
Japan-US Advanced Collaborative Education Program

Nagoya University

JUACEP Program
at University of Michigan & UCLA

2013 - 2014



 



 

Table of Contents 

 

<1> About the Program 

(a) Overview     …5 

(b) Participants     …6 

<2> Research Reports     …9 

<3> Research Presentations 

(a) For 2013 Long term course   …125 

(b) For 2014 Short term course   …129 

 --- The 11th JUACEP Workshop 

(c) For 2014 Medium term course   …160 

 ---The 12th JUACEP Workshop 

<4> Finding through JUACEP 

(a) Students’ reviews    …180 

(b) Questionnaires (in Japanese)   …205 

 

  



 

 



 

 

 

 

 

 

<1> About the program 

(a)  Overview 

(b)  Participants 
  



 
  



(a) Overview 
JUACEP provides three program courses for students of the Graduate School of Engineering at Nagoya 

University to study abroad: (1) a short term (two months) course; a medium term (six months) course; and (3) a 
long term (one year) course. These courses allow the students to earn international experience through research 
activity in the U.S.. The Nagoya University students are offered an opportunity to work together with faculty and 
other students from all over the world at the world’s top universities. 

Each student works on a research project related to his/her own master’s thesis topic while belonging to a 
specialized laboratory of the University of Michigan or UCLA. In addition to research, the students are expected 
to attend lab seminars, participate in lab discussions, and audit regular course lectures. At the end of each program, 
the students are required to give a research presentation based on their project results in front of the JUACEP 
faculty and peer students and submit a research report to their mentors at the host institutions. The presentation 
and report are primary requisites of the programs for course credits.  

This report presents the activities of the following students: 
[A] one student in Course (3) from March 2013 to February 2014 at University of Michigan, 
[B] two students in Course (3) from August 2013 to July 2014 at University of Michigan, 
[C] nine students in Course (1) from August to September 2014 at University of Michigan, 
[D] three students in Course (1) from August to September 2014 at UCLA, 
[E] three students in Course (2) from August 2014 to February 2015 at University of Michigan, and 
[F] six students in Course (2) from August 2014 to February 2014 at UCLA. 

The 11th JUACEP Workshop took place both at UCLA (on September 15, 2014) and at University of Michigan 
(on September 17, 2014) for the research presentations of the 2014 short-term course students, and the 12th 
JUACEP Workshop on February 19, 2015 at Nagoya University for the 2014 medium-tem course students. 
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(b) Participants 

University of Michigan    

� 2013 Long term course 
 Name  Adviser at NU Adviser at UM 

1 Tatsuya Kitabayashi 
(March 27, 2013- March 2, 2014) 

B4 
-M1 

Prof. Toshiro Matsumoto 
Mechanical Science and Engineering 

Prof. Katsuo Kurabayashi 
Mechanical Engineering 

2 Kazuma Kato 
(August 3, 2013- July 14, 2014) 

M1 Prof. Tatsuya Suzuki 
Mechanical Science and Engineering 

Dr. James Sayer 
Transportation Research Institute 

3 Naoaki Saeki 
(August 3, 2013- July 14, 2014) 

M1 
-M2 

Prof. Yoji Yamada 
Mechanical Science and Engineering 

Prof. Panos Papalambros 
Mechanical Engineering 

    

� 2014 Medium term course (August 5, 2014 - February 8, 2015) 
 Name  Adviser at NU Adviser at UM 

1 Yoshihiko Hagiyama M1 Prof. Noritsugu Umehara 
Mechanical Science and Engineering 

Prof. Andre Boehman 
Mechanical Engineering 

2 Kai Ito M1 Prof. Tetsuo Iguchi 
Quantum Engineering 

Prof. Sara Pozzi 
Nuclear Engineering and 
Radiological Sciences 

3 Eitaro Nakatani 
(Started on September 1, 2014) 

M1 Prof. Noritsugu Umehara 
Mechanical Science and Engineering 

Prof. Richard Laine 
Materials Science and Engineering  

     

� 2014 Short term course (August 3 - September 28, 2014) 
 Name  Adviser at NU Adviser at UM 

1 Takayuki Hasegawa M1 Prof. Fumihito Arai 
Micro-Nano Systems Engineering  

Prof. Katsuo Kurabayashi 
Mechanical Engineering 

2 Ikuma Higo M1 Prof. Yoji Yamada 
Mechanical Science and Engineering 

Prof. James Ashton-Miller 
Mechanical Engineering 

3 Akira Hirota M1 Prof. Tsuyoshi Inoue 
Mechanical Science and Engineering 

Prof. Bogdan Epureanu 
Mechanical Engineering 

4 Kodai Imaeda M1 Prof. Seiichi Hata 
Micro-Nano Systems Engineering 

Prof. Yogesh Gianchandani 
Electrical Engineering and 
Computer Science 

5 Msato Ishii M2 Prof. Tatsuya Suzuki 
Mechanical Science and Engineering 

Prof. Galip Ulsoy  
Mechanical Engineering 

6 Yuki Makanae M1 Prof. Motonobu Goto 
Chemical Engineering 

Prof. Richard Laine 
Materials Science and Engineering  

7 Kimihide Odagiri M1 Assoc. Prof. Hosei Nagano 
Aerospace Engineering 

Prof. Massoud Kaviany 
Mechanical Engineering 

8 Kohkan Sai M1 Prof. Yoshikazu Hayakawa 
Mechanical Science and Engineering 

Prof. Bogdan Epureanu 
Mechanical Engineering 

9 Shoko Kodama M1 Prof. Motonobu Goto 
Chemical Engineering 

Prof. Levi Thompson 
Chemical Engineering 

  



  

University of California, Los Angeles  

� 2014 Medium term course (August 3, 2014 - February 7, 2015) 
 Name  Adviser at NU Adviser at UCLA 

1 Keita Fujii M1 Assoc. Prof. Hosei Nagano 
Aerospace Engineering 

Prof. Pirouz Kavehpour 
Mechanical and Aerospace 
Engineering 

2 Takayuki Kawasaki M1 Prof. Noritsugu Umehara 
Mechanical Science and Engineering 

Prof. Vijay Gupta 
Mechanical and Aerospace 
Engineering 

3 Shuji Nota M1 Prof. Yang Ju 
Mechanical Science and Engineering 

Prof. King-Ning Tu 
Materials Science and Engineering 

4 Keisuke Uematsu M1 Prof. Makoto Kobashi 
Materials Science and Engineering 

Prof. Jenn-Ming Yang 
Materials Science and Engineering 

5 Takahiro Yamashita M1 Prof. Yang Ju 
Mechanical Science and Engineering 

Prof. Benjamin M. Wu 
Bioengineering  

6 Akira Tsuzuki M1 Prof. Shao-Liang Zhang 
Computational Science and Engineering 

Prof. Stanley Osher 
Mathematics 

     

� 2014 Short term course (August 3 - September 28, 2014)  
 Name  Adviser at NU Adviser at UCLA 

1 Mamiko Sano M1 Prof. Yoshinobu Baba 
Applied Chemistry 

Prof. Amy Rowat 
Integrative Biology and Physiology 

2 Takuya Yamanouchi M1 Prof. Noritsugu Umehara 
Mechanical Science and Engineering 

Prof. Jenn-Ming Yang 
Materials Science and Engineering 

3 Kouhei Yamada M1 Assoc. Prof. Hosei Nagano 
Aerospace Engineering 

Prof. Ivan Catton 
Mechanical and Aerospace 
Engineering 

 

Coordinators at Partner Universities 

 Prof. Katsuo Kurabayashi Mechanical Engineering, University of Michigan 

 Prof. Jenn-Ming Yang  Materials Science and Engineering, UCLA  

 

JUACEP Members 

 Prof. Noritsugu Umehara Mechanical Science and Engineering  

 Prof. Yang Ju  Mechanical Science and Engineering  

 Assoc. Prof. Yasumasa Ito Mechanical Science and Engineering  

 Tomoko Kato  Administrative Staff    

 Chiharu Yada  Administrative Staff    

 

  



 



 

 

 

 

 

 

 

<2> Research Reports 

 



Studies at University of Michigan 
[L] Tatsuya Kitabayashi mentored by Prof. Katsuo Kurabayashi (P.11) 
 Micro-Droplet Sorting Utilizing an On-Chip Dielectrophoresis Device   

[L] Kazuma Kato mentored by Dr. James Sayer   (P.17, N/A) 
 Adaptive Driving Behaviors with Cell Phone Usage 

[L] Naoaki Saeki mentored by Prof. Panos Papalambros  (p.18) 
 Human-Computer Interaction for Part Selection in Product Design 

[M] Yoshihiko Hagiyama mentored by Prof. Andre Boehman (P.28) 
 Effect of Coolant Temperature on EGR Cooler Fouling on GDI Engine 

[M] Kai Ito mentored by Prof. Sara Pozzi   (P.33) 
  Dual Particle Imaging System 

[M] Eitaro Nakatani mentored by Prof. Richard Laine  (P.40) 
 Synthesis of Al2O3-TiN Composite Nanopowders Liquid-Feed Flame Spray Pyrolysis of TiO2/Al2O3 
Followed by Ammonolysis 

[S] Takayuki Hasegawa mentored by Prof. Katsuo Kurabayashi (P.48) 
    On-Chip Multiplexed Cellular Immunophenotyping with LSPR Barcode Microarray 

[S] Ikuma Higo mentored by Prof. James Ashton-Miller  (P.52) 
   Quantifying Foot Kinematics during One Legged Balanc 

[S] Akira Hirota mentored by Prof. Bogdan Epureanu  (P.56) 
  Modeling and Simulation of the Effects of a Therapeutic Low Frequency Vibration Device for the Human Body 

[S] Kodai Imaeda mentored by Prof. Yogesh Gianchandani (P.60, N/A) 
    A Study of Biodegradable Polymers as Candidates for Temporary Packaging of Implanted Magnetoerastic 

Resonators 

[S] Masato Ishii mentored by Prof. Galip Ulsoy   (P.61) 
   Task Scheduling with Energy Optimization 

[S] Yuki Makanae mentored by Prof. Richard Laine  (P.65) 
   Sr and N CO-Doped TiO2 as a Visible-Light Photocatalyst by Liquid-Feed Flame Spray Pyrolysis 

[S] Kimihide Odagiri mentored by Prof. Massoud Kaviany (P.69) 
  Optimization of Evaporator Structure for Loop Heat Pipe 

[S] Kohkan Sai mentored by Prof. Bogdan Epureanu  (P.76) 
 Design and Analysis of a Device for Therapeutic Low Frequency Vibration of the Human Body 

[S] Shoko Kodama mentored by Prof. Levi Thompson  (P.81) 
 Solvent Effects for Redox Flow Battery 

Studies at UCLA 
[M] Keita Fujii mentored by Prof. Pirouz Kavehpour  (P.85, N/A) 
 Spreading of Drops under Gravity Influence 

[M] Takayuki Kawasaki mentored by Prof. Vijay Gupta  (P.86, N/A) 
 Optimisation of Foams for Impact Absorption 

[M] Shuji Nota mentored by Prof. King-Ning Tu   (P.87) 
 Effect of Thermal Annealing on Microstructure Evolution in 3D IC Microbumps 

[M] Keisuke Uematsu mentored by Prof. Jenn-Ming Yang (P.93) 
 Atmospheric Plasma Treatment of Titanium for Bonding of Different Materials 

[M] Takahiro Yamashita mentored by Prof. Benjamin Wu  (p.98) 
 Gut on a Chip 

[M] Akira Tsuzuki mentored by Prof. Stanley Osher  (P.103) 
 Level Set Method for Image Segmentation 

[S] Mamiko Sano mentored by Prof. Amy Rowat  (P.108) 
 Screening Cells Using 2-D Depth Filtration 

[S] Takuya Yamanouchi mentored by Prof. Jenn-Ming Yang (P.112) 
 Ceramic Matrix Composite Made by CVI-Process 

[S] Kouhei Yamada mentored by Prof. Ivan Catton  (P.117) 
 Experimental Investigation of Advanced Working Fluid in a Flat Heat Pipe 

 
 [L]: Long term course, [M]: Medium term course, [S]: Short term course 
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Micro-droplet sorting utilizing an on-chip dielectrophoresis device 
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Supervisor : Katsuo Kurabayashi 
Department of Mechanical Engineering, University of Michigan 

katsuo@umich.edu 
 
 
Abstract 
This report shows the simulation results of microfluidic droplet sorting by dielectrophoresis (DEP) force, the fabrication 
process and experimental data obtained from the current device. We aim to make a functioning droplet sorter cascade and 
achieve high throughput multi-droplet sorting with high-throughput. The simulation was performed and the design of the 
device was determined based on the simulation results. In order to sort the droplets using DEP, we successfully synthesized the 
carbon and silver doped PDMS as micro-electrode materials and embedded the electrodes in the device. Furthermore, we 
characterized the performance of the composite PDMS used as electrodes. Finally, a new fabrication process is proposed. 
 
 
Introduction 
 

The ultimate goal of this project is to develop a high 
throughput on-chip micro-droplet sorting system for protein 
engineering. Such sorting system provides a promising 
platform to harvest enzymes with desired properties that will 
serve as pharmaceuticals, biofuel, food, chemicals, and 
agricultural additives. Droplet-based microfluidic system 
allows the generation of highly monodisperse emulations 
and the fusion and splitting of droplets under well-controlled 
conditions. Hence, sorting of single cells encapsulated in 
emulsion droplets in a system integrating both microfluidic 
components and multi-color optics holds great promise to 
significantly increase the versatility, fidelity, and selectivity 
of fluorescence-based isolation and purification of a 
particular cell-secreted target enzyme.  

Fluorescent activated droplets sorting (FADS) has been 
performed by several researchers and J.C. Baret et al. 
achieved high throughput sorting [1]. However, it requires 
very high voltage to sort droplets. Additionally, embedding 
electrodes in the micro device is really tricky. In this 
research, we use composite PDMS as electrodes. The 
advantage of composite PDMS comparing with metal is the 
strong adhesion. Making electrodes along the sidewall 
reduces the voltage to sort droplets. However, weak 
adhesion between PDMS and metal might cause the leakage. 
To solve this problem, we suggest using composite PDMS. 
Sorting different size of particles, utilizing composite 
PDMS, is already performed [2], however, composite 
PDMS is not used for droplets sorting yet. 

In our research, specifically, single E.Coli bacterial cells 
will be compartmentalized in aqueous droplets. Secreted 
enzyme binds with the fluorescent product and remains in 
the droplets. Then, droplets flow in a carrier oil in a 
microfluidic channel and can be sorted using 

dielectrophoresis (DEP) based droplet sorting system. DEP 
is a commonly used method to regulate the movement of a 
particle by applying a non-uniform electric field. Due to the 
interaction of a particle’s dipole and spatial gradient of the 
electric field, we can selectively guide the micro-droplets to 
move in desired directions. 

This report describes the operation of the microfluidic 
DEP device, characteristic of the composite 
poly-dimethylsiloxane (PDMS), the device fabrication, 
simulation results and experimental results.   
 
 
Dielectrophoresis 
 

When a particle is suspended in an electrolyte and 
non-uniform electric field affects it (Figure 1A), the charges 
inside the particle and inside the electrolyte will be 
redistributed at the boundary between the particle and the 
medium , depending on the polarizability of the particle and 
the medium (Figure 1B). In case the polarizability of a 
particle is higher than that of medium, more charges 
accumulate at the particle’s side. If the polarizability of the 
medium is higher than that of the particle, more charges 
accumulate at the medium’s side. This non-uniform charge 
density and non-uniform electric field cause gradient force 
at the both end and is the main reason we can achieve 
droplet sorting (Figure 1C).  

 
Fig. 1 The principle of dielectrophoresis 
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The DEP force on a spherical particle can be formulated 

as 
 

                      (1) 
 
Where    is the permittivity of the medium and R is the 
radius of the particle. E is the electric field.     is the 
Clausius-Mossoti (CM) factor. 
 

             
       
        

 (2) 

 
Where    is the complex permittivity and 
 

       
 
 
  (3) 

 
Where j is imaginary number,   is electrical conductivity 
and   is angular velocity.  
   By combining the equation, CM factor is written as  
 

                   
        

 
        

         
 
         

 

 
        

 
          

         
 

           
    

 
From this equation, it is clear that when the frequency is 
enough high, CM factor virtually depends on the 
permittivities.  
 
 
Design and Fabrication 
 
   The basic steps of droplets sorting in the microfluidic 
system are as follows: (i) aqueous droplets flow into the 
micro channel, (ii) The fluorescent light is detected by an 
optical fiber, (iii) The specific droplets are manipulated by 
dielectrophoresis. Figure 2 is the set up of the experiment. 
The device has three inlets (A and B and C) and two outlets 
(D and E).  

 
     Fig. 2 The assembled device with tubing 

 
Droplets are injected from inlet A and oil is injected 

from inlet B and C to introduce shear stress to maintain the 
position and the space between each droplet. Outlet D and E 
are for collection of droplets. Specific droplets sorted by 
applied AC voltage flow into outlet D and another droplets 
flow into outlet E. Features of channels of the examples are 
as follows. All the channel height is 100μm. The width of 
channel connected to the inlet A is 40μm, the channel 
connected to inlet B and C are 20μm and the width of 
channel connected to outlet D and E are 40 and 47μm 
respectively. In addition, electrodes’ height is also 100μm 
and the width is 50μm. There are three electrodes along the 
sidewall. The channel height was fixed from the restriction 
of the diameter of an optical fiber (detection part) and the 
central channel width was determined from the perspective 
of reducing voltage and droplets size based on simulation 
results and prior researches. Inlet B and C were also 
determined to confine the trajectories of the droplets based 
on the simulation results. The width of outlet D is same as 
the central channel and the width of outlet E is wider than 
that of outlet D to guide all droplets to outlet E (waste 
channel) when the non-uniform electric fields don’t exist. 
However, if outlet E is too wide, a higher voltage is required 
to sort droplets. It was considered that 47μm was the 
optimum channel width from simulation results. Figure 3 
shows the mechanism of droplet sorting. Specific droplets 
detected by an optical probe are attracted by DEP force in 
non-uniform electric fields made by composite PMDS 
electrodes. In this research, carbon black powder and silver 
powder are mixed with PDMS and we call each carbon 
PDMS (CPDMS) and AgPDMS. 
 

 
Fig. 3 The principle of sorting 

 
The device is fabricated in the following procedure. 

(i) Deposit Silicon on the silicon wafer (100μm). 
(ii) DRIE is performed to make the micro channel and 
cavity for electrode (Fig. 4A). 
(iii) Oxygen plasma treatment and fluorination 
(iv) Pour PDMS on the mold (PDMS is prepared by 
mixing PDMS base and curing agent, 10:1 weight percent 
ratio) (Fig. 4B). 
(v) Cure in an oven for 1 and half hour. 
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(vi) After that, peel PDMS from the wafer gently (Fig. 4C). 
(vii) Cover the micro channel by scotch tape to prevent 
composite PDMS from penetrate into the micro channel 
(Fig. 4D). 
(viii) Plaster composite PDMS on the cavity for electrodes 
and remove extra composite PDMS (Fig. 4E and 4F). 
(ix) Cure the composite PDMS in an oven. 
(x) Punch holes for inlets and outlets. 
(xi) Bond PDMS to a glass substrate using oxygen plasma 
treatment (Fig. 4G). 
 

 

 
 

Fig. 4 The device fabrication process 
 
It is recommended to remove dust after removing PDMS 
from wafer and before binding PDMS to a glass substrate. 
To remove dust, scotch tape is used.  
 
 
Droplets preparation 
 
   We prepared the monodisperse micro-droplets in oil with 
the help from Prof. Allen Liu’s lab as shown in Figure 5 
(Lap Man Lee et al.). Two chemical reagents were used to 
make the droplets. One is                 
Engineering Fluid (3M company) and the other is a 
surfactant, KrytoxFSH-PEG600-KryotoxFSH (RAN 
Biotechnologies, Inc.) The surfactant was used to prevent 

droplets from aggregating and merging and to enhance their 
stability. The surfactant is amphiphilic, namely, they contain 
both hydrophobic groups and hydrophilic groups. A diffused 
surfactant into oil will absorb at the interface between oil 
and water. The water-insoluble hydrophobic groups may 
extend out into the oil phase, while the water- soluble head 
group remains in the water phase. The alignment of 
surfactant makes the interface stable. Without the surfactant, 
droplets can coalesce easily. 
 

 
       Fig. 5 Droplets image 

 
 
Material 
 

PDMS is used for the entire device structure. PDMS 
base and curing agent are mixed in 10 to 1 weight ratio. As 
mentioned above, composite PDMS (CPDMS or AgPDMS) 
is used as electrodes. Niu X et al. have investigated the 
composite PDMS [3] To make CPDMS, PDMS is mixed 
with carbon black powder (VULCAN XC72R, Cabot 
Corporation) in about 20%wt. In order to make AgPDMS, 
silver powder (APS 0.7-1.3 micron, 99.9% metals basis, 
Alfa Aesar) is added to PDMS in around 75%wt. Both 
composite materials are mixed for 20 minutes to get 
uniformity.  
   The measurement of conductivities begins with making 
PDMS mold. After that, plaster CPDMS or AgPDMS on the 
cavity of PMDS and cure it in an oven. 4-probe method is 
used to get precise resistance. Figure 6 is the test specimen 
and shows the 4-probe measurement.  
 

 
Fig .6 CPDMS specimen and 4-probe measurement 

 
The conductivities of CPDMS and AgPDMS are shown 

in figure 7 and figure 8. This results show that increasing 
carbon black powder and silver powder augments the 
conductivity of composite PDMS. However, it should be 
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noted that if the concentration of the carbon powder and the 
silver powder are too high, the CPDMS and AgPDMS 
structures become powdery, easy to break, and difficult to 
plaster on PDMS, i.e. composite PDMS has no longer 
PDMS characteristic. From our experience, approximately 
25% is the threshold in the case of CPDMS and 85% is the 
threshold in the case of AgPDMS.   

