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Table 1.1 Therapies for hepatocellular carcinoma [1],[4]-[6]. 

Therapy Description 

Surgical Resection A part of liver parenchyma is removed surgically and another part is 
reserved.  The removed part has one or more hetatocellular carcinoma 
(malignant tumor). This is the gold-standard procedure for hepatocellular 
carcinoma as far as the conditions of patient allows. 

Loco-regional therapies 
(Percutaneous ablation 
therapy) 

A part of liver around tumors is destroyed using chemical agents (PEI: 
percutaneous ethanol injection), heat (RFA: radiofrequency ablation, 
PMCT: percutaneous microwave coagulation therapy), or cold 
(cryoablation). 

Transcatheter arterial 
(chemo)embolization 
(TAE/TACE) 

Particles are injected through a catheter into hepatic arteries that provide 
nourishment for the tumor. The embolization at the feeding arteries cause 
ischemic necrosis of the tumor. 

Chemotherapy One or more anti-cancer drugs are used to cure cancer. In particular, the 
morecular targeted drug named Sorafenib is used for hepatocellular 
carcinomas in more than 70 countries worldwide. 

Liver Transplantation A whole or partial liver with malignant tumor(s) is replaced with a healthy 
liver from another person. In Japan, liver transplantation is deprecated. 
Other treatments such as resection, ablation, or TACE are considerd prior to 
this. 

Physical therapy 
(Radiation therapy) 

High-energy particles or waves, such as x-rays, gamma rays, electron 
beams, or protons, destroy cells including maglinant tumor cells.  

 

Table 1.1

Fig. 1.1

[4]  

[1],[2], [4]-[6]

Fig. 1.2 SR 2

(RFA) (PEI)

[6] 2000 2005

2006   
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Fig. 1.1 Decision-making protocol for hepatocellular carcinoma in Japan [4]. 

 

 

Fig. 1.2 Overall survival curves after surgical resection (SR), radiofrequency ablation (RFA), 

and percutaneous ethanol injection (PEI) [6]. 
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Table 1.2 Incremental Cost-Effectiveness Ratios Comparing Liver Resection Versus 

Cadaveric Liver Transplantation in the Three Countries at the Base Case [7].
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1990

CUSA™ Cavitron Ultrasonic Surgical Aspirator

[13],[14] 2005 CUSA Dissecting sealer Two-surgeon 

technique [15]

[16],[17] 2000

2 5%

[6] 1989 2011 22  

1000 1989 1995 1996 2004

2005 2011 3

3.9% 1.0% 0.5% 5 50% 72% 78%

[18]

CUSA VIO soft-coagulation system

Pringle Maneuver

[17],[18]  
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Fig. 1.3 Mechanism of the CUSA™ tip [19]. 

1.2.2  

CUSA  

CUSA

Fig.1.3 Tip

Flue

95% Pre-aspiration hole

Pre-aspiration hole (1) (2)

(3)

[20] Fig.1.4 CUSA

Tip

CUSA
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Fig. 1.4 Liver transection with CUSA™ [13] 

 

Fig. 1.5 An example of vessel sealing devices (LigaSure Impact™)[21]. 

 

―

Fig.1.5
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Fig. 1.6 Liver transection with a vessel sealing device [13]. 

Fig.1.6

2006 2

9 165 Crush-Clamp

[22]  

 

Fig.1.7

(1) (2)

Fig.1.8(a) Fig.1.8(b)

 

APC, Argon plasma coagulator  

APC Fig.1.9
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Fig. 1.7 Saline-coupled bipolar electrocautery device in liver transection [22]. 

 

      
(a) TissueLink™ saline-linked monopolar device      (b) Aquamantys® saline-linked bipolar device 

Fig. 1.8 Liver transection with saline-coupled sealing devices [13], [23]. 
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Fig. 1.9 Schematic image of mechanism of APC (Argon plasma coagulator) [24]. 

CUSA CUSA

[25]

[27]-[29] [29]  

 

0.1mm 80MPa

Fig.1.11
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Fig. 1.10 Cauterization of transactional surface of liver with the APC [26]. 

 

 

Fig. 1.11 Dissection of liver with the water-jet dissector [14]. 
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1.2.3  

Table1.3
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Table 1.3 Surgical energy devices used in hepatic surgeries 
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Ultrasonic scalpel 
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Water-jet dissector 
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Surgical laser 

Surface Vessel sealing device Argon plasma coagulator 

Space (Radiofrequency ablation needle) (Radiological therapy device) 

 

 

2013

[29]

 

2013 CUSA LigaSure

4

[30] 2016
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Aquamantys®

[31]

Medtronic 

Medtronic

Aquamantys® Medtronic
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Fig. 1.12 Schematic of the Pringle maneuver[32] 

1.2.4 Pringle Maneuver 

Pringle maneuver 1908 J. G. Pringle [33]

[34] Fig.1.12

 

20 10 2013 42
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1.2.5  

1987
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Morino 2003

1997-2001 155

1998 34
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The Louisville Statement[45]

5cm

logistically prohibitive

2014 10

[46] IWATE 

criteria Fig.1.13

[47]   

[48]-[50]

[50]  
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Fig. 1.13 IWATE criteria proposed at the ICCLLR, International Consensus Conference 

on Laparoscopic Liver Resection[47] 

[51]-[53]

[52]

[53]  
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Table 1.4 Approximate values of heat transfer coefficient[64] 

Conditions of heat transfer W/m2 K 
Gases in free convention 5-37 
Water in free convection 100-1,200 
Gas flow in tubes and between tubes 10-350 
Water flowing in tubes 500-1,200 
Film-type condensation of water vapor 4,000-17,000 
Dropwise condensation of water vapor 30,000-140,000 

1.3.2  

2

15 121~124℃ 200kPa(abs)

[65]. 

