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Abstract Stroke patients often suffer from foot drop, a gait abnormality caused due
to the paralysis of the anterior portion muscles of the lower leg, causing an inability or
impaired ability to raise the foot at the ankle joint. This condition leads to extremities
of the foot being dragged along the ground while walking, causing tripping and other
accidents. Braces or splints that fit into shoes are prescribed to help hold the foot in
a normal position. For rehabilitation, most patients are trained to walk with canes,
and therapists prescribe physiotherapy for a series of short, intensive sessions. These
solutions are expensive and slow processes as they require the presence of skilled
personnel. In this paper, we present a novel design and control methodology for a
1-DoF Soft Active Ankle-Foot Orthosis (AFO) to address these issues. The AFO is
designed to augment the human musculoskeletal system. The AFO is actuated using
McKibben muscles (pneumatic artificial muscles), which are driven pneumatically.
They are cost-effective and lightweight, offering a significant advantage over motor-
driven orthoses. The orthosis is controlled using electromyography (EMG) signals
from the muscles involved in the motion of the ankle. The use of EMG for control is
found to be a better option than existing methods due to its non-invasive nature.

Keywords Active foot orthosis * Electromyography (EMG) - Foot drop *
Rehabilitation + Soft robotics

1 Introduction

According to the World Health Organization, 15 million people suffer stroke world-
wide each year. Of these, 5 million people die, and another 5 million are permanently
disabled [1]. A common ailment for stroke survivors is foot drop, i.e., the inability
to actively perform Dorsiflexion of the foot. This leads to the occurrence of steppage
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Fig. 1 Hypothetical pattern of recovery after stroke with the timing of intervention strategies.
Source [4]

gait, where the foot drags along, requiring the patient to raise their knee higher than
usual in the swing phase to counter this [2]. The patient’s foot slaps the ground during
the foot strike phase of the gait cycle. Studies have shown that the entire kinematic
chain of the lower body is disturbed, resulting in the functioning of the motor system
under abnormal load [3]. Patients generally undergo therapy to regain motor control,
and the required recovery can take from months to years to complete as shown in
Fig. 1 [4]. The available number of medical professionals is far less than the require-
ment, and they may not be accessible to all those who need it [5]. To this end, robotic
devices can significantly decrease the burden on therapists and caregivers and can
be used to provide intensive task-oriented practice.

Considerable research has gone into developing such robotic devices, especially
for upper-body rehabilitation [6—8]. Most of these devices, however, are rigid, heavy
and unwieldy. In recent years, the interest in a compliant robotic system has increased
exponentially, due to the significant advantages they provide. McKibben muscles or
pneumatic artificial muscles (PAM) are a possible actuation method with properties
that make them uniquely suited for the application presented. These properties are
explored in depth in Sect. 4.
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In this paper, we describe the design and control of a single DOF orthosis, actu-
ated with PAMs and controlled with electromyography (EMG) signals. The EMG
sensors are non-invasive, and the design of the orthosis is compliant, lightweight and
wearable. Section 2 explains the practices and techniques involved in the rehabilita-
tion of the foot and Sect. 3 explains the existing orthoses and exoskeletons for foot
rehabilitation. Section 4 discusses the construction and working of the prototype,
and the results are presented in Sect. 5. Some concluding remarks and future scope
are mentioned in Sect. 6.

2 Rehabilitation Techniques

To understand the requirements and specifications of stroke rehabilitation devices, a
brief introduction of common existing techniques is given below [9].

2.1 Physiotherapy

The primary technique used is physiotherapy which involves assessment of a phys-
iotherapist using various techniques. The techniques include various exercises.
Mobility training is done to stabilize and strengthen to enhance balance and support.
Range of Motion Therapy helps in easing muscle tension allowing a good range of
motion.

2.2 Technology-Assisted

Functional Electrical Stimulation method involves inducing contraction to the
weak muscles by application of electricity which helps in training them.

