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Abstract- This paper presents a novel myoelectric controlled active hip-knee-ankle-foot orthosis 

(A-HKAFO) designed to assist lower limb disorders. The proposed orthosis device2 consists of 

a polypropylene shell and a metal hinge joint, is designed to help patients during gait 

rehabilitation after neurological injury, and assist people who have difficulty walking3 due to 

obesity, sports injuries. The system also can use4 for studying human gait biomechanics5. A 

myoelectric control law strategy is proposed using a finite state machine (FSM) method. The 

algorithm is activated by users’ intend to forward or backward stepping6. The electromyogram 

(EMG) signals from lower limb7 and device motion data were8 used for the control of A-

HKAFO. In order to determine the last location of the user after movement, physical feedback 

is utilized from the mechanical system.  

Keywords. Myoelectric control, orthosis device, finite state machine, HKAFO. 

INTRODUCTION 

In the world, about 80 million people have lower extremity disorders. Active orthotic devices 

are being developed for people who have diseased or weakened lower limb muscles. They have 

difficulty with walking due to trauma, brain stroke, spinal cord injuries, sports injuries, or obesity (Costa 

& Darwin, 2006). There are two types of approaches to assistive systems for walking. The first is a 

Functional Electrical Stimulation (FES). In this approach, regaining muscle control of a patient’s legs is 

provided by electrical stimulation (Hawran & Fin, 1996). The other method is External Active Orthoses 

(EAO), where the support and power, necessary for the system, are provided by actuators (Lum et al., 

2002). 

Human walking is a combination of complex joint movements, and the identification of these 

movements has always been a challenge for medical specialists, engineers, and mathematicians. To 

provide this, a high degree of freedom of walking movement should be simplified. To overcome these 

problems, many researchers consider using biped robot models in their theoretical and experimental 

studies (Nagasaka et al., 1999).  
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Regarding the design of active orthosis, there are some constraints such as the range of motion 

of the joints, kinematics of legs, the joint angle speed, and contact between links. To eliminate these 

limitations, it is necessary to perform a correct kinematical analysis of the system.  

Generally, an active orthotic device expresses a device intended to increase the ambulatory 

capacity of a person suffering from leg pathology by providing some means of augmenting the power 

at one or more joints of the lower extremities. Thus, it helps to increase the power of the individual to 

support walking (Dollar & Hugh., 2008). These systems are not suitable for people who have an absence 

of a muscular stimulus. Generally, the term ‘exoskeleton’ is used to describe certain rehabilitation 

devices, which includes the majority of the joints of the lower extremities. 

These days, many wearable active orthosis devices have been successfully developed 

(Giovacchini et al., 2015; Tucker et al., 2015; Yan et al., 2015; Shorter et al., 2013; Ulkir et al., 2018;). 

The first known controllable active orthosis is a patent for a hydraulically actuated device from 1942 

that added power at the hip and knee joints (Dollar & Hugh., 2007). The MIT Biomechatronics Lab 

developed a powered ankle-foot orthosis to assist drop-foot gait, a deficit affecting many people who 

have suffered a stroke, suffer from multiple sclerosis, cerebral palsy, or another condition (Samuel et 

al., 2008). The device consists of a modified passive ankle-foot orthosis with the addition of a series 

elastic actuator. The active orthosis devices designed for such studies had electrical, hydraulic, and 

pneumatic actuators and different control methods (Sawicki et al., 2005; Ferris et al., 2006).  

Muscle contraction in the human body gives rise to a bioelectrical signal proportional to the 

muscle activity. The signal is called Electromyogram (EMG), an important instrument for diagnosis, 

treatment, and the automatic control of the prosthesis and orthosis. Nowadays, orthotic systems use 

classical control techniques or EMG-based control.  

This paper will look at the design of a portable device for the control of A-HKAFO, used for 

assisting lower limb disorders. With these kinds of devices, people will be able to have physical therapy 

and rehabilitation anytime, anywhere. During the design stage, a length-adjustable, motion-performable 

active orthotic device with three degrees of freedom (DoF) is utilized. This device includes rigid 

components that are divergent from a degree of freedom of human motion and can perform safety 

factors. The Brushed-DC motor is used for the actuation of the device and output of the improved EMG-

based controller. 

A control algorithm has been developed by using a finite state machine method, based on the 

acquired EMG signals and kinematics data taken from an accelerometer through the software. 

This paper is constructed as follows. The first section describes the requirement of the size, 

kinematic design of the misalignment mechanism, and actuation unit of the A-HKAFO. Then control 

structure and EMG-based controller of the system are presented in the next section. The last section 

concludes this paper 

MATERIALS AND METHOD 

Biomechanics of Walking 

Understanding the biomechanics of human walking is very crucial for the design of an active 

orthosis. Thus, it is necessary to explain the phases of human walking before describing the design. A 

simple scheme of the phases of human walking is shown in Figure 1 (Kanthi et al., 2014). During the 

loop of walking, the timing of events is taken approximately, as the changes are taken according to the 

person and conditions.  