 

Yu Fig.1.14

[66]

42-43℃

[67], [68]

2

[69]-[71] 915MHz 2.45GHz

                                                      
2 The International Pharmacopoeia. (WHO)

(Pharmacopoeia)  
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900MHz

[69]  

SVS (Steam Vein Sclerosis) system

Fig.1.15 Fig.1.15(a) Fig.1.15(b)

[71],[72] SVS system

50

[73] SVS Syetem

 

[75]-[78]

[76]

[77], [78] (steam)

100%  

 [79]-[81]

  



 

  20  

 

 

Fig. 1.14 Structure of the surgical heating prove and flow path of the steam[67] 

 

  

(a) SVS generator                                       (b) Cannula and SVS catheter) 

Fig. 1.15 Structure of the surgical heating prove and flow path of the steam[74] 

 

 



 

  21  

 

1.4  

 

in vivo

 

Fig.1.16 [82] 4

Fig.1.16 Fig.1.17

2.1 2.3 3.1

3.3 ex vivo

in vivo  2.4 , 2.5 3.4

4.1 , 4.2  

in vivo 4.1 , 4.3  
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Fig. 1.16 Damage evaluation in the development process of innovative medical devices 

[82]. 

 

 

Fig. 1.17 Scope of this study in the development process of innovative medical devices. 
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2.1  

2.1.1  

Fig. 2.1

 

100°C

[83]-[85]
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Fig. 2.1 Conceptual diagram of the Steam Jet Coagulation method 

 

 

Table 2.1 Effects on tissues caused by electrical ablation[85] 
Temperature

[°C] 

Effect 
Mechanism 

Acute/Visible Delayed 

34-44 None Oedema Vasodilatation and inflammation 

44-50 None Necrosis Disruption of cell metabolism 

50-60 
Blanching 

Sloughing 

Cell death over 1-6 minutes 

60-80 Collagen denaturation 

80-90 
Shrinkage 

Desiccation 

90-100 Instant cell death 

100-200 Steam ‘popping’ Ulceration Vaporization 

>200 Carbonization Larger ulcer Combustion of tissue, hydrocarbons 

Table2.1
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(2) (3) 3

(2)
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1.2.4

 

2.1.3  

Table2.2
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Table 2.2 Characteristic comparison between Argon plasma coagulation and steam cauterization 

 Argon plasma coagulation Steam cauterization (proposed) 

Cauterization 

mechanism 

・ Desiccation and carbonization by high 

frequency electricity sparks in Argon 

gas jet 

・ Shrinkage by heating with 

condensation heat transfer of steam 

Intraoperative 

risks 

・ General risks of electrocautery devices 

(fire and explosion, electrical 

interference, unintentional spark, etc.) 

・ Collateral acute thermal damage 

Postoperative 

risks 

・ Fatal and non-fatal gas embolisms by 

Argon 

・ Gas embolisms by entrained air  

 

 

APC

APC

 

2.2  

2.2.1  



 

  28  

 

 

Fig. 2.2

(a) (b)

(c) (d) (e) 5

(a)~(c)
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(a)~(c) (d)

(e)
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Penv ust
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D (b)

D  +0

(d) dht din
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Fig. 2.2 Schematic diagram of a steam-jet impinging and condensation region 
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θst Pst

Table2.3 IAPWS3 1995

[86] κst=1.34 Penv=0kPa(G) Rst=461.7J/kg K

0~200kPa(G) Fig.2.3

10kPa

80kPa(G) 90kPa(G)

 

 

  

                                                      
3 The International Association for the Properties of Water and Steam, 
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Table 2.3 Properties of saturated steam[86] 
Pressure 
[kPa(G)] 

Saturated 
temperature[°C] 

Density 
[kg/m3] 

Enthalpy 
[kJ/kg] 

Latent heat 
[kJ/kg] 

0 99.61 0.5903 2675 2257 
10 102.3 0.6454 2679 2250 
20 104.8 0.7001 2683 2244 
30 107.1 0.7545 2687 2238 
40 109.3 0.8087 2690 2232 
50 111.4 0.8626 2693 2226 
60 113.3 0.9163 2696 2220 
70 115.2 0.9697 2699 2216 
80 116.9 1.023 2701 2211 
90 118.6 1.076 2704 2206 