Game System Technology is based on the idea of integration of games for rehabili-
tation. They involve functional activities and keep the patient occupied and motivated
with games during the rehabilitation process.

3 Existing Technologies for Rehabilitation

Robotic exoskeletons have been employed in assisting individuals suffering from
physical disability either for the advancement of therapy or as a permanent assis-
tive tool. They are of various types and can be classified based on their method of
actuation. Rigid actuation devices are actuated using DC motors, steppers, etc. Soft
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actuation devices are actuated using compliant methods which generally include
pneumatic or using shape memory alloys (SMA) [10-13]. The AFO described in
this paper falls under this category.

3.1 Rigid Actuation

Anklebot at Massachusetts Institute of Technology (MIT), USA The Anklebot
is a 3-DOF wearable robot, which is actuated using two BLDC motors. The linear
actuators are mounted in parallel and provide actuation in two of the ankle’s 3-DOF
[14]. Position information is provided by encoders.

ALEX at University of Delaware, USA This exoskeleton is mounted with a walker
to support the device. The controller applies a force-field at the ankle of the subject
providing the necessary torque to move it [15]. The disadvantage is that it is not
easily portable.

3.2 Soft Actuation

Wearable Soft Exoskeleton at Carnegie Mellon University, USA The exoskeleton
uses four PAMs connected to the knee and foot braces with the help of artificial
tendons [11]. It helps with therapy, but it does not provide much independence for
the user.

Powered Ankle-Foot Orthosis at University of Michigan, USA This orthosis is
actuated by PAMs providing only plantar flexion torque. It uses a real-time computer
interface for controlling the air pressure supplied to the PAMs which is determined
using a footswitch placed under the foot [12].

Adaptive Control of Actuated Ankle-Foot Orthosis (AAFQO) at Paris-Est Créteil
University, France AAFO uses a predetermined trajectory of the ankle’s swing phase
of the gait cycle, to provide the required assistance [13].

4 Construction and Working

4.1 Design of the Prototype

The design of the AFO focuses on achieving the following goals:

e User comfort
e Minimal weight
e Complete range of motion about a single axis
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Fig. 2 AFO’s Layout. Components labelled from (1) to (11): (1) Arduino Uno; (2) motor drivers;
(3) solenoid valves; (4) Li-Po; (5) panel for electronic circuitry; (6) knee braces; (7) PAM mount;
(8) PAM; (9) foam padding; (10) adjustable strings; (11) orthotic sole

e Simple setup
e Minimal cost.

Pneumatic Artificial Muscle Design Each PAM consists of a silicone rubber tube,
placed within a nylon mesh sleeve. One end is pneumatically sealed, and the other
end is used as an inlet for pressurized air. When air flows into the tube, it expands
volumetrically. Since the sleeve’s structure only allows it to expand radially while
contracting longitudinally, the PAM contracts when pressurized.

Multiple studies have been performed on these PAMs, and the force-length char-
acteristics are found to be similar to that of a muscle [16]. The materials used in the
PAM are compliant, lightweight and low-cost, making them well suited for the AFO.

The analysis of various characteristics of the PAM is presented in Sect. 5. The
required length, diameter and pressure of the PAM were decided upon through exper-
iments with various configurations, presented in Sect. 5.

Orthosis Design
The computer-aided design of the prototype is presented in Fig. 2. The orthosis
consists of thigh and shin supports connected by a knee brace or a hinge joint which
offers full range of motion of the knee. This framework along with the shin of the
leg acts as the ground link for the actuating mechanism. The sole attached to the foot
is the end effector which can be modelled as hinged at the shin.

The knee brace and the sole are connected using two PAMs in an agonist-
antagonist configuration, each one providing the necessary dorsiflexion and plan-
tarflexion forces, respectively. The point of the PAM hinged to the sole is dependant
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on the required actuation torque and range of motion. Since PAMs are shown to pro-
vide a good amount of force [16], but only limited contraction, the choice was made
to place them very close to the joint and the length of the force arm was determined
experimentally as 3 cm. The corresponding data is presented in Sect. 5. This allows
the AFO to achieve the entire Range of Motion which is roughly 20° for dorsiflexion
and 50° for plantarflexion [17].

