The basic features of the normal gait pattern in the patient are
identified by studying the kinematics and kinetics of a healthy an-
kle during the gait cycle. In normal walking when loading the limb,
the ankle-plantar flexion torque leads to the foot movement to-
wards the ground. Ankle motion provides propulsion to the leg
during the mid-stance phase. A dorsiflexion torque is provided by

Table 1
Four-step loading-unloading rotation of the ankle [15].

Step  Phase Rotation [°]  State

1 Loading response 6.5 Loading

2 Mid- and terminal stance 17 Unloading
3 Pre-swing 27 Loading

4 Swing 16.5 Unloading

the movement of the body over the foot, when the foot is still
in contact with the ground. At heel-off, the reactive force of the
ground is transmitted to the front of the foot. This results in more
dorsiflexion torque during the terminal stance. At the end of termi-
nal stance, the plantar flexes of the legs occur in response to the
calf muscle movement - this is called push-off. The pretibial mus-
cles cause foot dorsiflexion in the beginning of the swing phase.
The dorsiflexion torque decreases in the mid-swing phase. Finally,
the ankle position will be controlled again by pretibial muscles at
the end of the swing to match the requirements of the force, which
is desirable for the next initial contact [20,21].

The stiffness of the ankle joint is considered to be the resis-
tance to ankle rotation during walking [22]. This stiffness includes
intrinsic stiffness and reflex stiffness. Intrinsic stiffness is related to
muscular structures of the joint, whereas reflex stiffness is related
to muscular function in the flex and reflex action [23-25]|. Ankle
joint stiffness is achieved through a combination of joint angles
and the generated torque during walking in normal conditions. A
study by Bhadane-Deshpande used motion analysis to investigate
healthy foot and drop foot at various speeds [11]. Fig. 1 shows the
angular changes for a healthy foot and an affected foot in a pa-
tient with pretibial weakness. Although the stiffness of the ankle
is non-linear (see Fig. 1), the division of the entire gait into sep-
arate events forms four linear stiffness curves. Additionally, these
four events can simply be modeled with two loaded and unloaded
modes.

The main movements of the ankle joint occur during walk-
ing on a sagittal surface (normal level of movement of the body).
Therefore, the kinematics of a healthy and abnormal ankle at the
sagittal level are examined [26]. A four-step behavior is observed
with classification of the entire motion gaits into loading and un-
loading events. Table 1 includes a four-step rotation of the ankle
input from the experimental data [11,27,28]. For a person of 70 kg
with a specific gait length of 1.25s (which is close to normal con-
ditions), this gait consists of 6.5° of rotation in plantar flexion that
is loaded onto the ankle during the loading process. Therefore, 17°
of rotation occurs in dorsiflexion during the mid- and end-state. In
the pre-swing stage, the ankle plantar flexes have 27° of rotation.
At the end, at swing, the entire rotation is retrieved with a 16.5°
dorsiflexion. A simplified dual loading-unloading phase is used to
perform simulation that includes 16.5° rotation in steady state and
16.5° retrieval during swing [15].

To identify ankle deficiency, gait analysis was performed by
Bhadane-Deshpande on a drop foot patient walking without any
AFO [11]. The stiffness of the affected joint is depicted by a dashed
line in Fig. 1. Patients with drop foot cannot control the foot seg-
ment and are unable to raise the foot in the swing phase. As
shown in the figure, while patients are walking with the affected
leg without AFO, the angle remains in plantar flexion and does
not return to dorsiflexion for the next impact. Compared with the
change in angle of a healthy ankle, there was a major deficiency in
the initial state, which is defined as the slap foot. Controlled plan-
tar flexion is required to avoid this problem. Similarly, as shown in
Fig. 2, the toe drag means a deficiency in the mid and end phases
of the swing, which requires lifting the entire foot segment. Posi-
tion (a) is depicted for the proper foot and (b) for the drop foot.
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Fig. 1. Stiffness of healthy joint versus stiffness of weakness of pretibial muscles [11].
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Fig. 2. Drop foot disability during walking: (a) normal foot and (b) drop foot.