100 120.2 1.129 2706 2202 
110 121.8 1.182 2709 2197 
120 123.3 1.234 2711 2193 
130 124.7  1.287 2713 2189 
140 126.1  1.339 2715 2185 
150 127.4  1.392 2717 2181 
160 128.7  1.444 2718 2177 
170 130.0  1.496 2720 2174 
180 131.2  1.547 2722 2170 
190 132.4 1.599 2723 2169 
200 133.5 1.651 2725 2164 

 

Fig. 2.3 Theoretical flow speed ust of steam jet of the research prototype 
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2.2.3   

Fig.2.3 100m/s

(I)~(IV) Fig.2.4

10-4~10-2m >102m/s

 

 

(I) 

 

(II)  

(III)  

(IV) 

  

 

Fig.2.4

x-y x

u, U y v, V U∞

δ Δ   

Nusselt

[87]

Nusselt

Nusselt

Appendix A [88]

Cess

Nusslt (2.3) (2.4) [89]  Rex

Reynolds Pr Prandtl (2.5) (2.6) Rρμ ρμ  
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Fig. 2.4  Physics model of forced-convection laminar film condensation on the horizontal plate 
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(2.12) D=2l ust h

ust Pst h

dcd

100°C Table2.3  Table2.4 Pst

dcd Nusselt Nu htheo Fig.2.5, 

Fig.2.6 Nusselt 1,000~4,000 0.5~2.0×106W/m2K

 1.0×102~1.2×103W/m2 K

400~20000
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Table 2.4 Properties of water at 100°C 

Density[kg/m3] Viscosity[Pa s] cp [kJ/K kg] Thermal conductivity [W/mK] 

958.4 2.818×10-4 4.216 0.6791 

 

 

Fig. 2.5 Theoretical Nusselt number at condensation area 

 
Fig. 2.6 Theoretical heat transfer ratio at condensation area  
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2.3  

2.3.1  

Fig.2.7 Fig.2.8

850mm 600mm 400mm  

Table2.5

Appendix B SUS304

1.0kW 10% 56.5mm 60.25mm

 

Fig.2.9

Appendix C

 KM31 No.4509469

AA10
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Fig. 2.7 Schematic diagram of developed steam-jet coagulator 

 

 
Fig. 2.8 Overview of the fabricated steam-jet coagulator 
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Table 2.5 Specifications of the boiler of the research prototype 

Material Size (H×O.D.)[mm] Inner volume[mm3] Heater power[kW] 

SUS304 300×130 9.00×105 1.0 

 

 

Fig. 2.9 Boiler system of the steam-jet coagulator 

Fig.2.10

Table2.6

90kPa(G)  118.6℃

Tsb

P(Tsb)   
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Fig. 2.10 Apparatus of the fabricated steam buffer and steam trap 

 

 

Table 2.6 Specifications of the steam buffer of the research prototype 

Material Size (H×O.D.)[mm] Inner volume[mm3] 

SUS304 300×63 9.00×105 
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Fig. 2.11 Pressure regulation valve, pressure transducer and solenoid valve of the system 

 

 

Fig.2.11

KM31 No.4509470

AA10

 

Fig.2.12

+5V/+24V

ON/OFF  
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(a) whole view of the control panel 

 
(b) operating state of the control panel 

Fig. 2.12 Apparatus of control panel of the research prototype 

 

ON

GC84 KM31

OFF
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2.3.2  

2.3.1 Fig.2.13

Fig.2.14

100°C PP

PEEK Victrex TECAPEEK MT 

natural 10mm

PEEK

3mm

Fig.2.15 (a)

Fig.2.15 (b) PP
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Fig. 2.13 Apparatus of fabricated steam jet nozzle unit of the research prototype 

 

Fig. 2.14 Cross-sectional schematic drawing of the steam jet nozzle unit 

 

(a) 1mm steam jet nozzle                         (b) nozzle with nail type attachment 

Fig. 2.15 Apparatus of the nozzle tip 
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2.4  

2.4.1  

ex vivo 2.3

 

24 30mm

10mm D

Pst

3

Table2.7 D 3 Pst 4 12

5  

Fig.2.16

8bit

Fig.2.17 Fig.2.18

0

255

127 5

76 127
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Table 2.7 Parameters for ex vivo coagulation experiments with the steam-jet coagulator 

Parameters Values 

Distance D [mm] 1, 2, 6 

Pressure of steam Pst [kPa(G)] 10,30,50,70 

Exposure time t [s] 3 

Nozzle diameter [mm] 2.0 

 

 

Fig. 2.16 Trimmed pictures for coagulated depth and coagulated depth measurement 

 

 

(a) Raw curve before modification                      (b) Modification to the tone curve 

Fig. 2.17 Tone curve modification of pictures after trimming and 8-bit gray scaling 
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Fig. 2.18 Modified pictures for coagulated depth and coagulated depth measurement 

 

2.4.2  

Fig.2.19 Fig.2.19 Fig.2.21 Fig.2.22

5 Pst

D

Pst=70kPa(G) 6.9mm Fig.2.20

Pst 50kPa(G)

6mm

Pst=50kPa(G)