During walking, first, the person moves one of his/her legs to the front, removes the other from 

the ground, and moves forward when stepping with the first leg. In the walking cycle, the time where 

the leg stays in the air is called the “swing phase”, and the time where the leg stays on the ground is the 

“stance phase." The moment of a lower extremity stepping on the ground is the beginning of the stance 

phase. When this extremity leaves the ground, the stance phase ends and the swing phase starts. When 

the same extremity steps into the ground again, the walking cycle is completed.  
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In general, the human leg can be thought of as a seven DoF structure, with three rotational DoF at the 

hip, one at the knee, and three at the ankle. Human anatomical planes consist of three sections. These 

sections are the coronal, sagittal, and transverse planes.  

The coronal plane, divides the body into the front and the rear sections, the sagittal plane which 

divides the body into the right and the left sections; and the transverse plane divides the body into upper 

and lower sections. The motion in the sagittal plane is known as “flexion” and “extension”. The hip 

motion in the coronal plane is known as “abduction” and “adduction”. The motion in the ankle in the 

coronal plane is called “eversion”. 

 

Figure 1: Human walking gait through one cycle 

 
 

For our design, HKAFO is considered as a reference points. These orthoses are used to 

maintain the stabilization on the hip joint and control the rotation. In this study, with the help of an 

actuator system, located at the hip zone, an orthosis was put into action. These types of orthosis are 

called “active orthosis.” Unlike passive orthosis, active orthoses have the potential to actively control 

the joints of the devices. 

Mechanical Structure of the HKAFO 

While the design of the orthosis device, the rules of biomechanics and suitability to the human 

anatomical structure should be considered. Another important criterion is the weights of the actuators 

and electrical equipment for easier carrying, and standing, of the device.  

The 3D and rear view of the designed orthosis are shown in Figure 2. The orthosis is designed 

for people who are between 10-20 years old, have a maximum height of 170 cm, and a maximum weight 

of 70 kg. On the designed active orthosis model, the knee and ankle are considered rigid; but these parts 

can be activated anytime with lock mechanisms, which are located at the hip and knee joints. In this 

way, in consequence of any adverse motion, the limb can be prevented from incurring harm. 

The A-HKAFO device consists of three sections: the hip, thigh, and calf. The material used in 

these sections is polyethylene, which is composed of polymers that member of the thermoplastics group. 

Polyethylene is a light and high strength material. It is a low density, slippery material with a low 

coefficient of friction. A fasteners and linkage mechanism consists of Al 6061 alloy. It has high 

corrosion resistance and excellent handling properties. It provides lightness in the orthosis as well as 

durability. As the system is used by people who suffer from obesity, lightness is always an extremely 

important factor. 

The orthosis has one DC motor as an actuator-located hip zone. The actuator system of A-

HKAFO has two mechanical structures.  The first is a gear and T-type deflector reducer mechanism 

used to transmit the generated torques of the actuator to the hip joints. The other is a pulley and four-bar 

mechanism, which is used for transferring the generated torque to the knee joints. Thanks to this 

mechanism the system takes action from the hip zone and performs only the “flexion” and “extension” 

motions. 

Before production, kinematic analysis of the A-HKAFO was carried out using the SolidWorks 

Motion program to determine the torque and power requirements. During the analysis of the system, the 

walking cycle of the orthoses device was completed in 2.01 seconds. The necessary torque, power, and 

angular displacement values for the hip joint were obtained from the analysis results of the device, which 

carries a maximum mass of 70 kg. 
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Figure 2: A-HKAFO device 

 

 

 
 

As shown in Figure 3, the maximum torque is approximately 60 Nm for the hip joint. The 

maximum torque was realized during the stance phase, as expected. If we look at the power value, an 

average of 100W of power is needed. for the orthosis. Also, the angular displacement is shown in Figure 

3. 

 

Figure 3: Torque, power, and angle displacement values of the hip joint 
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The relation between two different types of torques was determined for modelling the 

electrical motor used in the A-HKAFO device. The first torque is the required torque of the A-HKAFO 

jointT(j) to realize determined walking movements and the second torque is the necessary torque that 

must be supplied by the motor T(m) . 

