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Abstract. The number of people who need rehabilitation increases day by day
because of reasons such as laceration, aging, work accidents and etc. Therefore,
the need of rehabilitation aids is constantly increasing. There are many research
studies about assistive technologies in rehabilitation. Especially, rehabilitation
robots have a great importance. Existing rehabilitation robot studies have
mostly focused on position and force control. Thus, it is muscular activation
that should be evaluated to enhance control results, because the same joint trajectory and/or joint torque can be achieved through different muscular combinations. In this study a muscular activation controlled rehabilitation robot system
for lower limbs is proposed. A probabilistic artificial neural network model,
which can estimate posteriori probability, was used for discrimination of EMG
patterns for robot control with EMG signals.
Keywords: robot, EMG, motion classification, pattern discrimination.

1 Introduction
Spinal cord injury, accidents causing damage in brain or brain vessels and similar diseases cause the need for rehabilitation to grow in the whole world. In parallel to this
situation, related technologies are also developing since smart machines are required for
supporting physiotherapists in the rehabilitation period. We can classify the systems
developed in physical therapy such as smart patient chairs, assisting exoskeletal robots,
intelligent orthosis-prosthesis (orthotic) and therapeutic exercise robots. The physiotherapy process requires extreme patience from both the patient and the physiotherapist
besides being an exhausting and expensive process. Additionally, a physiotherapist can
only treat single patient. Nowadays, in order to find solutions to these problems, intelligent therapy equipment is objective in research and development.
In physical therapy and rehabilitation-based health centers, therapy exercise appliances such as CPM [1], BIODEX [2] and CYBEX [3] have been used for a long time.
However, these equipments only have a very limited ability to respond to the patient’s
reaction and to model the physiotherapist’s movements. Accordingly, studies on rehabilitation-based robots have increased especially in the last 15 years. Rehabilitation
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robots have great importance in the fields of future physical therapy and rehabilitation, due to their features:
─ the ability of doing the repetitive movements accurately throughout the therapy
─ the ability of measuring the position, the speed and the force and recording these
measurements by means of its sensors
─ the data of these measurements reflects the result of the therapy.
MIT- MANUS [4], GENTLE/s [5], MULOS [6], ARM-Guide [7], MIME [8] are the
most known rehabilitation robots designed for the upper limbs. These designs are
developed for the therapy of disorders in motor functions. During the therapy, when
the patients cannot do the exercises, the robot arm aids the patient. The effectiveness
of robot-aided therapy has been approved by the clinical studies carried out to the
present day; refer to [9] and [10]. Besides these studies, rehabilitation robots that
aimed at modeling the exercises of the physiotherapist have been developed such as:
─ TEM (Therapeutic Exercises Machine) [11]
─ REHAROB [12]
─ PHYSIOTHERABOT [13]
In all of the studies mentioned above, the force and position sensors detect the patient’s reactions. The control algorithms of these robots were developed thorough
these position and force feedback data. However, the muscle of the patient is the place
where the intention of movement and reactions originally occur in.
When the patient’s muscle activations can be evaluated under the control of the rehabilitation robots, the best information about patient’s muscular-nervous system will
be provided. Thus, this will bring out a more meaningful and more effective control
and accordingly a better therapy process. Patient’s muscle activation can be obtained
by EMG (electromyogram) signals. Various EMG-based systems such as humanmachine interfaces, prosthesis, patient chairs, and exterior skeleton robots have been
developed to the present; see [14]-[18].
The applications where robot actuators are used as a control signal by means of
processed EMG signals are concentrated especially in prosthesis arms and in exoskeletal robots. However, among the rehabilitation robots which aim to recover the
motor skills of patients, the use of EMG signals as the robots control signal is limited,
especially for lower limbs rehabilitation robots. An assisting robot that is controlled
by EMG, BIODEX equipment, was compared with passive exercises in terms of the
wrist joint actions. The analysis indicated that a better result is observed with the
robot-aided exercises than the passive exercises. The actuators of MIT-MANUS were
controlled by means of the EMG signals obtained from the muscles. A game aiming
to improve the motor skills was set up on the patients monitor. The patient was told to
do the given duties by using his forearm and upper arm together with the robot arm.
At the states when the patients muscle signals decreased below a certain level, the
robot arm helped the patient with the exercise. In this study four channel EMG signals
were used which were obtained from the patients forearm and upper arm regions. In
situations when one of these signals exceeded the level of logic 1, robot actuators
were activated.
There are only a few studies in the literature about EMG controlled rehabilitation
robots for lower limbs. He and Kiguchi proposed an exoskelatal robot manipulator
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controlled by EMG signals to assist lower limb motions. This sytem is wearable and it
transfers torques from motors through rigid links to the human joints. They developed
a fuzzy-neuro controller to control exoskeletal robot manipulator [19]. Hoshino and et
al. developed an assistive device for human locomotion. They used EMG signals to
control of gait support mechanism [20].
In this study, we proposed a muscular activation controlled therapeutic exercise robot system for the rehabilitation of the lower limbs. In the system design, basic rehabilitation exercises were references (flexion–extension for knee and hip, abductionadduction for the hips). A Cybernetic Human-Machine Interface was developed for
the control of the proposed system. In this interface, a LLGMN (Log-linearised Gaussian mixture model) algorithm was used for detecting the patient’s movements by
using EMG signals [21]. The system performs the manual exercises of the physiotherapist besides the passive, active and active assistive exercises. Main differences of
proposed system from other rehabilitation robot system for lower limbs are that the
proposed system is a therapeutic exercise robot system that is controlled by biofeedback as well as force and positon feedback and the developed cybernetic interface can
be classify patient motion in order to detect whether correct muscular activation is
generated by him.

