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Abstract: Though mechanical circulatory support (MCS) devices, such as ventricular assist device (VAD) and total artificial heart 

(TAH), indeed provide heart failure patients with an alternative to transplantation, many complications are provided at the same time 

due to the non-pulsatile blood flow or high blood shear induced by those MCS. A novel spherical total artificial heart (TAH) based 

on the concept of hydraulic gerotor pump is proposed. This spherical TAH features volumetric pumping mechanism, pulsatile flow 

generating and low blood shear. It consists of four time-varying chambers partitioned by two orange shape wedges and one complex 

curve cut disk. The disk rotates as twice fast as the wedges, while all in the same direction. The TAH sucks in and pumps out blood 

through four ports located at the pump peripheral. This paper presents the fundamental equations which establish the geometric shape 

of the TAH, develop the range of the size specs, and show the analytical model for the time-varying chamber volume. 
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I. Introduction

 

Heart failure has a prevalence of 1.7 in 100 persons 

globally [1, 2], with the number of patients expected 

to grow by 50% over the next 15 years [3, 4]. For end 

stage cases, surgical transplantation of a healthy heart 

from a donor requires a group of surgeries lasting 

several hours, a post-operative ICU stay and 

significant potential morbidity and discomfort. While 

this surgery does offer an effective way to overcome 

heart failure and the number of heart transplants 

worldwide has reached at approximately 5,000 in 

2016, only twenty percent of the patient population 

are fortunate enough to receive heart transplant and 

waiting list is the life destination for a considerable 

number of unfortunate patients [5-9]. Though 

mechanical circulatory support (MCS) devices, such 

as ventricular assist device (VAD) and total artificial 

heart (TAH), indeed provide heart failure patients with 

a bridge to eventual heart transplantation or an 
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alternative to transplantation [10], many complications, 

such as aortic insufficiency [11-13], thromboembolic 

complications [14, 15], gastrointestinal bleeding 

[16-18] and impaired renal function [19, 20], are 

provided at the same time due to the non-pulsatile 

blood flow or high blood shear induced by those 

MCSs [21]. Those complications can also be the 

consequences of mechanical heart valves (MHV) [4]. 

The high prevalence of heart failure and the lifelong 

anticoagulation needs as a consequence of current 

MCS implantation motivate a novel TAH design. 

In Section 2, a brief review of current TAH and 

VAD is presented, with their pros and cons discussed. 

Next, the fundamental working principle of the 

proposed spherical gerotor based TAH pump, along 

with the advantages of the hydraulic gerotor pump, is 

presented in Section 3.1. Methods to derive the 

geometry shape of the spherical gerotor pump are 

described in details in Sections 3.3 and 3.4. Section 

3.5 follows and establishes an analytical model to 

calculate the chamber volume with respect to rotated 

angle. A discussion follows in Section 4. Section 5 

provides concluding remarks. 
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2. Brief Review of Current TAH and VAD 

Most of the current TAH pumps and VADs can be 

generally classified into (in the manner of hydraulics 

terms) positive displacement pump and non-positive 

displacement pump [22]. A positive displacement 

TAH pump usually consists of a reciprocating piston 

or a membrane driven by controlled pneumatic air (e.g. 

SynCardia) or hydraulic oils (e.g. Carmat) on the 

other side. With the aid of MHVs, those pumps are 

able to generate pulsatile blood flow like the real one. 

Yet, the usage of elastic membranes limits the 

durability, the overall size requires bulky space [23, 

24] and the involvement of four valves increases the 

device thrombogenicity. Most of the current VADs 

and some TAHs are continuous flow pumps, which 

usually utilize a magnetically levitated impeller (e.g. 

BiVACOR, HeartMate 3). Compared with the 

previous type, they are more durable, much smaller, 

and require no valve. However, the output flow of 

these non-positive displacement pumps is pressure 

dependent [23]. And non-pulsatile blood flow induces 

many complications [21]. Another type of TAH is to 

mimic the real one [25], though even the current state 

of the art material does not allow a long time of 

massive deformation. Two recent designs are 

interesting and deserve more research. A rotary piston 

blood pump, adopting the architecture of a vehicle 

rotary engine, combines the benefits of membrane 

pump and rotary pump [26]. Another one, which is 

similar to our concept, is a spherical shape TAH with 

four chambers divided by two rotating disks [27]. 