The reducer in the high cycle rate ( n ) must be added to the motor, as the obtained output torque 

from the electrical motor is much smaller than the necessary joint torques. Because of this, the motor 

angle 𝜃𝑚, the velocity 𝜃̇𝑚 and the acceleration 𝜃̈𝑚 are changed to the A-HKAFO joint angle 𝜃𝑗, velocity 

𝜃̇𝑗, and the acceleration 𝜃̈𝑗 according to cycle rate (𝑛). These can be expressed in the equations below: 

𝜃𝑗 =
𝜃𝑚

𝑛
                                               (1) 

𝜃̇𝑗 =
𝜃̇𝑚

𝑛
                                               (2) 

𝜃̈𝑗 =
𝜃̈𝑚 

𝑛
                                                     (3) 

 

The relation between the motor torque and the A-HKAFO joint torque is shown in equation 

(4): 

𝑇(𝑚) =
𝑇(𝑗)

𝑛
                                        (4) 

The generated torque by the motor must counterbalance the inertia of the reducer. Also, the 

efficiency of the reducer 𝜂(𝑟𝑒𝑑) and the expected friction losses (𝐹) must be added to the model of the 

motor. The new torque equation for the motors is: 

𝑇(𝑚) =
𝑇(𝑗)

𝑛.𝜂(𝑟𝑒𝑑)
+ 𝐼(𝑟𝑒𝑑) ∙ 𝜃̈(𝑟𝑒𝑑) + 𝐹              (5) 

The torque values required for the electric motor in the A-HKAFO device are calculated using 

Equation 5. For determining of the required torque 𝑇(𝑗) for the joints in equation (5), clinical gait data 

analysis was used. For the selection of the electric motor, the torque-velocity curves obtained by using 

equation (5) must be compared to the limit curves of the selected motor. The motor is suitable if the 

motor torque-velocity curves are under the values of motor limits. In this study, the Maxon RE-35 DC 

motor has been chosen as an actuator. This motor has suitable specifications as it has small dimensions, 

is lightweight, and has high efficiency. The properties of active orthosis device are given in Table 1.  

Table 1. Properties of active orthosis device 

Orthosis Weight (kg) Length (mm) Material 

 9.5 650 ±80 Thermoplastic and aluminum 

Actuator Weight (kg) Power Rating (W) Gear Reduction 

 0.8 90 1:64 

 

The orthosis has one actuator and the total electrical power is of 90W. The electrical circuit of 

the A-HKAFO includes a DC motor; a Microcontroller board; EMG sensors; an accelerometer and a 

battery. The actuator, gears, and deflector reducer were chosen due to its lightweight features and 

suitability.  

The results of the required torques and powers based on experiments on an 80-kg. -human, 

with a height of 180 cm, are shown in Table 2 (Crowell et al., 2002). Clinical gait analysis (CGA) has 

been referenced so that it allows for gathering information about joint kinematics and kinetics of the 

musculoskeletal system during walking.  It has been determined that the active orthosis provides the 

needed torque and power values, according to the kinematic analysis results from this designed device. 
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Table 2. Torque and power values 

 Hip Extension  Knee Extension Ankle Extension 

No-Load Torque (N.m)   61     48 118 

Load Carrying Torque (N.m)   88     69 170 

No-Load Power (W)  110     86 212 

Load Carrying Power (W)  158     140 305 

 

 

CONTROL SYSTEM STRCUTURE OF THE A-HKAFO 

 

The main control system block diagram of the A-HKAFO is shown in Figure 4. The patient’s 

intention to perform a flexion or extension motion is detected by both EMG and the the accelerometer 

sensors. To determine the last location of the patient after movement, physical feedback is utilized from 

the mechanical system. 

 

Figure 4: Control block diagram of the A-HKAFO 

 

 

            The programming card based on the Microchip ATmega328P has been chosen as controller of 

the assistive system. It detects walking movements through sensors. During walking, two accelerometers 

and the surface EMG electrodes have been used for the detection of motion data. An H-bridge motor 

driver has been used for driving the motor that enables the activation of the assistive system. A triple-

axis digital accelerometer (ADXL345) has been used in this study. The accelerometer sensor is placed 

on the semitendinosus muscle in the thigh region, allowing three-axis outputs. Only the sensor placed 

in the X direction will determine which leg moves.  It is a small, thin, low power with high resolution 

(13 bit) measurement at up to +/-16 g. The illustration of the control circuit is shown in Figure 5. 
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Figure 5: Illustration of the control circuit 

 

           The surface myoelectric signal has been used many important applications in research and clinical 

practices. The analyses of the data collected through EMG signals consists of several stages: data 

collection, feature extraction, classification algorithm, and estimation of misclassification (Phinyomark 

et al., 2012). All of the approaches to EMG pattern recognition have the fundamental processing stages, 

as shown in Figure 6. 