2 Robot-Aided Rehabilitation System
The structure and the elements of the system are shown in the Fig. 1. According to
this, the system is composed of the physiotherapist (PT), the patient, the rehabilitation
robot and the cybernetic interface. The PT enters the information about the therapy
into the system through the user’s interface. This information consist of parameters
such as patient’s identification (name-surname, date of birth, kind of illness, physical
properties of the patient etc.), the limb that will perform the exercise, the kind of the
exercise, the therapy period, the number of repetitions of exercise and the therapy’s
degree of difficulty. Furthermore the EMG electrodes are applied to the appropriate
positions on the patient’s limb by the PT.
The cybernetic interface is the main control center of the system. It evaluates the
patient’s EMG signals and the force-position feedback information coming from the
rehabilitation robot. Then it produces the torque command which is required for the
robot actuators. Regarding this torque command, the rehabilitation robot helps the
patient’s movement when it is need. More detailed information about the rehabilitation robot and the cybernetic interface are given below.
2.1 Rehabilitation Robot
In this study a robot mechanism with 3 degrees of freedom aimed at the rehabilitation
of lower limbs, which was developed by the authors in the earlier studies, was used
(figure2). The properties of the robot mechanism are given below. (For deeper information refer to [22])
─ It is able to perform active, passive and active assistive exercises as well as
model the PT’s exercise movements.

274

E. Akdoğan and Z. Şişman

─ It is a 3-DOF robot manipulator. Thanks to this feature, it can perform the flexion-extension movement for the knee and hip and the abduction-adduction
movement for the hip.
─ It uses two special force sensors suitable for rehabilitation in order to measure
the reacting force of the patient.
─ Safety is ensured using both software and hardware.

Fig. 1. Robot aided rehabilitation system

Fig. 2. Rehabilitation robot and positions of force sensors

2.2 Cybernetic Interface
The Cybernetic interface is the control center of the system. The block diagram of the
interface is given by figure 3. Explanations regarding its units are given below.
2.2.1 EMG Signal Processing Unit
At the EMG signal processing unit EMG signals coming from the electrodes that are
tied to patient’s skin are evaluated and used for controlling. This process is performed as
follows (see also figure 4). EMG signals coming from L pairs of electrodes are linearized, amplified and filtered respectively. The filtered signals are exemplified sampled
with 1 kHz frequency by DAQ cards. Sampled signals are defined as EMGi (t) (i = 1,
2,…, L). EMGi (t) signal is normalized as the sum of the signals coming from L channels electrodes to be 1. The normalized EMG signal is defined in Equation (1).
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Fig. 3. Cybernetic interface

(1)
In this equation, EMGi′(t ) represents the normalized EMG signals, whereas EMGirest
represents the mean value of EMGi(t) of the related limb at rest. Normalized EMG
signals are transmitted to related units as shown in Figure 3.

