
Medical Engineering and Physics 70 (2019) 9–18 

Contents lists available at ScienceDirect 

Medical Engineering and Physics 

journal homepage: www.elsevier.com/locate/medengphy 

A long-term mechanical cavopulmonary support device for patients 

with Fontan circulation 

Marcus Granegger a , b , e , ∗, Bente Thamsen 

a , b , Emanuel J. Hubmann 

a , b , d , Young Choi a , b , 
Dominik Beck 

a , b , d , Emanuela Valsangiacomo Buechel b , c , Michael Voutat b , c , 
Martin Schweiger a , b , Mirko Meboldt d , Michael Hübler a , b 

a Pediatric Cardiovascular Surgery, Pediatric Heart Center, Department of Surgery, University Children’s Hospital Zurich, Zurich, Switzerland 
b Children’s Research Center, University Children’s Hospital Zurich, Zurich, Switzerland 
c Pediatric Cardiology, Pediatric Heart Center, Department of Surgery, University Children’s Hospital Zurich, Zurich, Switzerland 
d pd|z Product Development Group Zurich, Department of Mechanical and Process Engineering, ETH Zurich, Zurich, Switzerland 
e Biofluid Mechanics Laboratory, Institute for Imaging Science and Computational Modelling in Cardiovascular Medicine, Charité - Universitätsmedizin Berlin, 

Berlin, Germany 

a r t i c l e i n f o 

Article history: 

Received 5 December 2018 

Revised 15 June 2019 

Accepted 19 June 2019 

Keywords: 

Single Ventricle Physiology 

Cavopulmonary Assist Device 

Blood Pump 

Mechanical Circulatory Support 

Computational Fluid Dynamics 

3D Printing 

a b s t r a c t 

In patients with a single ventricle, failure of the cardiovascular system may be prevented by substituting 

the missing sub-pulmonary ventricle with a pump. The aim of this study was to design and evaluate a 

device for long-term cavopulmonary support. 

A radial pump with two inlets and two outlets, a single impeller, mechanical bearings, and dual motor 

configuration was developed. Motor and fluid dynamic components were designed and simulated using 

computational methods including thermal effects. Hydraulic properties were determined in-vitro with 3D- 

printed prototypes. The pump design was virtually implanted in an MRI-derived total cavopulmonary 

connection (TCPC). 

Computational fluid dynamics (CFD) showed flow fields without regions of flow stagnation (veloc- 

ity < 0.1 m/s) and only minor recirculations within the pump between 2–10 L/min against pressure heads 

of 0–50 mmHg at 250 0–50 0 0 rpm. The computed maximum temperature increase of blood due to motor 

heat was 1.3 K. Virtual implantation studies showed that the pump would introduce an additional volume 

of approximately 4 mL. Experimentally determined hydraulic performance results agreed well with CFD 

(deviation of < 1.3 mmHg) and indicated pressure-sensitive characteristics ( ∼-2.6 mmHg/(L/min)) while 

balancing the two inlet pressures ( �P < 2.5 mmHg) under imbalanced inflow conditions. 

Through in-silico and in-vitro investigations, we demonstrated a promising pump design, which fulfills 

the basic requirements for long-term cavopulmonary support. 

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

In the USA and Europe, approximately 1% of all children are

orn with a congenital heart defect [1] . Approximately 8% of

hem suffer from an underdeveloped left or right ventricle [2] .

here are two main treatment options for these patients: heart
Abbreviations: TCPC, total cavopulmonary connection; MCS, mechanical circu- 

atory support; SVC, Superior vena cava; IVC, Inferior vena cava; RPA, Right pul- 

onary artery; LPA, Left pulmonary artery; CFD, Computational Fluid Dynamics. 
∗ Corresponding author at: Biofluid Mechanics Laboratory, Institute for Imaging 

cience and Computational Modelling in Cardiovascular Medicine, Charité - Univer- 

itätsmedizin Berlin, Augustenburger Platz 1, 13353 Berlin, Germany. 
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ransplantation or the creation of the so-called “Fontan circulation”

3,4] . Whereas the availability of donor organs is limited, especially

or children, the second option is palliative with reported long-

erm survival rates (25–30 years) ranging from less than 43 to 76%

5,6] . 