 

 
Fig. 7 Correlation between conductivity and carbon 

  powder weight concentration 
 

   

 
Fig. 8 Correlation between conductivity and silver 
powder weight concentration 

 
 
 

In addition, another phenomenon is observed from the 
measurement. The resistance of CPDMS and AgPDMS are 
decreased with time, namely, the conductivity is increased. 
Figure 9 shows the time course measurement of four pieces 
of AgPDMS. This phenomenon might be caused by the 
shrinkage of PDMS and composite PDMS. It is considered 
that this shrinkage happened because of electrical heating. 
The shrinkage of them increases the contacts of carbon 
powder or silver powder. From this characteristic, it is 
expected to apply composite PDMS to variety of 
micro-fabricated devices like micro pumps, valves, and so 
on 
 

   

 
Fig. 9 time course measurement of the resistance of  
AgPDMS 

 
 
 
Simulation results 
 
   The simulations of electric fields and droplets’ trajectory 
are performed by COMSOL Multiphysics ver 4.3 
(COMSOL, Inc). In this section, one of the simulation 
results is discussed. 

In the simulation, the flow speed of droplets and oil 
phase from inlet A, B and C are optimized to be 18μL/h, 
90μL/h and 90μL/h respectively according to our 
simulations results and previous studies [1,4]. The flow rate 
of central channel is 198μL/h. The reason why the flow rate 
of inlet B and C are set  to be 5 times as high as that of 
inlet A is to create enough distance between droplets. The 
ideal distance between two droplets should be 10 times 
larger than the size of droplets to reduce the error sorting 
rate [4]. The channel height and width are assumed to be 
40μm. Therefore, the flow speed of the droplets is calculated 
to be 0.034m/s. The size of droplets is assumed to be 30μm. 
Furthermore, the frequency of the electric field is set as 10 
kHz and a 200 V was applied to the edges of the first and 
third electrodes (from left) to generate non-uniform electric 
fields. The second electrode is grounded.   

Figure 10 shows the droplets’ trajectories under the non- 
uniform electric fields. This model consists of electrodes 
made of CPDMS, PDMS and micro channel filled with oil.  
As it is shown, the trajectories are curved at the near 
electrodes. Figure 11 shows the trajectories when 0 V is 
applied to the electrodes. All of the droplets go to the lower 
outlet without applying voltage. 
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  Fig. 10 Droplets’ trajectory under the electric fields 
 
 

 
  Fig. 11 Droplets’ trajectory without electric fields 

 
 

Figure 12 and 13 show the simulated electric field. The 
high intensity of the electric field can be observed at the 
corner of the electrodes. The electric fields decrease 
drastically as increasing the distance from electrodes. From 
this fact, it is required to make the droplets’ size and 
micro-channel size close in order to exert enough DEP 
power to droplets.  
 

 
               Fig. 12 Electric fields 
 

 
Fig. 13 electric field potential along the red line 

 
 
 
Experimental results 
 
   Droplets were flown into the device, however, several 
problems were revealed. When the droplets are larger than 
the micro channel, droplets go to the waste channel, 
however, when the droplets are smaller than the micro 
channel, droplets flow into both the collection channel and 
the waste channel. It seems that the rough sidewall (i.e. 
non-flat electrodes along the channel sidewall) disturbed the 
trajectories of droplets. In addition, the original design of the 
y shape junction shape is not suitable. The problem of the 
junction shape will be solved by making outlet E wider or 
change the position of the junction upward, though a 
required voltage to sort droplets must be higher or it must be 
necessary to decrease the flow rate. On the other hand, 
making electrodes flat along the sidewall is difficult, so far. 
Filling only the micro channel by photoresist before pasting 
composite PDMS is already tried, however, baking 
photoresist is hard because of the poor heat transfer of 
PDMS. Heating PDMS also caused the shrinkage of PDMS.  
 
 
Conclusion and Next step 
 
   So far, we discussed the device designs and fabrication 
process, got the CPDMS and AgPDMS characteristics and 
simulated expected results. The design is not optimized 
enough yet and improving the fabrication is still on the way, 
but failure shows the new direction. We got the enough 
information from the measurement of CPDMS and 
AgPDMS. The conductivity of the CPDMS is lower than 
that of AgPDMS but it looks acceptable as electrodes. It was 
also observed that the resistance of composite PDMS 
decreased with time. From the simulation results, we gained 
parameters seemed suitable for the droplet sorting. 
Additionally, it showed the expected electric fields. When 
droplets larger than the flow channel, all droplets flew into 
the waste channel, but when it’s not enough, droplets’ 
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trajectories were disturbed by the non-flat electrodes’ shape 
and flew into both the correction and the waste channel. 
However, getting flat sidewall looks really important in 
terms of obtaining great efficiency and reducing error rate. 
Then, we are trying another fabrication process as an 
alternative solution. Here is the new idea (Figure 14). 

 
Fig. 14 The cross section of the new device idea 

 
Lewpiriyawong. N et al. fabricated the flat sidewall using 
photolithography technique [2], but our device needs 
embedding 100μm diameter probe. Making same height 
(100μm) electrodes along the channel requires deposition of 
100μm of photoresist. In that case, we can’t follow their 
fabrication process precisely, because of the character of the 
photoresist, and our process didn’t work well. Then, this 
new idea almost follows their fabrication process. The new 
device idea has two PDMS layer. Top layer is going to be 
fabricated, following previous research. The following is the 
fabrication process.   
(i) SU8 photoresist of 40 m is patterned on a substrate for 
channels using the photolithogtaphy technique. 
(ii) AZ9260 is spun over the SU8 patterns and heated. 
(iii) Expose it to UV to make channels for electrodes. 
(iv) Composite PDMS is plastered on the cavity and cured. 
(v) AZ9260 is removed by acetone and the wafer is cleaned 
up by ethanol and DI water. 
(vi) Pour PDMS on the wafer and cure it. 
(vii) Peel the cured PDMS with AgPDMS and punch the 
holes. 

Bottom layer is made to embed an optical fiber. So the 
cross section of the detection part will be like Figure 15 
 

 
Fig. 15 The cross section of the detection part 

 
After the fabrication, we have to know the efficiency of the 
droplets sorting. In order to detect fluorescent signal, we are 
going to use a strain tunable nanoimprinted grating 

microdevice coupled with a photomultiplier tube (PMT). 
Data acquisition and control are going to be performed by 
PCI-6111 (National Instruments) and LabView (National 
Instruments) [5]. After that we hope to develop the devices, 
connecting the devices like cascade, and screen the multi 
droplets in the on-chip devices at the same time.   
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Abstract 
This study investigated driving adaptive behaviors during cell phone usage. Using naturalistic driving 
data, curve events and lane change events were sampled for 30 seconds before and after each start and 
end of cell phone usage. As for traversing intersections, 15 seconds sample were extracted for each 
event. The results showed that drivers tended to avoid cell phone conversations while traversing 
curves. Additionally, the data showed that drivers waited to change lanes until after they had finished 
their call. While driving through intersections, drivers drove more slowly while using their cell phones 
(either talking or performing VM tasks) than when they were not using their cell phone.  Road type 
and age also had an impact on drivers’ lane change behaviors. These results suggest that drivers 
regulate their behaviors based on the driving situation and demand of cell phone usage, which can 
provide insight into driver distraction guidelines and human-machine interface (HMI) design. 
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ABSTRACT 
In modular design, one of the most important roles of 

designers is to select appropriate combination of the 
functional parts. To support part selection, this paper 
proposes human-computer interaction system. We firstly 
propose a classifier to estimate the functional relationship 
between the design requirement and the modularized 
functional parts based on data of parts usage in actual 
products. Simulations revealed the effectiveness of the 
proposed classifier. As another proposal, we also propose 
the parts recommendation system to suggest good 
combination of the parts to designers in order to find less 
cost combination of the parts within limited time. 
Simulations revealed the effectiveness of the proposed 
algorithm.  

 
Nomenclature   
  
c Cost vector 
ci Cost of the i-th part 
C(xi) Total cost of the i-th combination of the parts 
Dn(xi) Hamming distance from the point of xi to the 

nearest negative example 
Dp(xi) Hamming distance from the point of xi to the 

nearest positive example 
error Ratio between the number of incorrectly 

classified unclassified examples and the total 
number of possible combinations of the parts  

F A part of truth table (vector) to represent 
design requirement satisfaction 

Fk Design requirement satisfaction of k-th 
element in truth table 

f(x) Boolean function representation of the design 
requirement 

f(xi) Design requirement satisfaction for i-th 
combination of the parts 

F̂  A part of truth table (vector) to represent 
estimated design satisfaction 

kF̂  Estimated design satisfaction of k-th element 
in truth table 

m Number of the collected data 
mlimit Upper limitation of data collection 
n Number of the parts 
I Vector to represent impossibility 
Ik Impossibility of k-th combination of the parts 

in truth table 
i(xi) Impossibility of xi to be the least cost 

combination in truth table  
Si(x) i-th internal node 
U kF̂  Objective function to detect internal node 
X A part of truth table (matrix) to represent part 

usage 
Xp a set of positive examples 
Xn a set of negative examples 
Xun a set of unclassified examples 
Xu a set of all possible combination of parts 
Xt a set of feasible designs 
Xf a set of infeasible designs 
Xr(k) a set of combinations of part which is 

assigned to positive node by Sk(x) 
Xl(k) a set of combinations of part which is 

assigned to negative node by Sk(x) 
xi i-th combination of the parts 
xi Usage of the i-th part 
x* The least cost combination in truth table 

*x̂  Estimated least cost combination from 
partially defined truth table 

*~x  The least cost combination in positive 
examples 

 

1. INTRODUCTION 
Recently, the idea of modular design is widely applied to 

various fields. Modular design is a design concept, which 
regards a product as synthesis of the functionally 
decomposed parts [1]. Since many kinds of parts are 
modularized these days, designers can create variety of 
products just by combining different kinds of parts. In 
addition to reducing the work of designers, modular design 
contributes to cost and time saving because the modularized 
parts can be commonly used in different products. Also, 
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from the customer’s stand points, modular design can be 
preferred because replacing some parts can easily customize 
the product. According to these benefits, many kinds of parts 
are modularized in various fields such as factory automation, 
automotive, and software industries [2]. 

In modular design, one of the primary roles of designers 
is to select the combination of the parts from available sets 
to satisfy the design requirement. In general, the 
combinations of the parts to satisfy the design requirement 
are not unique; the combination of parts should be selected 
in order to maximize/minimize performance index (e.g. 
product cost or profit) such that satisfying the design 
requirements (e.g. customer’s desire or needs from society). 
For a brief example, let’s see a product cost minimization 
problem with design requirement “conveying a material”. 
With seven different functional parts (arm, belt, controller, 
motor, roller, slope, and wheel), the design requirement can 
be satisfied for instance by four different ways (robot 
manipulator, belt conveyor, automatic cart, and slide 
conveyor) as shown in Fig. 1. If we assume that there is the 
same price on each part, and these four products are all 
possible ways to satisfy design requirement, slide conveyor 
is the best solution in terms of product cost minimization. 
Although there are other objectives (e.g. profit maximization 
or assembly time minimization), we regard product cost 
minimization as the primary objective in this paper as a 
fundamental discussion. In concrete, the primary problem in 
this paper can be formulated into optimization problem: 
minimize the product cost such that satisfying the design 
requirement using given set of parts. 

To solve this optimization problem in modular design, 
one important thing is to appropriately understand the 
functional relationship between the design requirement and 
modularized parts. For example, let’s think the design 
problem “to create radio control robot to catch a ball placed 
at high place” as shown in Fig. 2. The problem can be 
functionally decomposed into  “power generator”, 
“controller”, “extendable mechanism”, “mobility”, and “ball 
holder”; and at least one part is required from each category. 
When the objective is to minimize the product cost, selecting 
the least cost part from each category can create the least 
cost product. In order to support such a functional 
decomposition, some design methods were invented such as 
reverse engineering [3] and morphological analysis [4]. 
However, these methods basically rely on designer’s skills 
and knowledge. When the designer has a little design 
experiences or a little knowledge about the design problem, 
it may be difficult to appropriately decompose the design 
requirement into functional parts. In this example problem, it 
is not easy to solve for designers who are not familiar with 
mechanical and electrical engineering. Some other methods 
are also proposed using computer aid such as functional 
basis [5] and feature modeling [6]. These methods help 
designer to understand the functional relationship structure 
between the product and components. However, designers 
should correctly describe the design requirement by 
appropriate grammar to use these methods because these  

 
 
Fig. 1 Design problem to create a product to convey material 
using 7 parts. 

 
Fig. 2 Design problem to create a radio control robot to 
catch a ball placed at high place. 

 

methods require information from design repository to work. 
Also, if the repository does not include data associated with 
the design requirement and a given set of functional parts, it 
may not be suitable to use [7]. 

Therefore, as the first proposal, this paper proposes 
estimation of the functional relationship structure between 
design requirement and modularized parts based on human-
computer interaction. In concrete, the proposal works as the 
followings. A computer receives the data of satisfaction of 
the design requirement and parts usage of actual products. 
The computer estimates the functional relationship structure 
using input data and visualizes it for designers. This method 
can work without expert knowledge of the design problem; if 
the designers are not familiar with the problem, they can use 
the data from actual/past product and its part usage. In 
addition, this method does not require design repository 
because the designers input all data, so a wider range of 
modular design problems can be handled. Moreover, the 
work of the designers is only to input the satisfaction of the 
design requirement and part usage. Thus they do not have to 
care much about grammar to communicate with computer. 

In the first proposal, the focus is on understanding of the 
functional relationship structure between design requirement 
and modularized parts. However, in practical situation, the 
priority may be more on to find less cost product within 
limited time. For example, let’s see a problem to fix a ball at 
exact height inside of room within limited time using given 
parts (paper, pins, string, packing tape, book end, tripod, 
balloon, dryer, ceramic plate, and pen) as shown in Fig. 3. 
For this problem, the first proposal seems to take time to 
input data. When there are no available data, designers have 
to do trials and errors by themselves. So it seems to be 
unsuitable when there is time limit or there are no data  
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Fig. 3 Design problem to place a ball at exact height inside 
of a room using 10 parts. 

 

available in advance. In addition, time to input data 
increases as the functional relationship structure becomes 
complicated and/or the function of each part becomes 
complicated. For instance, a paper in this example problem 
has several functions such as “roll”, “tear”, and “fold”. If we 
deeply consider all possible combinations of part and the 
possible functions of each part, it takes great amount of time. 
For complicated problem with time limit, human use 
heuristics to find reasonable solution quickly. But it 
sometimes works as biases [8] and/or fixations [9], which 
avoid designers to find better solutions. Also, there are some 
methods using computer to assist designers to avoid biases 
and fixations [7]. But it has practical limitations as explained 
above; the designers have to appropriately describe the 
design requirement using specific grammar. Also, enough 
information has to be stored in the design repository. 

Therefore, we propose parts recommendation system 
based on human-computer interaction as the second proposal 
in this paper, which focuses on finding less cost combination 
of parts within limited number of data collection. 
Specifically, a computer recommends the combination of 
parts, which seems to be the least cost combination to satisfy 
the design requirement. Then the designer inputs whether the 
recommended combination of parts satisfies the design 
requirement or not. The computer receives the input and 
updates the recommendation. This cycle is continued until 
the time limit. This proposal has some advantages to 
overcome the limitations of the conventional methods as 
well as the first proposal. This method does not require 
design repository, so any kind of modular design problem 
can be handled. Moreover, the work of the designers is only 
to input the satisfaction of the design requirement of the 
recommended combinations of parts. Thus they do not have 
to care much about grammar to communicate with computer. 

As described above, this paper proposes two different 
proposals for part selection in modular design based on 
human-computer interaction. In Sec. 2, we discuss the 
problem formulation of part selection using Boolean 
function [10] in order to handle this problem by computer. 
The general idea and the feature of the Boolean function for 
part selection problem are explained. In Sec. 3, the first 
proposal “estimation of the functional relationship structure 
between the design requirement and parts based on human-
computer interaction” is discussed. We develop functional 
relationship structure estimation method based on decision  

 
Fig. 4 Example of the part selection problem. 

 

tree concept [11]. Simulations evaluate the effectiveness. 
Then, Sec. 4 discusses the second proposal “parts 
recommendation system based on human-computer 
interaction”. We evaluate its performance by simulations as 
the similar way as Sec. 3. The findings are summarized in 
Sec. 5. 

2. PROBLEM FORMULATION 
This section formulates the part selection problem. First, 

we introduce the idea of Boolean function into the part 
selection problem. We explain Boolean function briefly and 
also explain that the part selection problem can be described 
by Boolean function. Then, the part selection problem is 
transformed into optimization problem formulation with 
mathematical objective and constraint. In addition, we 
explain the features of the Boolean function in part selection 
problem. The assumptions and limitations in this study are 
also discussed. 

2.1 BOOLEAN FUCTION 
As a simple example, we explain the formulation of the 

part selection problem shown in Fig. 4, where the design 
requirement can be satisfied by two different ways with 3 
parts {x1, x2, x3}. The binary number {0, 1} represents the 
part usage. When part xi is used, xi = 1, otherwise xi = 0. 
Thus the usage of the parts are represented by binary vector 
x = {x1, x2, x3}. There are eight possible combination of part 
usage in this example. We define each parts usage vector as 
x1 = {0, 0, 0}, x2 = {0, 0, 1}, x3 = {0, 1, 0}, x4 = {0, 1, 1}, x5 
= {1, 0, 0}, x6 = {1, 0, 1}, x7 = {1, 1, 0}, x8 = {1, 1, 1}; the 
subscript of each vector represents the ascending-order of 
the parts usage vector in terms of binary system. Then we 
define part usage matrix X = {x1, x2, x3, x4, x5, x6, x7, x8}T. 
Design requirement are represented by f(xi): when design 
requirement is satisfied by parts usage xi, f(xi) = 1, otherwise 
f(xi) = 0. Here, we define design satisfaction vector F = 
{f(x1), f(x2), f(x3), f(x4), f(x5), f(x6), f(x7), f(x8)}T. The cost of 
each part is {c1, c2, c3}. Also we introduce cost vector c = 
{c1, c2, c3}. The relationship among part usage and design 
requirement are represented as Table 1 which is called 
“Truth table”. The truth table describes that the design 
requirement is satisfied when part x1 and x2 are used, or  
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Table 1. Example of the truth table. 
x1 x2 x3 F 
0 0 0 0 
0 0 1 0 
0 1 0 0 
0 1 1 1 
1 0 0 0 
1 0 1 0 
1 1 0 1 
1 1 1 1 

 
 

Table 2. Example of the partially defined truth table. 
x1 x2 x3 F 

0 0 0 0 
0 0 1 - 
0 1 0 0 
0 1 1 - 
1 0 0 - 
1 0 1 - 
1 1 0 1 
1 1 1 - 

 

 

when parts x2 and x3 are used. We assume that the design 
requirement is also satisfied when part x1, x2, and x3 are used 
because it includes the necessary part combination to satisfy 
the design requirement. Based on the Boolean function, this 
design requirement is represented by Eq. (1): 

3221)( xxxxf ��� x                (1) 
Here, only in Boolean function, “ · ” means “and”. “ + ” 
means “or”. Then the product cost of the parts combination 
xi can be represented by Eq. (2): 

T)( iiC cxx                     (2) 
Using Boolean function, the optimization problem for the 
least cost parts selection is represented by Eqs. (3) and (4): 

min. T
icx                  (3) 

s.t. 1)( 3221  ��� xxxxf x           (4) 
 

To generalize the above example, let’s assume that there 
are n parts {x1… xi …xn} with costs {c1… ci …cn}. The 
generalized optimization problem “minimize product cost 
such that design requirement is satisfied” is represented by 
Eqs. (5) and (6):  

min. T
icx                  (5) 

s.t. 1)(  xf                (6) 
When we know all values of F vector in the truth table, 

the representation of f(x) can be correctly found; the 
optimization problem can be easily solved. But it is not easy 
to detect the accurate representation of f(x) in the practical 
situation because to input all f(x) values takes too long time. 
If trials and errors are needed to know each value of f(x), 

more time and resources are required. Thus, in reality, the 
truth table has some blanks as shown in Table 2 that is called 
“partially defined truth table” (PDTT). The difficultly in this 
problem is to estimate the representation of f(x) correctly 
using partially defined truth table. 

To facilitate clear explanation in the remaining sections, 
we define some words and symbols associated with truth 
table and partially defined truth table as the followings. 

- Entire design Xu: a set of all possible combinations 
of part. 

- Feasible design Xt: a set of combinations of part 
that satisfy the design requirement. 

- Infeasible design Xf: a set of combinations of part 
which do not satisfy the design requirement. 

- Positive example Xp: a set of combinations of part 
in partially defined truth table which make f(x) = 1.  

- Negative example Xn: a set of combinations of part 
in partially defined truth table which make f(x) = 0. 

- Unclassified example Xun: a set of combinations of 
part in partially defined truth table whose f(x) 
values are not yet known. 

2.2 FEATURE OF PARTS SELECTION 
   To estimate the Boolean representation of f(x) and to 
find the least cost combination, we consider to utilize some 
features of the parts selection problem.  