Some similar devices [18, 19] have been constructed with the ground at the shin,
connected to the ankle end effector in a similar fashion. We found that in this config-
uration, the transverse reaction forces during PAM contraction resulted in skin defor-
mation at the skin-AFO interface causing user discomfort and restriction in the range
of motion of the AFO. By placing additional support above the knee, the reaction force
is made almost normal to the skin-AFO interface, thereby providing good support
with no loss in user comfort. Figure 3 presents the kinematic model of the designed
orthosis along with the degrees of freedom of actuation that the orthosis provides.

Fig. 3 Kinematic model of the orthosis

Electronics and Pneumatic Circuitry Each PAM is controlled by a pair of 2-
position 2-way solenoid valves, where one acts as an inlet and the other acts as an
outlet. Each pair of valves is connected to an MCU and an L298N Driver for power
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Fig. 4 Pneumatic circuit

and logic. Two MyoWare EMG sensors are connected to the same MCU. The entire
setup is powered by a 12V lithium-polymer battery and placed above the knee to
optimize weight distribution throughout the AFO.

Both the inlet valves are connected to an air tank with pressurized air at 45 PSI, and
the exhaust valves are left open to the atmosphere as shown in Fig. 4. All pneumatic
connections were made with 8mm OD x 6 mm OD polyurethane pneumatic tubes.
The control methodologies for the PAMs are described in Sect. 4.2.

4.2 Control of the Orthosis

Signal Acquisition In order to detect the intent of the user, the AFO uses MyoWare
muscle sensors and EMG electrodes. Each McKibben muscle is placed so as to assist
the functioning of a specific muscle. The targeted muscles are:

e Tibialis anterior for dorsiflexion
e Soleus for plantarflexion.

The positions of these muscles are depicted in Fig. 5.



1374

Tibialis anterior

Fibularis longus

Extensor digitorum
longus

Fibularis brevis

Extensor hallucis
longus

Fibularis tertius

Superior extensor — R

retinaculum

Inferior extensor /’7( \ '.
NN

retinaculum ,{
1l

Superficial muscles of the right
lower leg (anterior view)

N. Gudapati et al.

Gastrocnemius
(lateral head)

Gastrocnemius
(medial head)

Plantaris

Soleus

Calcaneal (Achilles)
tendon

Calcaneus (heel) ———— D
N

Superficial muscles of the right
lower leg (posterior view)

Fig. 5 Muscles of the leg. Source [20]

Each muscle requires a non-invasive EMG sensor and each sensor requires the
placement of three electrodes to capture the differential component of the signal
travelling across the muscle. As per EMG electrode placement standards [21], one
electrode is placed near the centre of a muscle, one electrode near the end of a
muscle and a ground electrode is placed near a bone for reference. The rectified and
integrated signal is sampled by the 10-bit ADC of the MCU at a rate 200 Hz.

EMG Analysis The rectified and integrated signals (signal envelopes) from the
MyoWare muscle sensors produce output with added noise. Studies show that the
noise from sSEMG signal includes both high frequency components and low frequency
components arising from movement artefacts [22]. To overcome this, the signals from
both EMG sensors were passed to two independent 1-dimensional Kalman filters.
Due to the difficulty involved in creating a dynamic model, a linear predictive model
was used, where the filtered output from the previous iteration was taken as the
initial estimate for the next iteration. It was found that a value of 0.001 for process
noise covariance gave the best results for both sensors while inducing only negligible
latency in the filtered output as shown in Fig. 6.
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Fig. 6 EMG signal acquisition, filtering and thresholding

EMG signals for a muscle are highly dependent on a multitude of factors such
as electrode placement, fatigue, and the physical and mental state of the user and
other EMG artefacts [23, 24]. Hence, real-time calibration is done before every
session. This happens automatically on initialization of the AFO. This calibration
procedure sets the threshold for each muscle to enable intent estimation, which is
described below. This also addresses the issues due to EMG degradation by adjusting
the threshold.