3. Method 

3.1 Device Description 

The proposed novel spherical gerotor is inspired by 

the hydraulic gerotor pump, which is among the most 

common pump architectures in fluid power systems. 

Compared with other rotary positive displacement 

pumps (e.g. external gear pump, axial impeller pump), 

both the inner and outer rotors of a gerotor pump 

rotate together, which leads to dramatically lower 

shear stress since the velocity gradient is much smaller. 

A gerotor core is shown in Fig. 1a with a 8-tooth inner 

gear and a 9-tooth outer gear, and another gerotor core 

with a 2-tooth inner gear and a 3-tooth outer gear is 

shown in Fig. 1b. Note that there is an eccentricity 

between the inner gear and outer gear. Since the inner 

and outer gears have different number of teeth, the 

rotation speeds are also different, causing the volumes 

of those chambers partitioned by those gear teeth vary 

cyclically. 

The spherical gerotor TAH pump consists of four 

time-varying chambers partitioned by two wedges and 

one rotating disk. For the sake of concept illustration, 

the two-chamber version is presented here first. As 

shown in Fig. 2a, the wedge rotates along its own 
 

 
Fig. 1  (a) A gerotor core with 8-tooth inner gear and 9-tooth outer gear; (b) a gerotor core with 2-tooth inner gear and 

3-tooth outer gear. 
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Fig. 2  (a) A 4-chamber version of the spherical gerotor TAH; (b) the inner bevel gear set. 
 

axial axis through the center of the sphere and the 

semi-sphere part rotates along a virtual vertical axis 

with twice the speed of the wedge, which is realized 

through a costumed designed bevel gear set with 1:2 

gear ratio as shown in Fig. 2b. The overall system has 

only 1 degree of freedom now and rotation of the 

wedge entrains the rotation of the semi-sphere, 

causing the volumes of the two chambers to vary 

cyclically. The device working principle is further 

illustrated in Fig. 3. Two chambers are partitioned by 

the wedge, namely     and    . At the beginning, 

    reaches the minimum volume and     reaches 

the maximum volume. As the wedge is rotating with 

respect to its own axial axis through the center of the 

sphere in the right-hand direction, the volume of     

is increasing while that of     is decreasing. When 

the rotated angle equals to  ,     reaches the 

maximum and the     reaches the minimum. After 

  as the rotation continued, the volume of     is 

decreasing while that of     is increasing. A 

complete cycle is finished once the wedge rotates    

and the semi-sphere rotates   . 

3.2 Shape Design 

The most significant part of the novel spherical 

gerotor design is the geometry of the seemingly 

semi-sphere which allows the sliding contact between 

the wedge and the semi-sphere. As it will be shown 

here through the kinematic equations, the seemingly 

semi-sphere has a complex shape and it is little 

different between the 2-chamber version and the 

4-chamber version.  

3.3 2-Chamber Version 

Simple angle constraints are considered first  

before deriving the actual kinematic equations of   

the wedge. Intuitively, since the 1:2 gear ratio,   

when the wedge rotates       , the semi-sphere 

rotates      . Fig. 4a shows a front view for the 

spherical gerotor at      and Fig. 4b shows the 

front view at       . The angle constraints are 

then  

      (1) 

To derive the kinematic equations of the two tips of 

the wedge and therefore the geometry of the 

semi-sphere, the bevel gear set of Fig. 2b is treated as 

a planetary gear set shown in Fig. 5. The pinion gear 

(red in Figs. 2b and 5) is fixed as the sun and the bevel 

gear (blue in Figs. 2b and 5) is rotating as the planet. 

The following geometry relationships exist: 
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Fig. 3  Working principle: (a) rotated angle         , (b) rotated angle           , (c) rotated angle           , 

(d) rotated angle            . 
 

    
Fig. 4  Working principle: (a) front view at rotated angle         . (b) front view at rotated angle           . 
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Fig. 5  Front view of the planetary gear set. 
 