Feature 1: monotonicity of Boolean function 

We assume that design requirement is satisfied as long 
as the product includes necessary parts. For example, if f(x4) 
= f({0, 1, 1}) = 1, then f(x8) = f({1, 1, 1}) = 1. This is 
because {x1, x2, x3} = {0, 1, 1} is included in {x1, x2, x3} = 
{1, 1, 1}. On the other hand, we also assume that design 
requirement is not satisfied unless the product includes 
necessary parts. For example, if f(x6) = f({1, 0, 1}) = 0, then 
f(x1) = f({0, 0, 0}) = 0, f(x2) = f({0, 0, 1}) = 0, and f(x5) = 
f({1, 0, 0}) = 0. This is because {0, 0, 1}, {1, 0, 0}, {0, 0, 0} 
are all included in {1, 0, 1}, which means all of them 
exclude necessary parts. These examples are described in 
Tables 3 and 4. Mathematically, Feature 1 can be described 
by Eqs. (7) and (8): 

1)(0)'min(1)'(  ot�� �� xxxx ff    (7) 

0)(0)'min(0)'(  ot�� �� xxxx ff    (8) 
 

Feature 2: cost minimization 

Since the objective in this paper is to minimize the 
product cost, we can discuss the optimality for all possible 
combination of parts. For example, let’s think of the case 
{c1, c2, c3} = {5, 3, 4}. If we know f(x4) = f({0, 1, 1}) = 1, 
the product cost C(x4) = 7. Thus {x1, x2, x3} = {1, 1, 0}, {1, 
0, 1}, and {1, 1, 1} cannot be the least cost combination 
regardless of the satisfaction of the design requirement 
because product cost of {x1, x2, x3} = {1, 1, 0}, {1, 0, 1}, 
and {1, 1, 1} are more than 7, as shown in Table 5. Here, we  
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Table 3. Example of feature 1 when known f(x) is feasible 
design. 

x1 x2 x3 F o  F 

0 0 0 - o  - 
0 0 1 - o  - 
0 1 0 - o  - 
0 1 1 1 o  1 
1 0 0 - o  - 
1 0 1 - o  - 
1 1 0 - o  - 
1 1 1 - o  1 

 
 
Table 4. Example of feature 1 when known f(x) is infeasible 
design. 

x1 x2 x3 F o  F 

0 0 0 - o  0 
0 0 1 - o  0 
0 1 0 - o  - 
0 1 1 - o  - 
1 0 0 - o  0 
1 0 1 0 o  0 
1 1 0 - o  - 
1 1 1 - o  - 

 
Table 5. Example of feature 2 which define impossibility 
vector with {c1, c2, c3} = {5, 3, 4}. 

x1 x2 x3 F C I 
0 0 0 - 0 0 
0 0 1 - 4 0 
0 1 0 - 3 0 
0 1 1 1 7 0 
1 0 0 - 5 0 
1 0 1 - 9 1 
1 1 0 - 8 1 
1 1 1 - 12 1 

 
 

introduce impossibility i(x): when xk can be the least cost 
combination, i(xk) = 0, when xk cannot be the least cost 
combination, i(xk) = 1. We also define impossibility vector I 
= {i(x1), …, i(xi), …, i(xn)}T. Feature 2 is mathematically 
represented by Eqs. (9) - (11): 

 
1)()()(1)(  o�� �� xxx''x iCCf   (9) 

1)(0)(  o �� xx if        (10) 
0otherwise o             (11) 

 

Feature 3: Sum of product form 

Boolean function is written as a sum of products, Eq. 
(12): 

¦
 

 
m

k
kSf

1

)()( xx              (12) 

 
Fig. 5 Concept of sum of product term based on decision 
tree concept. 
 
 

Here, Sk(x) is defined by subset of {x1… xi …xn}. For 
example, the Boolean function of the example in subsection 
2.1 can be written by Eqs. (13) and (14): 

)()()( 21 xxx SSf �            (13) 

322211 )(,)( xxSxxS � � xx         (14) 
Visually, the meaning of the sum of product form can be 

explained using decision tree concept as shown in Fig. 5. 
Sk(x) corresponds to the k-th internal node of the tree. The 
difference from regular decision tree is that the internal node 
is not a single variable, but product term of valuables. In 
theory, estimation of the Boolean function means to detect 
all internal nodes.  

We utilize the above features to develop human-
computer interaction system for part selection in the 
remaining part of this paper. 

2.3 ASSUMPTIONS AND LIMITATIONS 
Before discussing the human-computer interaction 

system, we should mention the assumptions and limitations 
in this problem formulation. 

(i) We assume that the available parts are given 

The basic idea of the modular design is to synthesize the 
modularized functional parts. Thus usually, the set of the 
parts are fixed. But in actual situations, designers may 
be able to create their original parts that are not included 
in the given set of parts. In this paper, we assume that 
the set of parts are fixed and no new parts are added to 
the set. 

(ii) We don’t handle the number and quantity of parts 

To describe the parts selection problem by Boolean 
function, we only discuss the existence of the parts using 
binary number. But in some of actual problems, the 



JUACEP Independent Research Report 

Nagoya University, Japan 

6 

number and the amount of the parts are sometime 

important factors. Although it is interesting topic to 

discuss, this paper only considers the existence of the 

parts to focus on the fundamental discussion using 

Boolean function. 

(iii) We assume there are no error in input data 

Since our proposal utilizes human input to interact with 

computer, there are human errors such as typing 

mistakes, miss observation, and miss understandings of 

the design problem. But we developed our proposal 

assuming there are no such human errors to make the 

discussion simple. 

(iv) The objective is product cost minimization 

Although these are other important objectives to discuss 

for practical design problem such as profit maximization 

and/or assembly time minimization, we discuss cost 

minimization problem in this paper as a fundamental 

research. 

3. ESTIMATION OF BOOLEAN FUNCTION 
This section discusses the first proposal “estimation of 

the functional relationship structure between design 

requirement and modularized parts based on human-

computer interaction”. Mathematically, it means that the 

computer estimates the Boolean representation of the design 

requirement using partially defined truth table whose data 

are imputed by human. We propose a classifier to estimate 

the Boolean function. Then simulations evaluate the 

effectiveness of the proposed classifier. 

3.1 ESTIMATION ALGORITHM 
Based on the discussion in subsection 2.2, we propose a 

classifier based on decision tree concept [11]. The algorithm 

to train classifier is shown in Fig. 6. The basic idea of the 

classifier is to create internal nodes until all the positive 

examples and negative examples in partially defined truth 

table are correctly divided. To decide each internal node, we 

introduced the estimated values of f(xi) that is calculated 

based on the hamming distances between the nearest 

positive/negative example and the unclassified example we 

want to estimate, as shown in Eq. (15): 

 

)()(
)(

)(ˆ
inip

in
i DD

D
f

xx
x

x
�

                (15) 

 
Here, we define 

T
1 )}(ˆ),...(ˆ),...(ˆ{ˆ

ni fff xxxF  and 

kF̂ represents the k-th element of F̂ . Then, the internal node 

is defined by solving the optimization problem shown in 

Eqs. (16) - (18): 

Max. ¦
 

n

k
kU

1

F̂                (16) 

 

 
 

Fig. 6 Algorithm of the proposed classifier. 
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x

xxF      (17) 

 
s.t. 0)(when0ˆ  ! kkk S xF        (18) 

According to the optimization problem, the internal 

node is decided to include as many feasible solutions as 

possible. Specifically, the internal nodes are designed to 

include as many positive examples as possible and 

unclassified examples that are close to positive examples.  

3.2 SIMULATION ANALYSIS 
This section evaluates the effectiveness of the proposed 

classifier by simulations. We firstly explain the simulation 

set up which is designed assuming four different design 

problems. Then the effectiveness of the proposal is 

discussed. 

3.2.1 Simulation setup 
To evaluate the performance of the proposed classifier, 

we observed how accurately the proposed classifier 

estimates the branks in partially defined truth table. We 

generate the partially defined truth table of four different 

Boolean functions as shown in Eqs. (19-22):  

Boolean function 1: 

54321

54321 }),,,,({)(
xxxxx
xxxxxff

���� 
 x

               (19) 

 

Boolean function 2: 

87654321

10987654321 }),,,,,,,,,({)(
xxxxxxxx

xxxxxxxxxxff
������� 

 x
     (20) 
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Boolean function 3: 

524232

514131

54321

54321

)()(
}),,,,({)(

xxxxxx
xxxxxx
xxxxx

xxxxxff

������
����� 
���� 

 x

               (21) 

 

Boolean function 4: 

852842832

851841831

752742732

751741731

652642632

651641631

87654321

10987654321

)()()(
}),,,,,,,,,({)(

xxxxxxxxx
xxxxxxxxx
xxxxxxxxx
xxxxxxxxx
xxxxxxxxx
xxxxxxxxx

xxxxxxxx
xxxxxxxxxxff

���������
���������
���������
���������
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������� 
 x

     (22) 

 
Here, in Boolean function 3 and 4, parts x9 and x10 do 

not appear in function representation. This means x9 and x10 
do not affect to the design requirement. In this simulation 
study, we estimate the value of the unclassified examples in 
partially defined truth table and evaluate the accuracy of the 
classifier by error rate that is defined by Eq. (23): 

 
Fin  elements ofnumber  The

 elements classified miss ofnumber  The
 Error    (23) 

 

The f(x) values on the four different partially defined 
truth tables are randomly generated. In concrete, F values in 
the partially defined truth tables are originally all unknown. 
The values of F are generated as the following steps: (i) x is 
randomly selected from a set of all possible combinations Xu 
and (ii) the corresponding value of f(x) is generated. We call 
this step “data collection” in this paper. Here, selected x at 
every data collection may be the same as previously selected 
x, which means x are generated allowing duplication. This 
assumption corresponds to the case that designers randomly 
select product and input the satisfaction of the design 
requirement and its parts usage at every data collection. But 
sometimes, randomly selected product may contain the same 
parts as previously selected product; so we allow 
duplication. As comparisons, we also estimate the Boolean 
functions by partially defined truth table using different 
basic classifiers (SVM: Support Vector Machine and k-NN: 
k-Nearest Neighbour).  

3.2.2 Simulation Result 
The results of the simulations are shown in Fig. 7. In 

Boolean function 1 and 2, proposed classifier estimates the 
Boolean functions the most accurately. Especially the 
performance of the proposed classifier in Boolean function 2 
is remarkably accurate. The reason of the accurate 
estimation seems to be the way to create hyper planes in the  

 
(a) Boolean function 1 

 
(b) Boolean function 2 

 
(c) Boolean function 3 

 
(d) Boolean function 4 

 
Fig. 7 Relationship between the error rate and the number of 
the sampling data from simulation study. 
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design space. SVM draws a hyper surface rather than hyper 
plane; k-NN draws multiple hyper planes but the hyper 
planes are not described by Boolean function form. These 
methods do not correctly represent Feature 3: The design 
space is classified by several hyperplanes (internal nodes) 
that are described in the product form {x1… xi …xn}. On the 
other hand, the proposed method draws the multiple hyper 
planes in the similar way as described in feature 3. Thus the 
proposed classifier was the most accurate. In addition, there 
is one more advantage of the proposed method associated 
with the readability of the classification rule. Since the 
proposed classifier builds the decision tree structure, the 
classification rule is visually understandable by designers. 
Thus, it also helps designer to understand the way to satisfy 
the design requirement. 

However, the effectiveness of the proposed classifier is 
degraded in Boolean function 3 and 4. In Boolean function 
3, SVM is the most accurate. In Boolean function 4, all 
classifiers work similarly. The reason of the degradation 
seems to be the number of the internal nodes in the Boolean 
function. Boolean function 3 has six product terms; Boolean 
function 4 has 18 product terms. It means they have 6 and 18 
internal nodes. When the number of the internal nodes 
increases, it seems to be difficult to detect all internal nodes 
accurately. Thus the performance of the proposed method 
was degraded for Boolean function 3 and 4. In addition, one 
feature of SVM is that it can draw a hyper surface. In the 
Boolean function, each internal node represents one 
hyperplane. Thus multiple hyper planes surround the feasible 
domain in the design space. As the number of hyper planes 
increases, the shape of the boundary surface between the 
feasible design and infeasible design become close to curved 
surface. This seems to be the reason why SVM worked 
better in Boolean function 3. All classifiers work similarly in 
Boolean function 4. Interestingly, the error rates of all 
classifiers for Boolean function 4 keep almost the constant 
value. Thus the reason seems to be Boolean function 4 was 
too complicated to estimate by 50 samplings for all 
classifiers.  

To conclude the findings in this section, the proposed 
classifier works well when the number of the internal nodes 
is not too large. Thus the proposed method works better 
when the design problem has simple functional relationship 
structure between the design requirement and modularized 
parts. One interesting future work seems to be the analysis 
between the performance of the classifiers and the 
complexity of the Boolean function (the number of the 
internal nodes) in order to select better classifier depending 
on the design problem. 

4. PART RECOMMENDATION 
The previous section focused on the accurate 

understanding of the design requirement by computer. But it 
generally uses a lot of data inputs. So it may not suitable 
when there is time limit. This section discusses the second 
proposal “parts recommendation system based on human- 

 
 
Fig. 8. Agortihm to recommend the combination of part 
trusting on classifier. 

 

computer interaction”. First, an algorithm is proposed 
trusting on classification. The performance of the proposed 
method is analysed by simulations.  

4.1 RECOMMENDATION ALGORITHM 
The goal of this section is to reach to better (less cost) 

solution within limited number of the data collection. We 
propose algorithm for this problem based on classification. 
The classification-based algorithm is developed trusting on 
classifier, as shown in Fig. 8. The basic idea is to estimate 
the optimal solution based on current information on 
partially defined truth table and collect the estimated optimal 
solution. After every data collection, the optimal solution is 
updated, and then the updated estimated optimal solution is 
collected. These steps are continued until the number of the 
data collection reach to its limitation. Sometimes, the 
optimal solution cannot be estimated with too small number 
of data, or the estimated optimal solution may be already 
collected. In that case, the new data is randomly collected 
from the less cost unclassified examples. Here, estimation is 
one of the key issues of this recommendation algorithm. We 
applied three different classifiers (proposed classifier, SVM, 
and k-NN) in the analysis in the following subsection. 

4.2 SIMULATION ANALYSIS 
To evaluate the performance of the proposed 

recommendation algorithms, simulation studies are 
conducted in this subsection. 

4.2.1 Simulation setup 
We assume there is partially defined truth table without 

F values. The data are collected one by one according to the 
classification-based algorithm shown in the previous 
subsection until the number of the data collection reaches to 
its upper limitation. Here, we assume there are no errors in 
data. It means we can know the true value of corresponding 
f(wk.) when we collect data wk. This simulation setup 
corresponds to the case that the computer recommends xk 
using current partially defined truth table and the designer 
input the true value of corresponding f(xk). Since the goal of 
this section is to find less cost combination of parts, we  
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(a) Boolean function 1 

 
(b) Boolean function 2 

 
(c) Boolean function 3 

 
(d) Boolean function 4 

 
Fig. 9 Relationship between the least cost among the 
partially defined truth table and the number of the sampling 
data from simulation study. 

 
evaluate the least cost combination that satisfies the design 
requirement in the partially defined truth table after data 
collection. The simulations are conducted with three 
different classifiers (k-NN, SVM, Proposed classifier) to 
evaluate the influence by classifier. Also, random data 
collection is conducted as a benchmark. Here, we assume the 
cost of each part as c = {c1, c2, c3, c4, c5, c6, c7, c8, c9, c10} = 
{3, 6, 4, 7, 5, 3, 6, 4, 7, 5}. We use the Boolean functions 1-
4 to estimate. 

4.2.2 Simulation result 
The simulation results are shown in Fig. 9. The result 

shows that the proposed algorithm generally works better 
than random data collection. One finding here is that the 
proposed classifier sometimes does not work well, although 
it estimates the functional structure accurately in the 
previous section. The reason seems to be the lack of data 
points and the biases in collected data. In subsection 3.2, the 
number of the collected data is more than this simulation. 
Although the proposed classifier works well when the 
number of the data is enough, it does not assure that the 
classifier works well with very small number of data. 
Another reason is the biases in collected data. The accuracy 
of the proposed classifier may be degraded when the 
collected data are not widely distributed in the design space. 
The collected data in this simulation is strongly biased; the 
data are concentrated around estimated optimal solution.  

5. CONCLUSION 
   In modular design, one of the most important roles of 
designers is to select appropriate combination of the 
functional parts. This paper defined the part selection 
problem as optimization problem form “to minimize the 
product cost such that satisfying the design requirement”. To 
support part selection, we proposed two different human-
computer interaction systems; “estimation of the functional 
relationship structure between design requirement and 
modularized parts based on human-computer interaction” 
(First proposal) and “parts recommendation system based on 
human-computer interaction” (Second proposal). To handle 
this part selection problem by computer, we introduced the 
idea of Boolean function and formulated the part selection 
problem mathematically. 

We developed a classifier to estimate the functional 
relationship structure based on decision tree concept, as the 
first proposal. Simulations revealed the effectiveness of the 
proposed classifier. The proposed classifier worked better 
than general classifiers such as k-NN and SVM, especially 
when the functional relationship structure between the 
design requirement and the modularized parts are simple.  

We also proposed the parts recommendation algorithm 
to suggest good combination of the parts to designers using 
classifiers as the second proposal. Simulations revealed the 
effectiveness of the proposed algorithm. 
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To conclude, the proposals in this paper contributes to 
appropriate parts selection in modular design problems; they 
help understanding of the design problem and minimizing 
the product cost. Although this work cannot be applied to all 
kind of modular design problem because of assumptions and 
limitations, as a fundamental research, the findings in this 
work can be a contribution of the further development of the 
modular design. 
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ABSTRACT 
The effect of coolant temperature on exhaust gas 

recirculation (EGR) cooler fouling was studied using 

a 2.0 L I-4 turbo GDI engine. Shell and tube type 

heat exchanger was applied as EGR cooler. The 

engine was operated at 2000 rpm, 225 Nm for 6 

hours at the coolant temperature of 85 ℃  and  

60 ℃. Heat exchanger effectiveness was monitored 

throughout the tests. Deposits from the EGR cooler 

were collected, and their microstructure was 

analyzed with scanning electron microscope. These 

result showed that the effectiveness of the heat 

exchanger drops with time and the microstructure of 

deposits was different at different conditions of 

coolant temperature. It is considered that coolant 

temperature affects condensation of unburned 

hydrocarbons in exhaust gas and change the 

microstructure of deposits. 

 

1. Introduction 
    In the quest to improve fuel economy, 

automotive manufacturers have increased the 

production of gasoline engine equipped with 

turbocharger and direct injection of fuel. Even with 

high fuel economy, the emissions from GDI engines 

(Gasoline Direct Injection), especially nitrogen 

oxide (NOx) and particulate matter (PM) are a threat 

to the environment and human health. Widely used 

measure to reduce NOx emissions is exhaust gas 

recirculation (EGR). This system works by 

introducing burned exhaust gas into the engine. The 

high CO2 content of the exhaust gas act as a heat 

sink and reduce the adiabatic flame temperature, 

which leads to reduction in NOx emissions. In 

addition, the exhaust gas introduced into the engine 

dilutes the oxygen content of the intake air and 

reduce the combustion temperature, which inhibits 

thermal NOx formation. 

 In common, EGR comes with a cooler (EGR 

cooler) which cools exhaust gas. The burned exhaust 

gas gets cooled before being introduced into the 

engine. This EGR cooler reduces NOx emissions 

further because of increased filling efficiency of the 

gas into the engine. However, EGR cooler has a 

problem of fouling. Particulate matter from the 

exhaust gas goes toward cold wall of the cooler and 

accumulate on it. These deposits form a layer, which 

is thermally less conductive than the stainless steel 

tubes resulting in lower thermal effectiveness of the 

heat exchanger. This results in reduced performance 

of EGR cooler. Because of these deposits, emissions 

from engines cannot be controlled to the desired 

level. It is necessary to understand the characteristics 

of the fouling in EGR cooler in order to cope with 

degradation of EGR cooler performance.  

 Degradation of the EGR cooler performance 

due to fouling of the cooler has been studied by 

many researchers. Dominant mechanisms of fouling 

are considered to be thermophoresis and 

condensation of unburned hydrocarbons [1, 2, 3]. 

Several investigators have studied degradation of 

EGR cooler performance experimentally [2, 4, 5, 6]. 

These studies were done with diesel engine. No 

study with GDI engine has done.  

 In this study, we investigate the effect of 

coolant temperature on fouling of EGR cooler 

experimentally with gasoline direct injection engine.   

    

2. Experimental 
2.1 Engine 
A 2.0 L I-4 VVT Turbo gasoline direct 

injection engine manufactured by GM was 

applied. 
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2.2 EGR Cooler Test Rig 
In-house shell and tube heat exchanger with 

6 surrogate tubes as shown in Fig.1 was applied 
as EGR cooler test rig. The tubes were circular 
in cross-section, 8 mm in diameter, 34.3 cm in 
length. 

 

2.3 Test condition  
The engine was operated for 6 hours at the 
condition of 2000 rpm, 225 Nm and coolant 

temperature of 85℃and 60℃. 

 

2.4 Analytical Method  
The microstructure of the deposits from the 
EGR cooler after 6 hours’ operation of the 
engine was analyzed with PHILIPS/FEI XL-30 
FE-SEM. 

 

3. Results and Discussion 
3.1 Effect of Coolant Temperature  
The engine was operated for 6 hours at 2000 

rpm, 225 Nm. The coolant was circulated at 
85 ℃ and 60 ℃. The deposits were collected 
in both condition of coolant temperature.  

The EGR cooler temperature profile is 
shown in Fig. 1 and Fig. 2. Inlet temperature 
was similar at both coolant temperature 
conditions because the engine operating 
conditions were the same. Outlet temperature 
was slightly different in two conditions. It is 

Fig. 1 Test rig 
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Fig. 2  EGR temperature profile (coolant 
temperature : 85℃) 

Fig. 4  EGR temperature profile (coolant 
temperature : 85℃) 
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considered that 60 ℃  coolant temperature 
condition exchanges more heat than 85 ℃ 
coolant temperature condition. EGR cooler 
effectiveness is represented as shown in Eq. 1. 
 
                  (1) 
 
Effectiveness change for the two conditions is 
shown in Fig. 4. As shown in Fig.4, 
effectiveness change in the case of higher 
coolant temperature was smaller than that in the 
case of lower coolant temperature. Fig. 5 shows 
average deposit mass in the 6 tubes of EGR 

cooler. They were calculated by measuring the 

weight of the 6 tubes respectively before and 
after the engine was operated for 6 hours. As 
shown in Fig. 5, lower coolant temperature 
condition has less deposit mass.  
   These results were against the theory of 
fouling mechanisms. The dominant 
mechanisms of EGR cooler fouling is 
considered to be thermophoresis and 
condensation of unburned hydrocarbons. If the 
coolant temperature is smaller, the temperature 
gradient between cooler wall and exhaust gas 
inside the cooler is lager. This means that 
smaller coolant temperature leads to an increase 
in thermophoresis, and more particles should be 
accumulated on the cooler wall. However lower 

coolant temperature condition had less deposit 
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mass. One of the possible reasons for this is 
removal of deposits. 
  Condensed water in the exhaust gas can 
remove the deposits accumulated on the cooler. 
Water condensation inside the cooler can be 
examined theoretically. The chemical reaction 
for gasoline combustion can be represented as 
shown in Eq. (2). 
 