To establish the stiffness requirements that must be achieved
by the SMA element, the stiffness characteristics of the healthy leg
are compared with those of the affected leg of the patient with
drop foot. Furthermore, age clearly affects muscle stiffness, so this
is also taken into consideration. Early stance and mid-swing phases
require increased stiffness. Primary stiffness can be obtained by
a passive spring and only provides resistance to plantar flexion.
However, stiffness modulation is required in the swing phase, so
we decided to focus on SMA simulation in the swing phase to help
drop foot patients to raise their foot towards dorsiflexion.

3. Shape memory alloy (SMA) behavior

Identifying the behavior of the SMA and its loading response
with respect to the ankle joint is essential in designing the or-
thotic device. The SMA has been used recently in a wide range
of medical and aerospace engineering equipment, including car-
diovascular stents, orthodontic arches and cellular phone anten-
nae, because of its good fit with the human body, low weight and
low volume, and non-linear mechanical properties [29]. This class
of materials shows two distinct behaviors: shape memory effect
(SME) characteristics in low temperatures and superelastic charac-
teristics in high temperatures. These behaviors relate to the change
of solid state phase between austenitic and martensitic crystal pro-
files [30]. The change in this phase is due to a thermo-mechanical
phenomenon caused by changes in temperature or stress. Supere-
lasticity or pseudo-elasticity receive considerable pressure through

mechanical loading and unloading, without any change in the SMA
temperature. This behavior is observed when the loading and un-
loading occur at a temperature higher than the austenitic temper-
ature without stress (i.e. Ag). The thermo-mechanical loading path
begins at a high temperature above Ay, so the austenitic phase does
not change. Therefore, as a result of applying the force on the al-
loy, the detwinned martensitic phase will be formed, which dis-
solves after the load loss [34]. Nitinol SMA has many applications
with unique elastic characteristics that lead to large deformations
during loading and unloading.

4. The proposed orthosis mechanism

The aim of orthosis is to modify the walking pattern of the pa-
tient. The proposed orthosis consists of an SMA element that helps
to save energy during plantar flexion and releases it during dorsi-
flexion to the ankle joint based on the concept proposed in this pa-
per. Placing the SMA element parallel to the joint means the SMA
is under the same ankle rotation; therefore, the ankle rotation is
regarded as an input for the main loading conditions.

In this study we developed a series of hinges that can be used
to create compatible orthoses to accomplish these concepts. Two
elements made of NiTi are placed inside the hinges in the form of
a large Omega (i.e. 2). This special form causes the material to be
loaded all the way, avoiding the focus of the stresses and finally
failure. SMA performance is based on pseudo-elasticity. Non-linear
and hysteresis behavior of NiTi SMA brings convenient properties
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Fig. 3. The Proposed design for the hinge ankle orthosis.
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Fig. 4. Critical stress-temperature profiles used in the Brinson model [32].

to the proposed orthoses in this application, and removes the
problems related to dynamic splints with fully elastic elements.
A change in elongation in components with elastic characteris-
tics leads to a change in spring-back forces; preloading these
components so they reposition to the desired posture means the
corrective force applied to the limb will be large at the beginning
of the process and will gradually decrease as close as possible
to the joint angle and target. Clockwork torsional springs can be
employed to respond to this effect, but they can be weak or bulky.
In contrast, the non-linear behavior of pseudo-elastic SMA, due
to a long plateau in a quasi-constant pressure, enables continuous
therapeutic action even in the vicinity of the target and for a
greater range of deformations/stretches.