   
       

    
 (2) 

                   (3) 

         (4) 

Three frames are introduced to ease the kinematic 

equation derivation, shown in Fig. 6. The first inertial 

frame,    , is fixed at the origin  . The center of the 

second one, a local frame    , is rotating on the 

   plane at a speed of    with a radius of  . Its 

  axis and   axis lie in the bevel gear plane and its 

  axis perpendicular to the bevel gear. In order for 

the two gears to rotate correctly, meaning no slip 

between the red and blue cycles in Fig. 2b, the third 

frame, another local frame    , is rotating with a 

speed of   . Its   axis coincides with the   axis. 

The transformation matrices below allow the 

conversion of the local coordinates     to global 

inertial coordinates    . For the sake of space,      

and      represent        and        respectively. 
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The distance between the global origin and the 

center of bevel gear is  

 ̅              ̅            ̅    ̅ (8) 

The local coordinates for the two tips on the wedge 

are simply two points on a circle: 
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(10) 

The global coordinates for the two tips on the 

wedge are then 

 ̅   ̅   ̅  (11) 

 ̅   ̅   ̅  (12) 

Note that the transformation matrices   ,   ,    

are time varying, so  ̅ ,  ̅  will give the trajectories 

(blue dash line) of the two tips of the wedge (blue solid 

line), which of course are the same one, shown in Fig. 

7. Remember that the gear set is treated as a planetary 

gear set for the sake of derivation easiness. To get the 

actual trajectory, both of the gears should rotate which 

means the center of the wedge should be moved to the 

global origin and the radius of the spherical gerotor, 

instead of the gear, should be used here. The local 

coordinates of the two tips on the wedge are: 

 ̅ 
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(13) 
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Fig. 6  Transformation matrices. 
 

 
Fig. 7  Trajectories for the two tips on the wedge. 
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(14) 

The global coordinates for the two tips on the 

wedge are then 

 ̅    ̅   ̅ 
 
       ̅ (15) 

 ̅    ̅   ̅ 
 
       ̅ (16) 

The actual trajectory of wedge of the spherical 

gerotor is obtained and is shown with red dash line in 

Fig. 7. A surface defined by this trajectory allows 

smooth contact between the wedge and the seemingly 

semi-sphere part. 

3.4 4-Chamber Version 

The above design can be extended a little further to 

contain four chambers in one single sphere. The 

surface defined above should be modified. Simply 

mirroring another wedge part to the upper side will 

not work because that would require an infinite thin 

piece to separate the upper and lower side. A front 

view of the 4-chamber spherical gerotor at      is 

shown in Fig. 8a and a side view of the modified 

wedge is shown in Fig. 8b. The following geometry 

relationship exists: 

      (17) 

Similar to Eqs. (13) and (14), the local coordinates of 

the four tips on the upper modified wedge and the two 

tips on the lower modified wedge respectively are: 
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The global coordinates of them are then 

 ̅     ̅   ̅  
 
     ̅ (22) 

 ̅     ̅   ̅  
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     ̅ (25) 

The actual trajectories of the two wedges of the 

4-chamber spherical gerotor are obtained and are 

shown with red dash line in Fig. 9. Two surfaces defined 

by these trajectories allow smooth contact between the 

upper and lower wedges and the middle disk part. 

3.5 Time-Varying Volume  

As the working principle of this novel spherical 

gerotor TAH is only briefly introduced in section 2, an 

analytical model for the time-varying volume of each 

chamber is developed in this section to better describe 

the pump behavior, shown in Fig. 10. The complex 

surface mathematically defined above is treated as an 

infinite thin circular surface to derive the chamber 

volume. The assumption is solid once the wedge 

modified distance   is small and tilt angle   is not 

too big. Noting that the volume of each chamber at 

every position is a portion of the whole sphere, the 

volume can be expressed as 

  
 

  
 
 

 
       

   (26) 



Spherical Gerotor: Synthesis of a Novel Valveless Pulsatile Flow Spherical Total Artificial Heart 

 

288 

 

    
Fig. 8  (a) Front view at rotated angle wt = 0 rad; (b) side view of the modified wedge. 
 

