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HEALTHCARE

Heart to 
Heart
Multiphysics systems 
simulation leads to better 
understanding of a smaller 
artificial heart design.

By Mark Goodin, CFD Consulting Engineer, SimuTech Group, Cleveland, U.S.A.  
and Michael Yaksh, MultiPhysics Consulting Engineer, Lilburn, U.S.A

http://www.ansys.com/Industries/Healthcare
http://www.ansys.com/Products/Simulation+Technology/Systems+&+Multiphysics


© 2013 ANSYS, INC. ANSYS ADVANTAGE  Volume VII  |  Issue 3  |  2013         27

A new continuous-flow total arti-
ficial heart (CFTAH) is smaller 
and less complex than other 

artificial heart designs. It features a sin-
gle moving part, the rotor, which is sus-
pended by a combination of magnetic 
and fluid forces. This new heart is mov-
ing into animal testing, which is expen-
sive and time-consuming, so the cost of 
failure at this stage is high. To minimize 
the risk and number of expensive design 
changes, engineering consultants from 
the SimuTech Group are performing mul-
tiphysics simulation that incorporates 
electromagnetic simulation coupled with 
fluid flow to fully explore the CFTAH’s 
operation. To date, simulation has been 
used to calculate the pump’s hydrau-
lic performance, static pressures on 
pump surfaces, rotor torque, rotor axial 
forces, and other key parameters — all 
as part of the process of ensuring prod-
uct design robustness before testing with 
live animals.

POTENTIALLY LIFE-SAVING 
DESIGN
More than 300,000 Americans die from 
heart failure each year, and of these, up 
to 20 percent die while waiting for a heart 
donor. Artificial hearts have the potential 
to save many of these people. But exist-
ing FDA-approved devices are complex, 
bulky and so large that they fit only 20 
percent of women and 50 percent of men. 
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The continuous-
flow total 
artificial heart’s 
unique design 
features a single 
moving part: the 
rotor, which is 
suspended by a 
combination of 
magnetic and 
fluid forces.
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The CFTAH is a more compact and simpler artificial heart that fits 
most adults and many teenagers. The device is intended for use 
as a bridge to a transplant as well as for permanent use to com-
pletely replace a failing human heart. 

The CFTAH’s unique design delivers both simplicity and effi-
ciency. A single motor and single power cable drive the organ’s 
rotating pump assembly. Impellers supporting left and right cir-
culation are mounted on opposing ends of the rotor. The rotor 
is radially suspended by a blood-lubricated hydrodynamic jour-
nal bearing designed to minimize blood shear while maintaining  
stable operation. During operation, the rotating assembly 
reaches a radial position in which the fluid-generated hydraulic-
bearing forces are balanced by electromagnetic forces exerted by 
the pump motor.

During normal operation, the rotor is free to move axially, 
and its axial position is determined by the magnet’s axial restor-
ing force and opposite-acting left and right pump side pressures. 
When the right pump pressure is higher than the left pump pres-
sure, the rotating assembly is shifted by hydraulic forces to the 
left. This leftward shift increases the size of the right pump aper-
ture, which increases the right pump’s output pressure and flow 

� 3-D flow simulation of rotor speed contours� Electromagnetics model of the motor. The rotor is shifted both axially and 
radially to determine the force system acting on the rotor for arbitrary rotor 
position. Severe localized saturation occurs at the overhanging rotor end.

Rotor speed

rate. The increase in right pump performance raises the pressure 
and flow rate entering the left pump, which increases the left 
pump pressure and causes the rotating assembly to shift back 
rightwards. This self-regulation process automatically corrects 
any imbalances between the right and left side pumps. If there 
is a sudden change in pump pressure, the motor’s axial restoring 
force limits the overall axial travel of the rotating assembly. This 
innovative design eliminates the need for components that have 
complicated other artificial heart designs, such as valves, sensors 
and actuation mechanisms.

ROLE OF ELECTROMAGNETICS SIMULATION
Researchers are currently working to validate the CFTAH design 
in preparation for in vivo testing in animals. Simulation is 
needed to capture data that cannot be collected during physical 
testing as well as to evaluate design alternatives in less time and 
at a lower cost than could be accomplished with physical testing. 
Multiphysics simulation was required because of the importance 
of both electromagnetic forces and fluid flow in determining 
pump performance. SimuTech engineers began by developing 
a three-dimensional electromagnetic model in ANSYS software 
to predict the magnetic radial and axial forces and torques act-
ing on the rotor for different axial and radial offset positions of 
the rotor with respect to the stator. The final electromagnetic 
model contained 780,000 hexahedral elements, and the team 
performed a mesh sensitivity study to validate its accuracy. 

HEALTHCARE

A more-compact artificial heart design 
will fit adults and teenagers, and it is 
less complex than other designs.
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Angular Position Around Pump (deg)

� CFTAH prototype connected to in vitro test loop

� Multiphysics simulation vs. physical testing: Surface static pressures show good correlation.

Electromagnetics simulation was used 
to determine the radial and axial forces 
generated by the magnet that moves the 
rotor toward the centerline position as a 
function of the offset from the center. The 
design depends on restoring forces to help 
control and limit the position of the rotor. 
The simulation showed that the magnet 
produces a linear radial restoring force of 
approximately 1,500 Newtons per inch of 
offset from the centerline of the bearing. 