By choosing appropriate thermo-mechanical treatments for the
shape-setting step, different SMA elements with varying length
and pressure (deformation) can be used and the properties of the
alloy can be adjusted for the different needs of the patient. Thus,
the following can be achieved simultaneously: (1) providing a
corrective biomedical, biometric, and clinical pressure, which the
patients may be able to tolerate; (2) maximizing acceptability of
the recommended treatment with sufficient corrective pressure
and matching orthosis with involuntary shocks, which reduce the
pain caused by lengthening the spastic muscles; 3) avoiding limb
stability, and thus improving joint mobility and the possibility of

using the rest of the limb; 4) removing the need to regulate the
spring preload as a position to improve the worker’s status and
work load; and 5) articulate auto-tuning the movement direction;
the stress during loading is greater than the time of discharge
by the SMA hysteresis. Therefore, conventional spring stiffness is
greater for actions that are unlike clinical goals. One of the im-
portant advantages of pseudo-elastic devices, such as SMAs, over
conventional devices is that conventional orthoses tend to increase
viscoelastic stiffness during treatment due to immobility and non-
use of damaged joints, whereas pseudo-elastic orthoses dissolve
the viscoelastic stiffness over the same time period. The proposed
orthosis comprises three main parts: tibial upright, foot plate and
SMA element. As shown in Fig. 3, the tibial upright and foot plate
are attached to each other with a conventional hinge joint, and an
SMA element is employed parallel to the ankle joint; the proposed
orthosis is attached to the calf of the patient with a calf band.

5. Numerical model for SMA element of the proposed orthosis

Numerous methods have been proposed for modeling SMA be-
havior. The Finite Element Method (FEM) is one of the most com-
mon numerical methods and has been used in many studies. In
this paper, the non-linear behavior of SMA is simulated using the
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Table 2

Material parameters adopted for the Tokuda et al. (1999) experiment [33].
Property Unit value
Moduli GPa D}, =26, Dy, =33,D, =349, D!, =26
Transformation stresses MPa o =70, 0f =188, 05 =0, oy =220
Stress-temperature slopes MPa/ °C  Cjj=1,Ci=3, (=02 C, =3
Transformation strain - e =0.016, &f = —0.0146
Thermo-elastic modulus MPa/ °C 6§ =0.55

Transformation temperatures °C

M;=—55, My=—-35, A;=-30, Ar=—15
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Fig. 5. Appropriate actuator (simulation in OpenSim) stiffness to improve gait pattern for different patients.

subset of the user generated by the Brinson constitutive equations
by the FEM in ABAQUS [19]. This model is described briefly below.

In the Brinson and Huang model, separating the martensite
volume (&) into temperature-induced martensitic (§7) and stress-
induced martensitic (£5), the Liang and Roger transformation equa-
tion with critical stress is used to identify &5 and £ to the SME
at low temperature Ms [31]. The critical temperature-stress profile
used in the Brinson model is shown in Fig. 4.

The martensite volume fraction (&) separation can be consid-
ered as the following [32]:

& =&+&r (1)

The constitutive equation for stress (o), strain (¢) and temper-
ature (T) in the form of martensitic volume fraction (£) is as fol-
lows:

o=E¢)(e—eé)+ O(T - Ty (2)

here g is the maximum strain that can be retrieved [32]. E stands
for the elastic modulus and is regarded as a linear function of the
martensitic volume fraction [31]:

E(§)=Ex +&(Eu—En) (3)

where Ey and E, stand for the elastic modulus in martensite
and austenite phases, respectively. At zero stress point, phase
transformation is triggered at desired temperatures by M, My,
As, and Ay, which denote the martensite start, martensite fin-
ish, austenite start, and austenite finish temperatures, respectively.
The stresses of detwinning start and finish process are as of"
and af", respectively. Cy; and Cp (see Fig. 4) are constants that
show the influence-stress coefficients, and indicate the stress ef-
fect on transformation temperature of the martensite and austenite
phases, respectively [31].

The evolution of equations for calculating martensitic fractions
as a function of temperature and stress, as shown in Fig. 4, can be
specified as follows:

For T>Ms and of +Cy(T —Ms) <0 < of +Cy(T — Ms)

£ — 1 —2‘%_50 Cos{o_scryzo_;r [O’ —o‘;r — Cu (T — Ms) } + 1 4‘2550

§r="E&n— 5 fmfso (&s — &s0) (4)
Also, for T<Ms and oy <o <of"