The formation of the Fontan circulation entails surgical connec-

ion of the caval veins directly to the pulmonary arteries without

he interposition of a sub-pulmonary ventricle [7] , creating the

otal cavopulmonary connection (TCPC). The body’s venous re-

urn drains through the TCPC as it travels to the lungs ( Fig. 1 ).

ircumnavigation of the missing sub-pulmonary ventricle shifts

he entire role of pumping blood to the single intact ventri-

le. This circulatory condition results in an inherently increased

esistance to venous return; consequently, ventricular preload

https://doi.org/10.1016/j.medengphy.2019.06.017
http://www.ScienceDirect.com
http://www.elsevier.com/locate/medengphy
http://crossmark.crossref.org/dialog/?doi=10.1016/j.medengphy.2019.06.017&domain=pdf
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https://doi.org/10.1016/j.medengphy.2019.06.017


10 M. Granegger, B. Thamsen and E.J. Hubmann et al. / Medical Engineering and Physics 70 (2019) 9–18 

Fig. 1. (A): Anatomy of the heart and great vessels with a single ventricle circulation and a total cavopulmonary connection (TCPC) connecting the caval veins to the 

pulmonary arteries. (B): Implanted pump in cavopulmonary position. (C–E): Schematic representation of the pressure conditions in a healthy biventricular cardiovascular 

(CV) system, a univentricular CV system (Fontan) and the univentricular system supported by a pump. In the biventricular CV system, the right ventricle adds pressure to the 

venous blood before entering the lungs (C, blue line). In contrast, in the Fontan circulation the single ventricle comprises the only pressure source in the CV system leading 

to elevated venous pressures and lower systemic atrial pressure (D). With the introduction of a pump in cavopulmonary position, the pressures in the univentricular system 

could resemble those in the biventricular system (E). Figure adapted from Gewillig et al. [8] . SVC – Superior vena cava, IVC – Inferior vena cava, RPA - Right pulmonary 

artery, LPA – Left pulmonary artery, SV – Single ventricle, TCPC – Total cavopulmonary connection. (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.) 
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and cardiac output are reduced with chronically elevated central

venous pressure [8] . Although systemic oxygen saturation and

volume overload issues are alleviated by the Fontan procedure,

the overall cardiovascular system is often destined to fail in the

second decade of life [3,8–11] : 20 years after Fontan completion

only 70% of patients are free from failure [12] . Failure mech-

anisms range from ventricular dysfunction to deterioration of

the Fontan circulation, which can be caused by an increase in

pulmonary vascular resistance. Secondary symptoms to Fontan

failure include venous congestion, lymphatic dysfunction, pro-

tein losing enteropathy, hepatic fibrosis, and plastic bronchitis

[8] . 

Currently, the most accepted treatment option for failing Fontan

patients remains the replacement of the heart with a healthy

donor organ. In addition to the insufficient supply of donor hearts,

heart transplantation in these patients is challenging and has a

poorer outcome than in biventricular patients [13] . 

Mechanical circulatory support (MCS) potentially offers a

promising treatment alternative, since it has already become the

therapy of choice for adult patients with a biventricular circula-

tion and end-stage heart failure [14] . Restoration of hemodynamic

conditions similar to those of a normal biventricular system at an

early point in the patient’s life may be an effective treatment strat-

egy for Fontan patients by stopping, or even reversing cardiovascu-

lar deterioration. This could be achieved by implantation of an MCS

device specifically designed for the cavopulmonary location, pump-

ing blood from the caval veins to the pulmonary arteries ( Fig. 1 A).
uch a device could overcome the pulmonary vascular resistance

PVR) and restore pressure conditions to that of a normal biven-

ricular circulation ( Fig. 1 C–E). 

So far, the clinical application of MCS in Fontan patients is not

tate of the art, remains challenging, and only anecdotally reported

15–18] . Clinically available ventricular assist devices (VADs) have

een adapted for cavopulmonary support as a bridge to transplan-

ation [15,16] . Several other MCS concepts designed for cavopul-

onary support have been proposed for the Fontan circulation

n literature and are under investigation [19–26] . However, most

f these reported approaches do not constitute an option for im-

lantable long-term destination therapy for Fontan patients due to

heir design [21,27,28] , or size and invasivity [15] . To our knowl-

dge, only one radial pump, with two inlets and one outlet, has

een tested in a first chronic animal experiment [29] , indicating

he potential of such a pump to permanently replace the right

eart. All these efforts highlight the growing interest in the appli-

ation and the persistent clinical need for a long-term treatment

or the Fontan circulation. 

Thus, we present a novel radial pump system for implanta-

ion in the TCPC that is specifically optimized to face the chal-

enges of long-term cavopulmonary support: We introduce the de-

ned requirements and present the mechanical, fluid dynamic, and

lectro-magnetic design. These components were analyzed regard-

ng flow and temperature behavior in-silico. In-vitro verification of

he hydraulic properties was performed employing rapid prototyp-

ng technologies. 
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. Materials and methods 

The conditions in the TCPC present specific design challenges,

hich differ from typical application of MCS as left ventricular as-

ist devices (LVADs) [30] . 

