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Fig. 1.1  The number of heart transplantation donors (1 million population / year)  

of different countries in 2009 
�

Fig. 1.2  The number of Japanese heart transplantations prior and posterior to the  
 transplantation law 2010 revision  
�
Fig. 1.3  Toyobo diaphragm artificial LVAD heart pump and it’s connection to a  

patient, 1st generation extracorporeal 
 
Fig. 1.4  The number of ventricular assist device pumps used clinically in Japan  

through year 1990 to 2010 
 
Fig. 1.5  EVAHEARTTM rotary 2nd generation left ventricular assist device  

heart pump and DuraHeart® 3rd generation Left ventricular assist  
device electromagnetic floating pump 

�
Fig. 1.6  Schematic drawing of a Toyobo pump artificial ventricular heart pump 
�

Fig. 1.7  SORIN CARBOCAST artificial heart valve 
�

Fig. 1.8  VCT pressure drive control unit 
�

Fig. 1.9  The diaphragm surface deformation measured by W. Jin and C. Clark  

 
Fig. 1.10 The model of HIA-VAD and membrane deformation during a pulse 

cycle  
�

Fig. 1.11 Structure of this thesis 
 
�	��	��	��	�����

 
Fig. 2.1  The relation of blood chamber volume Vbc vs. diaphragm transmural  

pressure Pdd of all seven measured samples 
 
Fig. 2.2  Nipro Standard pump and blood chamber wax mold sample 
 
Fig. 2.3  Nipro Standard pump blood chamber wax mold dimensions 
�

Fig .2.4  Computer Tomograph cross-sections of Standard and Normal Toyobo  
pump 

�

Fig. 2.5  Radial cross-section of the Standard pump sample 
�

Fig. 2.6  Radial cross-section of the Nipro B normal pump sample 
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Fig. 2.7  Schematic drawing of pressure loss test circuit 
�

Fig. 2.8  Schematic drawing of leakage test circuit 
�

Fig. 2.9  Relationship between pressure loss ����P ���� vs. flow condition of SORIN  
valves  

 
Fig. 2.10 Leak volume of SORIN valves 
 
Fig. 2.11 Sorin CARBOCAST valve forward pressure loss FR vs. backward leak  

flow LF distribution 
�

Fig. 2.12 Schematic drawing of VCT pressure control unit 
 
Fig. 2.13 Pressure in 60mL and 120mL tank under 200/-30 and 280 
 
Fig. 2.14 Pressure in 60mL and 120mL tank under 200/-30 and 280/-50mmHg  

setting of VCT  Cal. T=0.0345s (60mL), Cal. T=0.0465s (C=120mL) 
 

������������ 
 
Fig. 3.1  Photograph of Nipro test pump with air chamber and blood chamber 

pressure port (Sample C) 
 
Fig. 3.2  Schematic drawing of the pulsatile flow test circuit 
 
Fig. 3.3  Valve connecter for Toyobo pump 
�

Fig. 3.4  Flow test results of B normal pump with and without valve connector  
  under standard drive condition  

(70BPM, 250/-50mmHg, �=20����60%, valve #19/#20) 
 
Fig. 3.5  Air chamber pressure Pac under B normal pump standard drive 

conditions 
(70BPM, 250/-50mmHg, �=20����60%, valve #19/#20) 

�
Fig. 3.6���� Blood chamber pressure Pbc under B normal pump standard drive  

conditions 
(70BPM, 250/-50mmHg, �=20����60%, valve #19/#20) 

 
Fig. 3.7  Outflow L2 under B normal pump standard drive conditions 

(70BPM, 250/-50mmHg, �=20����60%, valve #19/#20) 
 
Fig. 3.8  Inflow L1 under B normal pump standard drive conditions 

(70BPM, 250/-50mmHg, �=20����60%, valve #19/#20) 
�

Fig. 3.9  Outflow cannula pressure Pout under B normal pump standard drive  
conditions 
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(70BPM, 250/-50mmHg, �=20����60%, valve #19/#20) 
�

Fig. 3.10 Inflow cannula pressure Pin under B normal pump standard drive  
conditions 
(70BPM, 250/-50mmHg, �=20����60%, valve #19/#20) 

 
Fig. 3.11 Inflow and Outflow cannula water hammer under B normal normal  

pump standard drive conditions 
(70BPM, 250/-50mmHg, �=20����60%, valve #19/#20) 

�

Fig. 3.12 Air chamber Pac, blood chamber Pbc, pump in/out cannula Pin/Pout  
and pump in/out flow L1/L2 under B normal pump standard drive  
conditions 
(70BPM, 250/-50mmHg, �=42%, valve #19/#20) 

 
Fig. 3.13 Pump forward/ back flow L2/L2’, L1/L1’ condition derived from  

magnetic flow meter out/in flow L2mf, L1mf under B normal pump  
standard drive conditions 
(70BPM, 250/-50mmHg, �=42%, valve #19/#20) 

�

Fig. 3.14 Pump out flow L2w L/min vs. positive drive pressure ratio � % for different  
drive pressure settings Pd under B normal pump standard drive conditions 
(70BPM,�=20����60%, valve #19/#20) 

 
Fig. 3.15 Diaphragm transmural pressure Pdd = Pac– Pbc under B normal normal  

pump standard drive conditions 
(70BPM, 250/-50mmHg, �=20����60%, valve #19/#20) 

�

Fig. 3.16 Blood chamber volume Vbc under B normal normal pump standard drive  
 conditions 

(70BPM, 250/-50mmHg, �=20����60%, valve #19/#20) 
�

Fig. 3.17 Maximum and minimimum diaphragm transluminar pressure Pdd vs. positive 
drive pressure ratio ����under B normal pump standard drive conditions 
(70BPM, 250/-50mmHg, �=20����60%, valve #19/#20) 

�

Fig. 3.18 Pump out flow L2w and blood chamber volume expansion ����Vbc vs.  
positive drive pressure ratio ����under B normal pump standard drive  
conditions 
(70BPM, 250/-50mmHg, �=20����60%, valve #19/#20) 