1-§ b4 o 1+§&

£ = zsocos{ascraf“(aaf)}Jr 250

§r="Er0— 5 ém‘%“so (&s — &s0) + Are (5)
where, if Mf < T<Ms and T < Ty

Arp = 1 —2570 {cos [am (T — My)] + 1}

else Ar. =0 (6)
For T>As and Gy(T —Ay) <0 < Ca(T — As)

T

f= fo- D65

fr= - 6 —6) ™)

0

where (Ty, €59, £10, £) represent the material initial state. Also, ap
and ay are the constants of material as follows:

T

M= A A

(8)
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T

ay = m (9)

SMA behavior is determined using the non-linear function of
stress, pressure and temperature, which are not correlated with
each other. The SMA beam parameters were derived using results
from tests conducted by Tokuda et al. [33]. Positive and negative
model parameters denote them under tension and compression
loading, respectively. Notably, the temperature Agfor this alloy is
—15 °C, which enables the daily use of orthosis at ambient temper-
ature as the alloy shows superelastic properties. The SMA material
parameters are listed in Table 2.

6. OpenSim software

The degree of pretibial muscle weakness varies between pa-
tients; therefore, it is not possible to improve the gait patterns
of all patients using only one orthosis. In this study, appropriate

orthoses were designed using specific motion analysis data from
each patient to reproduce a healthy joint stiffness for each individ-
ual. The experimental data in this study include gait analysis data,
electromyography (EMG) and anthropometric data of the patient.
Six dynamic and three static tests were performed during data col-
lection. The runtime of each dynamic test was about 5 s and con-
sisted of 5 steps; the runtime of each static test was about 10 s. A
total of 43 markers were used at each time step to determine the
angles of the joint in the motion analysis test.

Muscular activities can be achieved during the gait cycle us-
ing motion analysis and the patient modeling test in OpenSim.
The level of muscle weakness can be determined by comparing
these data with normal muscle activity. By inserting an actuator
at the ankle joint of the patient, combining muscle weakness in
the model and using the normal gait pattern kinematics in Open-
Sim, the torque needed to achieve the required kinematics is cal-
culated using the Calculated Muscle Control (CMC) algorithm. The
amount of torque required by the actuator in OpenSim should be
equal to the torque difference created between the patient and the
healthy individuals with the same kinematic condition. The CMC
algorithm calculates the amount of muscle excitation during the
gait cycle due to the kinematics of a patient. This algorithm cal-
culates the force distribution between muscles at each stage by
a static optimization criterion and a proportional derivative (PD)
controller, so a forward dynamic simulation is created that follows
the kinetics of the patient. When the patient suffers from muscle
weakness, their muscles cannot produce enough power to reach
the kinematics of a healthy person. The optimum torque required
to produce the kinematics in the forward process can be calculated
by inserting an actuator at the ankle joint at any time according to
the anatomy and muscle co-operation. The actuator generates the
required torque at any given time to reach optimal kinematics [34].

As the level of muscle weakness varies among patients, the
torque curve created with the actuator is also expected to vary
for different patients during the gait cycle. Therefore, the torque
required for each patient should be individually calculated to
correct their kinematics. The torque required for the joint and
the swing middle and final phases is generated using the su-
perelastic SMA beam bending stiffness. In this paper, a process is
used for three groups of patients with varying degrees of muscle
weakness. To reproduce the stiffness of a healthy joint and obtain
the desired kinematic, the SMA element should produce the
dorsiflexion torque in the swing and the initial contact phases,
which is created by the actuator in OpenSim. Dorsiflexor muscles
in the ankle joint include four muscles: tibialis anterior, extensor,
digitorum longus and peroneus tertius. Patients with various levels
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Fig. 8. Appropriate SMA elements and linear torsional spring designed to reproduce the stiffness of the actuator (simulation in OpenSim) for different patients.

Table 3

Characteristic of patients with different levels of pretibial muscle weakness.

Tibialis anterior ~ Extensor  Digitorum longus  Peroneus tertius
First patient - - - -
Second patient - + + -
Third patient - + + +

of pretibial weakness have disability and weakness in one or more
of these muscles. Three patients with weaknesses in at least one
of these muscles were chosen for analysis, see Table 3.