The rest state characteristics of each muscle are obtained by recording the unfil-
tered EMG envelope for 10s. The mean (s ) and standard deviation (o) of this
data are extracted from this data. Using the collected data, a threshold is calculated
for each target muscle using Eq. (1) for dorsiflexion and Eq. (2) for plantarflexion.
This threshold is then used to detect activation of each muscle. The muscle is found
to be actively contracting when the filtered signal exceeds the threshold.

For tibialis anterior muscle, the threshold is determined by Eq. (1),

T = phrest + 3 * Opest (D
For soleus muscle, the threshold is determined by Eq. (2),
T= Mrest + 8 x Orest (2)

Studies have shown that a threshold equal to the mean added to a multiple of
the standard deviation gives accurate results when applied to the EMG envelope
[25]. The values of the constant multiplier for standard deviation were determined
experimentally. The accuracy of intent detection with these values was tested and
the results are described in Sect. 5.

Intent Detection Logic Using the described method, we determine the state of a
muscle in real time. It was determined that the soleus muscle was active during plan-
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Fig. 7 Intent detection

Table 1 State of solenoid valves

PAM movement Inlet valve Exhaust valve
Relax (Deflate) Close Open
Contract (Inflate) Open Close

tarflexion, and the initial and final stages of dorsiflexion. This is visualized in Fig. 10,
which shows plantarflexion, followed by dorsiflexion. Using this information, user
intent is detected by the method specified in Fig. 7.

Control of PAM with EMG

The user closes the feedback loop by attempting to move their ankle by muscle
contraction. This eliminates the need of external feedback and allows real-time intent
detection.

In order to contract a PAM, pressurized air is inflated into it by opening the inlet
valve and by closing the outlet valve. In order to relax (expand) a PAM, the air
inside it is exhausted by closing the inlet valve and opening the outlet valve. Table 1
summarizes the valve positions for different PAM configurations.

In order to ensure smooth movement of the foot, the speed of inflation or deflation
of the PAMs is reduced by applying a pulse width modulated (PWM) signal to the
valves. Through experiments, it was found that a PWM signal with a time period
of half a second and a duty cycle of 10% for 5s was ideal. The duty cycle can be
modified to provide varying angular velocities. Figure 8 depicts the operation of the
AFO. The AFO is an open-loop system; however, the user closes the control-loop
while using the orthosis. This make the device simple, efficient and cost-effective.
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Table 2 State of pneumatic artificial muscles
Intent Dorsiflexor PAM Plantarflexor PAM
Rest state Relax Relax
Plantarflexion Relax Contract
Dorsiflexion Contract Relax

After detecting user intent, control signals from the MCU are sent to the LM298
drivers that control the pneumatic valves. Table 2 describes the state of each PAM
with respect to various user inputs.

5 Results and Statistical Data

5.1 Pneumatic Artificial Muscles Tests

The PAMs were tested on an experimental setup consisting of a rigid support to attach
the actuator. The other ends of the PAMs were attached to a pan to test contraction
under varying loads. The PAMs were connected to an air compressor maintained at
a constant pressure while testing. A vernier scale was fixed along the length of the
PAM.

Initially, PAMs of different lengths and diameters were tested to determine the
combination that provides maximum percentage contraction under a minimal load
of 1 kg and 45 PSI pressure. These results are presented in Table 3. PAM of 30cm
length with an inner diameter of 1/3 in. was found to be optimal due to its percentage
contraction and satisfying the length constraints of the average leg.
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Table 3 Pneumatic artificial muscles tests
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Inner diameter Outer diameter | Length of muscle | Length Percentage

(inches) (inches) (cm) contraction (cm) | contraction (%)

173 172 20 2.5 12.5

172 5/8 20 1.8 9.0

1/3 12 30 5.1 17.0

172 5/8 30 3.0 10.0
ACTUATOR ANALYSIS

Contraction (mm)