50kPa(G)  
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Fig. 2.19 Coagulation depth of porcine liver blocks exposed to steam-jet 

 

 
Fig. 2.20 Perforation observed on a liver block exposed to a steam-jet of Pst=70kPa(G) 

from 1mm distance 

Fig.2.21 Fig.2.22 50kPa(G)
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Fig. 2.21 Coagulation depth of porcine liver blocks exposed to steam-jet (excluded 

Pst=70kPa(G) cases due to perforation) 

 

Fig. 2.22 Coagulation area of porcine liver blocks exposed to steam-jet (excluded 

Pst=70kPa(G) cases due to perforation) 
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Table 2.8 Parameters for ex vivo coagulation experiments with the steam-jet coagulator 

Pressure 
Pst [kPa(G)] 

Distance 
D [mm] 

Significant difference 
Coagulated depth Coagulated surface area 

10 1  vs  2  * 
 2  vs  6 *  
 1  vs  6 ** * 
30 1  vs  2   
 2  vs  6 *  
 1  vs  6 * * 
50 1  vs  2 *  
 2  vs  6  * 
 1  vs  6 ** ** 

* : p<0.05, ** : p<0.01 

 

Table 2.9 Parameters for ex vivo coagulation experiments with the steam-jet coagulator 

Distance 
D [mm] 

Pressure 
Pst [kPa(G)] 

Significant difference 
Coagulated depth Coagulated surface area 

1 10  vs  30   
 30  vs  50  * 
 10  vs  50   
2 10  vs  30   
 30  vs  50   
 10  vs  50   
6 10  vs  30   
 30  vs  50  * 
 10  vs  50  * 

* : p<0.05, ** : p<0.01 

D 1mm 2mm 6mm

Pst 30kPa(G)

D 1~2mm 50kPa(G) D 2~6mm

≤30kPa(G) 1~2mm

50kPa(G)

D 1mm

D=6mm
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2.4.3  

[29]

 

 

 

Pst=30kPa(G) D=1~2mm

2.8mm

10kPa(G) 50kPa(G)

Pst=50kPa(G) D=1mm

1.5mm Pst=30kPa(G)

D=1mm Pst=10kPa(G) D=1mm

Pst=10~30kPa(G) D=6mm

D

D=6mm Pst=50kPa(G)

 



 

  51  

 

2.2

Table2.9

3

Table2.8

1~2mm

30kPa(G)

 

2.5 in vivo  

2.5.1  

in vivo

 

40kg LW SPF 4

 

                                                      
4 L Landrace W Large White

Specific Pathogen Free  
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2.4.3

50kPa(G) 1mm 1.0mm  

Pringle maneuver

 

2.5.2  

Fig.2.23(a) 1~2mm Fig.2.23(b)

Fig.2.23(c) 20 Fig.2.23(d)

 

2.5.3  

in vivo



 

  53  
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(a) wound creation with a surgical scissor 

 
(b) apparatus of bleeding wound 

 

(c) steam jet coagulator in action with nail tips 

 

(d) successful cauterization and collateral thermal damage were observed 

Fig. 2.23 Cauterization on bleeding porcine liver using the steam-jet coagulator 
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2.6  

2.1

 

2.2

Nusselt  

2.3
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2.5 in vivo

 

ex vivo
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3.1  

2.1

2.5 in vivo

 

Fig.3.1
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Fig. 3.1 Conceptual diagram of the integration of steam-jet and suction flow for safer 

cauterization 
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3.2 CFD  

3.2.1  

CFD, 

Computational Fluid Dynamics

Fig.3.2 1.6mm 0.2mm

3.6mm 0.2mm

ΔD

1.6mm

6mm 8mm

Fig.3.2

100% 100%

 

Table3.1 CFD

36
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Fig. 3.2 Cross-sectional view of 3D model for CFD analysis  

Table 3.1 Parameters for CFD analysis 

Parameters Values 
Pin: Pressure at steam inlet [kPa(G)] 10, 12.5, 15, 17.5, 20, 30 
Pout: Pressure at suction outlet [kPa(G)] -50, -60, -70 
ΔD: Displacement of outer nozzle [kPa(G)]  0, 1.0 

 

3.2.2   

Table3.2

2.2.2 M> 0.6

10-3m

Re>106

 



 

  60  

 

Table 3.2 Considered and ignored physical phenomenon associated with the impinging 

steam-jet model in CFD analysis 

Considered Ignored 

・ Subsonic – Sonic flow 

・ Turbulence 

・ Compressible flow 

・ Mixture 

・ Wall friction 

・ Impinging jet 

 

・ Heat exchange 

・ Condensation 

・ Water droplets 

・ Condensation film 

 

 

 

[91]-[93], [94]-[96]

[97]-[99]

[99]-[101]

  

CFD

 

ANSYS Fluent 14.0 CFX 14.0

DES(Detached Eddy Simulation)

DES Spalart 1997 [102] 1999 [103]RANS(Reynolds-
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Averaged Navier-Stokes Simulation) LES(Large-Eddy Simulation)