 
Fig. 3.19 Diaphragm transmural pressure Pdd = Pac – Pbc and blood chamber  

volume Vbc under B normal pump standard drive conditions 
(70BPM, 250/-50mmHg, �=20����60%, valve #19/#20) 

�
Fig. 3.20 Relations of blood chamber volume expansion ����Vbc and real flow  

L2w vs. positive drive pressure ratio � under 70BPM, 250/-50mmHg, �=53����flow  
conditions 
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Fig. 3.21 Maximum and minimum diaphragm transmural pressure Pdd = Pac – Pbc  
vs. drive positive pressure ratio ���� under B normal pump standard drive  
conditions 
(70BPM, 250/-50mmHg, �=20����60%, valve #19/#20) 

�

Fig. 3.22 Diaphragm transmural pressure max. Pdd, min. Pdd, real flow ����V2w and  
blood chamber volume expansion ����Vbc under 70BPM, 250/-50mmHg,  
of �=20 to 60% 

 
Fig. 3.23 B Pump’s outflow ��������������������������������				
��
��
��
��mL/cycle and blood chamber expansion  

����Vbc vs. positive pressure ratio � % for different valve combinations  
under 70BPM, 250/-50mmHg, �=20-60����flow conditions 

�
Fig. 3.24 B Pump’s Leak flow volume����V1’, ����V2’ mL/cycle vs. positive drive  

pressure ratio � % for different valve combinations under 70BPM,  
250/-50mmHg, �=20-60����flow conditions 

 
Fig. 3.25 Pulsatile leak L2’, L1’ of valve combinations vs. static forward flow  

resistance and Backward flow leak 
�

Fig. 3.26 Pulsatile output leak ��������2��������of valve combinations vs. 
 static backward flow LF 
 
Fig. 3.27 Pulsatile leak volume ���������	�	�	�	



����������������				of valve combinations vs. 
 static backward flow leak LF 
 
Fig. 3.28 The output flow volume����V2w of B normal pump and C pump 
 under 70BPM, 240/-40mmHg, �=20 to 60���� pulsatile flow conditions 
�

Fig. 3.29 Output flow volume ��������2w, blood chamber diaphragm expansion  
����Vbc, leak of outflow and inflow cannula ����������������



��������������������of B normal  
pump and C pump under 70BPM, 240/-40mmHg 

�
Fig. 3.30 Output flow ��������2w, blood chamber diaphragm expansion ����Vbc, 

of B normal pump and C pump under 70BPM, 250/-50, 240/-40,  
200/-50 mmHg 

�
Fig. 3.31 Diaphragm transmural pressure Pdd of B normal pump and C pump  

under 70BPM, 240/-40mmHg 
 

������������ 
�
Fig. 4.1  The flow conditions of Nipro B normal pump under drive conditions of  

160/-40, 200/-40, 200/-50, 250/-50 mmHg with positive drive pressure  
time ratio �= 20-60%�

�
Fig. 4.2 Nipro B normal pump (calculated blood chamber expansion ����Vbc) /  

(measured blood chamber expansion ����Vbc) with positive drive pressure 
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time ratio �= 20-60% 
�
Fig. 4.3  Air chamber Pressure Pac, blood chamber Pressure Pbc, inlet flow L1,  

outlet flow L2 of Nipro B normal pump with Sorin valbe #19/#20 under  
70 BPM, 160/-40mmHg, 30% 

�
Fig. 4.4  Air chamber Pressure Pac, blood chamber Pressure Pbc, diaphragm 

transmural pressure Pdd, blood chamber expansion ����Vbc of Nipro B  
normal pump with Sorin valbe #19 / #20 under 70 BPM, 160/-40mmHg,  
30% 

�
Fig. 4.5  Air chamber Pressure Pac, blood chamber Pressure Pbc, inlet flow L1,  

outlet flow L2 measured test results of Nipro B normal pump with Sorin  
valbe #19/#20 under 70 BPM, 250/-50mmHg, 31% 

 
Fig. 4.6  Air chamber Pressure Pac, blood chamber Pressure Pbc, diaphragm  

transmural pressure Pdd, blood chamber expansion ����Vbc measured test  
results of Nipro B normal pump with Sorin valbe #19 / #20 under 70 BPM,  
250/-50mmHg, 31% 

�
Fig. 4.7  Measured Nipro B normal real outlet flow L2w and calculated blood  

chamber expansion ����Vbc and Leak with Sorin valve #19/#20 on  
outlet port by 70BPM, 250/-50 mmHg, 31% 

�
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Fig. 5.1 LUSAS window to calculate diaphragm motions����Meshed B sample���� 
 
Fig. 5.2 Program scheme window of LUSAS program����Attributes���� 
�
Fig. 5.3 Program scheme window of LUSAS program����Loadcase���� 
�
Fig. 5.4 Program scheme of nonlinear & transient window on LUSAS 
�
Fig. 5.5 Advanced noliear incrementation parameters of LUSAS program 
�
Fig. 5.6 Nonlinear option of LUSAS program 
�
Fig. 5.7 Element size 0.4 quadrilateral mesh division of pump intersection 
�
Fig. 5.8 Element size 1.0 triangle mesh division of pump intersection 
 
Fig. 5.9 Successfully analyzed Nipro B normal pump upper expansion 
 
Fig. 5.10 Unstable diaphragm vibrations under early positive drive pressure in  
        air chamber����of Spiral vortex pump 
� �
Fig. 5.11 The Load factor vs. number of increment graph of diaphragm upper  

expansion by positive air pressure loading by FEM analysis  
(Standard pump) 
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Fig. 5.12 Diaphragm transmural pressure Pdd mmHg of typical diaphragm   
positions by FEM analysis by element division numbers of standard 
pump 

�

Fig. 5.13 No.7 tensile test specimen of diaphragm cut off sample size 
�
Fig. 5.14 Repeat tensile test results of Nipro pump diaphragm sample  