1250 1500 1350 2000 "
250 400 :
W0 3000 -
03500 350 40
4250 4e0

Load (grams)

Fig. 9 Pressure-contraction-load analysis of the PAM designed

Pressure (PSI)

Once the PAM characteristics were decided, the length of the force arm was
determined by testing the contraction of the PAM under various pressures and loads
in the abovementioned experimental setup. This data is presented in Fig. 9. The length
of force arm was selected as 3 cm by taking into account the maximum pressure of
the tank and the load borne by the actuator, and the required range of motion which
is 20° for dorsiflexion, 50° for plantarflexion [17].

5.2 EMG Control Tests

The AFO was tested by three of the authors as the particants for the study. The
participants flexed their legs over the entire range of motion for both dorsiflexion
and plantarflexion, and the percentage accuracy of intent detection in every case
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Table 4 Participants were relaxed

Participant | Dorsiflexion (%) Plantarflexion (%)
Accuracy | False- False- Accuracy | False- False-
positive negative positive negative
95.00 1.67 3.33 90.00 1.67 8.33
2 100.00 0.00 0.00 98.33 0.00 1.67
96.67 1.67 1.67 91.67 1.67 6.67

Table 5 Participants were fatigued

Participant Dorsiflexion (%) Plantarflexion (%)
Accuracy False- False- Accuracy False- False-
positive negative positive negative
90.00 1.67 8.33 90.00 3.33 6.67
2 95.00 1.67 3.33 91.67 3.33 5.00
91.67 3.33 5.00 90.00 5.00 5.00

was calculated and presented. Table 4 presents the data when they were relaxed and
Table 5 after a while when fatigued.

The control scheme achieves a mean dorsiflexor accuracy of 97.22% and inaccu-
racies being 1.11% false-positive and 1.67% false-negative. The mean plantarflexion
accuracy is 93.33%, and the inaccuracies are 1.11% false-positive and 5.56% false-
negative.

The control scheme achieves a mean dorsiflexor accuracy of 92.22% and inaccu-
racies being 2.22% false-positive and 5.56% false-negative. The mean plantarflexion
accuracy is 90.56% and the inaccuracies are 3.88% false-positive and 5.56% false-
negative.

From the results mentioned in Tables 4 and 5, it is found that the simple con-
trol scheme presented is able to achieve a mean dorsiflexion accuracy of 94.72%,
and inaccuracies being 1.66% false-positive and 3.62% false-negative. The mean
plantarflexion accuracy is 91.94% and the inaccuracies are 2.5% false-positive and
5.56% false-negative. It is worth noting that the accuracy decreases minimally when
the participants are fatigued.

Performance The orthosis exhibited a good response time to the changes in the EMG-
based muscle activation signal with minimal lag due to the simple control logic. The
absence of a feedback control signal also eliminates the time delay introduced by
sensors and error detectors. The activation function’s output for both the muscles is
shown in Fig. 10. An ergonomic and compliant prototype of the orthosis was made
as a proof of concept. The completed prototype is shown in Fig. 11.
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Fig. 11 Prototype of the
ankle-foot orthosis
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6 Conclusions

The design and control of a 1-DOF Soft Ankle-Foot Orthosis presented in this paper
shows promise to be a therapeutic alternative for foot drop rehabilitation. The AFO
uses EMG signals which are reliable and easy to calibrate. The main purpose of the
work is to present the scope of soft-robotic devices as an alternative for rigid and
heavy hardware previously used for robotic rehabilitation. The AFO uses PAMs,
which are pneumatically actuated, low-cost and lightweight. The torque provided
by the AFO can be increased by enhancing air pressure driving techniques, and
this could allow the use of the device as an exoskeleton. Also, machine learning
algorithms could be used to estimate the intent of the user with greater accuracy. The
device could also be further developed by incorporating more degrees of freedom.
This would allow the AFO to perform inversion and eversion of the leg.
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