Fig. 4. EMG Signal Processing

2.2.2 Log-Linearized Gaussian Mixture Model Network (LLGMN) Unit
In this study, a probabilistic artificial neural network model, which can estimate posteriori probability, was used for discrimination of EMG patterns in order to determine the
EMG-based joint movement [21]. The network structure was built on a statistical model
which is composed of log-normal gauss components. Normalized EMG signals are
taken by the LLGMN unit for classifying the movements. At first, the signals are processed into a non-linear transformation and then transmitted to LLGMN network model.
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The output of the network is the information of the posteriori probability values obtained from the sampled EMG patterns or the information of the movements, the interpreted state of these values. These phases are shown in Figure 5. Besides this, the entropy value is also calculated in order to detect the patterns which cannot be decoupled
by the network. If the value of entropy is near to zero, it indicates a right discrimination.
If it is near to one, it indicates a wrong discrimination. The network does not give any
output in case of exceeding the previously determined entropy value.

Fig. 5. Log-linearised Gaussian mixture model network (LLGMN)

2.2.3 Muscle Activation Evaluation Unit
The muscle activation (MA) is defined in the equation (2).
(2)

In this equation, EMGirest represents the limb at rest and EMGimax represents the mean
value of EMGi (t) when the maximum muscle contraction occurs. The calculated
value of muscle efficiency is transmitted to the exercise selection unit and is used as a
selection parameter for appropriate kind of exercise.
2.2.4 Exercise Selection Unit
The proposed system can perform passive, active-assistive, active and resistive exercises. The exercise selection unit selects the appropriate exercise type through switching method, by using the value of muscle efficiency obtained from the force, position
and EMG feedback data and by using the information about the exercise type determined by the physiotherapist.
2.2.5 Contraction Evaluation Unit
A muscle contracture is a shortening of a muscle or joint. It is usually in response to
prolonged hypertonic spasticity in a concentrated muscle area, such as is seen in the
tightest muscles of people with conditions like spastic cerebral palsy. In case of
contracture, this evaluation unit, which is designed for preventing the system from
hurting the patient, analyzes contracture. Depending on this analysis, the robots
movements are regulated in an appropriate way. Then the necessary information is
sent to the conventional control gear.
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2.2.6 Active Motor Selection Unit
In this unit, the servo drives which should be allowed are determined in accordance
with the movement information coming from LLGMN unit.
2.2.7 Performance Evaluation Unit
This unit is used to evaluate the patient’s performance during the rehabilitation session. According to the exercise type, three different performance indices are used.
These are EMG pattern index, EMG amplitude index and mechanic parameters index
(angle of joint, torque, speed). Each index has two different evaluations: patient index
and error index. Patient index reflects only patient’s performance, whereas error index
detects the error between the patient’s performance and the commands sent to patient
from the system. In patient index, three different values are calculated: timedependent instantaneous values, the mean value of time for each trial and the total
mean value of all trials in a session.
The normalized EMG signals, the value of muscle efficiency and mechanic parameters (torque, speed, position) are calculated or measured for instantaneous values.
By using the time mean values, patient or PT can evaluate the result of the therapy
after every trial. The daily therapy evaluation can be done with the total mean value
which is calculated at the end of all trials.
The error index indicates the patient’s performance ratio and the mean value of the
errors in the process.
2.2.8 Conventional Controller
Among the exercises performed by the system, the passive exercises require position
control, active-assistive exercises require force and position control, active and resistive exercises require force control. In the proposed system, impedance control
method will be used for force control, whereas proportional-integral-derivative (PID)
position control method will be used for position control. The conventional control
unit will select the control method. Additionally, impedance parameters selection unit,
which is located in this unit, will select the appropriate impedance control parameters
in accordance with the exercise type.