In this paper, an orthosis with a superelastic SMA element was
designed for the three patients with different degrees of weakness
in the pretibial muscles (see Table 3). The first patient had lost all
the ankle dorsiflexor muscles in OpenSim. Hence, the generation of

all torque required for ankle dorsiflexion motion is inevitable for
patients with pretibial muscle weakness. The second patient had
weak tibialis anterior and peroneus tertius muscles; as the dig-
itorum longus and extensor muscles of the second patient were
healthy, a torque less than that for the first patient was needed to
correct the gait pattern. The third patient had only a weak tibialis
anterior muscle; as the ankle dorsiflexion muscles were healthy, a
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Table 4
Characteristics of scenarios with similar levels of pretibial muscles weakness to the first pa-
tient.
Scenarios Tibialis anterior =~ Extensor  Digitorum longus Peroneus tertius
First scenario - - - +
Second scenario - + - -
Third scenario - + - +

lower torque was expected to be needed to modify the gait pattern
compared with for the first and second patients. Fig. 5 shows that
different levels of torque, achieved by manipulating the actuator
on the ankle joint in OpenSim software, were needed to reproduce
the stiffness of the ankle joint for patients with different levels of
muscle weakness.

Patients with drop foot do not have normal gait patterns be-
cause they cannot create dorsiflexion torque during the swing
phase and dorsiflexion motion control in the initial contact phase.
By using the OpenSim 2392 model, dorsiflexor muscle activity is
achieved for normal gait. As shown in Fig. 6, the tibialis ante-
rior and digitorum longus muscles are more active than the exten-
sor and peroneus tertius muscles in the swing and initial contact
phase. Hence, in drop foot patients, tibialis anterior and digitorum
longus muscle weakness is more pronounced in patients with mo-
tor disability. In this study, the swing and loading response phase,
as shown with the gray area in Fig. 6, includes 5-50% of the gait
cycle based on the patient’s ankle joint kinematic.

The aforementioned algorithm for designing a patient-specific
AFO for drop foot patients using SMA is shown in Fig. 7.

7. Results and discussion

Most researchers in previous studies have assumed that the pa-
tient with drop foot cannot perform dorsiflexion; therefore, they

provided all the dorsiflexion torque required for a healthy ankle
joint during the swing and initial contact phases to reproduce the
stiffness of a normal ankle. Many patients with moderate muscle
weakness can use the dorsiflexion torque during the gait cycle,
and the creation of a total dorsiflexion torque does not require a
healthy ankle. Applying unnecessary pressure on the calf muscles
and muscle weakness in the remaining healthy pretibial fibers can
lead to this hypothesis.

As mentioned above, the pretibial area consists of four mus-
cles: tibialis anterior, extensor, digitorum longus and peroneus ter-
tius, and patients with various levels of pretibial deficiency have a
disability in one or more of these muscles. As a result, the level
of muscle deficiency varies among the different scenarios, and the
torque curve of the actuator is also expected to vary. The required
torque to correct the kinematics of each scenario should be calcu-
lated individually. In this study, 15 scenarios with various levels of
pretibial deficiency in one or more of the aforementioned muscles
were simulated in OpenSim. The ankle actuator torque in a simula-
tion with a different amount of weakness in the pretibial muscles
needs the same amount of correction for gait pattern in the follow-
ing scenarios. Tables 4 and 5 show different scenarios that require
the same amount of torque for the first and third patients to cor-
rect their gait pattern. Consequently, designing the passive orthosis
to correct the gait pattern for the first and third patients includes
all these scenarios.
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Table 5
Characteristic of scenarios with similar levels of pretibial muscles weakness to the third pa-
tient.
Scenarios Tibialis anterior ~ Extensor  Digitorum longus  Peroneus tertius
Fourth scenario  + - - -
Fifth scenario - - + +
Sixth scenario + + - _