We defined the requirements for long-term cavopulmonary

upport considering anatomic fit, surgical implantation, physiology,

earing and actuation components, hemocompatibility, as well as

uid design ( Table 1 ) and developed our pump concept accord-

ngly. 

.1. Pump mechanical design 

The extravascular radial flow pump design constitutes a re-

lacement for the missing sub-pulmonary ventricle to be used

n young adolescent up to adult patients. It is a double-suction

ump featuring two in- and two outlets, and a single impeller sus-

ended between two mechanical bearings ( Fig. 2 ). The mechanical

all-cup bearings that fix the impeller position between two flow

traighteners at the inlets are similar to those used in the clinically

stablished Heartmate II rotary blood pump (Abbott Inc, Chicago,

llinois, USA) [34] , permitting a small pump size and large fluid

aps for secondary flows. 
able 1 

ajor requirements for a pump in cavopulmonary position. 

Anatomic and Surgical Aspects ➢ Versatility for a large variety of TCPC geometries

➢ Small device volume: Compression of surroundin

➢ In- and outflow configuration design featuring n

➢ Low implantation complexity. 

Physiology ➢ Wide operating range to support the patient dur

allow for physiologic control [31] . 

➢ Well mixed hepatic flow distribution to left and 

➢ Intrinsic balancing of pressures in IVC and SVC t

inflow conditions (3:1) [33] . 

➢ Pressure sensitive pump characteristics: Slope of

adaptation to altered pressure conditions [31] . 

Hemocompatibility ➢ Resistance against thrombi: Wide flow gaps ( ≥ 0

➢ Good washout: No regions with low velocities an

➢ Smooth interface between pump and vasculature

consequent thrombus formation. 

➢ Low blood trauma potential: Shear rates should 

Actuation and Bearing ➢ Failsafe: Redundant motor design to prevent pum

➢ Robust against venous vasculature collapse: Bear

➢ Low mechanical wear: Wear of all components m

➢ No critical blood temperature with a maximum 

➢ Low power consumption to permit extended bat

CPC - total cavopulmonary connection, PA - pulmonary arteries, IVC - inferior vena cava

ig. 2. Computer aided design model of the cavopulmonary pump concept. Left: Sectione

ectional view of the impeller with four blades, two longer ones connected to the central
The impeller has a diameter of 19 mm and four curved blades,

wo short and two long ones which are connected to the central

ub. Wide gaps of 0.5 mm between the rotating impeller shrouds

nd the static upper and lower housing walls were incorporated.

his permits good washout of the secondary flow channels which

n the one hand ensures cooling of the adjacent motor coils and

n the other hand prevents pump thrombosis. A ring chamber is

sed as the outlet casing design. In contrast to volute casings, ring

hambers have a broader operating range with stable characteris-

ics [35] , thus allowing for a larger range of flow rates and pressure

eads, which was a design requirement for our cavopulmonary

ump. 

To address the requirement of a small pump size to accom-

odate implantation in young adolescent patients, virtual fitting

f the pump design in an exemplary TCPC case was performed.

ollowing institutional review board approval, MRI images of a

CPC from an 11-year-old Fontan patient were reconstructed us-

ng Mimics software (Materialise NV, Leuven, Belgium). Siemens

X computer-aided design (CAD) software (Siemens PLM Software,

lano, Texas, USA) was used to globally add a 0.75 mm vessel thick-

ess to the reconstructed fluid geometry to mimic the vessel walls

nd to virtually implant the pump. After volumetric measurement

f the TCPC junction, it was virtually replaced by the pump by at-
: Implantation in a wide Fontan patient group is envisaged. 

g structures such as bronchi and pulmonary veins must be prevented. 

o unnecessary angles to prevent graft kinking. 

ing rest (as low as 2 L/min) and during physical activity (up to 10 L/min) and 

right PA to prevent pulmonary arteriovenous malformations [32] . 

o facilitate physiologic venous return mechanisms even in case of unbalanced 

 the HQ curve should be higher than -5 mmHg ·min/L to permit sufficient 

.5 mm) allow floating thrombi to pass the pump. 

d excessive recirculation to prevent thrombus formation. 

: No unnecessary angles and steps to prevent flow detachment and 

be lower than in currently available rotary blood pumps. 

p stops. 

ing must cope with forces during suction events. 

ust allow an operation of > 10 years. 

temperature increase of 2 K. 

tery life. 