 
                                    (2) 
The mole fraction of water is 0.142. The 
pressure of the exhaust gas which goes through 
the cooler is measured to be 119.6 kPa, which 
resulted in a partial vapor pressure of water of 
16.98 kPa. Water dew point is determined with 
the Antoine equation shown in Eq. (3). 
                                      
                                    (3)             
Antoine coefficients for water are: A=10.23, 
B=1750, and C=235. By using these values, 
interface temperature is obtained as 56.7 ℃. 
This value is close to 60℃ (lower coolant 
temperature) . It is possible that removal of 
deposits due to condensed water occur in the 
lower coolant temperature condition. This is 
considered to be one of the reasons why lower 
coolant temperature condition had a less 
deposit mass.  
   Other possible reason why lower coolant 
temperature condition had smaller deposits 
mass is difference in nature of deposits. Fig. 5 
shows the SEM image of deposits at different 
position of the tubes of the cooler at different 
coolant temperature conditions. As shown in 
Fig. 5 the microstructure of the deposits is 
completely different in appearance. The 85℃ 
condition has porous deposits, which is 
comprised of mostly soot particle. On the other 
hand, the 60℃ condition has dense deposits, 
which is comprised of greater amount of 
hydrocarbons. It is considered that greater 
amount of hydrocarbons is condensed because 
of lower surface temperature of the wall of the 
cooler at the 60℃ condition.  

Some difference in appearance is confirmed 
at different position at the same coolant 
temperature conditions. At 85℃  condition, 
inlet area and center area seem to have the same 
appearance, which is mostly comprised of 
porous soot particle, however, outlet area seems 
to include dense cluster which is seen in the 
images of 60℃  condition. At the 60℃ 

condition, center area and outlet area seem to 
comprised of mostly dense cluster which is 
considered to be condensed hydrocarbon, 
however, at inlet area porous particle which is 
considered to be soot particle can be seen. It is 
considered that these differences in appearance 
of deposits result from difference in surface 
temperature of cooler wall at different position 
of tubes of the cooler. Exhaust gas produced by 
the engine is gradually cooled inside the cooler. 
At the inlet area, exhaust gas is not fully cooled 
and the temperature is higher than that of center 
area and outlet area. That is the reason why 
deposits at inlet area of 60℃ condition include  
more amount of porous particle which is 
considered to be soot particle. At the outlet 
area, exhaust gas is fully cooled. This is the 
reason why deposits at the outlet area at 
condition of 85℃ include dense cluster which 
is considered to be condensed hydrocarbons.  
    It is considered that coolant temperature 
plays a significant role in altering the nature of 
deposits.  
   We do not still know the reason why the 
deposit mass in the case of lower coolant 
temperature was smaller than that in the case of 
higher coolant temperature. Fig. 6 and Fig. 7 
shows deposit mass and EGR cooler 
effectiveness change as function of time, which 
is reported by Prabhakar et al. This experiment 
was conducted with a diesel engine at the 85℃ 
and 40℃ coolant temperature conditions. As 
shown in Fig. 6, the deposit mass in the case of 
lower coolant temperature is larger than that in 
the case of higher coolant temperature. As 
shown in Fig.7, EGR cooler effectiveness in the 
case of higher coolant temperature drops more 
rapidly than that in the case of lower coolant 
temperature. These results are contrary to the 
result obtained with our GDI engine. It is 
considered that chemical structure and physical 
property of deposits obtained with our GDI 
engine are different from those obtained with 
diesel engine. We need to conduct further 
analysis of the deposits. 
 
4. Conclusion 

The performance of EGR cooler was 
investigated at two different coolant 
temperature conditions with GDI engine. 
Fouling caused degradation of heat exchanger 
effectiveness. Lower coolant temperature led to 
smaller deposit mass and larger effectiveness 
drop. These results are contrary to the results 
obtained by a diesel engine. Different coolant 

　222

22167

36.4187
36.4111

NOHCO
NOHC

��o
��



JUACEP Independent Research Report 
Nagoya University, Japan 

5 

temperature condition had a different 
microstructure of the deposits. Coolant 
temperature plays a significant role in altering 
the nature of the deposits in the EGR cooler. In 
order to clarify the reason why smaller deposit 
mass and lager effectiveness drop was obtained 
at lower coolant temperature, further analysis of 
the deposits is necessary. 
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ABSTRACT 
A dual-particle imaging system (DPI) that has capability of 

imaging both neutrons and photons simultaneously has been 

developed for detection of special nuclear material (SNM). 

The DPI system is comprised of two detection plane and 

uses both concept of Compton-scatter camera and Neutron 

scatter camera. In May 2014, this system performed 

measurements at the Joint Research Centre located in Ispra, 

Italy. Simulations were run to evaluate system performance. 

MCNPX-PoliMi was used as the simulation tool. Previous 

investigations of the system used simple backprojection 

(SBP) and maximum likelihood expectation maximization 

(MLEM) to image both particle. This study proposes, the 

ordered subsets expectation maximization (OSEM) which 

has advantage of imaging with less counts than SBP and 

accelerating the convergence faster than MLEM. These 

advantage are useful for system application. OSEM was 

optimized for the DPI system and shorten the computation 

time slightly compared to MLEM. 

1. INTRODUCTION 
Special Nuclear Material (SNM) is defined as plutonium, 

uranium-233, or uranium enriched in the isotopes uranium-

233 or uranium-235. It can be formed in nuclear reactor and 

extracted from the highly radioactive spent fuel by chemical 

separation. This material can be used in nuclear weapon. 

Therefore, it is important to control SNM to prevent it from 

diversion. An imaging system designed for detection of 

SNM, a dual-particle imager (DPI) [1,2,3], is a combined 

Compton camera [4] and neutron scatter camera [5]. This 

system has the capability of imaging both photons and 

neutrons simultaneously to estimate source location and 

reconstructing the energy spectrum to identify measured 

source. Compared with other system that can image either 

photons or neutrons, the DPI has the advantage of fusing the 

information from both particle types. Therefore, this system 

can estimate a source location in case of shielding. This 

system was brought to the Joint Research Centre located in 

Ispra, Italy to assess performance of the system on various 

samples of SNM. 

As part of JUACEP program, I performed simulations to 

compare to measurement results using MCNPX-PoliMi [6]. 

MCNPX-PoliMi is Monte Carlo simulation tool to simulate 

radiation transportation. Previous studies with the imager 

have used imaging methods such as a simple back projection 

(SBP) and a maximum-likelihood estimation-maximization 

(MLEM). However, for practical application in the future, 

the computation time for imaging must be concerned. The 

use of an ordered subsets expectation maximization (OSEM) 

[7] can accelerate convergence, which results in reduced 

computation time. This report examines the performance of 

OSEM applied to the DPI. 

2. DUAL PARTICLE IMAGING SYSTEM 
CONCEPT 

The DPI system are shown in Fig.1. This system is 

comprised of two planes with each plane being a 4×4 array 

of scintillators and photomultiplier tubes. The front plane 

(scatter plane) contains 16 EJ-309 organic liquid scintillators 

measuring 7.62 cm Φ by 5.08 cm thickness. The back plane 
(absorption plane) contains 8 EJ-309 organic liquid 

scintillators measuring 7.62 cm Φ by 7.62 cm thickness and 
8 NaI scintillators measuring 7.62 cm Φ by 7.62 cm 
thickness. These detectors are arranged in a checkerboard 
pattern.  

The system uses the concepts for a Compton-scatter camera 

and a Neutron-scatter camera to detect and image both 

photons and neutrons simultaneously. A Compton camera is 

a photon detector based on Compton scattering process. 

Photons are scattered in liquid scintillators in the front plane 

and absorbed by NaI scintillators in the back plane. The 

energy deposited and positions of both detectors are used to 

create a Compton cone that reflects the possible source 

location. This cone is created using the Klein-Compton-

scatter formula: 
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where θγ1 is the photon scattering angle, mec2=0.511 

MeV, Ed1 is the energy deposited in the scatter plane, and 

Ed2 is the energy deposited in the absorption plane after 

photons are scattered in scatter plane. The possible range 
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of the incoming direction is restricted to the cone with an 
opening angle of θγ1. Projecting these cones on a sphere 
surrounding the system creates a simple backprojection 
image. The energy of the incident photon Eγ0 can be 
calculated as: 

 

210 dd EEE � J                              (2) 

 

For neutrons, the backprojection image is obtained based 
on neutron elastic-scattering physics on hydrogen. In a 
neutron scatter, the conservation of kinetic energy in an 
elastic collision between an incident neutron and a proton 
determines the incoming neutrons direction. Neutrons 
events are created when a scatter occurs in the front plane 
detector and then has a subsequent scatter in the back 
plane. Using measured energy deposited and detector 
position create a cone of possible source location. The 
cone is created using the following equation: 

0

1
1

2cos
n

n
n E

E
 T                (3) 

where θn1 is the opening angle of cone, En1 is the 
remaining energy after the neutron is scattered, and En0 is 
the incoming neutron energy. The remaining energy 
denoted as En1 is estimated using time of flight (TOF):  
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where mn is the rest mass of a neutron, d is the distance 
between detectors pair in which neutrons interacted and t1, 
t2 are the interaction time in the front and back planes. 
Using En1 and the energy of recoil proton denoted as Ep1 

can estimate incoming neutron energy En0:  

 

110 npn EEE �                             (5) 

 

EJ-309 scintillators were chosen for the scatter plane 
because of good pulse shape discrimination capabilities 
that allow the system to distinguish between photons and 
neutrons. NaI scintillators were chosen for the back plane 
because high-Z materials absorb photons with a high 
efficiency, adequate energy resolution, and reasonable 
cost.  

To collect data, waveform digitizers were used to store 
pulses for processing. To collect waveforms from 32 
detectors, 4 waveform digitizers with 8 channels were 
synchronized to take the data with a global time.  

 

 

 

 

Fig.1 Diagram of the dual-particle imaging system (top) 
and a checkerboard pattern in the back plane (bottom) 

3. SIMULATION METHOD 
MCNPX-PoliMi [6] is a Monte Carlo simulation code used 

to simulate radiation transport. The code was used to 
develop the DPI by simulating the response to neutrons and 
photons. This code can treat each collision events 
individually and model neutron and photon-induced fission 
multiplicity. Additionally, this code has a source library of 
spontaneous fission source, allowing SNM material such as 
MOX to be modelled. These unique features allow the user 
to improve simulations for correlated detector response. This 
simulation technique has been validated for evaluating the 
performance of the system in previous work [8]. 
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4. EVALUATION OF MEASUREMENT 
RESULTS 

The DPI system was used for measurements at the Joint 

Research Centre in Ispra, Italy in May 2014, to assess the 

performance of the system on various samples of special 

nuclear material. In this work, imaging characteristics such 

as angular resolution are discussed. The measurements were 

performed using mixed oxide (MOX) fuel canisters with 

shield materials such as lead bricks and polyethylene. A lead 

shield was used to decrease the photon flux emitted from 

MOX sample. If the photon flux is too high the digitizer 

cannot record all of the pulses and will see many double 

pulses which must be removed. The composition of the 

MOX canister is shown in Table.1. As shown, neutrons and 

photons are emitted by multiple decay processes which 

makes identification of the MOX sample difficult. The 

sources was located at the distance of 2.5 m from the center 

of the system, shifted 22.5° from the axis of the system and 

covered by 8 mm lead canister. The coordinates of the 

source are a 90° inclination and 67.5° azimuth. The 

measurement setup is shown in Fig.2. The measurement time 

was approximately 16 hours. A corresponding simulation 

was run for the same setup as the measurement to validate 

the system performance. The neutron simple backprojection 

images for both the measurement and simulation are 

compared in Fig.3. The photon images are also shown in 

Fig.4. The cone in these images were projected on a sphere 

surrounding the system with a 5° angular mesh. The 

reconstructed neutron spectrum compared between the 

measurement and the simulation is shown in Fig.5 and the 

photon one is also shown in Fig.6.  

 

Table.1 The composition of Mixed Oxide fuel material 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3 Reconstructed neutron images for a measured (left) 

and simulated (right) MOX sample 

 

 

 

 

 

 

Fig.4 Reconstructed photon images for a measured (left) and 

simulated (right) MOX sample 

Fig.5 Neutron reconstructed spectrum for a measured and 

simulated MOX sample 

Fig.2 Photograph of the DPI system 
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Fig.6 Photon reconstructed spectrum for a measured and 
simulated MOX sample 

 

For neutrons, the simulated image and spectrum agreed 
with the measurement. In Fig.3, the actual source location is 
clearly defined by a hot-spot in both measurement and 
simulation. As expected, the neutron spectrum takes the 
form of the expected Watt spectrum. However, the spectrum 
is not exactly a Watt spectrum since the MOX fuel also 
emits neutrons through the (α,n) reaction. Fig.5 shows good 
agreement between the measured and simulated spectra 
validating the simulation. 

For the photons, the reconstructed images for both 
measurement and simulation show an accurate source 
location. However, the reconstructed spectra don’t agree 
well. The different shape in the reconstructed spectrum is 
due to contributions from background radiation and 
spontaneous decay photons that were not modeled in the 
simulation. The MCNPX6.1.1 beta code [9] contains the 
complex source terms for the decay photons in the MOX 
fuel and will be used to improve the simulation. 

5. OSEM IMAGE RECONSTRUCTION 
PRINCIPLE 

Ordered Subset expectation maximization (OSEM) [7] is 
an iterative approximation algorithm that estimate the most 
likely source distribution based on statistics. The algorithm 
was developed to accelerate a similar reconstruction process 
known as MLEM algorithm [10]. In the OSEM algorithm, 
the projection data are grouped into several ordered subsets 
and each subset is processed in order using the projection 
data estimated in previous subset. Specifically, OSEM 
updates the reconstruction image more than MLEM. The 
relationship between these algorithms is shown by the 
following equation and Fig.7:  

MLEM iteration  

= The number of Subsets × OSEM iteration      (6) 

 

Fig.7 The number of times updating reconstructed image 
for both OSEM and MLEM iteration [11] 

 

Basically, the reconstructed image would be same if the 
number of subsets is one. The following is the definition of 
the ordered subsets image reconstruction using MLEM 
algorithm [12]. The calculation of the OSEM algorithm 
performed at each iteration in the subsets is defined as:  
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In (3), is the estimated source distribution emitted from 
true source bin b at iteration k. Pdb is the probability of 
source particle emitted from true source bin b and detected 
at detector bin d. The variable nd is the measured number of 
counts in detector bin d. Variable S1, S2, …., SL denote the 
subsets and L is the number of subsets. The iteration number 
k is increased after the last subset is processed. Compared to 
simple backprojection, OSEM has the capability of imaging 
a source location using less counts than simple 
backprojection. In addition, OSEM can accelerate the 
convergence by grouping the projection data into subsets. 
This makes the OSEM computation time shorter than 
MLEM. However OSEM is affected by noise more easily 
than MLEM, the selection of subsets and the order in which 
they are accessed should be considered to reduce the effect 
of noise. 

6. OSEM APPLICATION FOR DPI SYSTEM 
To apply OSEM to the DPI, some parameters and 

definitions must be changed since the OSEM algorithm is 
usually used for tomography. To apply OSEM 
reconstruction to the DPI system, the number of subsets and 
the threshold were defined. The reconstructed image using 
OSEM algorithm was compared with other image 
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reconstruction methods to show the utility of using OSEM 
algorithm. 

6.1 SELECTION OF SUBSETS AND 
THRESHOLD 

With OSEM, two main parameters affect the quality of 
reconstructed images. These are the selection of subsets and 
the order in which they are processed. Regarding the 
selection of subsets, as the number of subsets increases, the 
number of updates to the reconstructed image for one 
iteration is increased. Specifically, a large number of subsets 
accelerate the convergence. However the subsets must be 
selected symmetrically to maintain an appropriate amount of 
data in each subset. For the DPI, the projection data is 
composed of 256 detector bins, 9 angular bins (each bin is 
10°) and 15 energy bins (each bin is 1 MeV). In addition, 
these bins are classified for two type of correlation events. 
This classification is made for two ways that count can be 
correlated. They can scatter from scatter plane to absorption 
plane or from absorption plane to scatter plane. The energy 
bins are subdivided into angular bins and angular bins are 
subdivided into detector pair bins. In this case, to keep the 
amount of data constant in each subset, the number of 
subsets chosen along the energy bin was 15. 

As mentioned, the OSEM algorithm is affected by noise. In 
this case, the source of noise are subsets that have a poor 
signal to noise ratio. To remove those “bad subsets”, a 
threshold was defined based on the number of counts in each 
subset compared to the total counts. The threshold was 
evaluated using mean absolute error (MAE) to compare the 
ideal image and reconstructed image. The MAE is estimated 
as:  

¦
 

� 
B

b

rec
b
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bB

MAE
1

1
λλ                (4) 

where B is the total number of source bin. b is each source 
bin.     is the ideal source distribution emitted from source 
bin b and    is the estimated source distribution. Fig.8 
shows the change in the MAE for numbers subsets used to 
create the reconstructed image. A smaller value for MAE 
means the reconstructed image was higher quality. Fifteen 
iteration was used at each threshold. As shown in Fig.8, the 
minimum value for the MAE was defined as the threshold. 
As a result, the threshold was set at three subsets. 
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Fig.8 Mean absolute error of reconstructed images for 
various number of useful subsets using 15 iteration.  

6.2 OSEM ADVANTAGE 
Fig.9 shows the reconstructed neutron images for both 

simple backprojection and OSEM algorithm of a simulated 
16 hours measurement of a MOX sample. The setup of the 
simulation was same as described in section 4. When 
compared to the backprojection image in Fig.9, the OSEM 
image gives a higher resolution image of the source. 

 

 

 

 

 

 

Fig.9 Comparison of neutron reconstructed images between 
simple backprojection (left) and OSEM image (right). 15 
iterations of the OSEM algorithm were executed and 3 
subsets were used to create the image. 

 

Additionally, OSEM has the advantage of creating a 
reconstructed image with less counts than simple 
backprojection. Fig.10 uses the same data as shown in Fig.9, 
but the measurement time was only 30 minutes, which 
provided many less counts. When comparing these images, 
the OSEM image shows a hotspot while the backprojection 
image does not. This allows for shorter measurement times. 
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Fig.10 Comparison of neutron reconstructed images between 
simple backprojection (left) and OSEM image (right) using a 
small number of counts. Fifteen iterations of the OSEM 
algorithm were executed and 3 subsets were used to create 
the image. 

6.3 comparison with MLEM 
The comparison of reconstructed neutron image between 

using MLEM and OSEM algorithm are shown in Fig.11. 
These images used the same data as the image in Fig.3. 
These are imaged on a sphere surrounding the system with 
5°angular mesh. Three subsets of 15 total were used to 
create the images. These images show the improving quality 
of reconstructed image for 1, 5 and 10 iterations. When 
compared to the images in Fig.11, the hot spot becomes 
sharper with every update for both MLEM and OSEM. 
However the convergence using OSEM happens slightly 
faster than for the MLEM algorithm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.11 Comparison of reconstructed neutron images for 
MLEM (left) and OSEM (right) for various iteration (=1, 5, 
10). Three subsets were used to create the image. 

 

In addition, the computation time was compared for OSEM 
and MLEM using the data used for Fig.11 and shown in 
Fig.12. The plot shows the MAE and the elapsed time to 
generate reconstruction image for both OSEM and MLEM. 
This result shows OSEM can create a reconstructed image 
slightly faster than MLEM while maintaining the same 
quality. 

 

Fig.12 Mean absolute error of reconstructed images for each 
computation time necessary to create images for both 
MLEM and OSEM. 

7. SUMMARRY 
A two plane, dual-particle imaging system is being 

developed and is capable of detecting and imaging photons 
and neutrons simultaneously. The DPI was used in Ispra, 
Italy to demonstrate the capability of imaging photons and 
neutrons simultaneously. The system was also simulated 
using MCNPX-PoliMi. The simulation results agreed well 
with the measurements. In addition, the ordered subsets 
expectation maximization algorithm (OSEM) was proposed 
to accelerate the convergence of reconstructed image. 
Parameters for the algorithm were defined to optimize 
OSEM for the DPI. Three image reconstruction methods, 
simple backprojection, MLEM and OSEM were investigated 
and compared with each other. As expected, OSEM can 
create a reconstructed image clearly and with less counts 
than simple backprojection and provide higher resolution. It 
also accelerates the convergence slightly when compared 
with MLEM. However OSEM must remove bad subsets of 
data because OSEM is to noise in the projection data. One 
disadvantage is that removing bad subsets using a threshold 
may remove good counts. In this case, the threshold is highly 
dependent on the projection data and must be estimated and 
optimized for each measurement. To solve this problem with 
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OSEM, another method, maximum a posteriori (MAP-EM) 
is being proposed.  

The severe nuclear accident that occurred at the Fukushima 
nuclear power plant in 2011, included SNM in the reactor 
vessel. Removing that material must be performed to recover 
the reactor and environment. However high dose rates do not 
allow for manual inspection. Hopefully, a system such as the 
DPI can be applied for a case such as this to locate the 
melted fission fuels remotely and contribute to recovering 
Fukushima. 
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ABSTRACT 
We report here the synthesis of Al2O3-TiN composite 

nanopowders. At first, TiO2-Al2O3 nanopowders were 
synthesized using liquid-feed flame spray pyrolysis (LF-FSP) 
of mixtures of N(CH2CH2O)3Al (alumatrane) and 
N(CH2CH2O)3TiOCH(CH3)2 (titanatrane) dissolved in the 
selective molar ratios in ethanol used as solvent and fuel. 
Secondly, the as-produced powders were put into a quartz 
tube reactor and nitrided at selective temperatures for 
selective hours in the flow of NH3 gas. The as-produced 
powders and the nitrided powders were characterized in terms 
of phase, size, specific surface area, composition, and 
morphology by XRD, FTIR, SEM, BET, and TGA-DTA. We 
could get the nanopowders whose particle sizes was about 30 
nm. There was no phase of anatase in the as-produced 
powders. The as-produced powders consist of rutile and γ-, δ-
alumina. There were TiO2, Al2O3, TiN, TiAlN, and AlON in 
the powders after ammonolysis. Specific surface area of the 
powders after ammonolysis was about 57 m2/g. 