The orthosis in this study was designed for three patients
with different levels of pretibial muscles weakness and the same
procedure was shown to be suitable for any patient with pretibial
weakness. Patients with muscle weakness who cannot generate
dorsiflexion torque are aided by the SMA element, which is em-
bedded in the proposed orthosis. This study also showed that
a linear torsional spring can be used to reproduce ankle joint
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stiffness. As shown in Fig. 8, the stiffness of the linear torsional
spring that is embedded to regenerate ankle joint stiffness in
the patients was 105kgm?s—2, 75kgm2s~2 and 60kgm?s—2
for the first, second and third patients, respectively. Although
linear torsional spring stiffness may be more compatible with
the actuator (simulated) stiffness, orthosis with a linear torsional
spring has several disadvantages: heaviness and bulkiness of the
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Fig. 10. The gait cycle for three cases: a healthy subject, the third patient with muscle weakness, and when using the actuator.
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mechanism; the need for an alloy that does not show plastic
deformity under the existing loading; and the undesirable linear
mechanical properties of the linear torsional spring, which lead
to damping the ground reaction force in the initial contact phase.
The SMA element was utilized in the proposed orthosis because
it is compatible with the human body, has desirable non-linear
mechanical properties, hysteresis characteristics, low volume and
reduced weight.

Fig. 8 shows the torque produced by manipulating the cross-
section of the SMA element and by changing the stiffness of the
linear torsional spring to reproduce the ankle joint stiffness in pa-
tients with different levels of muscle weakness. The intersection
dimensions of the SMA element were 17 x 10 mm?, 15 x 9 mm? and
13 x 9mm? for the first, second and third patients, respectively. In
all cases, the shape of the SMA or linear spring was considered to
be 270°, as shown in Fig. 3. The width of the SMA beam should
be sufficient to reproduce the stiffness of the actuator. However,
there is a maximum beam width to ensure patients do not en-
counter any problems while using the device under their clothing.
Both demands are met by a maximum width of 17 mm.

In terms of muscle activity, the peroneus tertius muscle in the
second patient and the extensor and peroneus tertius muscles in
the third patient were healthy. For the second and third patients,
muscular activity during the gait cycle is shown in Figs. 9 and 10,
respectively, where the curves include that of a healthy person and
a patient suffering muscle weakness with and without the pro-
posed orthosis. These muscles have normal activity in a healthy
person. However, when other dorsiflexor muscles are weak, the
rest of the healthy muscles compensate for the weakness by gener-
ating more torque. Enhancing the activity of these muscles slightly
improves the patient’s kinematics, but cannot compensate for the
weakness of the other extensor muscles. The excessive activity of
the rest of the healthy muscles leads to insecure gait cycles and
causes fatigue and damage to the muscles. In cases where the pa-
tient uses orthosis in all three of these muscles, the activity of
these muscles returns to the normal level and prevents possible
damages in the swing and loading response phase, which starts in
5-50% of gait cycles in Fig. 9 (A and B).

8. Summary and conclusion

A few orthoses can help dorsiflexion movement during the
gait cycle. However, these devices cannot be used daily because
of their large volume and weight, the need for an external power
supply, and the high costs associated with the complex control
system. Furthermore, conventional passive devices do not provide
a patient-specific stiffness profile intended for each type of de-
ficiency. In this paper, an orthosis was designed to imitate the
stiffness of a healthy ankle joint. Adding the SMA element on the
hinged AFO to stimulate dorsiflexion reduces toe drag. Similarly,
the SMA element can be used to apply force towards dorsiflexion
in the stance phase, in which controlled plantar flexion will
prevent slap foot. The device presented in this study was designed
specifically for three patients with different levels of pretibial mus-
cle weakness; the study illustrated that this process can be used
for all patients with pretibial weakness. Motion analysis tests were
used for each patient to optimize the torque needed to correct the
kinematics according to muscle stimulation and activity during the
gait cycle. OpenSim was utilized to simulate patients with muscle
weakness and to calculate the torque required to imitate normal
ankle joint stiffness. The normal joint stiffness profile for each
patient with a certain level of muscle weakness can be restored
by designing a patient-specific orthosis. Dimensions of the SMA
element were calculated by simulating it in ABAQUS to generate
the torque required for the patient during the swing and initial
contact phases.
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