 
Fig. 9  Trajectories of the four tips on the modified wedge. 
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Fig. 10  (a) Calculation of the angle between the infinite thin circular surface and the axial axis of the wedge; (b) normal 

directions of the infinite thin circular surface and the axial axis of the wedge. 
 

where    is the radius of the middle sphere which 

contains the gear set. 

To allow the TAH have the similar volume range as 

a real heart, the minimum volume (    in Fig. 4a) 

and maximum volume (    in Fig. 4a) are set to have 

the following relation: 

    

    
 

    

  
 
 

 
       

  

    

  
 
 

 
       

  
 

  

 
      

  

 
      

 
     

      
 

(27) 

With Eq. (27) solved, we obtain     
  

 
 

 

 
   . A solution set of 

                                gives a 

good result of                             , 

which are similar to the values of a real heart. 

Since the chamber volume is a portion of a sphere, 

it is equivalent to calculate the angle between the ideal 

infinite thin circular plane and the axial axis of the 

wedge, which is the same angle as the one between 

their normal directions, shown in Fig. 11. 

 ̅     ̅    ̅     ̅ (28) 

 ̅   ̅  [        ]  
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]      ̅ (29) 

        
 ̅   ̅ 

   ̅̅ ̅    ̅  
  (30) 

So the chamber volume can be calculated with Eqs. 

(26) and (28)-(30). The working principle of this 

4-chamber version spherical gerotor is illustrated in 

Fig. 11. Fig. 12 plots the four varying chamber 

volumes against the rotated angle   , where the 

rotating speed   is assumed to be constant here 

though it does not have to be. 

4. Discussion 

Unlike those continuous flow TAHs or VADs which 

are non-positive displacement pumps, the proposed 

spherical gerotor TAH is a positive displacement 

pump, meaning a volumetric pump, the mean flow 

rate is determined by the rotating speed and the 

geometry displacement. If desired, good control 
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Fig. 11  Working principle: (a) rotated angle         , (b) rotated angle           , (c) rotated angle    

       , (d) rotated angle            . 
 

 
Fig. 12  Chamber volume vs. rotated angle   . 
 

algorithms can be applied to control the rotating speed 

to produce a physiological-friendly blood flow rate. 

Also, compared with those axial rotary TAH pumps, 

the blood shear stress by the proposed TAH itself is 

minimized theoretically by the low pump rotating 

speed and low speed gradient. Most of the current 

MHVs are pivot mechanism based and they induce 

thrombus formation, which requires life long 

anti-coagulation. The usage of obturators proposed in 

Ref. [23] to replace those MHVs can be applied to our 

proposed design to achieve valveless property. 

The inherent architectures of existing pulsatile flow 

TAHs (e.g. SynCardia, Carmat) pre-determine the 

bulky size of themselves. The proposed spherical 

gerotor TAH pump takes advantage of its own 

geometry characteristics to contain four variable 

chambers in one compact sphere, like the real one. 

Since the system degree of freedom (DoF) is reduced 

to one, only one servo motor, with necessary control 

circuits, is required to drive the whole TAH. Wireless 
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battery recharge can also be applicable. The main 

drawback of this architecture, though, is that since the 

DoF is reduced to one, the motions of the left side and 

right side are coupled together, unlike the real one. 

5. Conclusion 

This paper presents the design of a novel spherical 

total artificial heart (TAH) based on the concept of 

hydraulic gerotor pump. This spherical TAH features 

volumetric pumping mechanism, pulsatile flow 

generating and low blood shear. The fundamental 

working principle of the proposed spherical gerotor 

based TAH pump is presented and methods to derive 

the geometry shape of the spherical gerotor pump are 

described in details. An analytical model to calculate 

the chamber volume with respect to rotated angle is 

presented. Future work would include but not limit to 

(1) build the first prototype with Plexigals®  made 

spherical part and brass made rotating disk and 

wedges; (2) demonstrate proof-of-principle with 

regard to showing the low device thrombogenicity of 

proposed TAH in-silico using Device 

Thrombogenicity Emulation (DTE) methodology [3, 

4]. 
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