[104],[105] RANS LES [106]-[110] RANS

1 Sparlart-Armallas LES Smagorinsky

  

Fig.3.2 3D Fig.3.3

68598

10 1.3

Fig.3.2 Table 3.1

 Table 3.3  3

  

3.2.3  

2 (A)

(Success) (B)

(Poor suction) (C)

(Over suction) 3 Fig.3.4, Fig.3.5, Fig. 3.6

 

ΔD = 0mm (B) ΔD = 1mm

1mm Fig.3.7

-60kPa(G) 17.5kPa(G) 22.5kPa(G) 

2

ΔL = 1mm 20kPa(G)

-60kPa(G)
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(a) bird view                                                          (b) bottom view 

Fig. 3.3 Generated calculation mesh of the 3D model for CFD analysis 

 

Table 3.3 Solution method applied for CFD calculation for transient flow 

Items Applied methods 

Presure-Velocity coupling SIMPLEC 

Gradient discretization Least Squares Cell Based 

Pressure discretization PRESTO! 

Momentum discretization First Order Upwind 

Volume fraction discretization First Order Upwind 

Modified Turbulent viscosity Second Order Upwind 

Transient formulation Second Order Implicit 

 

 

(a) 2D cross-sectional view                                             (b) bottom view 

Fig. 3.4   A CFD result of (A) success of an integration  of steam-jet and suction flow                      

(volume fraction of steam, at 1.00sec Pin= 20kPa(G), Pout= -70kPa(G)) 
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 (a) 2D cross-sectional view                                        (b) bottom view 

Fig. 3.5   A CFD result of (B) Poor suction (volume fraction of steam, at 1.00sec Pin= 30kPa(G), 

Pout= -60kPa(G)) 

    

(a) 2D cross-sectional view                   (b) bottom view without walls and 0% steam 

space 

Fig. 3.6  A CFD result of (C) Over suction (volume fraction of steam, at 1.00sec, Pin= 

17.5kPa(G), Pout= -70kPa(G)) 

 
Fig. 3.7 Summary plot of the CFD analysis (ΔD=1[mm]) 
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3.3  

3.1

 

2.3

 

3.3.1  

Fig.3.8

Table3.4 15kPa(abs) -85kPa(G)

4

Fig.3.9

 

3.3.2  

3.1
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120℃

Fig.3.10

2

Fig.3.11 4

O

O

10mm  

Fig.3.12 3D

 

Fig3.13

2

SUS303 Fig.3.14 Fig.3.15
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Fig. 3.8 Process diagram of the suction integrated steam cauterization device 

 

Table 3.4 Specification of the vacuum pump 

Items Description/Value 

Product name PSL-20, Shibaura Eletec corp. 

Size (W×D×H) [mm] 90 × 135 × 198 

Intake air flow [L/min] 14 

Ultimate pressure [kPa(abs)] 15 
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Fig. 3.9 Whole apparatus of the suction integrated steam cauterization device 

 

 
Fig. 3.10 3D CAD model of the developed double-layered nozzle for the integration of 

steam-jet and suction flow 
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Fig. 3.11 Fabrication method of the inner nozzle and the outer nozzle 

 

  

(a) side view                                       (b) the drain separator inside the cover 

Fig. 3.12 3D CAD model of the nozzle unit for steam-jet and suction flow integration 
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Fig. 3.13 Manufactured parts of the nozzle unit for steam-jet and suction integration 

  
               (a) before assembly                                              (b) insertion of the inner nozzle 

 
(c) screwing the nozzle into the drain separator 

Fig. 3.14 Assembling process of the nozzle unit 
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Fig. 3.15 Assembled double-layered nozzle unit for the suction-integrated steam 

cauterization device 
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3.3.3  

20kPa(G)

CFD

30kPa(G)

Fig.3.16 3D

Fig.3.17 3D

SL5530HT

4.5 170~250℃ 122℃

85kPa(G) 1
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 (a) whole apparatus                                            (b) drain separation mechanism 

Fig. 3.16 3D CAD model of the drain separation unit 

 

   
(a) aparatus with screwed joint for inlet tube            (b) bottom part with drain separation 

winglets 

Fig. 3.17 The drain separation unit made of Polycarbonate-like heat-resistant clear plastic 

SL5530SL printed with Stereolithography 
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3.3.4  

  

Fig.3.18

PTD1 PTD2 2

PTD3

PTD4 P1 P4

Table 3.5 KM31

 

Pstlim Psclim

Fig.3.19 2%

ON/OFF

Pstlim Psclim 2%

”flag_hot” ”flag_suck” true

P2 Pstlim 2% ”flag_hot”

(false ) P3 Psclim 2% ”flag_suck”

(false )  
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Fig. 3.18 Locations of four pressure transmitters (PTD1 – PTD4) in the process of the 

suction integrated steam cauterization device. 

 

Table 3.5 Specifications of the pressure transducers 

Items Specifications 

Product name KM31 pressure transmitter, Nagano Keiki Co. 