, SVC - superior vena cava. 

d internal component view with the indicated blood flow direction. Right: Detailed 

 hub. 
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Fig. 3. (A): Schematic of the in-vitro mock circulation used to measure the hydraulic performance. (B): Exploded computer aided design (CAD) assembly view of the custom- 

made modular housing unit used for hydraulic experiments; the pump housing and the impeller, which was loaded onto the central drive shaft driven by an exterior motor 

is exhibited. (C): 3D-printed pump housing, (D): 3D-printed pump impeller. 
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taching grafts to the vessels. The additional volume introduced by

the implantation of the pump was calculated. 

2.2. Hydraulic pump characteristics 

Firstly, we aimed for a flat pressure-flow relationship (H-Q

curve, Fig. 5 ) [36] , to allow intrinsic adaptation of the pump output

to changes in venous return at constant speeds. Flat hydraulic char-

acteristics are even more imperative without a physiologic control

mechanism for automated speed adaptation of the pump [31] . Sec-

ondly, we aimed to design a pump that mimics the pressure con-

ditions in the right atrium: in healthy individuals, the inferior vena

cava (IVC) and superior vena cava (SVC) drain into the right atrium

and consequently against the same pressure. Therefore, even in the

case of highly imbalanced IVC/SVC flows, the pressures proximal to

the pump for the SVC and IVC should be nearly equivalent to en-

sure physiologic perfusion of the upper and lower body remains

undisrupted. 

Thirdly, we aimed for a hydraulic pump design with adequate

hemocompatibility so that risks for pump thrombosis, as well as

blood trauma and activation of corpuscular blood components are

minimized. It is well known that these effects are related to the

local flow conditions: thrombosis is associated with stagnant and

recirculating flow [37] , and blood trauma and activating effects are

caused by high shear stresses in the blood flow [38] . Adequate

washout to cool the bearing, which generates heat due to friction,

must be provided. Good washout was determined by the absence

of flow stagnation, defined by blood velocities greater than 0.1 m/s

adjacent to the bearings. 

The hydraulic performance of the pump with regard to these

requirements was experimentally and numerically investigated. 

2.2.1. Experimental analysis 

Hydraulic performance was evaluated using a mock circulation

with two inlets and two outlets and four reservoirs to simulate

the TCPC junction ( Fig. 3 ). Flows were measured using clamp-on

flow sensors (Sonoflow CO.55, Sonotec, Halle, Germany) and au-

tomatically controlled with solenoid valves (TFM15-B2-C, Tsai Fan,
hina). Automated control was implemented by a real-time control

ystem (Microlabbox, dSpace, Paderborn, Germany). Pressures were

easured using fluid-filled pressure transducers (APT300, Harvard

pparatus, Holliston, MA, USA). The fluid geometry was modelled

sing 3D-printed prototypes (Form 2, Formlabs Inc., Somerville,

SA) ( Fig. 3 C–D) and loaded into a custom-made sealed housing

nit ( Fig. 3 B) with a central drive shaft passing through the rotor

riven by an exterior motor (DC Motor EC32, Maxon Motor, Sach-

eln, Switzerland). 

A water/glycerine mixture was used to model blood and mon-

tored using a real-time viscosity sensor (DEVIL, Avenisense, Le

ourget-du-Lac, France) to maintain a viscosity of 3.0 – 3.5 mPa ·s.

he overall pump pressure head for H-Q curves was calculated as

he difference between the average outlet pressures and the av-

rage inlet pressures. H-Q curves and differences between the in-

et pressures ( �P = P IVC – P SVC ) were measured at three different

ump speeds (220 0, 250 0, 280 0 rpm) over a range of flow rates

0–7.5 L/min) with three different inlet flow distributions (SVC:IVC

:1, 1:2, 1:3). The pressure drop across the pump with the motor

topped and impeller stalled was measured with the three differ-

nt inflow ratios as well. 

.2.2. Numerical analysis 

Fluid dynamic and hydraulic performance characteristics of the

ump were calculated and analyzed by employing computational

uid dynamics (CFD) [39] using Star CCM + software (Siemens, Mu-

ich, Germany) such as in [40] . Ten operating points at flow rates

rom 2 to 10 L/min, inlet flow ratios between SVC and IVC from 1:1

o 1:3, and rotational speeds from 2500 to 5500 rpm were simu-

ated. Focus was laid on the most clinically relevant operating con-

itions at a constant rotational speed of 2500 rpm: 1) a condition

imulating the typical Fontan flows of a young adolescent patient

ith a total flow rate of 4 L/min and an inflow ratio between SVC

nd IVC of 1:2 [41] , 2) a condition simulating the effect of a low

ow rate of 2 L/min with inflow ratios of 1:1 and 1:2, and 3) a con-

ition simulating slight physical activity with a higher flow rate of

 L/min with inflow ratios of 1:2 and 1:3. To investigate extreme

onditions in terms of the thermal effects due to increased mo-
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Fig. 4. Original Fontan TCPC of an 11-year-old patient with dashed lines depicting 

the section that was removed for placement of the pump (left). Virtual implant of 

pump with conical prosthetic grafts connected to the in- and outlets, attaching the 

pump to the corresponding vessels (right). TCPC - total cavopulmonary connection. 
or losses, we also investigated higher speeds (3500 to 5500 rpm)

t a high flow rate of 10 L/min. Details regarding the applied CFD

ethodology are presented in the supplementary material. 