#2sample 
�
Fig. 5.15 Pump blood chamber volume Vbc vs. diaphragm transmural pressure  

Pdd mmHg of Standard pump FEM analysis by diaphragm material E  
value 

�
Fig. 5.16 Nipro Standard pump measured blood chamber volume Vbc vs.  

diaphragm transmural pressure Pdd relation pointed on FEM simulation  
result curve 

�

Fig. 5.17 The four diaphragm positions of pump calculation simulations 
  
Fig. 5.18 Maximum equivalent stress on diaphragm surface in blood chamber at  

Standard pump diaphragm 
�

����////��������
�

Fig. 6.1 DH-connection of a Nipro pump with coating 
 
Fig. 6.2 Stress distribution of diaphragm section under positive and negative air  

chamber pressure Pac condition 
 
Fig. 6.3 Stress distribution of diaphragm section under positive and negative air  

chamber pressure Pac conditions at DH-junction notch 
 
Fig. 6.4 The difference of radial cross-section of Nipro Standard and B normal  

pump’s diaphragms 
 
Fig. 6.5 The diaphragm transmural pressure Pdd mmHg by drive pressure setting of 
 Nipro B normal pump 
 
Fig. 6.6 The simulated diaphragm positions of the B Nipro pump under drive  

conditions of 70BPM, 30%, 250/-50, 200/-50, 200/-40 mmHg with FEM  
analysis 

�

Fig. 6.7 Maximum equivalent strain EE and maximum equivalent stress SE  
distributions on diaphragm fringe, 70BPM, 250/-50mmHg, 30% 

 
Fig. 6.8 Maximum equivalent stress EE and stress SE produced on diaphragm  

during pulse movement 
�

Fig. 6.9 � The flow conditions of Nipro B normal pump under drive conditions of   
drive conditions of 160/-40, 200/-40, 200/-50, 250/-50 mmHg, �= 20-60% 
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Fig. 6.10 Nipro B normal pump diaphragm peak deform positions of  
 250/-50mmHg, 30% and 200/-50mmHg, 30% drive by FEM analysis 
�
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Table 1.1 List of clinical available artificial hearts in the world  

 

����	�	�	�	� 
 
Table 2.1 Static formula of average diaphragm transmural pressure Pdd vs. blood 
chamber volume Vbc relation 
 
Table 2.2 Test results of Sorin and Jerryfish valves of forward flow resistance and 
backward leak flow, estimations of distribution of both valve products 
 
Table 2.3 Set up time-pressure conditions of VCT driver  
 
Table 2.4 Calculated results of VCT CDR, RDR 
 

������������ 
 
Table 3.1 Experiment symbols for the flow test�
�
Table 3.2 Pulsatile Nipro pump flow test data editions 
 
Table 3.3 Pulsatile leak volume ����V2’,  ����V1’ test results 
 
Table 3.4 Results of multiple regression of leak volume ����V2’ and ����V1’ 
 
Table 3.5 Output flow ��������2w, blood chamber diaphragm expansion ����Vbc, 
of B normal pump and C pump under 70BPM, 250/-50, 240/-40, 200/-50 mmHg 
 

������������ 
 
Table 4.1 Calculated pulsatile valve leakage regarding the formula (2) 
 

�'��'��'��'� 
 
Table 5.1 Simulation results of diaphragm motions 
 
Table 5.2 Results of simulation parameters regarding Table 5.1 
 
Table 5.3 Nipro pump sample FEM test results of Standard and B Normal pump samples 
of four diaphragm positions 
 

�/��/��/��/��
 
Table 6.1 The four diaphragm positions of Standard and B normal pumps calculated by 
FEM model 
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Table 6.2 The maximum equivalent strain and equivalent stress condition on diaphragm 
surface of the Nipro B Normal pump under drive condition: (A) 250/-50mmHg,  (B) 
200/-50mmHg 
 
Table 6.3 Nipro pump conditions with different pump settings�
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Fig. 1.1 The number of heart transplantation donors (1 million population / year)  

of different countries in 2009 
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Fig. 1.2 The number of Japanese heart transplantations regarding 

the transplantation law enforcement in 1997 and revision in 2010�
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Table 1.1 List of clinical available artificial hearts in the world 
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Fig. 1.3 Toyobo diaphragm artificial LVAD heart pump and it’s connection to a patient�
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(a) EVAHEARTTM,       (b) DuraHeart®,  

LVAD 2nd implant generation   LVAD 3rd implant generation 

 

Fig. 1.4 EVAHEARTTM rotary 2nd generation Left Ventricular Assist Device heart pump 

(a) and DuraHeart® 3rd generation Left Ventricular Assist Device electromagnetic floating 

pump (b)��� 
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Fig. 1.5 The number of ventricular assist device pumps used clinically in Japan 

through year 1990 to 2010���� 
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Fig. 1.6 Schematic drawing of a Toyobo pump artificial ventricular heart pump 
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(a) Back side    (b) Front side 

Fig. 1.7 SORIN CARBOCAST artificial heart valve 
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Fig. 1.8 Toyobo pressure drive control unit VCT 

�

��������!!!!���� "#�$%"#�$%"#�$%"#�$%����

������67���8WXBC�����
6!��12�

9KY:!;���	��Z"6<ZIJ+[\
�=#/�>Z?34Z"$6%

@]3
X^_6#&A&[�
7����,	B`/&'A'A]3'-+-�]2

6WXBC�Z"�	����>Z��@AaC�D�4Ebc
()����FG�

d*Oe�4+,]3'-[/0123���

WXBC���	BCHfg�Aha�ij���4I_�
X^_6�����




�

���

������������	
������������������������

��������������������������� ������!	
��

"#$������%&'�(��)*������	+

!	
��,	
����	
�	
��������	
�������	+

	
�	
��-./�"#$�0����12�
����������

����3�������4���������3�5�6'�7�����	�%�

�"#$�7��8�����9:;�����������������3�5��

6������<�7��8���=���'�	+

���	
� >?�
��������!������"����@#=$��

 ���A�%!B9&"#B9:+CD&':$%E�"#$���7�&7��F�G�

�H��	'((���)*���
��"#$�+6�����"#$�,I��

�&7�-����'���"#$���JK�.(3��F8'��/0%@#�L

�%8M�'�	12�NOPQ3)�45�614*#	
���"#$0���4

7�@#RS�����47��'�	TJ%+'���,/UV -WXXY8Z9[X\[+D][]WY+

.X\9W^Y\]8�$>4/1$61_0)*�"#$�	
������`a��'�+
�������	�	+

+

:	;	<+)*����
��"#$��-./��1��b2��+

	
��c��%=�d�ef8f>f "#$�3ghi8�-./��
����

�%h��-./�?@��7RS����-./��1������RS�A.