1. INTRODUCTION 
Alumina (Al2O3) is widely used for various industrial 

applications because it has great characteristics, for example, 
high wear and corrosion resistance, high thermal stability and 
good insulating properties. However, further improvements 
in mechanical properties are expected to extend its utility for 
multiple other applications. 

Titanium nitride (TiN) has high hardness, good 
electroconductivity, and high resistance to heat, corrosion and 
oxidation.1,2 The application of titanium nitride to thin films 
and coatings for wear resistance of cutting tools are important 
and well known. 

Now adding TiN to Al2O3 is paid attention to, because it 
causes not only to improve some mechanical properties but 
also to lower the electrical resistivity.3 It is expected that these 
composites can find applications as wear resistance materials 
and cutting tools. The good electroconductivity of these 

composites results in their use as heating elements, igniters 
and heat exchangers.3,4 Moreover, by adding conductivity, 
these composites can be machined by electrical discharging 
machining; this enables the elimination of tedious production 
steps.5-8 

Conventionally, ball milling method is used for preparing 
ceramic composites. However, the composite ceramics 
prepared by ball milling exhibit poor characteristics, because 
of non-uniform dispersion, poor sinterability, contamination 
from milling media and large length scale of mixing.3 It is 
expected to develop new synthesis method to improve 
homogeneity and sinterability. 

In this research, we proposed new synthesis method of 
Al2O3-TiN ceramic composites by liquid-feed flame spray 
pyrolysis (LF-FSP) followed by ammonolysis. In LF-FSP 
method, metalloorganic precursor which is dissolved in 
alcohol is aerosolized with oxygen and methane. The aerosol 
is combusted within a chamber at ≥1500 °C, and quenched 
rapidly to produce nanopowders. The produced nanopowders 
have the same composition as those in the starting precursor 
solutions.9 See the experimental section below for details. 

LF-FSP as-produced nanopowders are typically 
unaggregated with specific surface areas (SSAs) of 30-50 
m2/g and average particle sizes (APSs) of 15-30 nm.9 
According to the Hall-Petch equation, given in Eq. (1),  

5.0
0

��� dkVV                (1) 
where σ is the yield stress, d is the average grain diameter, 
and σ0 and k is empirical constants, strength or hardness 
should increase with decreasing grain size.10,11 This means 
that ceramics synthesized by LF-FSP method has high 
possibility to have higher strength or hardness. 

In this report, we described a novel method to prepare 
Al2O3-TiN nanocomposites powders. Firstly, we synthesized 
Al2O3-TiO2 nanocomposites powders by LF-FSP method. 
Secondly, we heated them in high temperature NH3. Finally, 
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their phase, size, specific surface area, composition, and 
morphology were evaluated.  

2. EXPERIMENTAL 
Liquid-Feed Flame Spray Pyrolysis (LF-FSP). LF-

FSP, as invented at the University of Michigan, has been 
described in detail in published papers.9,12-19 A schematic of 
LF-FSP apparatus used to prepare Al2O3-TiO2 nanopowders 
is shown in Figure 1. The apparatus consists of a precursor 
reservoir, an ultrasonic atomizer, a combustion chamber, and 
electrostatic precipitators (ESPs). The 3.0 wt% ceramic yield 
solution of precursor in an ethanol is pumped (50 mL/min) to 
an ultrasonic atomizer with oxygen to generate an oxygen-
rich aerosol that is ignited via methane/oxygen pilot torches 
attached in the spray head. Combustion occurs at ≥1500 °C, 
producing Al2O3-TiO2 nanopowders and gaseous byproducts, 
e.g. H2O and CO2. A steep temperature gradient (≥500 °C/s) 
occurs between the combustion chamber and ESPs. The 
powders are collected downstream in the ESPs maintained at 
a dc potential of 10 kV. After completion of a run, the 
powders were recovered from the ESPs and stored in plastic 
bags in air. 

Materials. Aluminum hydroxide was purchased from 
Chattem Chemicals, Inc. Titanium isopropoxide and 
Triethanolamine were purchased from Acros Organics. 
Ethanol was purchased from Decon Laboratories, Inc. 
Ethylene glycol was purchased from Aldrich Chemical Co., 
Inc.  

Precursor Preparation. A series of precursors 
corresponding to ceramic compositions (TiO2)x(Al2O3)1-x was 
prepared (x=0.10, 0.28 and 0.43). Alumatrane 
[N(CH2CH2O)3Al] was used as the alumina source.20,21 and 
titanatrane [N(CH2CH2O)3TiOCH(CH3)2] was used as the 
titania source.  

Alumatrane. Aluminum hydroxide [Al(OH)3, 156 g, 2.0 
mol ] was reacted with triethanolamine [N(CH2CH2OH)3, 400 
ml, 3.0 mol] in ethylene glycol which was used as solvent. 
The solvent was heated at 200 °C in flask with stirring under 
N2 flow. The ceramic loading of the resulting precursor was 
7.4 wt% as determined by TGA. 

Titanatrane. Titanium isopropoxide [Ti[OCH(CH3)2]4] 
was reacted with triethanolamine. The solution was stirred 
under N2 flow. The ceramic loading of the resulting precursor 
was 11.5 wt% as determined by TGA. 

 Measured amounts of the two solutions were mixed in 
the selective amounts to make solutions of each of the 
precursor compositions listed above with the specified 
molecular ratio, and then 1050 mL ethanol was added with 
stirring. 

Ammonolysis. Al2O3-TiO2 nanopowders were put into a 
quartz tube reactor and nitrided at selective temperatures for 
selective hours in the flow of NH3 gas using a tube furnace. 
A schematic of the quartz tube reactor for ammonolysis is 
shown in Figure 2. Before introducing the NH3 gas flow, the 
quartz tube reactor was flushed with N2 to eliminate oxygen 
in the system. The sample was taken from the furnace after it 
had cooled to ≤100 °C. The gas flow rate and temperature 
ramping rate were 140 mL/min and 20 °C/min, respectively. 
TiO2 is nitrided at lower temperature, compared with 
Al2O3.

3,22,23 TiO2 was selectively nitrided in Al2O3-TiO2 
nanopowders.  

Heat Treatment. Selected powders were annealed using 
a high temperature vacuum tube furnace (GSL-1600X, MTI).  

Simultaneous Thermogravimetric and Differential 
Thermal Analysis. Phase transformations and mass loss 
events occurring during heating of as-prepared samples were 
investigated with a Simultaneous Differential Thermal (SDT) 

 
Fig. 1  Schematic of Liquid-Feed Flame Spray Pyrolysis apparatus. 
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Analyzer (TA Instruments, Inc., New Castle, DE). The 
transformation temperatures were determined by 
themogravimetric analysis were also measured using a model 
2960 Simultaneous Thermogravimetric Analyzer. As-
prepared powders of 20-25 mg were hand pressed in a 3 mm 
dual-action die, placed inside alumina pans, and heated at 
ramp rates of 10 °C/min to 1000 °C.  

XRD Studies. As-prepared and calcined samples were 
characterized using a Rigaku Rotating Anode Goniometer 
(Rigaku Denki., Ltd., Tokyo, Japan). The powder samples 
were packed on a glass specimen holder (amorphous silica 
slides) for data collection. XRD scans were made from 10° 
to 70° 2θ, using a scan rate of 2°/min in 0.01° increments 
and Cu Kα radiation (1.541 Å) operating at 40 kV and 100 
mA. The Jade program 2010 (Version 1.1.5 from Materials 
Data, Inc., Livermore CA) was used to determine the 
presence of any crystallographic phases. Peak position and 
intensities were characterized by comparison with ICDD 
files for γ-, δ-, δ*-, θ-, and α-alumina (00-050-0741, 00-046-
1131, 00-046-1215, 00-023-1009, and 00-010-0173, 
respectively). Peak positons and intensity for anatase, rutile, 
Al2TiO5, and TiN were calculated using ICDD files 00-
021-1272, 00-021-1276, 00-026-0040, and 01-071-9845, 
respectively. 

Scanning Electron Microscopy (SEM). Micrograph 
were taken using a FEI NOVA Nanolab system (FEI 
company, Hillsboro, OR) at mode 2. Samples were sputter 
coated with gold/palladium using a Technics Hummer IV DC 
sputtering system (Anatech, Ltd., Alexandria, VA) to prevent 
charging. Cross-sectional images were obtained fracturing 
the films. 

FTIR Spectra. Diffuse reflectance Fourier transform 
(DRIFT) spectra were recorded on a Nicolet 6700 Series 
FTIR spectrometer (Thermo Fisher Scientific, Inc., Madison, 
WI). 400 mg of optical grade, random cuttings of KBr 

(International Crystal Laboratories, Garfield, NJ) were 
ground, with 5 mg of the sample to be analyzed. Samples 
were scraped off the substrate with a razor blade. For DRIFT 
analyses, samples were packed firmly and leveled off at the 
upper edge to provide a smooth surface. The FTIR sample 
chamber was flushed continuously with N2 prior to data 
acquisition in the range 4000–400 cm-1 with a precision of -4 
cm-1. 

Specific Surface Area (SSA) Measurements. Specific 
surface areas were obtained using a Micromeritics ASAP 
2020 sorption analyzer. Samples (400 mg) were degassed at 
400 °C/5 h. Each analysis was run at -196 °C (77 K) with N2. 
The SSAs were determined by the BET multipoint method 
using ten data points at relative pressures of 0.05-0.30. 

3. RESULTS AND DISCUSSIONS 
Characterization of as-produced Powders and 

Powders after Ammonolysis. The LF-FSP (TiO2)x(Al2O3)1-x 
powders were produced at rates of 8-12 g/h. After that, 
(TiO2)x(Al2O3)1-x powders were converted to TiN-Al2O3 
powders by ammonolysis. As-produced powders and 
converted powders were characterized by SEM, BET, XRD, 
FTIR spectroscopy, and TGA-DTA as fellows. 

3.1 Characterization of as-produced Powders. 

Scanning Electron Microscopy (SEM). Figure 3 shows 
SEM images of the as-produced powders. The particle sizes 
range from 20 to 100 nm, with the typical particle size ≈ 40 
nm. The powders were aggregated and necked each other. 

BET Specific Surface Areas. Table 1 shows specific 
surface areas of the as-produced powders. It is considered that 
the reason why specific surface areas of (TiO2)0.10(Al2O3)0.90 
was the highest was the lowest degree of aggregation and 
necking. 

XRD Patterns. Figure 4 shows XRD patterns of the as-
produced powders. In XRD patterns of as-produced powders, 
there was no peak of anatase, even though there was the 
anatase peak in pure titania powders.12 Possible reason of this 
were discussed in previous paper.14 In XRD scan of 
(TiO2)0.10(Al2O3)0.90 powders, there was no peak 
corresponding to rutile. It is because either Ti4+ ions doped 
into Al2O3 lattice or the peak intensity of rutile was week due 
to its low content. It is considered that the peak of rutile was 
covered by the peak of alumina. As the content of TiO2 
increased, the intensity of rutile became strong. As the 
content of Al2O3 increased, the intensity of alumina became 
strong. There are some unknown peaks at 42°, 48° and 64° 2θ 
in XRD patterns. 

 
Fig. 2 Schematic of the quartz tube reactor for 

ammonolysis. 

Table. 1 Specific surface areas of the as-produced 
powders. 

 Specific Surface Areas, m2/g 
(TiO2)0.10(Al2O3)0.90  80 
(TiO2)0.28(Al2O3)0.72 61 
(TiO2)0.43(Al2O3)0.57 63 
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FTIR Patterns. Figure 5 shows diffuse reflectance 

infrared Fourier transform spectra (DRIFTS) of the as-

produced powders. The νAl-O bands at 600 and 800 cm-1 are 
typical for these materials,18 as is the band at 600 cm-1 for 
pure titania.14 The materials seem to be combination of these 

bands. As the TiO2 content increased, the peak of titania 
became strong.  

TGA-DTA. Figure 6 shows TGA-DTA of as-produced 

powders. Table 2 shows mass losses of the as-produced 

powders calculated from TGA-DTA results. The powders 

 
Fig. 5 FTIR patterns of as-produced powders 

 

 
Fig. 4 XRD patterns of as-produced (TiO2)x(Al2O3)1-x 

powders: R, rutile (00-021-1276); δ, δ-alumina 
(00-046-1131); γ, γ-alumina (00-050-0741).  

 

 
Fig. 6 TGA-DTA of as-produced powders in air. 

Shown are (a) (TiO2)0.10(Al2O3)0.90, (b) 
(TiO2)0.28(Al2O3)0.72, and (c) (TiO2)0.43(Al2O3)0.57.  

(a) 

(c) 

(b) 

Weight 

Weight 

Weight 

Heat flow 

Heat flow 

Heat flow 

 
Fig. 3 SEM images of the as-produced powders. Shown are (a) (TiO2)0.10(Al2O3)0.90, (b) (TiO2)0.28(Al2O3)0.72, and (c) 

(TiO2)0.43(Al2O3)0.57. 
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were produced by combustion. It is possible that there were 
some products which were absorbed or integrated into the 
powders. Fig. 6 shows three main losses.12 These losses can 
be attributed to H2O absorption. The first mass loss up to 
120 °C arises from physisorbed H2O. The second and third 
losses which are up to 275 °C and 400 °C respectively are 
attributed to loss of chemisorbed H2O. In TGA-DTA of 
(TiO2)0.10(Al2O3)0.90, there was mass loss at 650 °C. This 
shows that a small amount of carbon species were included in 
the powders.24 It is considered that they were contaminated 
when the powders were produced. 

3.2 Characterization of Powders after Ammonolysis. 
Scanning Electron Microscopy (SEM). Figure 7 shows 

SEM images of the powders after ammonolysis. The particle 
sizes range from 20 to 70 nm, with the typical particle size ≈ 
25 nm. The particle sizes seem to be smaller than that of the 
as-produced powders. It is because nitridation from TiO2 to 
TiN causes decrease of their volume. The powders were 
aggregated and necked each other more strongly than the as-
produced powders. 

BET Specific Surface Areas. Table 3 shows specific 
surface areas of the powders after ammonolysis. The particle 

sizes were slightly decreased, but the specific surface areas 
were also decreased. It is because of high degree of 
aggregation and necking. 

XRD Patterns. Figure 8 shows XRD patterns of the 
powders after ammonolysis. In XRD patterns of the powders 
after ammonolysis, the peaks of rutile disappeared. Instead, 
the peaks of TiN appeared. It is considered that rutile which 
was in the as-produced powders changed to TiN by heating in 
NH3 at high temperature. In XRD scan of (TiO2)0.10(Al2O3)0.90 
powders heated at 1000 °C for 15 h in NH3, there was no peak 
corresponding to TiN. It is because the content of TiO2 was 
too low. It is considered that the peak of TiN was covered by 
the peak of alumina or background. As the content of TiO2 in 
the as-produced powders increased, the intensity of TiN 
became strong. The intensity of peak at 68° 2θ became 
weaker, compared with the as-produced powders. It is 
considered that Ti4+ ions doped into Al2O3 lattice in the as-
produced powders. TiN and TiAlN have peaks at the same 

Table. 2  The total mass losses of the as-produced 
powders calculated from TGA results. 

 Mass loss, wt% 

(TiO2)0.10(Al2O3)0.90 3.6 

(TiO2)0.28(Al2O3)0.72 2.2 

(TiO2)0.43(Al2O3)0.57 2.2 

 
Table. 3  Specific surface areas of the powders after 

ammonolysis. 
 Specific Surface Areas, m2/g 

(TiO2)0.10(Al2O3)0.90 
/1000 °C/15 H/NH3 

56 

(TiO2)0.28(Al2O3)0.72 
/1000 °C/30 H/NH3 

56 

(TiO2)0.43(Al2O3)0.57 
/1000 °C/30 H/NH3 

59 

 

 
Fig. 7 SEM images of the powders after ammonolysis. Shown are (a) (TiO2)0.10(Al2O3)0.90 heated at 1000 °C for 15 h 

in NH3, (b) (TiO2)0.28(Al2O3)0.72 heated at 1000 °C for 30 h in NH3, and (c) (TiO2)0.43(Al2O3)0.57 heated at 1000 °C 
for 30 h in NH3. 

 

 
Fig. 8 XRD patterns of (TiO2)x(Al2O3)1-x powders after 

ammonolysis. Shown are (a) (TiO2)0.10(Al2O3)0.90 
heated at 1000 °C for 15 h in NH3, (b) 
(TiO2)0.28(Al2O3)0.72 heated at 1000 °C for 30 h in 
NH3, and (c) (TiO2)0.43(Al2O3)0.57 heated at 1000 °C 
for 30 h in NH3: ▼, TiN (01-071-9845); δ, δ-alumina 
(00-046-1131); γ, γ-alumina (00-050-0741). 
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posisiton, so it is considered that there is TiAlN in the 
powders after ammonolysis. 

FTIR Patterns. Figure 9 shows diffuse reflectance 
infrared Fourier transform spectra (DRIFTS) of the powders 
after ammonolysis. TiN has a single broad peak at 670 cm-1.25 
Compared with Fig. 5, the intensity of peak at 600 cm-1 
became weaker and FTIR spectra shifted to left side. It is 
because the peak of rutile got weaker and the peak of TiN 
appeared. It is caused that TiO2 changed to TiN by 
ammonolysis.  

TGA-DTA. Figure 10 shows TGA-DTA of the powders 
after ammonolysis. Table 4 shows the total mass gains of the 
powders after ammonolysis and theoretically expected mass 
gains. In Fig. 10, we can find mass losses up to 400 °C as well 
as Fig. 6. This means there were some physisorbed and 
chemisorbed H2O in the powders. From the TGA curves, we 
can find oxidation of TiN in the powders to begin at about 
350 °C according to the increase of the weight. Samsonov 
established at least a three staged oxidation process for bulk 
titanium nitride samples.26 At the first stage, a thin layer of 
TiON solid solution was formed on the titanium nitride 
surface at 400-500 °C. When some critical thickness of TiON 
layer was reached, its outer surface began to transform to 

Ti2O3 (the second stage) and then to TiO2 (the third stage). 
The particle sizes of our research was the almost same as that 
of Ref [26] (≈30 nm). Ichimura established the oxidation of 

Table. 4 The total mass gaines of the powders after ammonolysis calculated from TGA results and mass gains 
expected theoretically if completely nitrided. 

 Mass gain calculated 
from TGA, wt% 

Mass gain  
expected theoretically, wt% 

(TiO2)0.10(Al2O3)0.90 /1000 °C/15 H/NH3 1.2 1.8 
(TiO2)0.28(Al2O3)0.72 /1000 °C/30 H/NH3 4.8 5.6 
(TiO2)0.43(Al2O3)0.57 /1000 °C/30 H/NH3 7.3 9.1 

 

 
Fig. 9 FTIR patterns of (TiO2)x(Al2O3)1-x powders after 

ammonolysis. 

 

 
Fig. 10 TGA-DTA of  (TiO2)x(Al2O3)1-x powders after 

ammonolysis. Shown are (a) (TiO2)0.10(Al2O3)0.90 
heated at 1000 °C for 15 h in NH3, (b) 
(TiO2)0.28(Al2O3)0.72 heated at 1000 °C for 30 h in 
NH3, and (c) (TiO2)0.43(Al2O3)0.57 heated at 1000 °C 
for 30 h in NH3 

 

Table. 5 The molecular ratio which the powders after ammonolysis had and was calculated from TGA. 
 Molecular ratio calculated from TGA 

(TiO2)0.10(Al2O3)0.90 /1000 °C/15 H/NH3 (TiO2)0.05(TiN)0.04(TiAlN)0.01(Al2O3)0.84(AlON)0.06 
(TiO2)0.28(Al2O3)0.72 /1000 °C/30 H/NH3 (TiO2)0.06(TiN)0.19(TiAlN)0.02(Al2O3)0.64(AlON)0.09 
(TiO2)0.43(Al2O3)0.57 /1000 °C/30 H/NH3 (TiO2)0.11(TiN)0.28(TiAlN)0.03(Al2O3)0.47(AlON)0.13 
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TiAlN containing a higher Al concentration showed two steps 
of oxidation.27 In the initial step, simultaneous oxidation of Ti 
and Al occurs. As oxidation proceeds, Al ions diffuse to the 
outward surface and form the Al2O3 crystal. In the second 
step, oxygen diffuses through the pore formed by grain 
growth of Al2O3 crystal in the outward surface, and then 
oxidizes the TiAlN having lower contents of the Al ion. It is 
considered that the mass gain from 700 °C shows oxidation 
of TiAlN. It is considered that the mass loss at 800 °C shows 
oxidation of aluminum oxynitride (AlON). It is possible that 
there were TiO2, Al2O3, TiN, TiAlN, and AlON in the 
powders heated at 1000 °C in NH3. Table 5 shows   
molecular ratio which the powders after ammonolysis had 
and was calculated from TGA results. According to Table 4 
and 5, the total mass gains did not reach ones expected 
theoretically and the small amount of TiO2 was remained. It 
is considered that the reason is either the surface of the 
powders was oxidized because of contacting with air, Al2O3 
worked as a protective layer to prevent oxidation, or longer 
time for heating in NH3 was necessary to convert from TiO2 
to TiN completely. 