Results from the CFD studies were assessed regarding hydraulic

erformance and overall flow structures. To evaluate blood damage

otential, viscous shear stresses (vss) and wall shear stresses (wss)

ere calculated based on flow fields that were averaged over one

otation. 

Temperature increase of blood due to motor losses was de-

ermined by simulation of convective heat transfer, which is the

ransfer of thermal energy from a surface to an adjacent moving

uid. The approach accounted for advection as well as diffusion

nd was based on Newton’s law of cooling: 

 = h ·
(
T sur face − T f luid 

)
(1) 

here q is the local surface heat flux in W/m 

2 , h is the local con-

ective heat transfer coefficient in W/(m 

2 ·K), and T is the tem-

erature of the surface/fluid in K. This phenomenon was imple-

ented by setting heat sources corresponding to the predicted

otor losses (Section C, Fig. 7 ) on both sides of the top and bottom

ousing surface in contact with blood that is adherent to the motor

tator as a boundary condition. The heat transfer coefficient was

imulated with CFD based on thermal fluid properties [42] that

ere set for blood as a specific heat of 3650 J/kg/K and a ther-

al conductivity of 0.5 W/m/K [43] . Thermal effects were critically

valuated at simulated worst-case scenarios: 1) when motor losses

re at their maximum, or 2) when gap washout was simultane-

usly expected to be reduced due to lower pump pressure heads. 

To evaluate the fluid dynamic and mechanical boundary con-

itions for the bearing, analysis of the flow structures adjacent to

he mechanical bearing and determination of the axial and radial

orces acting on the impeller was carried out with CFD. 

.3. Actuation design 

The actuation system comprises two axial flux three-phase syn-

hronous motors each having concentrated stator windings with

2 coils and one rotor with 8 poles of surface-mounted perma-

ent magnets. For the design of the actuation, we combined CFD,

lectromagnetic simulations, and analytical approaches. The torque

emand T impeller (Nm) for the actuation and the resulting hydraulic

ump efficiency η (-) as in Eq. (2) 

( H, Q ) = 133 . 322 · H · 10 

−3 / 60 · Q ·
(
2 π f/ 60 · T impel l er 

)−1 
(2)

as determined using CFD results for static pressure head H

mmHg), flow rate Q (L/min), rotational speed f (rpm), and impeller

orque T impeller (Nm) (Table S1). The detailed derivation of the con-

ucted hydraulic efficiency interpolation over the entire operating

ange is presented in detail in the supplementary material. The

eak linked magnetic flux ˆ � (Wb) by one motor phase was com-

uted with computational electromagnetics within a 3D finite el-

ment method simulation (ANSYS Electronics Desktop, ANSYS Inc.,

anonsburg, USA). The torque constant k T (Nm/A) for each of the

otors was determined as: 

 T := 

T el 

I ph,RMS 

= 

3 p √ 

2 

ˆ � (3) 

here p is the number of pole pairs and I ph,RMS the root mean

quare (RMS) of the phase current. 

In the final implant, medical grade titanium (Titanium Grade

 ELI) is envisaged as impeller and housing material. The eddy-

urrent loss in the housing and stator core losses for soft magnetic

omposite material (SOMALOY 

TM 500) were approximated as pre-

iously reported [44,45] . The heat losses per motor P loss (W) were

etermined for all operating conditions with MATLAB (The Math-

orks Inc., Natick, USA). Copper losses assuming a winding copper
ll factor of 0.43 were taken into account as well as non-copper

osses, which were considered as a rotational speed f (rpm) de-

endent break torque ( T L ): 

 loss = 

3 · R ph 

k T 
2 

[
T impel l er ( f, Q ) / 2 + T L ( f ) 

]2 + T L ( f ) 2 π f/ 60 (4) 

here R ph ( Ω ) is the phase resistance and T impeller (Nm) is the de-

ivered torque of both motors combined. Resulting losses per motor

 loss were used as an input for CFD simulations to subsequently de-

ermine the maximum increase of blood temperature in the afore-

entioned worst-case scenarios. 