��!	
���(*B�A.��	+

)*����
��"#$��-./�1�%&'��12"#$��%+j�

�-./��k=84C�?@��7B<�lDEm�"#$!N�56F���G

��n�F8nM�	++

ef8f>f"#$����78'8�o�F���'����-./��1��,I�

GHIJ�16����9:�pj�;<�%?@��'�G��F��F�	�-.

/��K�nom��;<�%�Fq=rsd�>orsd�T@��-./��

?@�t?7���	+

@u+A\X+[Xv+Lu+LZ[^B�t?78�-./�wM�CD8?@JK� fXWNOfPxfXWX]+

Z[YW^+'fxxZW^+[XWPfPW]W^Cy>$/1EF3E�6'�	
�,M�'�	��
�G�(

G��,I�GQRIJ�16���%hM��-./��?@JK�H7���S

T��'�	eu+I\BWX+Lfu+�"#$ #$4C"#$O0�J U+K+z{u|PP��-.

/��V} ]+K+~u{|PPE� ef8f>f "#$CU+K+z�u~PP�]+K+�u~PP�� ef8f>f "#$�

@J�WL��'����� -X��}q��-./��M'u+(G����-.

/��N�%�O��zu|PPY� �7���P�Q�����)��-./��"#

��RN�OM%ZS��G���O��'�u+G�((�"#$�����-/



�

���

��������������	���
�����������	�������

�	��
���������	��������	��������������	

������� 
!"������#$ %&'()*(+,-.�������	�"��	

�/�0	
����1"2���3�4� %&'()*(+,�.)"5�#$�����6�

�7��8 ������������))

)

�9�	:;!���"�����������</��=���>?�?�? 
���

 @���������!"�A��B	"#$�C�D/�EF!"%!"GH%�

B	��D/��!"�1��=/��I&'�����J�������%�(��

���KL��)

��"KL��	����M����)*���F�MN!+"�,D/�	-�

OP�.L�����-#"/1��B	�/ ��Q0�R���F�MD�!D�

"S�OP�.L�M�0T	�,������"S�UD�OP�,�-#"���

�����	1V���J"#HW����3$���%&��9�	��Q0��

F�!����	�F��,�'L�2X"(�B	�F���� 2,)*�+Y.�,

-��2X"�������������.�Z/[\]�03�	����1^4

��2Q0�KL�������

�F��M�0T_	!�0T_:;!"���34��B	�F�5�,5`��

��6=D.�78D/�OP�34"���������6ab2cd<���	��

�7e-�	�F�5`7a	C:7a,
8�99.4	5��:�D;�_�":<

"=>�����?@!";=/����)

)

SV	������� @�Vf<����"g��	/���� %2Abhi=B=jc�

��kC[D>��l�	?@� *Em \[�nA� ��	�������%F��

�J9=GB��bC�D�c�J�@H��������������op��� h-IJqr)/

�Es9=KtS��uv� 0��V	wx	yx	zx	+xL{ � MNhO|hPbQFRS1c

�GT!�T}�R������1��%&'()*(*x,-.�
��HU~"���	���

����IJ�J�%FKT���	%&'()*(*x,�.��������������7L

�IJ�J�5�	-(�%F��	�(Vq(��!��7�����	W(��!���

��p������(Vq(�XY9=MZ�J���	���������J�[P�J

�4��][~��NO���\K�	���������������������

	
����������	
����������	��	
��������

���	����������������	��� 
�� �	�� ��!�����

��"���������	
����#$��������%&'" �(� �����

�����	%&'"���)�*+��*�,�-./��	�� �����0

����������1������!�"#�2���$0��
-3%2� ��



�

���

������������ 	�
������������������������

������	�����������������  ! 
	" ��#$%����&���

��''

��(�)*+��)��,-$���������./�
�������

�������01���)��2���3����������4�����&�

+����5��������������6�������,-$����,-$�

������������������7���8�,-$���&)�19�+��

�����:��� ;�4�!<������"�8����&=�0����*

������''

'

'

Fig. 1.9 The diaphragm surface deformation measured by W. Jin and C. Clark���� 

The direction of flow is shown by the arrows 
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(a) HIA-VAD with tri-leaflet-valves 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) Simulation of membrane movement deformation 

Fig. 1.10 The model of HIA-VAD and membrane deformation during a pulse cycle���� 
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Fig. 1.11 Structure of this thesis 
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The sample criteria: 
2006 ����Fundamental pump characteristics of Toyobo pump”:  
T Std����New��������Clinical samples : A1-7����212 days in vivo, replaced to new pump��������
B2-12(326 days in vivo) 

   2011 ����Effect of coating inside the Toyobo pump”: 
A, B Normal, C, Demo (New) , Thin(Test production) 
 

Fig. 2.1 The relation of blood chamber volume Vbc vs. diaphragm transmural pressure 

Pdd of all seven measured samples 
 
 