Power supply 24V DC 

Output voltage 1.0 – 5.0V 

Measurable range 0 – 0.5 MPa(G)   : PTD1, PTD2 

-0.1-0.2MPa(G)  : PTD3, PTD4 
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Fig. 3.19 Flow chart of the pressure control algorithm of the suction integrated steam 

cauterization device 
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Table 3.6 Specifications of the control panel of the device 

Component Specifications 

Computer Raspberry Pi 3 B+ 

CPU Broadcom BCM2837 (Quad-core, 1.2GHz, 64-bit) 

CPU Architecture ARM Cortex-A8, 1 

Operating System Raspbian (Jessy, Linux kernel 4.4.23-v7+) 

GUI Framework Qt 5.8.1 (LPGL v2.x, Native build) 

Compiler GCC 4.8 (Native) 

A/D converter MCP3204 – BI/P (12-bit, 4ch) 

 

Fig. 3.20 Apparatus of the developed control panel with 7-inch touchscreen LCD 

Table3.6 Fig.3.20 

Raspberry Pi 3 B+

7 LCD

Linux OS Raspbian OS C/C++ Qt Javascript

QML GUI Qt5 GUI

GUI Fig.3.21(a) (c) Fig.3.21(a)

1kPa(G)  Fig.3.21(b)

Active
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(a) setting of the target pressure 

 

(b) activation of the device 

 

(c) popup caution for unlocking the interlock for safety 

Fig. 3.21 Usage examples of the graphical user interface of the device 

 

Fig.3.21(c) 5
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Fig. 3.22 Measured pressures from the start of an operation (Pstlim=70kPa(G), Psclim=-70kPa(G)) 

 

 

Pstlim=70kPa(G) Psclim=-70kPa(G)

Fig.3.22 100 190

430  

Fig. 3.23 Pstlim=50kPa(G) Psclim=-70kPa(G)

10

P2 43.6kPa(G) P3 -56.7kPa(G)

 

Fig.3.24 Pstlim=30kPa(G) Fig.3.25 Pstlim=10kPa(G)

10

P2 26.1kPa(G), 8.0kPa(G)  
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Fig. 3.23 Pressures when the steam-jet and suction flow were generated  

(Pstlim=50kPa(G), Psclim=-70kPa(G)) 
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Fig. 3.24 Pressures when the steam-jet and suction flow were generated  

(Pstlim=30kPa(G)) 

 
Fig. 3.25 Pressures when the steam-jet and suction flow were generated  

(Pstlim=10kPa(G)) 
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3.4  

3.4.1  

 

24 30mm

10mm D

Pst Psc Psc<0

Table3.7 D 2 Pst 3

6 2 5

Psc  

2.4.1

 

3.4.2  

Fig.3.26 Fig.3.26 Fig.3.27

5

Pst =10kPa(G)

Pst =30~50kPa(G)

 Pst

Pst  
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Table 3.7 Parameters for ex vivo coagulation experiments with the suction integrated 

steam cauterization device 

Parameters Values 

Distance D [mm] 1, 2 

Pressure of steam Pst [kPa(G)] 10,30,50 

Suction pressure Psc [kPa(G)] -70 

Exposure time t [s] 3 

Nozzle diameter [mm] 1.6 

 

  

         (a) distance D=1mm                                  (b) distance D=2mm  

Fig. 3.26 Coagulation depth of porcine liver blocks exposed to steam-jet with suction 

 

Fig.3.27 Pst =10kPa(G) D=1mm

D=1mm

Pst =30kPa(G) D=1mm, 2mm

 

Table3.8

t  
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         (a) distance D=1mm                                  (b) distance D=2mm  

Fig. 3.27 Coagulation depth of porcine liver blocks exposed to steam-jet with suction 

 

 

Table 3.8 The effect of suction flow integration 

Distance 
D [mm] 

Pressure 
Pst [kPa(G)] 

Significant difference with/without suction flow 
Coagulated depth Coagulated surface area 

1 10 * ** 
 30  * 
 50   
2 10 **  
 30  * 
 50   

* : p<0.05, ** : p<0.01 

Fig.3.26, Fig.3.27, Table3.8 (1)

Pst =10kPa(G) D=1mm

(2)Pst =30kPa(G) D

(3)Pst =50kPa(G)
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Fig. 3.28 Apparatus of a coagulated part of liver with the suction-closure coagulation 

 
Fig. 3.29 Apparatus of a coagulated part of liver with the contactless coagulation 

 

(1), (2)

(1)

Fig.3.28

(2) Fig.3.2

Fig.3.29 Fig.3.28  
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3.4.3  

 

(1)

 

10~30kPa(G) 50kPa(G)

3.2 CFD -60kPa(G) 17.5kPa(G) 22.5kPa(G) 

10kPa(G)

1mm 2mm

30kPa(G)

30kPa(G)

0~3 27~30kPa(G)

CFD

  

2 3.2.3 CFD

CFD

2.2.3
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2

 

(2)

1.5mm~2mm

 

2.4.3 2  
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3.5  

3.1

 

3.2

 CFD

1mm

20kPa(G) -60kPa(G)

 

3.3 3.1

2.3

 

3.4

2
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in vivo

ex vivo

 

4.1 in vivo  

4.1.1  

in vivo

 

40kg LW SPF  

CO2
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3.3

-70kPa(G)

 

 

4.1.2  

4.1.2.1  

2.5

1mm 1.6mm

20kPa(G)  

Fig.4.1 Fig.4.1(a) 5mm 2mm

Fig.4.1(b)  7

Fig.4.1(c)

Fig.4.1

1 11  

4.1.2.2  

30kPa(G)  

Fig.4.2 Fig.4.2(a)  ( 7mm

3mm) Fig.4.2(b) 16
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(a) before treatment                         (b) applying steam-jet         (c) after treatment (7 sec.) 