. Results 

.1. Pump mechanical design 

Excluding the in- and outlets, the maximum diameter of the

ump housing is approximately 30 mm and the maximum height

pproximately 19 mm. The inlets and outlets are designed as con-

ectors with end internal diameters of 11 and 12 mm, respectively,

o permit the attachment of prosthetic grafts. We envisage the use

f conical grafts, which will be anastomosed to the corresponding

essels, facilitating implantation of the device in children as young

s 10 years old [46] . 

The virtually implanted pump in an 11-year-old patient’s Fontan

CPC is depicted in Fig. 4 . The extra volume contributed by the

ddition of the pump was approximately 4 mL. In order to permit

tting of the pump at the TCPC, the SVC and IVC were laterally

ranslated by less than 10 mm. 

.2. Hydraulic pump performance 

.2.1. Experimental results 

The experimentally measured H-Q curves indicate a pressure

ensitive behavior with average slopes ranging from −2.3 to

2.9 mmHg/(L/min) for relevant clinical operating ranges at three

ump speeds (220 0, 250 0, 280 0 rpm) and three inflow ratios (1:1,

:2, 1:3) as shown in Fig. 5 . 

Pump performance was not noticeably affected by imbalanced

nflow ratios as shown by close agreement of the corresponding

mbalanced inflow H-Q curves for each pump speed ( Fig. 5 A). The

wo large entry openings of the impeller at the junction where

he two inflow paths meet promoted balancing of inlet pressures:

he maximum pressure difference between the two inlets was

.5 mmHg with an inflow distribution of 2 and 6 L/min ( Fig. 5 E).

he pressure drops across the stopped pump ranged from 0.9 to

.0 mmHg and resistances of 1.0 to 2.4 mmHg/(L/min) for flows

rom 2 to 5 L/min. 
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Fig. 5. (A): Experimentally measured H-Q curves at three different rotational speeds with three different inflow ratios (IRs). (B): Pressure drop across the pump when the 

pump rotor is stopped with three different IRs. (C): H-Q curve at 2500 rpm, the H-Q contributions from the IVC and SVC, and inlet �P (P IVC – P SVC ) curve during a balanced 

1:1 IR, (D): imbalanced 1:2 IR, and E: imbalanced 1:3 IR. IR - inflow ratio, IVC – Inferior vena cava, SVC – Superior vena cava. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

c  

c

 

c  

l  

a

 

c  

fl  

a  

f  

t

3

 

y  

1

 

t  
3.2.2. Numerical results 

In the main operating condition, with a flow rate of 4 L/min and

an inflow ratio between SVC and IVC of 1:2, the pump reached a

mean pressure head of 11.3 mmHg at a hydraulic efficiency of 40%.

The CFD calculated hydraulic performance results over the clini-

cally relevant operating range are presented in detail in the sup-

plementary material (Table S1). The CFD gained results agreed well

with the measured ones with a maximum deviation of 1.3 mmHg.

The washout of secondary flow channels between the impeller

shrouds and the housing was calculated as the averaged flow rate

through the axial gaps, which was between 416 and 595 mL/min.

The highest washout occurred for the lowest overall flow rate at

its respective high pressure head. Blood volumes affected by shear

stresses of more than 9, 50, and 150 Pa were < 1 mL, < 0.01 mL,

and < 0.0 0 01 mL, respectively. The largest volumes occurred at the

highest flow rate at 6 L/min in the most imbalanced condition (1:3

inflow ratio). 

The velocity fields and the wall shear stresses on the internal

structures are displayed in Fig. 6 . Flow fields did not show promi-

nent detachments zones within the blade channels, gaps, and ring
hamber. Larger recirculation zones only developed in the outlet

hannels at lower flow rates. 

With regard to washout of the bearing regions, all investigated

onditions indicated a smooth flow without low or stagnating ve-

ocities around the bearing sites, leading to wall shear stresses

bove 1 Pa [37] . 

Maximum fluid-dynamic axial forces on the bearings were

omputed to be in the range between 40 mN (in a balanced low

ow condition at 2 L/min and 2500 rpm) and 150 mN (in an unbal-

nced high flow condition at 10 L/min and 5500 rpm). Mean radial

orces were generally balanced and below peak values of 80 mN in

he investigated operation range. 