4. CONCLUSIONS 
We have been able to synthesize Al2O3-TiN nanopowders 

which have different composition by LF-FSP followed by 
ammonolysis. Their particle diameter was about 25 nm. 
Interestingly, XRD and TGA showed there was a possibility 
that Ti4+ ions doped into Al2O3 lattice. The powders after 
ammonolysis consist of γ-, δ-alumina, TiO2, TiN, TiAlN and 
AlON. The powders we synthesized have a high possibility 
to show greater mechanical properties and electrical 
properties than conventional composites of titanium nitride 
and aluminium oxide because of their small particle diameter. 
Further work is necessary to find out their mechanical and 
electrical properties. 
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ABSTRACT 
The immune status is intimately related to the condition 

of patients with infectious disease and severe sepsis. 
Nowadays, it’s expected that the development of diagnosis 
and prognosis based on cellular immunophenotyping will 
enable us to better treat of patients with immune disease. Our 
group has already suggested the functional cellular 
immunophenotyping method that utilizes LSPR and requires 
only a small sample volume and short process time. However, 
our previous device enables us to measure only 1 type of 
cytokine per 1 blood sample. In order to evaluate immune 
status in detail, information based on various cytokines is 
needed. In this study, a new LSPR device is designed that will 
enable us to measure several types of cytokines from 1 blood 
sample. In addition, device testing is performed in order to 
confirm that the device works well.  

1. INTRODUCTION 
The immune status is intimately related to the condition 

of patients with infectious disease and severe sepsis[1]. 
Recent studies suggest that cytokine levels measured early in 
the course of sepsis predict disease outcome[2][3]. In fact, 
immunomodulatory therapies are provided to patients with 
immune abnormality such as sepsis and rheumatoid arthritis. 
However, the immune status of patients is often dynamic and 
patient-specific, and such complex heterogeneity has made 
accurate, real-time measurements of patient immune status 
challenging in the clinical setting[4]. 

Currently, there are several approaches for measuring the 
cytokine production of immune cells in order to assess a 
patient’s immune status. Enzyme-linked immunosorbent 
assay/spot (ELISA/ELISpot) has been commonly used for 
quantification of cytokines[5][6]. ELISA/ELISpot has many 
advantages such as cost-effective mass use, simple parallel 
array-type operation, and relatively high sensitivity. 
Accordingly, ELISA/ELISpot has become the most common 
tool for clinical diagnosis of pathogenic attacks on patients. 
However, ELISA/ELISpot usually requires numerous reagent 
manipulation processes and thus results in long sample 

preparation time. Moreover, the fluorescent-based detection 
scheme requires a large amount of sample volume to achieve 
a sufficient signal-to-noise ratio for detection. 

Recent advances in the label-free surface plasmon 
resonance (SPR) detection technique overcame these 
shortcomings of ELISA by eliminating the tedious labeling 
process. On the other hand, the SPR detection technique still 
requires bulky instruments based on the Kretschmann 
arrangement, incorporating a prism coated with a thin metal 
layer and large optical system.  This is why applying the 
SPR technique to clinical use is difficult. Although the longer 
surface plasmon decay length (δd) of SPR yields a higher 
sensitivity to a bulk refractive index change, it is less 
responsive to changes close to the surface as compared to 
LSPR, a characteristic which is essential for detecting 
antigen-antibody binding that occurs near the sensing surface. 
Our group has already developed a functional cellular 
immunophenotyping method utilizing LSPR[7].  

Figure 1 shows the schematic of the previous device. 
LSPR arises when the frequency of the collective oscillation 
of electrons near the surface of a conductive metal 
nanoparticle matches the excitation light frequency. At the 

Fig.1 Outline of the Measurement System and microscopic image of 
mechanical properties measurement 
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resonance wavelength, the light field induces a dipolar 
response of the conducting electrons. Binding of a 
biomolecule onto the surface of a noble metal (in this study, 
the metal is gold) nanoparticle causes a change in the near-
field refractive index around the nanoparticle. As a result, the 
absorbance of light changes, and this change results in a shift 
of the absorbance spectrum peak.  

The gold nanoparticles deposited on the sensing surface 
were functionalized with 10-carboxy-1-decanethiol (C10) 
and activated following the general 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) activation 
protocol[8]. The activated carboxylic group on the gold 
nanoparticles could then form esters with the amine groups 
on the primal antibody.  

Before the LSPR cellular functional assays, CD45+ cells 
were isolated from lysed human blood samples by using 
CD45 antibody-coated microbeads. Bead-bound CD45+ 
were introduced into the device, selectively trapped by micro-
pillar array, and incubated in the microfluidic chamber. After 
stimulation by endotoxin solution for 2 h, the cells produced 
cytokines, which readily diffused into the detection surface 
through the gaps between the micro-pillars and were captured 
by the primary antibodies covalently immobilized on the 
nanostructured gold surface. Binding of the cytokines on the 
nanostructured gold surface altered the LSPR absorbance 
spectrum of the detection spot. The amount of the secreted 
cytokines is quantified by measuring the spectrum peak shift 
using the LSPR detection setup.  

The previous device have achieved immunoanalysis with 
a minimal blood sample volume about 3 μL and made the 
total assay time 3 times shorter than that of the conventional 
immune-functional analysis method. However, the device 
enabled us to measure only 1 type of cytokine per 1 blood 
sample.  

There are hundreds of cytokines which relate to human 
immune system. Measuring the amount of several types of 
cytokines from 1 blood sample is needed in order to evaluate 
immune status in detail. The objective of this study is the 
design of the new device which enable us to measure several 
types of cytokines and perform multiple measurements from 
1 blood sample. 

2. DEVICE DESIGN 
The new device is designed to measure several types of 

cytokines from 1 blood sample and do multiple 
measurements. Figure 2 shows the schematic figure of the 
new device. The new device consists of 3 parts; LSPR 
detection part, cell capture part, and dispersion part. The 
utilized LSPR sensing technique and the blood sample 
preparation procedures are almost same as the previous one 
described above. At first, microbead-conjugated cells are 
introduced into the device from inlet. Next, the microbeads 
are trapped by micro-pillar array in cell capture part. Cells 
conjugated microbeads are stimulated by flowing endotoxin 
solution. Finally, the device detects the cytokines secreted by 
trapped cells.  

2.1 LSPR SENSING PART 
3 channels are arranged side by side in the LSPR sensing 

part in order to perform 3 different measurements separately. 
Each channel has an equally-spaced gold nanoparticle array 
layout functionalized with 6 different types of the antibody.  

2.2 CELL CAPTURE PART 
15 Pm microbeads are conjugated to immune cells to 

allow for the trapping and incubating of cells near the LSPR 
sensing part. The distance of each micro-pillar structure is 5 
Pm, three times smaller than the diameter of microbeads – 
this allows all of the microbeads to be captured by the array. 
The diameter and the height of each micro-pillar is 30 Pm and 
50 Pm, respectively. 

2.3 DISPERSION PART 
Flow behaves as a laminar flow in the micrometer range 

since Reynolds number is very small. That’s why the flow 
will easily spread out in the expanding channel. However, the 
closer to the channel wall, the longer the flow distance and 
the slower the flow velocity is. Therefore, relying only on the 
expanding channel, microbeads will be trapped at the center 
of the micro-pillar array. In order to account for this, 
structures are added in the expanding chamber in order to 
lengthen the flow distance and decrease the flow velocity in 
the center of the expanding channel. Each structure is 50 Pm 
wide and the space between each structure and channel wall 
is 50 Pm. We think it’s enough space for microbeads to pass 
through structures.  

Figure 3 shows flow-field simulation results by 
COMSOL. Flow velocity in the center of the dispersion 
chamber slow down because of structures. The structures 
cause a massive expansion of the flow shown in Figure 3.  

3. DEVICE TEST SETUP 
The new device has 3 LSPR sensing channels. In order to 

perform 3 independent measurements, the concentration 
difference between 3 channels must be avoided. It’s expected 
that stimulation process of trapped cells, that is flowing 
endotoxin solution from the inlet, easily cause the 
concentration difference between 3 channels. The 
concentration of each channel must be same to accomplish 3 
different measurement.  

Dispersion part 

Cell capture part 

LSPR sensing part 

Fig.2 Outline of the new device 

Inlet 

Outlets 

Micro-pillar array 
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The concentration must be same after flowing endotoxin 
solution. The objective of the device test is to confirm the 
concentration difference after the stimulation process and 
establish the mixing method to make the concentration 
difference between 3 channels ignorable.  

3.1 METHOD 
Fluorescent dye solution (Alexa Fluor 568, Life 

Technologies) was used for measuring mixing efficiency. 
Conjugated to streptavidin, the dye was thought to be an 
appropriate substitute for cell-secreted proteins.  

(1) The device is filled with the 1 mg/ml fluorescent dye 
solution. 

(2) DI water is quickly introduced from the inlet by syringe 
pump to introduce a non-equilibrium state.  

(3) 3 Pl DI water is introduced from inlet and each outlets in 
turn and inlet again in order to minimize the concentration 
difference and stimulate all of the trapped cells equally. 

Once cells are trapped micro-pillar array and stimulated 
by endotoxin solution, cytokines secreted by the cells will 
diffuse to LSPR sensing part.  

3.2 FABRICATION OF THE TEST DEVICE 
The test device is fabricated by simpler fabrication 

process since the preparation of the functionalized gold 
nanoparticle on the glass substrate takes more than 2 days. 
Therefore, we tested the device without functionalized gold 
nanoparticle as follows. The immunophenotyping device is 
fabricated using a micromachining technique. The silicon 
mold is fabricated by lithography. After fabrication, the 
silicon mold is silanized with (tridecafluoro-1,1,2,2-
tetrahydrooctyl)-1-trichlorosilane vapor (United Chemical 
Technologies) for 1 h under vacuum to allow easy removal of 
PDMS from the mold. The PDMS prepolymer (Sylgard-184, 
Dow Corning) is prepared by mixing the PDMS curing agent 
with PDMS base monomer (wt : wt = 1 : 10), poured onto the 
silicon mold and baked overnight in a 80 oC oven. Cured 
PDMS was peeled off and cut into individual devices. PDMS 
and glass substrate are treated with O2 plasma and bonded 
together.  

4. DEVICE TEST RESULT AND DISCUSSION 
Figure 4 shows fluorescent intensity in 3 LSPR sensing 

channels filled with fluorescent dye, and before and after the 
mixing. The concentration of 3 channels are different without 
mixing procedure, as noted in Figure 4 (b). It was shown that 
the concentration of 3 channels are significantly different 
from each other after (2). Therefore, the concentration must 
be equalized.  

In contrast, in comparing Figure 4(a) and 4(c), average of 
the concentration after mixing is lower than that of filled with 
fluorescent dye since fluorescent dye is diluted by mixing 
process.  Fig.3 Flow-field simulation results (a) and (b) 2D flow velocity 

distribution with no-structure and structures, and (c) and (d) flow 
velocity distribution on the line A with no-structure and structures 

(a) 

(b) 

(c) 

(d) 

Line A Without structure 

With structures 

Without structure 

With structures 



JUACEP Independent Research Report 
Nagoya University, Japan 

4 

In fact, the concentration difference is not sufficiently-
small for the multiple measurement. Therefore, we have to 
consider other methods to make no concentration difference 
between 3 LSPR sensing channels.  

5. CONCLUSION 
A new device to measure several types of cytokines from 

1 blood sample and do multiple measurements is designed. 
It’s confirmed that structures in expanding chamber have the 
effect that flow velocity in the center of the dispersion 
chamber slow down and thus cause a massive expansion of 
the flow according to flow field simulation using COMSOL.  
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ABSTRACT 
One legged balance test is used in clinic to assess 

subject’s balancing ability. The maximum time that humans 
can balance on one leg decreases significantly with advancing 
age, especially if they have peripheral neuropathy (PN) in 
both feet. To grasp what is happening while subject is 
standing on one foot, 3-D Kinematics and foot reaction force 
are measured. Age and disease related effects of root mean 
square of angular velocity are measured. 

1. INTRODUCTION 
Falls are the leading cause of both injury-related death 

and nonfatal injuries in older adults over the age of 65 years. 
With increasing age, the rate of unintentional fatal and non-
fatal falls increases exponentially.  

The test of timed one leg balance is used in clinic to 
assess a patient's balance. The maximum time that human can 
balance on one leg decreases significantly with advancing 
age ,especially if they have peripheral neuropathy (PN) it’s a 
nerve death common in diabetes in both feet, despite the fact 
that these individuals are often active in sports and other 
physical activities. Once we determine a patient has become 
a danger to themselves, we will intervene and try to prevent 
the falls and fall-related injuries by giving them a cane or 
walker, or changing their shoe type, etc. 

To assess a patient's balance correctly, and to show them 
good evidence to convince them that they are danger, I need 
to analyze this test biomechanically and understand how 
human use the foot to control one leg balance. To analyze this 
test, we need to understand what is balance. It is difficult to 
define a loss of balance due lack of a consistent definition for 
“balance”. Alla A. Ahmed posited LOB is a loss of effective 
control, evidenced by a control error signal anomaly. [1] 
Jaebum Son analyzed age- and disease-related effect and  
proved sensory thresholds are an important determinant of  
unipedal balance time[2] James K. Richardson researched 
that Falls and fall-related injuries were reported by 20 
(62.5%) and 14 (43.8%) subjects,respectively. And he found 
that the ratio of hip adductor rate of torque development to 
ankle sensory threshold (HipSTR/AnkPRO) predicted falls 
(pseudo-R2= .726) and injury (pseudo-R2 = .382). 

Kinematics of one leg balance should be analyzed by 
measuring foot kinematics during one legged balancing 

 

 

2. EXPERIMENTAL EQUIPMENT 
The experimental setup included two 3-axis force plate 

to measure ground reaction forces and each foot with 
amplifiers, an OPTORAK optpelectronic kinematic 
measurement system , nine infrared- emitting diode markers, 
and IMUs. 3-D Kinematics of 3 links and foot reaction force 
are measured. 

 

2.1 IMU 
IMU measures acceleration in the positive and negative 

directions of the three sensing axes and angular velocity in 
three dimensions. It is connected to computer with blue tooth 
and data are sampled at 51.2 Hz.   

 

 

 

 

 

 

 

 

 

 

         Fig. 1. Coordinate systems of IMU 

 

2.2 Certus Displacement   
Certus Displacement measures a position of markers in 

three dimensions using infrared diodes. Data of certus 
markers are sampled at 100Hz.  

As shown in figure 2, certus markers are attached on 
IMU. Local coordinate system of IMU can be obtained by 
overlapping the signal from the certus markers with 
the IMU.  
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          Fig. 2. Certus markers on IMU 
 

2.3 Confirmation of experimental equipment 
To obtain angular velocity and angular acceleration on 

frontal plane, local coordinate of IMU which is measured by 
Certus displacement is needed. Data of IMU must 
corresponds to that of Certus displacement. As shown in Fig. 
3, IMU and Certus markers are attached on pendulum to 
confirm these accuracy. Angular velocity of these 
experimental equipment and simulation are measured. An 
initial position of pendulum is 20°.  

Fig. 3. Setup of pendulum 

Equation of simulation is given by 

I𝑑𝜃
2

𝑑𝑡2
= −Mgl sin 𝜃                         …(1) 

where 

I = 1
3
(𝑎2+𝑏2)M                           …(2) 

 

Figure 4 shows that each data correspond enough. Cycle 
time of IMU and Certus displacement spread gradually 
against that of simulation because of the disregard of 
an air resistance and a friction.  

 

 

 

 Fig. 4.Angular velocity of simulation  

 
3. ONE LEGGED EXPERIMENT 

One legged balance test is used all over the world 
Basically, if the patient can balance for 30 seconds on one 
foot in three tries, then they have fairly normal balance. But 
as age increases and they become elderly this test can become 
increasingly difficult, especially if they have diabetes and 
have developed peripheral neuropathy (DPN) in both feet and 
ankles. As shown in Fig. 5, IMUs, Certus markers and 
forceplate measure a position, angular velocity, angular 
acceleration and center of pressure. After the calculation, 3-
D Kinematics of 3 links(simple human model which has foot, 
support leg and trunk) and foot reaction force are obtained. 
 

 

 

 

 

 

 

           

Fig. 5. Experimental condition 

3.1 Experimental methods 
Healthy younger and older subjects participated in this 

experiment. The older subject has one foot that has peripheral 
neuropathy and one foot that doesn't. The younger subject 
stands on his right leg with his eyes open and closed. The 
older subject on his right and left leg with his eyes open. 

As shown in Fig. 6, IMUs and Certus markers are 
attached to subject’s foot, shank and trunk. Upon a verbal cue, 
subject tapped the IMU and Certus markers which are on 
trunk to match these start time and tried to stand as long as 
possible as still as possible. The younger subjects stood on 
right leg with eyes open and eyes closed three times. The 
older subject stood on each leg with eyes open. The goal was 
reach the maximum unipedal stance time of 30 seconds.  
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                Fig. 6. Subject 

 
Two hypothesis were tested. Hypothesis 1 is that root 

mean square(RMS) of younger subject’s angular acceleration 
with eyes closed is larger than that of with eyes closed. 
Because he loses balance easily with eyes closed and needs 
keener control. Hypothesis 2 is that RMS of older subject’s 
angular acceleration while he is standing on right leg is larger 
than standing on left leg. Because he cannot control left foot 
normally. It means that he cannot move his left foot 
convulsively. 

 

3.2 Data processing 
Figure 7 shows a simple human model. It has three links 

which are foot, support leg and trunk(including a swing leg) 
and two joints which are ankle and hip. 𝜃0 is an angle of foot 
from a horizontal plane. 𝜃1 and 𝜃2 are angle of link1 and 
link2 respectively. Angular velocity and Angular acceleration 
of 𝜃0, 𝜃1 and 𝜃2 on frontal plane are calculated. 

       Fig.7. Simple human model 

 

At first, start position of IMU and Certus Displacement 
are made harmonize. The sign of these start position are 
recognized easily because subject tap these kits. In the second 
place, frequency of IMU (51.2Hz) and Certus Displacement 
(100Hz) need to be set. Frequency of Certus Displacement is 
coincided with that of IMU by using linearly complemented 
data obtained by complementing processing between 
measured points. In the third place, the data of rotation 
measured by IMU in three dimensions need to be projected to 
the frontal plane. Finally an angular velocity and acceleration 
of each links are calculated by taking the difference.  

4. RESULTS 
The younger subject reached 30 seconds in all of the 

cases. The older subject reached 30 seconds with right leg 
except for trial 2 and fell down with left leg. Put-down 
instants were obtained from the force plate data.  

Figure 8 and 9 show that hypothesis are right. These 
figure also show that older subject needs keen control as 
compared to younger subject because older subject lose 
balance easily than younger subject. If older subject cannot 
control foot with precision, he cannot sustain balance 
and fall down.  

The rate of RMS of trunk and leg to that of foot 
is larger while older subject stands on left leg than on 
right leg. It shows that he compensates by using their 
hip and trunk more.   

 

Fig. 8. RMS of the younger subject 

 

Fig. 9. RMS of the older subject 
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5. DISCUSSION 

Experimental equipment were arranged. Pilot 
experiment of one legged balance was conducted. I processed 
data of IMUs and certus markers, but not that of forceplate. 
When I obtain an angle of trunk(𝜃2), I subtracted raw data of 
angle of leg and foot from that of trunk. An angle of leg was 
also obtained by subtracting raw data of angle of leg from that 
of foot. Because I assumed that human has rigid 3 links. I 
think we need to confirm this assumption is correct or not.  
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ABSTRACT 
As a resolution for the problem of muscle dysfunction, 

lots of vibration-based methods and the corresponding 
equipments have been invented. However, almost all of 
them need patients to have power enough to grasp 
something or to stand on a board. For the sake of their 
relaxation and simplification of equipment, we suggest a 
device which has just one actuator on the bottom of a 
hospital bed. In addition, we also focus on the blood 
oxygenation level under the circumstance that a patient’s 
body is vibrated. That’s because muscular atrophy has a lot 
to do with blood oxygenation level. If the blood vessel is 
well-vibrated, blood flow is to be active and subsequently it 
leads to enhancing blood oxygenation level as highly as 
possible. The main purpose of this research is to verify the 
device is adequately effective of not by simulation. 
Basically we have two kinds of simulation models; one is 
built to include just one part of human body in order to 
observe the dynamics of blood vessel in detail. And the 
other one is composed of whole human body and the 
vibration device. These models are mainly analysed 
harmonically. On account of the fact that lower frequency 
vibration transmits well, the frequency range is set to be 1-
40[Hz].  

1. INTRODUCTION 
Those who have been in a prolonged bed rest definitely 

feel they have functional impairments and muscle 
dysfunction. Therefore, it is required to maintain the 
condition of muscle system even during the immobilization. 
In order to attenuate muscle deconditioning, blood 
oxygenation level must be kept high to a certain extent. As 
is known generally, tissue must be extended and contracted 
repetitively by exercise such as walking, lifting something 
up, or anything with which load is applied to their bodies. 
Especially a patient who is sedated on a hospital bed, 

however, must have great difficulty in making exercise by 
themselves without any equipment. Due to the fact above, 
several vibration-based methods and equipment for applying 
the methods have been developed. Although there have been 
lots of provision, some of them have patients be exposed to 
load, by needing them to grasp a belt, standing on a 
vibrating board, etc.  

Then, we suggest a device with which there is no need 
for having a patient be forced to grab or stand on anything. 
The device we are going to manufacture has just one 
actuator attached onto the bottom of a hospital bed (Figure 
1). If the actuator has enough power to stimulate the body, 
shear stress is somehow generated on blood vessel wall. 
Subsequently, it leads to keep blood oxygenation level as 
high as possible. In order to estimate the effect, we built two 
kinds of simulation models. 

 

 

Figure 1 : Concept of vibrating device 
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2. SIMULATION MODEL 

2.1 MODEL A 
We suppose a profile of human forearm which has 

80[mm] thickness as Model A. This model is composed of 
muscle tissue, blood vessel, virtually solid blood, bone, and 
a vibrating base. It is shaped like a cylinder, and one of its 
sides is cut to be a flat plane (Figure 2). This plane is 
regarded as the contact region between the tissue and the 
device.  
 

 

Figure 2 : Model A (Forearm profile) 

Each component is regarded to have properties of 
substitutional materials such as silicon for muscle tissue and 
blood vessel, virtual bone for bone, and virtually solid water 
for blood. Virtually solid water means a solid material 
which has a water property. The reason for using a liquid 
material assumed to be solid is because a structural 
simulation cannot be executed if the model includes fluid 
material. Needless to say, it is impossible to perfectly let the 
solid have the property of water, so we set required 
parameters as close as possible to those of water (Table 1). 
For instance, Poisson’s ratio is approximately 0.5, which is 
the value of non-compressive materials. In addition, all of 
the materials are set to be isotropic and have linear 
elasticity. 

