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The purpose of this article is to present test results for a
second generation, high efficiency, nonpulsatile centrifugal
blood pump that is being developed for use as a left ventric-
ular assist device (LVAD). The LVAD pump uses a hybrid
passive–active magnetic bearing support system that exhibits
extremely low power loss, low vibration, and high reliability
under transient conditions and varying pump orientations. A
unique feature of the second generation design configuration
is the very simple and direct flow path for both main and
washing blood flows. The pump was tested in both vertical
and horizontal orientations using a standard flow loop to
demonstrate the performance and durability of the second
generation LVAD. Steady state and transient orientation
pump operating characteristics including pressure, flow,
speed, temperatures, vibration, and rotor orientation were
measured. During the tests, pump performance was mapped
at several operating conditions including points above and
below the nominal design of 5 L/min at 100 mm Hg pressure
rise. Flow rates from 2 to 7 L/min and pressure rises from 50
to 150 mm Hg were measured. Pump speeds were varied
during these tests from 2,500 to 3,500 rpm. The nominal
design flow of 5 L/min at 100 mm Hg pressure rise was
successfully achieved at the design speed of 3,000 rpm. After
LVAD performance testing, both 28 day continuous duty and
5 day transient orientation durability tests were completed
without incident. A hydrodynamic backup bearing design
feasibility study was also conducted. Results from this design
study indicate that an integral hydrodynamic backup bearing
may be readily incorporated into the second generation
LVAD and other magnetically levitated pump rotors. ASAIO
Journal 2003; 49:737–743.

Approximately 400,000 new cases of heart failure are diag-
nosed each year in the United States, including up to 15,000
births with congenital heart defects. Estimates are that any-
where from 35,000 to 200,000 patients could benefit from an
artificial heart implant or from a ventricular assist device if one
were available.1 In light of this need, the National Institutes of
Health has funded the development of both pulsatile and
nonpulsatile artificial hearts for these patients. Although much
of the early funding supported the development of diaphragm

pulsatile type pumps, continuous flow pumps have been used
in short duration circulatory assistance for many years.2 Stud-
ies in animals have shown long-term survival with nonpulsatile
blood flow with no adverse effects.3–5 Conclusions drawn from
these tests are that the nonpulsatile rotodynamic pump lends
itself to application as an artificial heart of the complete im-
plantation type. Other data reveal that human patients have
been maintained with centrifugal pumps for extended periods
before a heart transplant.6 These results are significant, show-
ing the rotodynamic pump’s potential for use as a bridge to
transplant or implantable artificial heart. These promising clin-
ical and animal study results have led to an increased empha-
sis on and development of centrifugal and axial flow pumps
because of their inherent simplicity. With this interest, much
attention has been focused on the pump bearings.7–13

The optimal bearing support system appears to be totally
noncontact magnetic bearings. A magnetic bearing support
system has advantages from the viewpoints of power loss and
blood damage. With novel designs, the power loss of a mag-
netic bearing can be extremely low, especially compared with
a hydrodynamic bearing system. The noncontact nature of
these bearings allows for fully washed flow paths to avoid
stagnation points that might allow thrombi to form. Consider-
able flexibility in design of these flow paths can be obtained
through variations in the magnetic bearing system design. With
proper design, it becomes possible to both avoid stagnation
points while at the same time maintaining large enough clear-
ances throughout the flow path to also eliminate regions of
locally high shear stress that would cause hemolysis. Equally
important, the use of noncontact bearings totally eliminates the
lifetime reducing wear and tribocompatibility issues that are
present in rolling element or point contact bearing systems.

With an active bearing system, the issue of power consump-
tion must be addressed. To operate, the spinning pump rotor
must be constrained in five axes: one axial, two radial, and two
tilt. Most active magnetic bearing supported pumps use a
bearing system with five active axes to provide complete con-
trol of the pump rotor during operation. Clearly, a reduction in
the number of actively controlled axes would reduce the
power required to operate the bearings, thus increasing oper-
ating time before a battery change or recharge is required. For
magnetic attractive type bearing configurations, no reduction
in the number of controlled axes is possible. However, in
theory, if magnetic repulsion is used, only one actively con-
trolled axis is required. This approach will minimize the total
bearing power draw.

The second generation pump under development by Mo-
hawk Innovative Technology, Inc. (MiTi, Albany, NY) is based
on a novel, patent-pending, hybrid passive–active bearing sys-
tem that provides passive bearings to control the rotor in the
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