Table 2.1 Static formula of average diaphragm transmural pressure Pdd vs. blood 
chamber volume Vbc relation 
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Fig. 2.2 Nipro Standard pump and blood chamber wax mold sample 
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Fig. 2.3 Nipro Standard pump blood chamber wax mold dimensions 
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Fig. 2.4 Computer Tomograph cross-sections of Standard and Normal Toyobo pump 
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Fig. 2.5 Radial cross-section of the Standard pump sample 
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Fig. 2.6 Radial cross-section of the Nipro B normal pump sample 
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Fig. 2.7 Schematic drawing of pressure loss test circuit 
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Fig. 2.8 Schematic drawing of leakage test circuit 
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(a) Pressure loss FR vs. test flow conditions of Sorin test valves  
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(b) Pressure loss �������� under 16 L/min test flow condition of Sorin test valves  

 

Fig. 2.9 Relationship between pressure loss �������� vs. flow condition of SORIN valves 
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Fig. 2.10 Leak flow LF of SORIN and Jerryfish valves 
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Table 2.2 Test results of Sorin and Jerryfish valves of forward pressure loss FR and 

backward leak flow LF, estimations of distribution of both valve products 
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Fig. 2.11 Sorin CARBOCAST valve forward pressure loss FR vs.�

backward leak flow LF distribution 
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(a) Diagram of VCT pneumatic circuit� �

� � � � � ����������(b) Whole view of VCT console 
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Fig. 2.12 Schematic drawing of VCT pressure control unit 
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Table 2.3 Set up time-pressure conditions of VCT driver 
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Table 2.4 Calculated results of VCT CDR, RDR 

�

�
�
�
�
�
�
�

�
�
�
�
�
�

������ ��	
�����	������
�����

���������

��

��

��

��

������

�����
 ��!"����#$�
���� 	�

�%� ���!��&
�

'�()�����$�
��� 	�

�����

*	!��&
�

�����+$�
����

�%� ��	!��&
�

�����
 ��!"�����#$�
����

,�!��&
�

��������	
����	 �����
�

������
�

������������		
� �� �� �� ��

��������

�������� �������� �������� ��������

�������� ��������

�������

�������

���� ��!�

�������� �������� ��������



�

�*�

�
(a) 200/-30mmHg 

�
(b)280/-50mmHg 

 

Fig. 2.13 Pressure in 60mL and 120mL tank under  

200/-30 and 280/-50mmHg setting of VCT 
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(a) 200/-30mmHg 

(b)280/-50mmHg 

����
Fig. 2.14 Pressure in 60mL and 120mL tank under 200/-30 and 280/-50mmHg setting of 

VCT  Cal. T=0.0345s (60mL), Cal. T=0.0465s (C=120mL) 

 

 

������������

������������

������������

������������



�

���

������ ���

�����������	������
������������������

�������������	��	����������������
����

����	������� �		���� !��" �� ���"��#�$

�	��%&�	������'(�
��)�*+%������� #����

�,���	���������	-.�� ��� ����� ���������/����

�01������2���
��'(�������������,����
.�

���01���

�

��,��,��,��,���� 4�5�T	U4�5�T	U4�5�T	U4�5�T	U����

3�0� �4567 ����89:;����2���<��� =0>����3? 

@!�89:;" ��������A�� )
�
��3B��B#C�D$� )

�%&����%'(E�)�A��D$����

FGH� ���3?��B�*+,�	#C�� � �.�����-���� )


��IJ�*+ �./�#C����������KL012M�����0N 3&�

����O��P�#C�"����Q� RSTUVT6V ����*+,�	#C�
�

�*+ �./��W��IJ�*+ �./�41� �5X60>� Y�U767TZ ����[

\�]� -��^�������89Q
����_����`a
��*+ �T/�

�W� RSTUVT6V 41� Y�U767TZ �����:b����������01���

����;<�= (cd�>%$�e?b��
N�f�� @#gAE��b 

�;<�=�(cd�>%$��hX��bi���������

FjH�89:;"��B#C�� ��B�59Q
��� R764U��k�YB�kR� 89:;"�

CDE�������� �l66FG4mH89:;"��B�-nI�`�Co�J�p�

� ���"��B��	�� �� 
I!�"-� qrKL0%&�#��(E

�)�$-���Ss%�&��'�t uv(�0 R764U"��	���wxGyMzx{z�77N| �

�� 
I!){x}{M{xuw�~O74U ��l66FG4mH "0�	���G{xzMGGxG77N|I!){

M{x{��~O74U �$"01��R764U"��	��  
I!����41� �l66F��4mH

"� R764U�"����	���41� �� 
I!��W��3pJ0����5

9�0P�I!�D$���h���Q��,�RS�����01���

���� �����	
��� �T���� ��� �Q#U����+�d�A�� ��� 3

?����	#C�D$�����01����� ������	�����
���

�������������@#gAE������������#-�V�0*4

������ ��B0>�����	��0�� �� !��" �� ���

"��#�$�	��%&�	������'(�
��)�*+%������� 

#�����,���	���������	-.��h����� ���������/

�����01�x��



�

���

����

����

���������������� �	
�����	
�����	
�����	
��������

�������������������������

�

!��!��!��!������ 4!5��34!5��34!5��34!5��3����

!��!��!��!������ VWDXY�Z[FGDXVWDXY�Z[FGDXVWDXY�Z[FGDXVWDXY�Z[FGDX����KKKK\]^_`\]^_`\]^_`\]^_`SSSS����

!�!!�!!�!!�!���� abcde�fg�@abcde�fg�@abcde�fg�@abcde�fg�@ hiihiihiihiijjjjklm=>klm=>klm=>klm=> PnoKPnoKPnoKPnoKpq^_`pq^_`pq^_`pq^_`SSSS				����

klmrsGtklmrsGtklmrsGtklmrsGtPnoKPnoKPnoKPnoKuq^_`uq^_`uq^_`uq^_`SSSS�v[�v[�v[�v[����

!�&!�&!�&!�&���� wx+yEz{|�Z[FG}�~�wx+yEz{|�Z[FG}�~�wx+yEz{|�Z[FG}�~�wx+yEz{|�Z[FG}�~�����

!�)!�)!�)!�)���� ��-;�Z[FGAB����~���-;�Z[FGAB����~���-;�Z[FGAB����~���-;�Z[FGAB����~�����

!�,!�,!�,!�,���� 4!5�T	U4!5�T	U4!5�T	U4!5�T	U����

�

��

�

�

��

�

�

��

�

�

��

�

�

��

�

�

��

�

�

��

�

�

��

�



�

���

!��!��!��!������ 4!5��34!5��34!5��34!5��3����

� ��������� �	
�����������������������	���

����������������������
��	����
�� �������� �

�!�"��	
�#$������������%&���	
����'�()�

�������������%*���+����,-���.��/��+�� *�

����+�!0"�#*1�.$�/��+(*2%34�5&6'� �77 8#$�(

) 9*+�:;�$���+��#.,�/*1#$�()����9*+ ���+�<=2

�	
%34�5&�-���&����

� ����:;�> ?��@.*1ABCD/��	
�E�	��	�F����

	��
�&���;G�&���

�

!��!��!��!������ VWDXY�Z[FGDXVWDXY�Z[FGDXVWDXY�Z[FGDXVWDXY�Z[FGDX����KKKK\]^_`\]^_`\]^_`\]^_`SSSS����

0�1�2� 3�

3�4���-�� &���

2H/5I�+����	��

� ��������6 J ��	()7��	�(��8K�9�1���	
.L�

M��:NO/��=2������P=�/5I�+����	�������

�

1H��.L�M��:NO/�	
���	��

� L�M��:NO �	
��;< 9=Q ���>-?R(*2@P*2=1 STL�A�

?UTB7UT::CV ��%*2���>-�WXY��?TDZT����"���(�����K

[������

�

0H>-E%� �7.�/B�7.7/�\]�

� ���	
� 9=Q ��E%��=2��>-�WXY��<=�>-E%�

�7.�/B�7.7/���*��������%*2��K[������

�

0�1�1� ����^�

2HL�M��:NO���	
�

� �������������,-�	
��FG�	
�/��!_*��	
�/

�5I�+���!�"2���,-�������P L�M��:NO �	
�HIFG(

*2!0:`2=1 a���M /	Jb�	?T �!0"2��&��c1��	
�#$��

�������� �E"��	
)���� �N+�#$�� �*+��%&��d�Ve�feJ

�����P=� ���� ������������

�

�



�

���

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

Fig. 3.1 Photograph of Nipro test pump with air chamber and blood chamber 

pressure port. (Sample C) 
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Fig. 3.2 Schematic drawing of the pulsatile flow test circuit 
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Fig. 3.3 Valve connecter for Toyobo pump  
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Fig. 3.4 Flow test results of B normal pump with and without valve connector  

under standard drive condition  

(70BPM, 250/-50mmHg, �=20����60%, valve #19/#20) 
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Fig. 3.5 Air chamber pressure Pac under B normal pump standard drive conditions 

(70BPM, 250/-50mmHg, �=20����60%, valve #19/#20) 
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Fig. 3.6 Blood chamber pressure Pbc under B normal pump standard drive conditions 

(70BPM, 250/-50mmHg, �=20����60%, valve #19/#20) 
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Fig. 3.7 Out flow L2mf under under B normal pump standard drive conditions 

(70BPM, 250/-50mmHg, �=20����60%, valve #19/#20) 
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Fig. 3.8 Inflow L1mf under B normal pump standard drive conditions 

(70BPM, 250/-50mmHg, �=20����60%, valve #19/#20) 
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Fig. 3.9 Outflow cannula pressure Pout under B normal pump standard drive conditions 

(70BPM, 250/-50mmHg, �=20����60%, valve #19/#20) 
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Fig. 3.10 Inflow cannula pressure Pin under B normal pump standard drive conditions 

(70BPM, 250/-50mmHg, �=20����60%, valve #19/#20) 
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Fig. 3.11 Inflow and Outflow cannula water hammer under  

B normal normal pump standard drive conditions 

(70BPM, 250/-50mmHg, �=20����60%, valve #19/#20) 
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Fig. 3.12 Air chamber Pac, blood chamber Pbc, pump in/out cannula Pin/Pout 

and pump in/out flow L1mf/L2mf under B normal pump standard drive conditions 

(70BPM, 250/-50mmHg, �=53%, valve #19/#20) 
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Fig. 3.13 Pump forward/ back flow L2/L2’, L1/L1’ condition derived from magnetic flow 

meter out/in flow L2mf, L1mf under B normal pump standard drive conditions 

(70BPM, 250/-50mmHg, �=42%, valve #19/#20) 
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Fig. 3.14 Pump out flow L2w L/min vs. positive drive pressure ratio � % for different 

drive pressure settings Pd under B normal pump standard drive conditions 

(70BPM, �=20����60%, valve #19/#20) 
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Fig. 3.15 Diaphragm transmural pressure Pdd = Pac– Pbc under B normal normal pump 

standard drive conditions�

(70BPM, 250/-50mmHg, �=20����60%, valve #19/#20) 
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Fig. 3.16 Blood chamber volume Vbc under B normal normal pump  

standard drive conditions 

(70BPM, 250/-50mmHg, �=20����60%, valve #19/#20) 
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Fig. 3.17 Max. and min. diaphragm transluminar pressure Pdd vs.  

positive drive pressure ratio ����under B normal pump standard drive conditions 

(70BPM, 250/-50mmHg, �=20����60%, valve #19/#20) 
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Fig. 3.18 Pump out flow L2w and blood chamber volume expansion ����Vbc vs. positive 

drive pressure ratio ����under B normal pump standard drive conditions 

(70BPM, 250/-50mmHg, �=20����60%, valve #19/#20) 