3 Materials and Method
The system has the two separate working modes learning and therapy. The learning
mode aims the patient’s movements to be learned by the system by means of EMG
signals. With this purpose, EMG electrodes are placed on the related muscles in accordance to (regarding) the limb to be rehabilitated and the kind of movement (flexion-extension, abduction-adduction, etc.). The related movements are done by the
patient. For each movement EMG signals are recorded. The learning data is selected
from within these recorded signals. The network is trained by the selected data. After
the training is completed, the network is ready to classify the movements and the
learning phase ends.
In the therapy phase, the patient is attached to the rehabilitation robot without replacing the position of the EMG electrodes. The related exercise type is selected by
PT. In therapy stage, the duties of the patient are reflected to the patient’s monitor.
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The patient is asked to perform these duties, although he is attached to the robot arm.
The cybernetic interface, which evaluates the EMG signals and force-position data
coming from the rehabilitation robot, produces the motor control signal.
Thus, the rehabilitation robot moves. During the active exercises, patients EMG
signal level (measured by muscle efficiency) and decrease in force or contracture case
are evaluated by cybernetic interface. The rehabilitation robot helps the patient with
the exercise as much as required. In case of contracture, in order to prevent injury, the
rehabilitation robot moves with appropriate force and position regarding feedback
signal levels or stops the whole movement. Rehabilitation robot has also the ability to
perform passive exercises and resistive exercises. Also during these exercises the
patient’s state is controlled continuously by the feedback information. When needed
the system can make some changes in the applied force and position. This process
increases the software security besides hardware security elements (limit switches,
emergency buttons, mechanical limitations).

4 Conclusion
In this study, we proposed a muscular activation controlled rehabilitation robot system for lower limbs. The system is designed to imply the patient’s muscle signals to
the force-position feedback control method. A probabilistic artificial neural network
model, which can estimate posteriori probability, was used for discrimination of EMG
patterns for robot control with EMG signals.
Physiotherapists scale human muscles with six different levels from 0 to 5. Zero
level represents the muscles with no contraction, whereas level five represents the
strongest muscles. The type of the applied exercises change according to this scale
[22]. The system can especially be used for rehabilitation of the patients with muscle
levels 0, 1, 2 and 3. There may occur some problems in classifying the EMG signals
obtained from the patients with 1 and 2 level muscles, because the patient cannot use
his muscles properly and contracture may occur. For this reason, the patients who will
use the system will require training which will provide them the knowledge to use
their muscles properly. This training will be constituted by games based on performance. In the future study, the performance of the proposed robot-assisting system will
be tested by healthy subjects and then patients.

References
1. Salter, R.B., Simmonds, D.F., Malcolm, B.W., Rumble, E.J., MacMichael, D., Clements,
N.D.: The biological effect of continuous passive motion on the healing of full thickness
defects in articular cartilage: an experimental investiga-tion in the rabbit. The Journal of
Bone and Joint Surgery 62(8), 1232–1251 (1980)
2. Biodex System 2 User’s Manual, Biodex System Medical
3. http://www.csmisolutions.com (access time: March 2011)
4. Krebs, H.I., Hogan, N., Aisen, M.L., Volpe, B.T.: Robot-aided neuro-rehabilitation. IEEE
Trans. Rehabil. Eng. 6(1), 75–87 (1998)
5. Loueiro, R., Amirabdollahian, F., Topping, M., Driessen, B., Harwin, W.: Upper Limb
Mediated Stroke Therapy – GENTLE/s Approach. Autonomus Robots 15, 35–51 (2003)