MODELING FLUID FLOW
Engineers used the results of the electro-
magnetic simulation to create a magnetic 
force table that they incorporated into an 
ANSYS CFX computational fluid dynamics 
(CFD) simulation as a user-defined func-
tion. The team then used CFD to model 
the fluid flow through only the journal 
bearing region of the pump to calculate 
the rotor radial position at various rotor 
speeds. As 95 percent of the radial forces 
are generated in the bearing region, this 
approach provided accurate position-
ing results without the need to model 
the entire pump assembly. Two differ-
ent hex meshes of the bearing region 
were used to ensure that the results 
were independent of mesh density. The 
finer mesh had 528,000 elements, and 
the gap between the rotor and housing 
was 11 elements thick, while the coarser 
mesh had 216,000 elements and an  
8-element-thick gap. The fluid was 
defined as a water/glycerin mixture with 
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The SimuTech Group is performing multiphysics 
simulation that incorporates electromagnetics 
simulation coupled with fluid flow to fully 
explore the operation of the artificial heart.

� Multiphysics simulation vs. physical testing: Surface static rotor torque, right pump aperture size and rotor axial forces show good correlation.

ROTOR TORQUE RIGHT PUMP APERTURE SIZE ROTOR AXIAL FORCES

Rotor Speed 
(rpm) Q - AoP - PAP CFD 

(oz* in)
Test

(oz* in) Diff. % CFD (in) Test (in) Diff (in) Hydraulic
(N)

Magnetic
(N)

Imbalance
(N)

Imbalance ∆p 
(mmHg)

2200 3 - 70 - 20 1.71 1.60 7.0 0.027 0.035 -0.008 -0.33 0.089 -0.24 -2.9

2800 6 - 90 - 20 2.89 2.65 9.0 0.037 0.046 -0.009 -0.35 0.014 -0.33 -4.1

2800 6 - 90 - 30 2.87 2.65 8.2 0.045 0.048 -0.003 -0.32 0.023 -0.30 -3.6

2800 6 - 90 - 40 2.85 2.68 6.4 0.055 0.061 -0.006 -0.57 0.092 -0.48 -5.8

3400 9 - 110 - 30 4.37 4.37 0.0 0.053 0.062 -0.009 -0.22 0.089 -0.13 -1.6

density equal to blood to match the in vitro test conditions. The 
model was evaluated at three different rotor speeds.

Deformation of the domain as the rotor moves radially was 
accomplished by using a moving mesh approach in which dis-
placements relative to the initial mesh were specified with a 
user-defined function. A diffusion equation representing rotor 
displacement was included to determine mesh displacements 
throughout the remaining volume of the mesh. The magnetic 
restoring forces due to rotor movement were compared with  
hydraulic forces predicted with CFD to determine the force- 
balanced rotating assembly position. 

RESULTS MATCH PHYSICAL TESTING
For the next step, the team modeled the complete CFTAH pump 
assembly and compared its performance to physical test results. 
The full three-dimensional pump model consisted of approxi-
mately 15 million elements, including tetrahedral, prism and 
hexahedral elements. Engineers ran the simulation on a 12-node 
high-performance computing platform. Due to symmetry and 
blade clearance in the volute regions, researchers used a frozen- 
rotor multi-frame-of-reference model and fixed the rotating 
assembly in one blade orientation — that is, the flow was modeled 
under steady-state conditions. They used the same water/glycerin 
mixture as the fluid and employed the k-omega shear stress trans-
port turbulence model. The model was evaluated at three differ-
ent volumetric flow rates and three different rotational speeds 
spanning the intended range of use. Engineers positioned the 
rotating assembly at the force-balanced radial location calculated 

earlier and moved the assembly iteratively to an axial location 
that yielded a right pump outlet pressure matching the in vitro  
test data. 

Multiphysics simulations predicted hydraulic perfor-
mance, surface static pressures throughout the pump, and 
rotor torque within 5 percent to 10 percent of the proto-
type’s measurements. Radially, the rotating assembly hydrau-
lic forces balanced with the magnetic loads within 5 percent. 
The axial position of the rotating assembly predicted by simu-
lation matched experimental measurements within 0.25 mm. 
An axial force imbalance of 0.1 N to 0.5 N toward the left pump 
was found across the pump’s operating range. This force corre-
sponds to a static pressure difference of 2 mm Hg to 6 mm Hg. 
The reasons for this imbalance will be examined further in future 
simulations. Overall, these results are quite good and well within 
the expected level of agreement for this phase of the program. 

In a more sophisticated simulation model under develop-
ment, the team defines the rotor as a moving mesh and uses 
electromagnetic and hydraulic forces to move the rotor into a 
force-balanced position during the simulation (instead of setting 
the initial radial and axial positions). This model will use blood 
as the fluid, enabling examination of the shear forces exerted on 
the blood by the pump’s surfaces. Shear forces need to be closely 
controlled; if they are too high, the blood cells may be damaged. 
On the other hand, if shear forces are too low, the blood may clot. 
The more-sophisticated simulation model will play an important 
role in finalizing the design of the CFTAH as it moves into animal 
testing and toward eventual human use. 
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