�

��������

�����������	 �		 
��
�� ��

��������������
�
��
���������	��	��

������������������������������ !�������

����������"������#$%���&�'�������������

	�#�()*� +,
��-&����������'����"��������!�

 �'���!�����.	/0�1	�	
2"� 3)-
�456�-&��

#$'7��
�%&8�'9�:;<=<;:���	'(>?);����@ �'�������A

B�1	#C*8)+�,D-E�5,D�&��)-E
���4�-����

./0 12�&��������8)�F �'��������� �		����G��3�

��2����������1	#HI��2'7�� ���4���������

�1	!��5� �		  HI��J
2 3�
�D����

%�6+,�57K�&������ �		 � L;MN�ONPO �Q��R�'��+��C

ST���5 8U'89�:+V#WX;���)����������� �		 �<

U��Y��+��CST�#=3:+V�Z��
)�'��������>���

	��'<9��[�:+V�)���������>���F
�����\?�+

����CST�2@-
'��
��2AK�]^ �G���2_`�'�		 !Ua

b)�<9�����+��CST�2 cde �G� ��2BC���f&'����

����
����52����g h�
�4�
'L;MN�ONPi �Q��R� D;j=>

����E��k�����ldFG'lPFG �5k7�&H�A�6+,���
���



�

! �

������� ��� ��������	��
������
����		��	��


������������� ��� ������ ���	������������

���	�	���	
������ !"	��#$�%&�����'(�)�

*�+�� !"���,-�.��	��*/
�����+��
�0���

���1*	��	��
��2#$*3�45����'(��6

789:6;:<=
��

�>��������� ���	������	�����?��

�
	���

�@A�	B�� ��� � ���		��������	������

����	���� 
,,����� ��� ��C?�)�*�+��!
��

*"��		��
DE���FG)		�������*��*��,-�.

�.,-��H	��
 I�D���		����2�
�#���J
�2E��

�)��K������

�>������	�$�L%�D0�����*�

��D�&��$�MNJDL%#$
���'(-5��6

6

789:6;:O< 
789:6O:;�JD�� 'P:��	���
�.��B�			�� ���

����F#$�Q	���	�L?�	����K?��)	��,-
R������

789:6;:OI 	B��
G���������	&�� (S):���&�� (8T:��� ��

���������	���U*?�)�*.+��66

6

6

6

6

6

6

6

6

6

 

Fig. 3.19 Diaphragm transmural pressure Pdd = Pac – Pbc and blood chamber volume 

Vbc under B normal pump standard drive conditions 

(70BPM, 250/-50mmHg, �=20����60%, valve #19/#20) 
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Fig. 3.20 Relations of blood chamber volume expansion ����Vbc and real flow L2w  

vs. positive drive pressure ratio � under 70BPM, 250/-50mmHg, �=53����flow conditions 
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Fig. 3.21 Max. and min. diaphragm transmural pressure Pdd = Pac – Pbc vs. positive drive 

pressure ratio ���� under B normal pump standard drive conditions 

(70BPM, 250/-50mmHg, �=20����60%, valve #19/#20) 
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Fig. 3.22 Diaphragm transmural pressure max.Pdd, min.Pdd, real flow ����V2w and  

blood chamber volume expansion ����Vbc under 70BPM, 250/-50mmHg, of �=20 to 60%  
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Fig. 3.23 B Pump’s outflow ��������������������������������	
��	
��	
��	
��mL/cycle and blood chamber expansion ����Vbc vs. 

positive pressure ratio � % for different valve combinations under 70BPM, 250/-50mmHg, 

�=20-60����flow conditions 
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Fig. 3.24 B Pump’s Leak flow volume����V1’, ����V2’ mL/cycle vs. positive drive pressure 

ratio � % for different valve combinations under 70BPM, 250/-50mmHg, �=20-60����flow 

conditions 
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Table 3.3 Pulsatile leak volme ����V2’,  ����V1’ test results 
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Fig. 3.25 Leak flow L2’����L1'measurement results with regurgitation  

separated from standard drive condition of B normal pump (#19, #20) 
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Fig. 3.26 Pulsatile output leak ��2��of valve combinations vs. 

static backward flow LF 

 

Table 3.4 Results of multiple regression of leak volume ����V2’ and ����V1’ 

Results of leak volume ����V2’ �
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Results of leak volume ����V1’ 
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Fig. 3.27 Pulsatile leak volume ����������������������������������������of valve combinations vs. 

static backward leak flow LF 
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Fig. 3.28 The output flow volume����V2w of B normal pump and C pump 

under 70BPM, 240/-40mmHg, �=20 to 60���� pulsatile flow conditions 
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Fig. 3.29 Output flow volume ��������2w, blood chamber diaphragm expansion ����Vbc, 

leak of outflow and inflow cannula ����������������������������������������of B normal pump and C pump  

under 70BPM, 240/-40mmHg 
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Fig. 3.30 Output flow ��������2w, blood chamber diaphragm expansion ����Vbc, 

of B normal pump and C pump under 70BPM, 250/-50, 240/-40, 200/-50 mmHg 

 

Table 3.5 Output flow ��������2w, blood chamber diaphragm expansion ����Vbc, 

of B normal pump and C pump under 70BPM, 250/-50, 240/-40, 200/-50 mmHg 
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Fig. 3.31 Diaphragm transmural pressure Pdd of B normal pump and C pump 

under 70BPM, 240/-40mmHg 
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Fig. 4.1 The flow conditions of Nipro B Normal pump under drive conditions of 160/-40, 

200/-40, 200/-50, 250/-50 mmHg with positive drive pressure time ratio �= 20-60%�
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Fig. 4.2 Nipro B normal pump (calculated blood chamber expansion ����Vbc) / (measured 

blood chamber expansion ����Vbc) with positive drive pressure time ratio �= 20-60% 
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Fig. 4.3 Air chamber pressure Pac, blood chamber pressure Pbc, inlet flow L1, outlet flow 

L2 of Nipro B normal pump with Sorin valbe #19/#20 under 70 BPM, 160/-40mmHg, 30% 
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Fig. 4.4 Air chamber pressure Pac, blood chamber pressure Pbc, diaphragm transmural 

pressure Pdd, blood chamber expansion ����Vbc of Nipro B normal pump with Sorin valbe 

#19 / #20 under 70 BPM, 160/-40mmHg, 30%�
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Fig. 4.5 Air chamber pressure Pac, blood chamber pressure Pbc, inlet flow L1, outlet flow 