.3. Actuation 

The motors cover the entire range of operating conditions for

oung adolescents and adults from less than 2 L/min to more than

0 L/min with speeds from 1800 to 5500 rpm. 

Fig. 7 (left) depicts the hydraulic model (H-Q curves (Eq. S4))

ogether with the predicted heat losses on one housing side from
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Fig. 6. Computational Fluid Dynamics simulated flow fields at the clinically most relevant speed of 2500 rpm for three different flow rates and inflow ratios (IR). (A–C): 

velocity fields plotted as line Integral convolution with superimposed velocity vectors on two cut planes parallel to the pump’s inlets and outlets revealed overall smooth 

flow structures within the pump: No prominent recirculation or stagnation zones developed within the pump. At lower flow rates, low velocities were observed within the 

outlet channels. Second row: (D): Low velocity zones (velocities < 0.1 m/s) displayed in dark blue for the 2 L/min case. Stagnating flow is only seen within the inlet and 

outlet channels. E: Wall shear stresses on the impeller, flow straightener, bearing and central hub for the 6 L/min case. Highest wall shear stresses occur at the blade and 

shroud edges. (F): The flow around the mechanical bearings is shown by the velocity field for the 6 L/min case. Streamlined flow around the bearing sites can be observed. 

In fact, the secondary flow through the upper and lower axial gap entering the main flow restricts the pump inlet cross-sectional area thereby generating streamlined flow 

with higher velocities around the central hub and bearing sites, as depicted in the lower right panel. (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.) 

Fig. 7. Left: Modelled (solid lines) and measured H-Q curves (dots) over the entire operating range of the pump with expected heat losses per motor. Right: Computa- 

tional fluid dynamics simulated temperature distribution directly at the housing wall and within the axial gap between the rotor and housing at 5500 rpm and 10 L/min 

corresponding to maximum motor losses. 
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ne single motor over the entire expected operating range. Within

his operating range, the maximum losses per motor were less

han 3 W. 

CFD derived blood temperatures increased proximal to the mo-

or less than 1.5 K in all investigated operating conditions. Mo-

or losses increased with higher rotational speeds and higher flow

ates ( Fig. 7 ). We found the worst-case scenario to be, when mo-

or losses are at their maximum (highest rpm and flow rate) at
500 rpm at 10 L/min. A heat source of 2.6 W on both housing sides

djacent to a motor resulted in maximum local blood temperatures

f 38.4 °C ( Fig. 7 , right). 

. Discussion 

In this study, we present a pump for support in cavopulmonary

osition with potential for long-term application in young ado-
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lescents up to adult patients with a Fontan circulation. Function-

ing as a surrogate for the sub-pulmonary ventricle, the proposed

pump may reduce venous congestion, improve ventricular preload

and may thereby stop or even prevent the natural deterioration of

the Fontan circulation before potentially irreversible cardiovascu-

lar remodeling, such as liver cirrhosis [47] , takes place. The pump

could be specifically effective in patients with preserved ventric-

ular function since the heart could adapt to the hemodynamic

changes evoked by the pump, whereas in patients with an already

failing ventricle, the increase in cardiac output generated by the

pump may be detrimental. The remaining uncertainty surrounding

the physiological ramifications for such a pump necessitates future

investigations into the phenotypes of Fontan patients that could

benefit most from such a therapy using appropriate in-vivo mod-

els. 

Several groups have previously demonstrated feasibility of MCS

devices for Fontan failure. Unlike other pump concepts that only

contribute a small pressure head [48] , but similar to the concept

of Csysk et al. [29] , the proposed pump concept is designed to de-

liver the physiological range of sub-pulmonary ventricular flows

from 2 to more than 10 L/min against pressure heads of up to

50 mmHg. By incorporating a previously described physiological

control algorithm that adapts the pump speed based on the pres-

sure difference between the pump inlet and the systemic atrium

[31] , a wide range of hemodynamic augmentation adaptable to

the patient’s needs is granted extending from rest to physical

activity. 

Another potential hemodynamic advantage of our proposed

pump is its capability to imitate the right atrium by balancing inlet

pressures for the SVC/IVC. Even in cases of drastically imbalanced

venous returns from the IVC and SVC, which may particularly oc-

cur during physical activity, the pressure difference was less than

2.5 mmHg. Other pump concepts have not demonstrated similar

capabilities. Furthermore, some concepts aim to support the IVC

only [21] which increases pulmonary artery and SVC pressures at

the same magnitude; thus, possibly compromising normal venous

return mechanisms [49] . 

Besides fulfilling the hemodynamic requirements, a long-term

device for Fontan patients must perform superbly in terms of blood

trauma and thrombosis. We designed wide gaps with a minimum

clearance of 0.5 mm and exhibited favorable fluid dynamic prop-

erties over a wide range of operating conditions by a well-guided

flow. Forgiving flow structures such as the ring chamber, instead

of a design-point optimized volute casing, allow for a wide oper-

ating range. Shear stresses were predicted to be much lower than

in common radial blood pumps (volumes exposed to scalar shear

stress > 150 Pa are less than 0.003% of values published for clini-

cal VADs [50] ), suggesting a low blood trauma profile of our MCS

device for cavopulmonary support. 