Fig. 4.1 In vivo cauterization demonstration with steam-jet 

   
(a) before treatment          (b) applying steam-jet with suction    (c) after 1st treatment (16 sec.) 

Fig. 4.2 In vivo contactless cauterization demonstration with steam-jet and suction flow 

 

Fig.4.2(c)

Fig.4.2

2 1 26 1

25  

4.1.2.3  

10kPa(G)

Fig.4.3
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Fig.4.3(a) 7mm 2mm

Fig.4.3(b) 8 12

Fig.4.3(c)

Fig.4.3 1

10  

4.1.2.4  

Fig.4.4

Fig.4.4(a) Cut

Fig.4.4(b)

30kPa(G) 15

Fig.4.4(c)

Fig.4.4(d)

 

4.1.3  

30kPa(G) Fig.4.5 Fig.4.5(a)

Fig.4.5(b)

21 Fig,4.5(c)

Fig.4.5 1 18
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(a) before treatment         (b) applying steam-jet with suction    (c) after treatment (12 sec.) 

Fig. 4.3 In vivo closure cauterization demonstration with steam-jet and suction flow 

 

   
(a) resection with monopolar         (b) cauterization with steam-jet and suction 

  
(c) finding the large vascular           (d) mechanical clipping with the forceps 

Fig. 4.4 In vivo demonstration of cauterization in liver resection with steam-jet and suction flow. 
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(a) resection with laparoscopic forceps        (b) applying steam-jet with suction 

  
(c) after treatment (21sec) 

Fig. 4.5 In vivo laparoscopic cauterization demonstration with steam-jet and suction flow. 

Fig.4.6 Fig.4.6(a) 3mm

Fig.4.6(b) 40 Fig.4.6(c)

Fig.4.7

 

Fig.4.8

Fig.4.9
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(a) resection with laparoscopic forceps        (b) applying steam-jet with suction 

  
(c) after treatment (40sec) 

Fig. 4.6 In vivo laparoscopic cauterization trial for a large vascular with steam-jet and suction flow. 

 

 
Fig. 4.7 Fogging of laparoscopic view caused by steam. 
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Fig. 4.8 The double-layered nozzle occluded with coagulum of blood and liver parenchyma after in 

vivo cauterization experiment. 

 

 
Fig. 4.9 Disassembled double-layered nozzle after in vivo cauterization experiment. 

 

 

 

4.2  

4.2.1  

4.1

in vivo

 

in vivo

Fig.4.10 Fig.4.11
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10mm, 15mm

10% 48

1

2 Azan Masson-Trichrome

Appendix B Fig.4.12

  

4.2.2  

Fig.4.13 Azan

a1

a2 a1 a2 a3

a4

a4 a4

a4

Fig.4.13

a1

1.2mm a3 0.6mm a2 0.3mm 3.4 ex vivo

3 1.5mm Fig.4.13 16

a1 a3 1.8mm in vivo

ex vivo in vivo

Fig.4.14

Masson-Trichrome a3
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Fig. 4.10 Extracted porcine livers coagulated in the in vivo cauterization experiment. 

 

Fig. 4.11 Blocks of porcine coagulated livers. 

 
Fig. 4.12 Specimens with different stains created from a coagulated porcine liver block 
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Fig. 4.13 Microscopic image of the coagulated porcine liver in the in vivo experiment with the 

contactless treatment (16 sec.) by steam-jet and suction flow (x40, Azan stain). 

 
Fig. 4.14 Microscopic image of the coagulated porcine liver in the in vivo experiment with the 

contactless treatment (16 sec.) by steam-jet and suction flow (x40, Masson-Trichrome 

stain). 
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Fig.4.15 Azan

b1 b2

Fig.4.13

b2 50℃

2

2.2.3

50℃

30kPa(G) -70kPa(G)

-70kPa(G) Table4.1

 65℃ 100℃

 

Fig.4.16

Masson-Trichrome c1

c2/c3

c4

c1 c5

c6 c4

Fig.4.17 Azan c2/c3
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Fig. 4.15 Microscopic image of the coagulated porcine liver in the in vivo experiment with the 

suction closure treatment (12 sec.) by steam-jet and suction flow (x40, Azan stain). 

 

 

Table 4.1 Properties of saturated steam[401] 
Pressure [kPa(G)] Saturated temperature[°C] 

0 99.63 
-25 91.78 
-50 81.34 
-75 65.00 
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Fig. 4.16 Microscopic image of the coagulated porcine liver in the in vivo experiment with the 

contactless treatment ended in failure by steam-jet and suction flow (x40, Masson-Trichrome 

stain). 