A Muscular Activation Controlled Rehabilitation Robot System

279

6. MULOS Project, http://www.asel.udel.edu/robotics/newsletter/
showcase12.html (access time: February 11, 2005)
7. Reinkensmeyer, D.J., Kahn, L.E., Averbuch, M., McKenna-Cole, A.N., Schmit, B.D.,
Rymer, W.Z.: Understanding and treating arm movement impairment after chronic brain
injury: Progress with the ARM Guide. Journal of Rehabilitation Research and Development 37(6), 653–662 (2003)
8. Lum, P.S., Burgar, C.G., Kenney, D., Van der Loos, H.F.M.: Quanti-fication of force abnormalities during passive and active-assisted upper-limb reaching movements in poststroke hemiparesis. IEEETrans. Biomed. Eng. 46(6), 652–662 (1999)
9. Ferraro, M., Palazzolo, J.J., Krol, J., Krebs, H.I., Hogan, N., Volpe, B.T.: Robot aided sensorimotor arm training improves outcome in patients with chronic stroke. Neurology 61(11), 1604–1607 (2003)
10. Lum, P.S., Burgar, C.G., Kenney, D., Van der Loos, H.F.M.: Robot assisted movement
training compared with conventional therapy techniques for the rehabilitation of upper
limb motor function following stroke. Arch. Phys. Med. Rehab. 83(7), 952–959 (2002)
11. Sakaki, T., Okada, S., Okajima, Y., Tanaka, N., Kimura, A., Uchida, S.: TEM: Therapeutic
exercise machine for hip and knee joints of spastic patients. In: Proceeding of Sixth International Conference on Rehabilitation Robotics, pp. 183–186 (1999)
12. REHAROB Project (2000), http://reharob.manuf.bme.hu
13. Akdogan, E., Taçgin, E., Adli, M.A.: Knee rehabilitation using an intelli-gent robotic system. Journal of Intelligent Manufacturing 20(2), 195–202 (2009)
14. Zecca, M., Micera, S., Carrozza, M.C., Dario, P.: Control of multifunctional prosthetic
hands by processing the electromyographic signal. Crit. Rev. Biomed. Eng. 30, 459–485
(2002)
15. Wheeler, K.R., Jorgensen, C.C.: Gestures as input: Neuroelectric joy-sticks and keyboards.
Pervasive Comput. 2(2), 56–61 (2003)
16. Fukuda, O., Tsuji, T., Kaneko, M., Otsuka, A.: A human-assisting ma-nipulator teleoperated by EMG signals and arm motions. IEEE Trans. Robot. Autom. 19(2), 210–222 (2003)
17. Moon, I., Lee, M., Chu, J., Mun, M.: Wearable EMG-based HCI for electric-powered
wheelchair users with motor disabilities. In: Proc. IEEE Int. Conf. Robot, pp. 2649–2654
(2005)
18. Arachchilage, R., Gopura, R.C., Kiguchi, K.: EMG-Based Control of an Exoskeleton Robot for Human Forearm and Wrist Motion Assist. In: IEEE International Conference on
Robotics and Automation Pasadena, USA (2008)
19. Hel, H., Kiguchi, K.: A Study on EMG-Based Control of Exoskeleton Robots for Human
Lower-limb Motion Assist. In: 6th International Special Topic Conference on ITAB, Tokyo, pp. 292–295 (2007)
20. Hoshino, T., Tomono, M., Suzuki, T., Makoto, S., Mabuchi, K.: A Gait Support System
for Human Locomotion without Restriction of the Lower Ex-tremities: Preliminary
Mechanism and Control Design. In: Proceedings of the 28th IEEE EMBS Annual International Conference, New York City, USA, August 30-September 3, pp. 2950–2953 (2006)
21. Tsuji, T., Fukuda, O., Ichinobe, H., Kaneko, M.: A Log-Linearized Gaus-sian Mixture
Network and Its Application to EEG Pattern Classification. IEEE Transactions on Systems, Man, and Cybernetics, Part C 29(1), 60–72 (1999)
22. Akdogan, E., Adli, M.A.: The Design and Control of a Therapeutic Exercise Robot for
Lower Limb Rehabilitation: Physiotherabot. Mechatronics 21(3), 509–522 (2011)