Table 1 : Material Properties 

Material Feature Density 
[kg/m3] 

Young’s 
Modulus 

[MPa] 

Poisson’s 
Ratio 

Silicon Isotropic 2000 4.0 0.2 

Bone Isotropic 1500 10000 0.2 

Virtually 
solid 
water 

Isotropic 1000 2.0 0.499 

 

2.2 MODEL B 
  Unlike Model A, Model B takes the whole body into 
account. It consists of tissue, bone system, cartilages, blood 
vessels, virtually solid blood and the device (Fig 3). There 
are two pipes of blood vessels going through the body from 
hands to feet.   

 

Figure 3 Model B; Whole human body 
and the device 

 

Figure 4 Model B; Bone system 
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  The same material properties are utilized for tissue, bone 
system, blood vessel, and blood. Besides, another kind of 
silicon is selected for cartilages, which are more elastic 
bones connecting major bones. The main purpose of 
building this model is to verify how whole body deforms 
and how shear stress is generated along blood vessel wall 
when an excitation forces are applied onto the bottom of the 
bed. And also the frequency response curve should be 
checked for specifying approximate resonance points and 
the amplitude in the practical frequency range, which is 10-
40[Hz].  

3. RESULTS 

3.1 Model A 
  As mentioned previously, shear stress along the blood 
vessel leads to stimulate the blood flow. Figure 5 shows the 
maximum shear stress under 29 Hz vibration. And this is 
figure is showing the plot looking from lower side of the 
arm. The lowest shear stress is generated on the wall closer 
to skin. On the other hand, the maximum one is plotted on 
the wall closer to the bone. This is thought to be because the 
bone has much greater elasticity than any other material has. 
When it is assumed that an elastic cubic material is fixed on 
a rigid base and the base has sinusoidal displacement with 
considerable frequency, the closer to the base, the greater 
shear stress is. Based on this theory, it is obvious that the 
region of blood vessel wall closer to the bone has relatively 
greater shear stress. 

 

Figure 5 Maximum shear stress on blood vessel wall 

 
3.2 Model B 
  Figure 6 shows maximum shear stress along the blood 
vessel through whole body. It varies from 1814 [Pa] to 
18998[Pa]. Greater shear stress was seen in the parts of 
cartilage since the part of bone joint deforms more than any 
other part does. 
  Frequency response function is shown in Figure 7 when 
the frequency of the input displacement is swept in the range 
of 10-100[Hz]. The first resonance point is apparently 
around 85 [Hz], which is completely out of the practical 
frequency range. And also from this result, we can confirm 
that shear stress along the blood vessel is comparatively 
huge in the region near the bone joints. In the low frequency 

range, it is also said that the vibration seemingly propagates 
well enough since the graph shows the average amplitude is 
approximately 5 [mm], which is the equivalent value to the 
amplitude of input displacement.  

 
Figure 6 Maximum shear stress on blood vessel wall 

 

 
Figure 7 Frequency response of  

average total deformation of tissue and shear stress 
along blood vessel wall 
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4. CONCLUSION 
In this research, valid models for human body and the 

vibration device has been developed. It is verified that we 
can specify the approximate value of amplitude of 
displacement and shear stress generated on blood vessel 
with these models. We also mentioned the resonance point, 
but it is quite uncertain because the structure of the device 
has lot to do with resonance point and the Model B must be 
much simpler than real one. 

There are some needs for improving them. Both of the 
models are regarded as completely linear system. If the 
simulation results are required to be more accurate, it should 
contain nonlinearity in the material properties. And also the 
structure should be much similar to real human body.  
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ABSTRACT 
In this paper, biodegradable polymers for temporary packaging of implanted magnetoelastic resonators are 

studied. These resonators are part of system for wirelessly monitoring the accumulation of biliary sludge in a 
plastic biliary stent. These resonators can be broken during implantation, and thus must be temporarily 
protected.  The conditions of polymers are biocompatibility, strength, and quick degradation. Ten candidates 
are initially assessed via literature review. In this report, three materials were more closely considered for 
viability in this application: silk coating, hyaluronic acid/ collagen mixtures, and pectin/ethylcellulose 
mixtures. Pectin/ethylcellulose mixtures were chosen for experimental investigation.  The effect of the 
pectin/ethylcellulose ratio on the adhesion and degradation time of the casted films was examined. 

 

 

 

 

Undisclosed 
 



JUACEP Independent Research Report 

Nagoya University, Japan 

1 

 
TASK SCHEDULING WITH ENERGY OPTIMIZATION 

 
Masato Ishii 

 

Department of Mechanical Science and Engineering, Graduate School of, Engineering,  

Nagoya University 

ishii.masato@e.mbox.nagoya-u.ac.jp 

 

Supervisor: Professor A. Galip Ulsoy 

 

Department of Mechanical Engineering, College of Engineering, University of Michigan 

ulsoy@umich.edu 
 

ABSTRACT 
In this report, I discussed the similarity between the 

results given by energy-optimized and time-optimized task 

sequences. I examined a situation in which large rotation of 

the joints on a manipulator is necessary for the linear distance 

between start and end points. The objective of the example 

operation is to carry two objects from one table to another. A 

manipulator can carry the objects one by one or together.  

Then the energy consumption of the two carrying ways were 

calculated on the basis of ideal motor model. The result shows 

that it is more efficient to carry the two objects together, so 

the two cost functions give the same result. 

 

1. INTRODUCTION 
These days, human assistant robots are attracting more 

and more interests. In some cases, this kind of robots are 

expected to support people without being ordered by people. 

For such kind of intelligence, methods for guessing tasks and 

movements of the robot need to be developed. Task 

Scheduling is one of such methods.  

Some researches about task scheduling is focused on 

minimizing the operation time for a task, but there are few 

which is focused on the energy consumption of the robot. In 

this report, both time-optimized and energy-optimized 

scheduling is done, and compares the result of a simulation. 

In chapter 2, the task scheduling method is introduced 

briefly. In chapter 3, the calculation model of the manipulator, 

including the dynamical model and the energy consumption 

model, are introduced. In chapter 4, explanations for the 

simulation is showed. Chapter 5 and 6 shows the simulation 

result and discussion respectively. 

2. TASK SCHEDULING 
Task scheduling decides the manipulator movements 

which accomplish an operation objective. An operation 
objective is, in general, unable to be accomplished by a 
simple pick-up or place operation of a manipulator. It needs 
to sequence some operations to accomplish it. 

In my previous research [1], the task scheduling is 

consisted of two parts: the task planning part and the 
trajectory planning part. Given an initial state and a final state, 
the former part generates a series of manipulator tasks (Task 
Sequence) in order to accomplish the final state. A 
manipulator task is to pick-up or to place an object. Given the 
result of task planning, the latter, trajectory planning part 
generates a continuous movement of the manipulator which 
accomplish all of the tasks in the task sequence (see Fig. 1). 

Fig. 1 A trajectory planned from upright position to pass 
through the two points 

(The black line shows the trajectory of PEF) 
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Fig. 2 State Transition  
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2.1 TASK PLANNING 
The task planner generates a task sequence on basis of 

the contact state of the workspace. A contact state is defined 
as the contact relationship between the objects in the 
workspace (e.g. a box is put on a table, a manipulator is 
holding a box.). Manipulator operations can change the 
contact state by picking up or placing an object (see Fig. 2).  

Each state transitions has a transition cost based on a cost 
function. The research [1] uses a distance-based function,  

𝑐 = ‖𝒑dst − 𝒑EF‖, (1) 

where 𝒑dst and 𝒑EF denote the positions of the destination 
for carrying, and the end effector. 

From a collection of state transitions and the 
corresponding costs, the planner finds the smallest-cost path 
that connects from the initial state to the final state. The 
planner uses Dijkstra’s algorithm for the path finding. 

2.2 TRAJECTORY PLANNING 
Given a sequence of points that the end-effector need to 

pass through, and the time intervals of the points, the 
trajectory planner generates a continuous trajectory to 
accomplish the planning preconditions. 

This research uses the trajectory planner developed by 
Tazaki et. al. [2]. The planner deals with Kinematics, 
Dynamics and Reaching Task Accomplishment conditions as 
prioritized constrains. A reaching task accomplishment 
condition is consisted of a position and a time interval to 
reach the end effector, 

𝒑EF = 𝒑dst    ∀  𝑡 ∈ [𝑡, 𝑡], (2) 

where 𝑡 and 𝑡 denote the start time and the end time of the 
task respectively. The target functions for the optimization is 
defined on the basis of the constrains, and the target function 
get minimized on the basis of Lexicographical Goal 
Programming framework, in which the minimization is done 
only towards the direction for the higher-prioritized cost 
functions  not to get worse. This minimization gives a 
solution trajectory. 

3. MANIPULATOR MODELS 
The manipulator has three links sequentially and moves 

in a vertical (X, Y)-plane (see Fig. 3). The motion of the 
manipulator is driven by three motors.  

3.1 DYNAMICAL MODEL 
This chapter introduces the equation of motion of the 

manipulator. Here denote by 𝑙𝑘 the length of link k, by 𝑚𝑘 
the mass of link k, and by 𝑚R𝑘, the mass of motor k, k = 1, 2, 
3, respectively. Let 𝜃𝑘 be the angle of joint k, and 𝜏k be a 
torque applied by the motor on joint k, k = 1, 2, 3. According 
to Yavin [1], the equation of motion of a vertical three-link 
manipulator is given as following: 

𝝉 = M(𝜽)�̈� + 𝒉(𝜽, �̇�) (3) 

where 𝝉 = (τ1, 𝜏2, 𝜏3)⊤, 

𝑚11 = 𝐴11,     𝑚12 = 𝐴12 cos(𝜃2 − 𝜃1), 
𝑚13 = A13 cos(𝜃3 − 𝜃1), 

(4) 

𝑚21 = 𝑚12,   m22 = 𝐴22, 
𝑚23 = A23 cos(𝜃3 − 𝜃2), 

(5) 

𝑚31 = 𝑚13,   𝑚32 = 𝑚23, 
𝑚33 = 𝐴33, 

(6) 

 

ℎ1 = −𝐴12(�̇�2)2 sin(𝜃2 − 𝜃1) 
−𝐴13(�̇�3)2 sin(𝜃3 − 𝜃1) + 𝑉𝑂1𝑔 cos(𝜃1), 

(7) 

ℎ2 = 𝐴12(�̇�1)2 sin(𝜃2 − 𝜃1) 

−𝐴23(�̇�3)2 sin(𝜃3 − 𝜃2) + VO2𝑔cos (𝜃2), 
(8) 

ℎ3 = 𝐴13(�̇�1)2sin (𝜃3 − 𝜃1) 
+𝐴23(�̇�2)2 sin(𝜃3 − 𝜃2) + 𝑉𝑂3𝑔 𝑐𝑜𝑠(𝜃3). 

(9) 

𝐴11 = 𝑚1𝑙𝐶1
2 + 𝐼1 + (𝑚2 + 𝑚𝑅2 + 𝑚3 + 𝑚𝑅3)𝑙1

2, 

𝐴22 = 𝑚2𝑙𝐶2
2 + 𝐼2 + (𝑚3 + 𝑚𝑅3)𝐿2

2 , 

A33 = 𝑚3𝑙2𝑙𝐶3 + 𝐼3, 

𝐴12 = 𝑚2𝑙1𝑙𝐶2 + (𝑚3 + 𝑚R3)𝑙1𝑙2, 

A13 = 𝑚3𝑙1𝑙𝐶3, 

𝐴23 = 𝑚3𝑙2𝑙𝐶3,  

𝑉O1 = 𝑚1𝑙𝐶1 + (𝑚2 + 𝑚𝑅2 + 𝑚3 + 𝑚𝑅3)𝑙1, 

𝑉O2 = 𝑚2𝑙𝐶2 + (𝑚3 + 𝑚𝑅3)𝑙2, 𝑉O3 = 𝑚3𝑙𝐶3. 

For the detailed derivation of the equation, refer to Yavin’s 
thesis [3]. 

3.2 ENERGY CONSUMPTION MODEL 
The motors on the joints of manipulator consumes 

energy. Suppose the manipulator has simple ideal motors on 
its joints, so the energy consumptions can be calculated by 
the multiple of angular velocity and torque of it. 

X

Y

Fig. 3 The three link planar manipulator 
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Let 𝑒𝑘 be the energy consumption of the motor on joint 
k, k = 1, 2, 3, then the energy consumption of joint k is given 
by the following equation: 

𝑒k(𝑡) = ‖𝜏𝑘 �̇�𝑘‖,  𝑘 = 1, 2, 3. (10) 

Using the equation (1), the total energy consumption is 
calculated by the following equation: 

E = ∫ 𝑒1 + 𝑒2 + 𝑒3 ⅆ𝑡𝑡f
𝑡0

. (11) 

where 𝑡0 and 𝑡f denotes the beginning and ending time of 
the maneuver. 

4. SIMULATION SETTING 
In the simulation, the manipulator shows the  

Here are some specifications of the manipulator. Assume 
the length of each link is 0.3 [m]. Denote by mobj the mass 
of the object that the manipulator is carrying. 

𝑙𝑘 = 0.3 [m], k = 1, 2, 3, 

𝑚1 = 𝑚2 = 3 [kg], 𝑚3 = 3 + 𝑚𝑜bj [kg], 

𝑙C1 = 𝑙𝐶2 = 0.15 [m], 𝑙C3 =
0.15∙𝑚𝑜𝑏𝑗+0.30∙𝑚3

𝑚3+𝑚𝑜𝑏𝑗
, 

𝑚Rk = 1 [kg], Ik = ( 1
12

) 𝑚𝑘𝑙𝑘
2,   𝑘 = 1, 2, 3, 

The reaching tasks that are given to the trajectory 
planner, are follows: 

𝒑EF = (−0.45, 0.3) ∀ 𝑡 ∈ [4.25,    5.00], 

𝒑EF = (   0.45, 0.3)  ∀ 𝑡 ∈ [ 9.00, 10.00]. 

Note the origin of coordinate axes is located on the axis of 
joint 1, and (𝑡, 𝑡) = (4.6, 9.6) . Fig.4 shows the overall 
movement of the manipulator, and the angular position, 
velocity and acceleration profiles are shown in Fig. 5, 6 and 
7 respectively. 

To carry two objects to the right table, there are two ways 
to accomplish it: one is to carry them one by one, the other is 
to carry them together. The payload for the former maneuver 
is lighter but the distance to travel will be longer than those 
for the latter. 

   5. SUMULATION RESULT 
Fig.8 to 11 show the result of two simulations. Fig. 8 and 

Fig. 9 show the torque profile, Fig. 10 and Fig. 11 show the 

energy consumption for carrying 1 [kg] and 2 [kg] object 
respectively. Note that Fig. 10 just shows one-way of two, so 
the total two round energy consumption will be 54.73 × 2 = 
109.46 [Nm2/𝑠2 ]. In total, carrying two objects together 
consumes less energy than carrying one object one by one. 
This result shows that the energy-optimizing cost function 
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Fig. 4 Movement of the Manipulator 

Fig. 6 Angular Velocity Profile 
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choose to carry two objects together in this case. This choice 
is the same one as the choice of time-optimizing cost 
function. 

6. DISCUSSION 
The energy-optimizing cost unction gave the same result 

as the time-optimizing cost function did in this simulation. 
The movement is one of the most energy-consumptive 
trajectory against the point-to-point distance, so it can be 
guessed the two cost functions give the same result in most 
cases. This means that the time-optimizing cost function 
based on point-to-point distance can be a good approximation 
for energy-optimizing cost function. 

For future works, some more simulations in different 
situations and analytical discussions should be done to 
support the conclusion more strongly. The specification of a 
real manipulator can be used. Another work can be to apply 
more realistic motor model for the calculation. If it is 
necessary to reduce more energy consumption, Brown’s 
Passive Assist Device theory [4] can be applied. 
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payload [kg] 1 2 
total energy consumption [Nm2/s2] 54.73 79.96 

Table 1 Total Energy Consumption with two payloads 
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ABSTRACT  
To use solar irradiation or interior lighting efficiently, we 

sought a photo-catalyst with high reactivity under visible 
light. In my research, Sr doped TiO2 was produced by liquid- 
feed flame spray pyrolysis (LF-FSP) and nitrogen doped Sr-
TiO2 by fluidized bed furnace (FBF). The material was 
investigated for narrowing band gap to absorb visible light. 
Our research emphasizes the direct synthesis of single and 
mixed-metal oxide nano-powders by LF-FSP method. 
Compared to commercially available TiO2 (ex. Degussa P-
25), LF-FSP produced TiO2 show much higher specific 
surface area (SSA). Color change was observed after N 
doping due to change in band gap, hence absorbing visible 
light. Sr and N doped TiO2 nano-powders are expected to 
show enhanced photo-catalytic activities due to narrower 
band gap and high SSA, which remains as future work. 

  

1. INTRODUCTION  
Since photo-induced decomposition of water on TiO2 

electrodes was discovered and published in Nature in 19721, 
semiconductor-based photo-catalysis has attracted lots of 
interests for alternate energy because of the Oil shocks in the 
1970s. Photo-catalysts have been studied not only for water 
splitting, but also extensively for application in water and air 
purification. TiO2 is currently the most widely used photo-
catalyst, offering both high photo-catalytic activity and 
excellent chemical stability. However, TiO2 photo-catalysts 
are active under near-ultraviolet irradiation, due to a band 
gap energy of 3.0–3.2 eV. Many examples of doping TiO2 
with a transition metal to change the band gap energy exist. 
Cr3+-doped TiO2 prepared using a flame reactor has a 
response in the visible light region, but the photo-catalytic 
activity is much lower.2 The Cr3+ dopant acts as an electron-
hole recombination site, significantly suppressing the photo-

catalytic activity even under ultraviolet light irradiation. 
TiO2 catalysts doped with Cr3+ by ion-implantation absorb 
visible light longer than 550 nm, and the catalysts thus 
prepared have been demonstrated to decompose NO into N2, 
O2, and N2O under visible light irradiation. 3-5 It has also 
been found that N-doped TiO2 photo-catalysts exhibit 
activity under visible-light irradiation. The doped N 
generates impurity levels in TiO2 .6 Recently, N-doped TiO2 
was found to exhibit visible-light photo-catalytic activity. 
The doped N becomes fixed at O sites in the TiO2 lattice, 
observed as a 396 eV N 1s peak in x-ray photoelectron 
spectra, narrowing the band gap and allowing the absorption 
of visible light. 7 It has been reported that doping TiO2 with 
N under NH3 flow at high temperature and at higher dosages 
results in the formation of O vacancies and Ti3+, which act as 
electron-hole recombination sites to suppress photo-catalytic 
activity.6,8  

Considering these previous results, the amount of N that 
could be doped into the TiO2 lattice without forming lattice 
defects (O vacancies) or Ti3+ could be increased by co-
doping metal cations. Since then, the effect of co-doping 
metal ions and N species has been investigated.9  

In this study, powders of TiO2 doped with strontium ion 
and N were prepared by LF-FSP and FBF, which is useful 
for preparing composite oxides that are highly homogeneous 
on the atomic level. Most of the work reported here focuses 
on N-TiO2 and Sr-N-TiO2, which showed SSA and color 
change during the process. 

 

2. EXPERIMNTAL  

2.1 Materials  
Titanatrane (MP Biomedical, Solon, OH), strontium 



JUACEP Independent Research Report 
Nagoya University, Japan 

2 

propionate and methanol (Fisher Chemical, New Jersey; 
99.9%) were used in the LF-FSP method. Synthesis of 
strontium propionate is described below.  

[Sr(OH)2•8H2O] (Sigma-Aldrich, Milwaukee, WI) was 
reacted with excess [CH3CH2COOH] (Fischer Scientific, 
Pittsburgh, PA) in a 1 L flask equipped with a still head. The 
solution was heated at 130 ℃ for 2 h with magnetic stirring  
and N2 sparging until transparent liquid was obtained. On 
cooling to room temperature, [Sr(O2CCH2CH3)2] 
crystallized and was filtered out. The ceramic yield of the 
resulting precursor was 30.2 wt %. 

2.2 Liquid-feed flame spray pyrolysis (LF-FSP) 
Titanatrane and strontium propionate were dissolved in 

methanol to give a 3 wt% ceramic yield solution. The 
resulting solution was subsequently aerosolized with oxygen 
into a combustion chamber where it was ignited with 
methane/oxygen pilot torches. Produced powders were 
collected downstream in rod-in-tube electrostatic 
precipitators (ESP) operated at 10 kV.10 

2.3 Fluidized bed furnace (FBF)  

Samples (250mg) were loaded into a column reactor and 
fluidized by upright NH3 gas flow. The flow rate was fixed 
at 140 mL/min. Constant motion of particles due to gas flow 
reduces degree of agglomeration, hence maintaining high 
SSA. In the reaction studies, the dwell temperatures were 
selected as 500, 600, 700 ℃ at a ramp rate of 20 ℃/min. 
Dwell time was either 3 or 6 hours.  

2.4 Characterization  

2.4.1 N2 adsorption 
Specific surface areas (SSA) were obtained using a 

Micromeritics ASAP 2020 sorption analyzer. Samples 
(170g) were degassed at 150 ℃/5 h. Each analysis was run at 
-196 ℃ (77 K) with liquid N2. The SSAs were determined 
by the BET multipoint method using ten data points at 
relative pressures of 0.05-0.30. 
 
2.4.2 Scanning electron microscopy 

Micrographs of powder samples were taken using a FEI 
NOVA Nanolab system (FEIcompany, Hillsboro, OR).  

2.4.3 X-ray diffraction 
X-Ray powder diffraction (XRD) analyses were run 

using a Rigaku Rotating Anode Goniometer (Rigaku Denki., 
Ltd., Tokyo, Japan). XRD scans were made from 10° to 70° 
2θ, using a scan rate of 2° min-1 in 0.01° increments and Cu 
Kα radiation (1.541 Å) operating at 40 kV and 100 mA. The 
Jade program 2010 (Version 1.1.5 from Materials Data, Inc., 
Livermore CA) was used to determine the presence of 
crystallographic phases. 