 

Fig. 4.17 Microscopic image of the coagulated porcine liver in the in vivo experiment with the 

contactless treatment ended in failure by steam-jet and suction flow (x40, Azan stain).  
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4.3  

4.3.1  

4.1 4.2

 

ERBE

 VIO 300D/ APC2 24

 Table4.2 3

2 3mm, 10mm

10%

48

HE Appendix D
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Table 4.2 Settings for ex vivo coagulation characteristics comparison 

General name Product Settings 

Bipolar electrode ERBE VIO®300 1)Soft coag, Effect5, 50W, 3s 

  
2)Soft coag, Effect3, 20W, 5s, with saline 

irrigation 

Argon plasma coagulator 

(APC) 

 

ERBE VIO®300/ 

APCTM2 
Coag, 1mm distance, 70W, 1s 

Steam-jet coagulator  10kPa(G), 1mm distance,  no suction, 3s  

 

4.3.2  

Fig.4.18

Fig.4.19

Fig.4.20 APC

Fig.4.21

 Fig.4.22

 

Fig.4.19 Fig.4.22 APC
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Fig. 4.18 Microscopic image of the control of an ex vivo porcine liver (x100, HE stain). 

 

 
Fig. 4.19 Microscopic image of the ex vivo porcine liver coagulated with the steam-jet coagulator 

(x100, HE stain). 
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Fig. 4.20 Microscopic image of the ex vivo porcine liver coagulated with the APC (x100, HE 

stain). 

 
Fig. 4.21 Microscopic image of the ex vivo porcine liver coagulated with the bipolar 

electrocautery device (x100, HE stain). 
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Fig. 4.22 Microscopic image of the ex vivo porcine liver coagulated with the saline-irrigated 

bipolar electrocautery device (x100, HE stain). 

3

 

Hammond HE

[111] Harmonic Scalpel™( )

LigaSure™ CUSA® Aquamantys®

4

Fig.4.23 (a) (d)

Fig.4.23(a), (c)

[112]

Fig.4.23(b)

HE
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Fig. 4.23 Coagulated bovine liver with (a) Harmonic Scalpel™. (b)LigaSure™,    (c) CUSA™, 

and (d) Aquamantys® devices [103]  

 

Fig.4.23(d)

Fig.4.23(d)

Fig.4.22

Fig.4.23(d) Aquamantys

 

(1)

(2)LigaSure™
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4.4  

4.1

in vivo

 

4.2 in vivo

 

4.3

ERBE VIO300/APC2

Hammond

(Harmonic Scalpel, CUSA) (LigaSure)

(Aquamantys) (1)

(2)LigaSure™
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5.1  

 

 

ex vivo

10kPa(G)~50kPa(G) 0.5-2.7mm

in vivo
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ex vivo

2  

in vivo

(1)
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5.2.2  

 

Fig.5.1

Aquamantys

[107]

Aquamantys Aquamantys

Fig.5.2 ex vivo 1mm,  50kPa(G), 

3

 

5.2.3  

3.2.2
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Fig. 5.1 Anatomy of a bone[106]. 

 

Fig. 5.2 Microscopic image of the ex vivo porcine inner colon wall coagulated with steam-jet          

(x100, HE stain). 
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5.2.4  

 

Fig.4.8, Fig.4.9

CUSA
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Fig. A.1 Physics model of laminar film condensation on the horizontal plate 
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) 2m2 25mm
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・ 0.1MPa(G) φ200 L400  
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Fig.B.1, Fig.B.2  
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Fig. B.1 Classifications of pressure vessels by maximum allowable working pressure and inner 

volume [115]. 

  

Fig. B.2 Classifications of the second class pressure vessel by maximum allowable working 

pressure and inner volume [116]. 
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C.  

JIS B 8201[117]
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Table C.1  

Parameter Input value 

Flange User defined flange 

Type of Gasket Circular full face type 

Gasket thickness 1.5mm 

Dimension of Gasket I.D. 63mm, O.D. 108mm, Hole D. 9mm 

Type of bolt DIN-bolt/Hex. Head, M8 

Other bolt properties n=8, Friction C=0.25, Yield;65%, Quality 6.9 

Media 100% Steam, 160℃, 3.0bar 

Material KLINGER graphit PSM  

 

 

Fig. C.1  Allowance evaluation of tightening stress on the gasket under both installation and 

operating condition using KLINGERexpert. 

 

JIS ASME  

ASME ASME PCC-1[118]

HPIS [119] JIS B 2251[120]

JIS ASME

TableC.2 ASME JIS
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Table C.2  
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20~30%  
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D. [121],[122] 

HE Hematoxylin-Eosin Azan Masson-Trichrome 3

Fig.D.1 3
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(a) HE                                        (b)Azan                                         (c)MT 

Fig. D.1 Porcine liver stained with HE, Azan, and MT(x40). 

Masson-Trichrome  
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