L2 measured test results of Nipro B normal pump with Sorin valbe #19/#20 under 70 BPM, 

250/-50mmHg, 31% 

�
�

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.6 Air chamber Pressure Pac, blood chamber Pressure Pbc, diaphragm transmural 

pressure Pdd, blood chamber expansion ����Vbc measured test results of Nipro B normal 

pump with Sorin valbe #19 / #20 under 70 BPM, 250/-50mmHg, 31% 
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Fig. 4.7 Measured Nipro B normal real outlet flow L2w and calculated blood chamber 

expansion ����Vbc and Leak with Sorin valve #19/#20 on outlet port by 70BPM, 250/-50 

mmHg, 31% 
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Table 4.1 Calculated pulsatile valve leakage regarding the formula (2) 
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Fig. 5.2 Program scheme window of LUSAS program����Attributes���� 
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Fig. 5.3 Program scheme window of LUSAS program����Loadcase���� 
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Fig. 5.4 Program scheme of nonlinear & transient window of LUSAS 
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Fig. 5.5 Advanced noliear incrementation parameters of LUSAS program 

 

 

 

 

 

 

 

 



�

+"�

�
�
�

�
�
�
�
�
�
�

�
Fig. 5.6 Nonlinear option of LUSAS program 
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Fig. 5.7 Element size 0.5 quadrilateral mesh division of pump intersection 
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Fig. 5.8 Element size 1.0 triangle mesh division of pump intersection 
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Table 5.1 Simulation results of diaphragm motions  

 
Conditions: Element : Primary Triangular element, Quadratic element ( Rectangular Size) 
 Name: Element (size)/ Calculation type : uL: updated Lagrangian, tL: total Lagrangian  
Diaphragm element number : divided particle number  
Basic result����Calculation type 
Total Positions: UD: Upper equivalent point,���� UC: Upper contact, ���� LC: Lower contact, 
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� Results of simulation parameters regarding Table 5.1 

	

2D Axisymmetric Soild Continuum Element with Enhanced Strains
Axisymmetric solid

Quadrilateral
Linear

Irregular, 0.5

Model

Element name

Structural element type
Element shape

Interpolaton order

Element, size

Name
Radius

updated Lagrangian
QAX4M

Item
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Fig. 5.9 Successfully analyzed Nipro B normal pump upper expansion 
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Fig. 5.11 The Load factor vs. number of increment graph of diaphragm upper expansion 

by positive air pressure loading by FEM analysis (Standard pump) 
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����U.C.: upper contact, U.D.P.: upper equivalent point, L.C.: lower contact���� 
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Fig. 5.12 Diaphragm transmural pressure Pdd mmHg of typical diaphragm positions by 

FEM analysis by element division numbers of standard pump 
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Fig. 5.13 No.7 tensile test specimen of diaphragm cut off sample size 
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Fig. 5.14 Repeat tensile test results of Nipro pump diaphragm sample #2sample 

 (average of #2 to #5 tensile test ����E=10.48����R2=0.992���� 
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Fig 5.15 Pump blood chamber volume Vbc vs. diaphragm transmural pressure Pdd mmHg 

of Standard pump FEM ansalysis by diaphragm material E value�
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Fig. 5.16 Nipro Standard pump measured blood chamber volume Vbc vs. diaphragm 

transmural pressure Pdd relation pointed on FEM simulation result curve 
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Fig. 5.17 The four diaphragm positions of pump calculation simulations 

�
Table 5.3 Nipro pump sample FEM test results of Standard and B Normal pump samples 

of four diaphragm positions 
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(c) As designed    (d) Lower contact 

 

Fig. 5.18 Maximum equivalent stress on diaphragm surface in blood chamber at Standard 

pump diaphragm 
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Fig. 6.1 DH-connection of a Nipro pump with coating 
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(a) Upper inflation of air chamber 

 

 

 

 

 

 

 

 

 

 

 

(b) Lower deflation of air chamber 

Fig. 6.2 Stress distribution of diaphragm section under positive and negative air chamber 

pressure Pac condition 
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(a) Upper inflation of air chamber 
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(b) Lower deflation of air chamber 

 

Fig. 6.3 Stress distribution of diaphragm section under positive and negative air chamber 

pressure Pac conditions at DH-junction notch 
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Fig. 6.4 The difference of radial cross-section of Nipro Standard and B normal pump’s 

diaphragms 

����The transparent cross-section denotes the Standard pump, the dark cross-section 

denotes the B normal pump���� 
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Table 6.1 The four diaphragm positions of Standard and B normal pumps 

 calculated by FEM model 
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Fig. 6.5 The diaphragm transmural pressure Pdd mmHg by drive pressure setting of 

Nipro B normal pump 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.6 The simulated diaphragm positions of the B Nipro pump under drive conditions of 

70BPM, 30%, 250/-50, 200/-50, 200/-40 mmHg with FEM analysis 
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(a) Equivalent strain EE 
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Fig. 6.7 Maximum equivalent strain EE and maximum equivalent stress SE distributions 

on diaphragm fringe, 70BPM, 250/-50mmHg, 30% 
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(a) Maximum equivalent strain EE on Nipro Standard and B normal pump 
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� Maximum equivalent stress SE on Nipro Standard and B normal pump 

 

Fig. 6.8 Maximum equivalent stress EE and stress SE produced on diaphragm during 

pulse movement 
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Fig. 6.9 The flow conditions of Nipro B Normal pump under drive conditions of  drive 

conditions of 160/-40, 200/-40, 200/-50, 250/-50 mmHg, �= 20-60% 
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Table 6.2 The maximumequivalent strain and equivalent stress condition on diaphragm 

surface of the Nipro B Normal pump under drive condition: (A) 250/-50mmHg,  (B) 

200/-50mmHg�
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Fig. 6.10 Nipro B normal pump diaphragm peak deform positions of 250/-50mmHg, 30% 

and 200/-50mmHg, 30% drive by FEM analysis 
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