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ANKLE REHABILITATION SYSTEM BASED ON 

TETHRAEDICAL MODULE
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Abstract:  In this paper a powered therapeutic device for rehabilitation exercises of the ankle is presented. Basic of kinetotherapy as a component of rehabilitation are emphasized and than a comparative study of different devices for active or passive motion of the lower limb is done. Some details regarding the biomechanics of the ankle joint are given. The principle of operation of the proposed system is described. The motor unit of the exerciser consists of a tethraedical module. The specific features of this system are presented.
Keywords: ankle, exerciser, kinetotherapy, tethraedical module.
1. INTRODUCTION 

Kinetotherapy is defined as an ensemble of procedures which promotes motion as a basic element of rehabilitation treatment, [1]. Its task is the amelioration or liquidation of disabilities by performance’s improvement (forces, precision, and mobility of locomotion apparatus). Kinetotherapy aspects are varied, including: running, gym, games, rehabilitation of walk, hydro-kinetotherapy, and exercises. The kinetic treatment is recommended in posttraumatic affections of the locomotor apparatus, diseases of the nervous system and respiratory system, rheumatic illnesses, cardiac, metabolic and nutrition-related diseases, [2].

Ankle injuries are a very common problem especially in athletic endeavors. In many cases there is loss of integrity of the supporting soft tissues, including ligaments, tendons and muscles conducting to a degree of disability. The objective of the therapy is to return the patient to normal activity. As soon as the pain has subsided, range-of-motion exercises are initiated. Those movements which are painful are protected and are encouraged those movements that are not. After the full range of motion is achieved with no discomfort, strengthening of the musculature is begun. The earlier range-of-motion exercises are usually passive and next phase of the rehabilitation involves active exercises against resistance, [3].
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Figure 1: The biomechanics of the ankle joint

The ankle is a complex joint accommodating several anatomic motions. Dorsiflexion, is the motion occurring in the sagital plane during which the distal end of the foot moves towards the tibia or the front of the leg (fig. 1a). The range of motion is 20° in active motions and 30° - in the passive ones. During plantarflexion or extension (fig 1b) the distal end of the foot moves away from the front of the leg. The range of motion is 35° in active motions and 55° - in the passive ones. It results a total domain around 55° for active movements and 85° for passive motions. Inversion and eversion are frontal plane motions: inversion is motion where the sole of the foot tilts so as to face the midline of the body (fig. 1c), in eversion the sole of the foot tilts away from the midline of the body (fig.1d). The range of motion for abduction – adduction is 10°-20°. Supination (fig. 1e) consists of plantarflexion, inversion and adduction. Pronation consists of dorsiflexion, eversion and abduction (fig. 1f). Figures 1g and 1h illustrate complex movements in ankle and subtalar joints useful for recovering their range of motion that could be performed by the proposed device.

2. COMPARATIVE STUDY OF SIMILAR DEVICES
In figure 2 some devices for kinetic treatment of the joints of the human lower limb, especially ankle joint, are presented, according to [4], [5]. These are made for active (fig. 2a, 2b) and passive exercises (fig. 2c, 2d).
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Figure 2:  Active and passive ankle exercisers
The device in figure 2a is able to isolate the ankle subtalar joint and to exercise those muscles directly responsible for inversion and eversion of the subtalar joint as well as those responsible for dorsal and plantar flexion of the ankle joint. The device consists of a modified foot orthosis and fluid chambers for hydraulic resistance. According to figure 2b, the foot support is connected with base through a spherical joint. The resistance to spherical movement of the support is generated by elastic straps. The straps can be added, changed or removed to customize the resistance to the exact pattern required to achieve maximum benefit for the user. The device presented in figure 2c has a lower leg section and a foot section connected through a rotation joint near the heel end of the foot section. A rigid rod has one end connected to the foot section and the opposite enf held by the user. As the user successively pushes and pulls the rod, the foot section is pivotated, exercising the ankle. In figure 2d an apparatus for coupling between an attendant positioned behind of a patient and the patient is presented. It comprises an orthosis secured to patient’s leg and a mechanism to transmit motion from attendant’s leg to patient’s leg. The patient performs passive walking motions conducted by the attendant’s limb.
Many other devices that are commercially available require someone to assist the user.
3. THE STUDIED SYSTEM