Figure 6. Stages of signal processing for EMG 

 

 

The EMG signals may be subject to pre-processing to remove unwanted interference; the most common 

sources of interferences are power line harmonics and motion artefact from electrode movement. Since 

myoelectric signals have a time sequence with a random number of elements, it is not practical for 

classification. Therefore, the signal sequence should be mapped to feature vectors. Feature vectors of 

EMG signals are classified to detect which movement produces specific results. For this classification, 
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methods like artificial neural networks, fuzzy logic, finite state machine, and support vector machine, 

etc., classifiers were used (Young et al., 2013; Altan et al., 2019). 

In this study, the Finite State Machine (FSM) was chosen as a classifier.  The FSM consists of a status 

set, input, output, event set, and state transition functions. The behavior of each system’s state is 

characterized by a possible system state.  Here, the transitions between output states are provided, 

depending on the input variable and the present state of the system. 

EMG BASED CONTROLLER 

A raw EMG signal measured from the gastrocnemius muscle is given in Figure 7. These signals have 

been obtained from the EMG sensors, attached to the muscle, using surface electrodes. In this study, a 

single channel has been enough for receiving a single intentional data. The signal is filtered using high 

pass/low pass filters for noise reduction, and the absolute value of EMG signals is calculated and 

normalized between 0 - 1. The maximum and minimum values of the signals as well as Equation 6 are 

used for normalization. The filters applied to achieve this signal in the desired frequency range (50-500 

Hz) are designed as digital filters via the controller. The available EMG signals are predominantly within 

this frequency range mentioned above. 

𝐸𝑀𝐺(𝑡) = (𝐸𝑀𝐺ℎ𝑎𝑚(𝑡) − 𝐸𝑀𝐺𝑚𝑖𝑛(𝑡)) ∗ (
1

𝐸𝑀𝐺𝑚𝑎𝑥−𝐸𝑀𝐺𝑚𝑖𝑛
)             (6) 

 

Figure 7. Raw EMG signal 

 

The filtered and normalized EMG signal is shown in Figure 8. A threshold value is defined for 

converting EMG signals to logical signals and for using the signals for control systems. A logical value 

1 is produced when the the muscle contractions exceed this threshold, and a logical value 0 is produced 

when the muscle contractions fall below this threshold. The patient’s physician determines the threshold 

levels. The threshold value is 0.18 for this patient. After this process, the classification process starts.  

The signals to be used in the Finite State Machine are also given in Figure 8.  
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Figure 8. Muscle contraction conditions 

 

  

 

The EMG signals and the accelerometer data collected from both legs are classified using the FSM 

method, as shown in Figure 9. The result of this classification is used for three different situations of the 

actuator input. These situations are: the patient stops, moves his/her right leg or moves his/her left leg, 

respectively. In Figure 9, EMG_Right shows EMG signal measured from the right leg, EMG_Left shows 

EMG signal measured from the left leg, Adxl_Right shows the position information measured from the 

right leg and Adxl_Left shows the position information measured from the left leg. The classification 

has been performed according to the state of these data. The signals sent to the motor driver are expressed 

as “a” (logic 1 or 0) and “b” (logic 1 or 0). 

CONCLUSION 

This paper discusses how an A-HKAFO device, powered by a DC motor, is designed and tested on a 

person. The device assists people who encounter difficulties in walking due to reasons such as an injured 

spinal cord, sports injuries, or obesity.  

The A-HKAFO, which has been designed by the basic mechanics of human walking, ensures active 

walking operations for the user with the help of a support system located in the hip zone  

A control method has been applied using the Finite State Machine method, based on the acquired EMG 

signals and the kinematics data taken from accelerometers. This method aims to identify the region from 

where motion starts by comparing two signals received from the system. A motor located in an A-

HKAFO will start to work when the person starts moving, and will also ensure that the leg moves 

forward for the next step. One of the aims of the study is to determine if battery usage could be reduced. 

This has been achieved through a mechanical system built for actuator-enabled movement (in both 

directions), and through power reduction.  

One of the important design criteria for such systems is the choice of the actuator with the desired weight 

and size which can be suitable for the system in terms of controllability and low power efficiency. In 

this study, the selected DC motor has met the desired criteria in terms of weight/performance ratio. 

Although the device successfully tested on two patients at Marmara University orthopedic department, 

a more in-depth trial is needed for its clinical approval.  The orthotic devices are usually specially 

designed for personal use. With its mechanical structure, the developed A-HKAFO device can be used 

by people of different sizes As a result of some anatomically limited restrictions on the device, providing 

this support may have some disadvantage. It is aimed to obtain a more appropriate structure for human 

anatomy by removing these restrictions in the future. It is also aimed to develop a haptic structure so 

that the system will be smarter by carrying out studies on adapting to the patient’s contact sensation. 
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Figure 9. The classification of the processed signal using the FSM algorithm 
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