Regarding thrombosis risk, CFD showed good washout charac-

teristics within the pump void of major recirculation and stag-

nation zones as well as augmented flow rate through the wide

secondary flow channels. From the recent clinical experience with

the HeartMate 3 [51] , it can be deduced that wide flow channels,

considerably larger than typical hydrodynamic bearings, may pre-

vent pump thrombosis, possibly by allowing for thrombi to pass

through the pump instead of being trapped inside the device [52] .

The resistivity against pump thrombosis of our pump may thus be

superior compared to pumps designed for cavopulmonary support

with small hydrodynamic bearing gaps [29] . 

The good washout of the axial gaps is a further advantage re-

garding temperature generation due to motor heat losses, which

may be major contributors to poor hemocompatibility of a blood

pump. Due to the small pressure head of the main operating con-

ditions of a Fontan pump (5–15 mmHg) compared to that of usual

blood pumps (45–100 mmHg), delivering sufficient backflow in the
aps between impeller and housing is generally harder to achieve.

n the proposed system, an acceptable temperature increase was

bserved. 

An important contributor to hemocompatibility and pump per-

ormance is the bearing. Design considerations for mechanical

earings in blood pumps include acceptable wear [34] and a well-

ashed design [53] to minimize the risk of heat and thrombi

eneration. In the proposed pump design, bearing structures are

laced further from the impeller inlet regions so that the flow field

round the bearing could be smoother than in other blood pumps

54] . Furthermore, axial forces during regular operation are consid-

rably lower than those for LVADs because of low pressure heads

cross the pump and the symmetric design between opposite in-

ets and outlets. Heat generation in the bearing is thus expected to

e drastically lower than in conventional LVADs. 

Despite the promising characteristics in terms of hemodynam-

cs and hemocompatibility, placement of the pump in the TCPC

unction presents a high risk for the patient in the case of device

ailure. We showed that in the scenario of a stopped pump im-

eller, the resistance of the pump is in the same range as the PVR

nd similar to previously presented results of other pumps with

imilar application [25] . It remains open to debate whether such a

ydraulic resistance is acceptable. However, the HeartMate 3 expe-

ience indicated that reliability of implantable rotary blood pumps

an be high with low rates of pump replacements due to device

alfunction (1.6%, [55] ), implying that a pump stop can be consid-

red a rare event. 

A disadvantage compared to intravascular pumps [19] is the re-

uired invasive implantation procedure. Implantation of the pump

s challenging due to the limited anatomical space around the

CPC, proximity of sensitive structures such as the bronchus and

ulmonary veins, and additional surgical complexity associated

ith operating on the typical Fontan patient with multiple pre-

ious surgeries. Since the proposed pump is smaller than other

oncepts [29] and replaces the volume originally occupied by the

CPC junction, the amount of additionally implanted volume by

he pump and graft material is small. With the option for variably-

ized graft attachments, we would expect our system to be able

o treat a large number of Fontan patients despite heterogeneous

CPC anatomies. Nevertheless, implantation of such a device re-

ains challenging and innovative surgical procedures may be re-

uired. 

In conclusion, a novel small extravascular pump for circulatory

ssistance in Fontan patients was investigated in-silico and in-vitro .

n addition to demonstrating its capability to maintain normal

hysiologic hemodynamics, our pump design showed low shear

ates, good washout, and thus potentially good hemocompatibil-

ty; therefore, it may represent promising design aspects for miti-

ating the typical adverse events associated with current MCS de-

ices. The pump is intended for implantation for long-term use in

avopulmonary location for a large proportion of Fontan patients,

tarting from young adolescents to adults. 

The presented study has a number of limitations. In the com-

utational method, we assumed steady boundary conditions. The

pproach to simulate heat transfer assumes a linear relationship

etween heat flux and temperature difference of media and fur-

her relies on standard wall functions from turbulence modelling

or calculating the near wall boundary layer, which could not be

alidated within the frame of this study. 

The derivation of motor losses is based on a combined in-silico

nd analytical approach. The pump hydraulic efficiency extrapola-

ion (Eq. S3) was simplified with parabolic curves [56] . Additional

osses due to friction in the mechanical bearings are expected to be

mall and thus regarded to be negligible. For the thermal assess-

ent, it was conservatively assumed that the motor heat is not

pread over the whole pump housing, and no heat is transferred
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o the surrounding tissue. An experimental validation of this ap-

roach was beyond the scope of this work. 
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