Following, an original powered device for ankle kinetic treatment is proposed. Its peculiarity consists in actuation system based on a tethraedal module so-called Tetrobot. This highly redundant robotic mechanism was originally proposed by Hamlin and Sanders [6], [7], [8]. Tetrobot is a complex mechanism which belongs to a class of modular reconfigurable parallel robotic systems. Because Tetrobot uses a novel joint mechanism design, it can be used for creating various types of parallel or hybrid series-parallel robots. Since Tetrobots are easily reconfigurable, they can be used in different applications for performing different tasks, including biomedical applications. A very important feature  of Tetrobot is modularity. The Tetrobot system is modular at a number of levels, and while the entire mechanism may be composed from a large number of components, the number of different types of components is still very small. The Tetrobot structure presents a certain feature. It is composed of tetrahedral and octahedral modules which contain one or more actuated links. The links are either rigid or are linear actuators whose length can be controlled. In a Tetrobot system it can be used almost any kind of linear actuator. The linear actuators can be electric, pneumatic, hydraulic actuators or even shape memory alloy or piezoelectric. 

The elements within the structure of a Tetrobot are connected together using mechanisms of the type presented in figure 3a. The links in the Tetrobot structure are connected to one another at spherical joints. The spherical joints used in the Tetrobot have a number of properties which are of benefit to the Tetrobot system, a) is easy to manufacture, b) allows a number of bars to be connected to a common center of rotation c) is quick to assemble and disassemble. So, the Tetrobot system is not a particular robot but rather a system of hardware components, algorithms and software which are used to assemble an arbitrary number of different robot configurations.
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Figure 3: The structure of Tetrorobot

In figure 3b is presented the way in which several elements (three elements for the presented case) are connected to a common rotation centre. The presented models have been achieved using SolidWorks software [9], which allows the obtaining of some functional models on the scale. In this way it can be studied the problems referring to the correct operating conditions of these Tetrobot type structures.

Starting from these mechanisms placed at the top of the octohedronal, tetrahedrical, etc., type cells, different structures of Tetrobots can be developed. Such a structure is presented in figure 3c. The Tetrobot is built by linking a number of octohedronal or tetrahedrical cells. The cells are attached so that they share a single common triangular face. When a tetrahedron is attached to an existent Tetrobot only one new node and three elements are connected from it to other three nodes on one of the faces.
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Figure 4: The scheme of the ankle exerciser 

The device (fig. 4a) includes a foot engaging element 2, which can move in a spherical pattern. The actuation is provided by the tethraedal module 1, rigid connected in B to the support plate. In passive exercises the foot is moved only by external forces given by tethraedal module 1. But this equipment can be used for active exercises, also. In this case, the patient moves her or his foot while being resisted by external forces given by tethraedal module 1. The notations in figure 4a are: V1, V2, V3 – actuators, m1 – inversion – eversion motion, m2 – flexion (dorsi - / plantarflexion) motion, m3 – abduction – adduction motion. Figure 4b illustrates the relative position of the patient’s chair from device.
The movements of the mobile platform 2 in figure 4a are determined by the actuators V1, V2 , V3 , based on algorithm developed in order to model the motion of characteristic point A belonging to the tetrahedral module [10]. In our case, the characteristic point B is translated in respect with A at a distance determined by the real position of the system presented in figure 4b. The characteristic point A is situated at the intersection of the three driving elements of the tetrahedral module.
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Figure 5: The workspace of the actuation module
    Figure 6: The geometric model of the actuation module
For this point, the program which will move the point along the three trajectories given by the motions  m1, m2 ,m3 with their range of motion set by the medical requirements. With the aid of the Java 1.4 software, created by the Sun Microsystems company, freeware distributed, available on the web-site www.sun.com/Java3D , the three motions could be modeled, taking into account the constrain regarding their including in the workspace of the tethraedical module presented in the figure 5. Figure 6 presents a 3D geometrical model of such a module equipped with DC motors and screw transmission.
3. CONCLUSION
The actuation system of the proposed device is represented by a 3 DOF modular structure Tetrobot type, thus a wide range of ankle motion is possible performing a spherical motion of the foot. Such a device does not require a user to place his / her weight on their foot to exercise, strengthen or rehabilitate an ankle. It can accommodate users of various sizes while can be commanded to exercise particular muscles, tendons and ligaments. 
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