
Morozov V.V., Zhdanov A.V., Novikova E.A.
Design of electric and mechanical drives for implantable systems of left ventricle assist device and artificial heart
Problem. One of the most important problems in running the system of left ventricle assist device (LVAD) or total artificial heart (TAH) is the creation of stable drive providing continuous and permanent blood flow. This article is concerned with the design of mechatronic drive for such systems.

Cardiovascular disease is leading among the reasons of death, exceeding death rate from oncological disease and accidents. Death rate from a cardiovascular pathology is one of principal causes of low life expectancy and demographic crisis in Russia. High deficiency of donor bodies forces to apply artificial replacing devices more widely. Since the 80th years during the treatment of sick heart or search of donor heart the 2-staged schedule of transplantation is applied due usage of implantable systems of LVAD or TAH which perform a role of mechanical "bridge".
Auxiliary blood circulation bases on treatment of cardiovascular disease with the help of the mechanical devices temporarily implanted to cardiovascular system and functioning together with natural heart before rehabilitation of adequate ability of a myocardium. Recently there has been found a clinical application such systems as: HeartMate LVAS, Thoratec VAD (Thoratec, USA), Novacor LVAS (World Heart Inc, USA), AbioCor (Abiomed, USA), Arrow LionHeart (Hershey Medical Center, USA), INCOR (Berlin Heart AG, Germany), etc. However the question of creation of the reliable Russian variant of such system is a very long-felt need.
Methods. Output elements of the drive are required to fulfil reciprocating cyclic motions with 1…2 Hz frequency (that relatives to pulse 60…120 beats per minute) under the loading force exceeded 100 N (meets the pressure 120 mm Hg).. Each cycle contains two phases – a systolic and a diastolic. A working cycle goes during a systolic and after that it is a pause during a diastolic. Motion of pusher plates of artificial heart ventricles can perform from the one output shaft as well as from two shafts. At first case pusher plates are attached to the ends of the screw. Reciprocating motion of pusher plates causes pressure to ensure blood pumping. At second case both output shafts actuate the plates simultaneously by means of hinge and lever system.

Mechatronic drives meet mostly the requirements to such drives. This fact is explained by high efficiency, small size and mass, high reliability and long life of the device in comparison with hydro- and pneumatic devices. The use of mechatronic drive allows creating autonomous and portable systems of artificial blood circulation instead of stationary centers.

Features of electric drive providing life of the artificial heart tells high requirements to a motor. The usage of rare-earth magnets allows creating dc motors which having the following properties (brushless, torque, portable, low-inertial, high-controllable). They are rather simple on a design, mechanically strong and energetically effective electric motors and therefore most acceptable for systems of auxiliary blood circulation and artificial heart. The motor specially designed for artificial heart’s drive is dc brushless torque motor with three-phase winding on stator and hollow rotor. Inner hole of a rotor is used for putting wires and for assembling of rotor position sensor or input link of a gear.
The actuating mechanism with a high reduction and efficiency and small dimensions is necessary for maintenance of required speed of output motion. The ballscrew and rollerscrew mechanisms are the most perspective gears for that. They have a high loading capacity, durability (more than one million cycles), efficiency (more than 0.7), provide precise and smooth moving. However usage of ballscrew mechanisms is limited to technological opportunities. Rollerscrew mechanisms, which built in a hollow rotor of the motor, allow creating highly effective units, which sizes are approached to natural dimensions of heart as much as possible. Three- and four-link mechanisms with ring elements (screw, rollers or nut) are preferable.

Due to application planetary rollerscrew mechanisms as mechanical transformers there is provided increasing of loading capacity, getting of a large reduction in one step, lowered vibration activity, reduction of loading on the support and frames. Multipointed contact in mating threads in PRM allows obtaining better characteristics, such as: load capacity, rigidity, reduction and efficiency in running at small mass and size and short kinematic chain.

Mechatronic unit (MU) is the most convenient construction of a drive of artificial heart. One of the main requirements to a drive of artificial heart is a fulfilment of a given law of motion and a limitation of mass and sizes. Since miniaturisation of unit is restricted by sizes of electric motor, the synthesis of MU is supposed to choice a proper by power motor. After that it is especially important for autonomous systems with restricted power sources to define such optimal values of design parameters that fulfils a given motion law and provides a minimum of power consumption.

Kinematic gear ratio (KGR) is the main such design parameter of a transformer with linear output motion. It equals to a ratio of output linear velocity to speed of rotation of a rotor. Unit dimension of KGR is millimeter per revolution. Choice of kinematic gear ratio determines working point of a motor, and therefore power and dynamical properties of a unit. 

Consideration of specific power transformations in electric and mechanical unit shows that power consumption is a rational function depending on kinematic gear ratio. Optimal value of KGR provides a minimum of WP and is defined from the algebraic equation of the forth order. Optimal kinematic gear ratio, providing running of designed unit for all modes, equals 2.6. The total efficiency of a unit is ratio of a net mechanical power to the total power consumption. It equals about 0.6. From our point of view that is a good result.

Results. Thus and so mechatronic unit for LVAD is performed on the basis of brushless torque dc motor with permanent rare-earth magnets in the hollow rotor of which is built a mechanical transformer of rotary motion into reciprocating cyclic motions of output shaft, or planetary rollerscrew mechanism. Electric motor operates in brushless dc motor mode; commutation of phase windings on the stator is fulfilled by rotor position sensor. Pusher plates of artificial heart ventricles are attached to the ends of the screw. Reciprocating motion of pusher plates causes pressure to ensure blood pumping. On the fig. 5 there are shown experienced sample of EMU for implantable system of auxiliary blood circulation and artificial heart.

Modular design (assembly in united device) of the drive highly enhances the characteristics of the whole system for artificial blood circulation. Given mechanism provides technical data as: overhauls of continuous run is more then 10 000 hours at pulsating frequency 60…120  cycles per minute; average force on output shaft is 100 N; shaft travel is 20 mm; size: diameter is 55 mm, length is 45 mm; mass is 280 g; power supply is provided with batteries of 12 V. Features of this device are small vibration and almost no noise.

Comparative analysis of various designs of such systems for artificial blood circulation have demonstrated that electromechanical drives of modular performance on the basis of planetary rollerscrew mechanism and brushless dc motors are the most promising trend in transplantology. The similar investigations are conducted by Penn State University's Hershey Medical Center. They also developed the use of drives with brushless dc motor and planetary rollerscrew gears helping artificial heart and auxiliary blood circulation [5].

Our works on design of EMU for artificial heart will be carried out in close cooperation with the Moscow Science Research Institute of Transplantation and Artificial Organs guide by academician Valery Shumakov. In the institute clinical tests of our unit will be carried out. Basic component of our research is supported by the Russian Foundation of Basic Research and the Analytic program of Rosobrazovanie “The achievement of high school scientific potential”.