 

3. RUSULTS AND DISCUSSION  
The SSA of commercial TiO2 and LF-FSP made are 

summarized in Table 1. TiO2 Samples by LF-FSP have 
higher SSA than commercial TiO2. The highest SSA of 
93 m2/g was observed for Sr2+ doped TiO2. On another 
note, the color changed after N doping due to change in 
band gap, hence absorbing visible light. As-produced Sr-
TiO2 was white, indicating that it does not absorb visible 
light and that doping Sr2+ didn’t contribute to narrowing 
the band gap perhaps Sr2+ or widen band gap.11 
 

TABLE 1. BET characterization and color of TiO2, Sr-TiO2 
and after N doping. 

The SEM images of TiO2 samples are shown in Figure 1. 
Micrographs of the nano-powders indicate that both TiO2 
and Sr-TiO2 are spherical shape and are loosely aggregated. 
nano-powders after N doping at 600 ℃ are necked but retain  

the spherical shape. Average particle size of N doped TiO2 
seems to be slightly larger than as-produced TiO2. BET 
results also show reduction in SSA with temperature. 

Figure 1. SEM images of TiO2 samples. (a) TiO2 (b) N-TiO2 
at 600 ℃ for 3 h (c) Sr-TiO2 (d) Sr-N-TiO2 at 600 ℃ for 3 h 
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Figure 2. XRD patterns of TiO2 and N doped TiO2 samples. 
(The bar lines stand for anatase peaks and the dotted line 
stand for rutile peaks.) 

Figure 3. XRD patterns of Sr-TiO2 and N doped Sr-TiO2 
samples. (The bar lines stand for anatase peaks and the 
dotted line stand for rutile peaks.) 

The XRD patterns of TiO2 and N-TiO2 nano-powders 
are shown in Figure 2. XRD results indicate that a mixture of 
anatase and rutile is observed. Main crystal structure is 
anatase. Rutile and anatase are commonly used in photo-
catalysis, with anatase typically showing a higher photo-
catalytic activity due to higher electron mobility. At 700 ℃, 
small amount of TiN is observed. Since TiN is a conductor 
and is not desirable to have for photo-catalyst application, 
heating temperature were held below 700 ℃. At 
temperatures below 700 ℃, the formation of TiN was not 
detected. Sr-TiO2 were N doped at temperatures below 700 
℃.  

The XRD patterns of Sr-TiO2 and Sr-N-TiO2 nano-
powders are shown in Figure 3. Peaks of SrTiO3 are not 
observed due to low dopant concentration. It is difficult for 
Sr2+

 ion to enter the lattice of TiO2 as its ionic radius is too high 
(1.12 Å) compared to Ti4+. It is difficult to predict whether Sr2+

 

exists as Sr-O on the surface of TiO2 or as SrTiO3 from the 
XRD patterns due to low dopant concentration.  

 
TABLE 2. Crystalline structure ratio by WPF of TiO2, Sr-
TiO2 and after N doping. 

 

The Crystalline structure ratio of commercial TiO2 and 
samples are summarized in Table 2. The doping of Sr2+ 
seems to promote the formation of rutile phase. At 
temperatures at or below 600 ℃, anatase to rutile ratio is 
constant.  

4. CONCLUSION  
TiO2 nanoparticles by LF-FSP are likely to be a better 

photo-catalyst than commercial TiO2 (Degussa P-25) due to 
higher SSA. Sr-TiO2 was white, indicating that Sr as a cation 
doping didn’t contribute to narrowing band gap. The 
temperature of nitridation of TiO2 had to be kept bellow 700 ℃ 
since small amount of TiN starts to form at 700 ℃. 
Concerning the crystalline structure ratio, Anatase wt % 
decreased by Sr doping. SSA slightly reduced after N doping. 
However color change by N doping results from change in 
band gap, hence absorbing visible light. 
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ABSTRACT 
Recently, the loop heat pipe (LHP) gets much attention as a 

future heat transport technology because of its high heat 
transfer power and long heat transport distances with no 
electrical power. The thermal performance of LHP is 
governed by the thermo-fluid behavior in the evaporator. 
And the large wick superheat is critical issue for the 
evaporator because large superheat makes the vapor area in 
the wick and decreases the LHP performance. Therefore, it 
is important to make the mechanism of wick superheat clear. 
In this study, the 3-D liquid bridge model is developed. And 
it can explain the behavior of the wick superheat well. Based 
on this model, the new design of evaporator which is called 
the hybrid PTFE-monolayer wick evaporator and its model 
is developed. By employing to the new design, the 
maximum heat transport capability of LHP reaches twofold 
enhancement. 

1. INTRODUCTION 
Recently, high-efficiency heat transfer devices are expected 

because the importance of heat-energy utilization is 

increasing 

[1-3]

. Based on this background, the loop heat 

pipe; LHP attracts to the thermal control because it has 

following advantage points; (1)High heat transfer power, 

(2)Long heat transport distance, (3)Operate with no 

electrical power. Figure 1 shows the schematic of LHP and 

evaporator cross section. LHP is composed of an evaporator, 

a vapour line, a condenser, a liquid line and compensation 

chamber (CC)

 [4]

. LHP can circulate fluids by using capillary 

force generated in the porous media called the wick. The 

wick is made of porous media whose pore radius is from 

sub–micron to several micron order. And it is embedded in 

the evaporator. In our group, the PTFE wick which has low 

thermal conductivity was developed in order to reduce heat 

leak from the evaporator to the CC. In the previous study, 

the mathematical model of LHP is being studied and 

developed

 [5]

. However, detailed model for micro-scale 

thermo-fluid character in the evaporator has not been 

developed.  

 

 

 

 

 

 

 

 

 

 

                     

 

And the large superheat is critical issue because it causes 

the pool boiling in the wick. The vapor in the wick blocks 

the flow of working fluid and decreases LHP performance. 

In order to enhance the LHP performance, it is important to 

make the mechanism of the wick superheat clear. The 

purposes of this study are (1)To make the wick superheat 

model, (2) To suppose the optimum evaporator structure 

from the point of the wick superheat. 

2. THE WICK SUPERHEAT 
The wick superheat is defined as following equation. 

lgTTT ssh � '     (1) 

In order to make the mechanism of the wick superheat clear, 

the detailed model of superheat was developed. 

2.1 Finger lateral surface evaporation model 

2.1.1 Model 
Figure 2 shows the cross sectional area of evaporator, the 

unit segment and the base and finger parts. This model is 

developed under the following assumptions; (1)The 

evaporation occurs on the lateral surface of finger part. (2) 

There is no heat transfer between the evaporator case and 

Fig.1 The schematic of LHP 
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the groove. (3)The evaporator case surface and the wick 
surface have the perfect contact. 

                 

 

The wick superheat is expressed by, 

k
l

A
QT h

h

ec
sh � '             (2) 

 

The effective thermal conductivity of the wick is calculated 
by Chaundary・Bhandari model as follow; 

� � � � 58.0
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2.1.2 Comparison with the experimental result 
 The calculation condition is shown in Table 1,2.  

Table 1 Wick shape 
length[mm] 150 

outer diameter[mm] 19 

inside diameter[mm] 14 

pore radius[μm] 1.2 

porosity [-] 0.34 

material PTFE 
 

Table 2 groove shape 
length [mm] 140 

width[mm] 3 

depth[mm] 1.5 

number 8 
 

Figure 3 shows the comparison between the calculation and 
experimental results[6] of wick superheat as a function of 
heat load. There is large difference between two results. The 
calculation results are much larger than the experimental  

 

 

results. And the feature of the experimental results is the 
constant wick superheat during the range of 100 to 280W. 
And this feature can’t be explained by present model. Based 
on these reasons, the new superheat model is developed.  

2.2 The 2-D Liquid Bridge Model 
 One of the previous model assumptions is that the 
evaporator case surface and the wick surface have the 
perfect contact. To pay attention to the assembly of the 
PTFE wick evaporator, the wick is inserted into the 
evaporator case and the wick is not sintered. The SEM 
pictures of the PTFE wick surface and evaporator case 
surface are shown in figure 4 and 5. From these pictures, it 
is found that they are not smooth in a dozens of micron 
order. Based on these observations the liquid bridge model 
which assumes that there is micro liquid bridge in the micro 
gap between the wick surface and the evaporator case 
surface is developed. 

 

 

2.2.1 Model 
 The 2-D liquid bridge [8-10] model is developed under the 
following assumptions; (1)There is micro gap between the 
wick surface and the evaporator case surface, (2)There is the 
micro liquid bridge in the gap, (3)The bridge is continuous 
in axial direction, (4)The evaporation occurs on the only 
surface of the liquid bridge, (5) Dryout occurs when the 
bridge breaks. Dryout is the phenomenon which the vapor 
occurs in the wick. Figure 6 shows the image of 2-D liquid 
bridge model.  

Fig.2 Unit segment and finger and base parts 

1
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calculation
Experiment

Fig.3 Comparison between 
the experimental and calculation results 

Fig.4 PTFE wick surface Fig.5 Evaporator case surface [7] 
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The liquid bridge meniscus radius is expressed by, 

l
c P
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TV cos2

    (4) 

∆Pl is the liquid pressure drop in the wick. The wick has the 

base part and the finger part. The pressure drop of them are 

calculated by, 
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Each mass flow rate is calculated by, 
 

gtotalbw nmm /, ��                 (7)  

 

gtotalfw nmm 2/, ��                 (8) 
 
The permeability of the wick is expressed [11] by, 

2

32
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Then the ∆Pl is expressed by,  
 

fwbwl PPP ,, '�' '             (11) 

 
Evaporation area, that is, the liquid bridge surface area is 
calculated by, 

¸
¹
·
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©
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S
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Average heat transfer length is calculated by, 
 

sh
fingerapply

ev
ll T

nQ
Akl '� 2         (13) 

 

The gap distance is expressed by, 
 

� �Tcos1� cgap rd               (14) 

 
X is the minimum distance between the liquid bridge center 
line which is vertical and the evaporation surface. And it is 
expressed by,  
 

22
cl rlX �              (15) 

 
The liquid bridge can exist separately when the minimum 
distance between the bridges is larger than meniscus radius. 
Therefore the number of bridge is needed to satisfy,  
 
                        (16) 
 
And the number of bridge is determined as the maximum 
Nb_finger which satisfies the (16). 
 

2.2.2 Calculation Results 

  

 

Figure 7 shows the average heat length, the gap distance, the 

meniscus radius and the number of bridge as a function of 

heat load. As the heat load increases, the meniscus radius, 

heat length and gap distance decreases and the number of 

bridges increases. These results explain that as the heat load 

increases, the bridge can’t keep the large meniscus radius. 
And then the bridges become smaller and the number of 

bridge increases. The decrease of gap distance explains the 

transferring of bridge to the small gap area from large one. 

This model can explain the feature of the experiment results. 

2.3 The 3-D Liquid Bridge Model 
 The 2-D liquid bridge model can express the experiment 

results well, however one assumption that the bridge is 

continuous in axial direction, is not reasonable because the 

surface roughness of the wick and evaporator case make the 

liquid bridge non-contiguous. Therefore the 3-D liquid 

� � hcfingerb wrXN ��� 32_

Fig.6 2-D liquid bridge model 

Fig.7 ll, dgap, rc, Nb_finger as a function of heat load 
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bridge model which considers the discontinuity of the liquid 
bridge in axial direction is developed. The image of 3-D 
liquid bridge model is shown in figure 8. 

 

 

2.3.1 Model 
 The model is developed under the same assumptions with 
the 2-D liquid bridge model’s one except (3). And the 
following assumption is added; (1)The distance between 
liquid bridges in axial direction is same to the finger width 
direction’s one. Based on this assumption, the total number 
of bridge is expressed by, 

 

 

The number of bridge in finger width direction is 
determined as the maximum Nb_finger which satisfies the (16). 
And the evaporation surface area is expressed by, 

 
 

 

2.3.2 Calculation Results 
 Figure 9 shows the average heat length, the gap distance, 
the meniscus radius and the number of bridge as a function 
of heat load. 

  

 

 

In the 3-D liquid bridge model, as the heat load increases, 
the meniscus radius, heat length and gap distance decreases 
and the number of bridges increases. This shows the 
reduction of thermal resistance between the evaporator case 
and the PTFE wick corresponding to increase of the heat 
load. It explains the constant wick superheat of experiment 
results. In the 3-D liquid bridge model, the assumption 
which is more reasonable than 2-D liquid bridge model’s 
one that the bridge is continuous in axial direction is 
presumed. It works well and the reasonable model is 
developed in this study. 

3. THE HYBRID PTFE-METAL 
MONOLAYER WICK EVAPORATOR 

3.1 New design 
 Based on the liquid bridge model, the hybrid PTFE-Metal 
monolayer wick evaporator is developed in order to enhance 
the LHP performance. The image of this design is shown in 
figure 10. 

 

 

In this design, the monolayer is added to the evaporator case 
surface. The monolayer is the single layer of sintered small 
metal particle whose size is around 50~100μm[12]. The 
advantage points are as follow; (1) The wick superheat will 
decreases because of the high thermal conductivity of metal 
monolayer, (2) The critical heat load will increase because 
the monolayer increases the evaporation surface. The critical 
heat load is the heat load when the dryout occurs. The 
hybrid PTFE-Metal monolayer wick evaporator has these 
advantages. Therefore, it is expected to enhance the LHP 
performance by using this new design. 

3.2 Model 
 The model of the hybrid PTFE-Metal monolayer wick 
evaporator is developed under the following assumptions; 
(1) The monolayer which contacts to the wick is filled with 
liquid, (2) The evaporation occurs at the only monolayer 
surface which faces the groove. Figure 11 shows the image 
of liquid, heat and vapor flow. 
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Fig.9 ll, dgap, rc, Nb_finger as a function of heat load 
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The wick superheat is calculated by, 

  

 

 

And the predicted critical heat load is calculated by 
following method. The capillary pressure is expressed by,  

 

 

 

And the liquid pressure drop is calculated by, 

wickmonol PPP '�' '  

 

The pressure drop in the monolayer is expressed by,  

 

 

 

<K>mono is the effective permeability of monolayer and 
expressed by, 

 

The pressure drop in the wick is calculated by equation 
().When the dryout occurs, liquid pressure reaches the 
capillary pressure. Then the maximum mass flow rate is 
found. The predicted critical heat load is expressed by,  

lgmaxcritical hmQ 'u �  

 

3.2 Calculation results 
 The calculation conditions of PTFE wick are shown in 
table 1, 2. And the monolayer property is shown in Table 3.  

Table 3 Monolayer property 
Material Stainless Steel 

Particle diameter, dparticle[µm] 60 

Monolayer thickness, δmono [µm] 100 

 

Figure 12 shows the superheat of the experimental results 
(previous design) and the calculation result (the hybrid 
PTFE-Metal monolayer wick design) as a function of heat 
load. And the predicted critical heat load is shown. 

 

 

 It is found that the superheat of the hybrid PTFE-Metal 
monolayer design is less than the previous design’s one and 
the monolayer have a positive effect on the superheat 
because of the large thermal conductivity of monolayer.         
However the predicted critical heat load is less than the 
experiment result. This is because the pore radius of PTFE is 
not optimized. Evaporation occurs on the only monolayer 
surface which faces the groove. Therefore the capillary 
pressure is generated by the only monolayer and the liquid 
pressure drop in the wick is preferred to be small. The small 
pore radius makes wick permeability small and it makes the 
liquid pressure drop large. In this calculation, the pore radius 
is 1.2 µm and it is too small for hybrid PTFE-Metal 
monolayer design. In order to enhance the critical heat load, 
the pore radius of PTFE should be optimized.  

3.3 The Optimization of evaporator structure 
 Figure 13 shows the predicted critical heat load as a 
function of PTFE pore radius. And figure 14 shows the 
superheat of the hybrid PTFE-Metal monolayer design as a 
function of heat load. 
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From figure 13, it is found that as the PTFE pore radius 
increases, the critical heat load increases. When the pore 
radius is over than 10μm, the critical heat load 
approximately plateaus. This is because as the pore radius 
increases, the wick liquid pressure drop and the amount of 
change become smaller. Then it is found that the maximum 
heat transfer capacity reaches about 2000W. However, from 
figure 14, it is found that the wick superheat reaches 35K. In 
order to prevent the pool boiling in the wick, the superheat 
should be less than 10K[13]. When the heat load is less than 
600W, the superheat can be less than 10K. Therefore, the 
optimum PTFE pore radius which QCHF is less than 600W is 
2.7μm. In case of rpore=2.7μm, the QCHF becomes 572W. The 
critical heat load of previous design is 280W. Then it is 
found that the hybrid PTFE-monolayer design reaches 
twofold enhancement.  

4. CONCLUSION 
(a) Liquid Bridge Model was developed. It can explain the 
feature of the experiment results of the wick superheat. 

(b) The Hybrid PTFE-Metal Monolayer wick Evaporator 
was supposed. And its model was developed.  

(c) The Hybrid-Metal Monolayer wick design reaches 
twofold enhancement of critical heat. It enhanced from 
280W to 572W. 

 

NOMENCLATURE 
A = area, m2 
d = diameter, m 
k = thermal conductivity, W/(m⋅K) 
K = permeability, m2 
l = length, m 
ṁ = mass flow rate, kg/s 
n = number 
P = pressure, Pa 
Q = rate of heat transfer, W 
r = radius, m 
T = temperature, K 
w = width, m 
Greek 
μ = dynamic viscosity, Pa⋅s 
ρ = density, kg/m3 
θ = contact angle, rad 
σ = surface tension, N/m 
Φ = porosity 
Subscript 
b = base part  
f = finger part 
g = groove 
h = heating 
l = liquid 
lg = liquid and gas 
m = monolayer 
s = solid 
sh= superheat 
w = wick 

 

ACKNOWLEDGEMENTS  
This study supported by Japan-US Advanced Collaborative 

Education Program(JUACEP). 
 

REFERENCES 
[1] Ralph E. H. Sims, Hans-Holger Rogner, and Ken 

Gregory, Carbon emission and mitigation cost 
comparisons between fossil fuel, nuclear and renewable 
energy resources for electricity generation, J. Energy 
Policy, 31, pp. 1315-1326(2003). 

 
 

0

500

1000

1500

2000

2500

0 5 10 15 20

Q
C

H
F 

[W
] 

rpore [μm] 

0

5

10

15

20

25

30

35

40

0 500 1000 1500 2000

ΔT
sh

[K
] 

Heat load[W] 

Fig.13 QCHF as a function of rpore 

Fig.14 ΔTsh as a function of heat load 



JUACEP Independent Research Report 
Nagoya University, Japan 

7 

[2] Amip J. Shah and Nikhil Krishnan, Optimization of 
Global Data Center Thermal Management Workload for 
Minimal Environmental and Economic Burden, J. IEEE 
Transactions on Components and Packing Technologies, 
31(1), pp. 39-45 (2008). 

[3] Patrick E. Phelan, Victor A. Chiriac, and Tien-Yu Tom 
Lee, Current and Future Miniature Refrigeration Cooling 
Technologies for High Power Microelectronics, J. IEEE 
Transactions on Components and Packing Technologies, 
25(3), pp. 356-365(2002). 

[4] Maydanik, Y.F., “Loop Heat Pipes”, Applied Thermal 
Engineering, 25 (5-6), pp. 635-657 (2005). 

[5] Lizhan Bai, Guiping Lin, Hongxing Zhang, and 
Dongsheng Wen, (2009) Mathematical modeling of 
steady-state operation of a loop heat pipe, J. Applied 
Thermal Engineering, 29, pp. 2643–2654. 

[6] Masataka Mitomi, Long-distance loop heat pipe for 
effective utilization of energy, 2013 master thesis, pp73 

[7] Martin Fleossner, Nina Dahl, Surface Features on 
Extruded Heat Exchanger Tubes, LMSS Annual 
Conference 2005, pp 13 

[8] H. Chen, A. Amirfazli, T. Tang, Modeling Liquid Bridge 
between Surfaces with Contact Angle Hysteresis, 
Langmuir pp. 3310-3311 

[9] Damiano Rossetti, Xavier Pepin, Stefaan J.R. Simons, 
Rupture energy and wetting behavior of pendular liquid 
bridges in relation to the spherical agglomeration 
process, Journal of Colloid and Interface Science 261, 
pp. 161–169 (2003) 

[10] Pierre Lambert and Alain Delchambre, A study of 
capillary forces as a gripping principle, Assembly 
Automation, Vol. 25 Iss 4 pp. 275 - 283 

[11] Scott G. Liter, Massoud Kaviany, Pool-boiling CHF 
enhancement by modulated porous-layer coating: 
theory and experiment, International Journal of Heat 
and Mass Transfer 44, pp 4287-4311(2001) 

[12] G.S. Hwang, E. Fleming, B. Carne, S. Sharratt, Y. Nam, 
P. Dussinger, Y.S. Ju, M. Kaviany, Multi-artery heat-
pipe spreader: Lateral liquid supply, International 
Journal of Heat and Mass Transfer 54, pp.2334–2340 
(2011) 

[13] G.S. Hwang, M. Kaviany, W.G. Anderson, J. Zuo, 
Modulated wick heat pipe, International Journal of 
Heat and Mass Transfer 50, pp.1420–1434(2007) 



JUACEP Independent Research Report 
Nagoya University, Japan 

1 

 
DESIGN AND ANALYSIS OF A DEVICE FOR THERAPEUTIC LOW 
FREQUENCY VIBRATION OF THE HUMAN BODY 

Kohkan Sai 
Graduate School of Engineering, Nagoya University 

sai@nuem.nagoya-u.ac.jp 
 

Supervisor: Bogdan Epureanu 
 

Department of Mechanical Engineering, University of Michigan 

epureanu@umich.edu 

ABSTRACT 
Because of diseases or hurts a patient immobilized in the 

bed for a long time sometimes results in skeletal structure 
function improperly or skeletal muscle deconditioning, 
additionally it causes longer hospital stays or a complication 
of other diseases. In recent years, multitude of study about 
using mechanical vibration to condition human physical 
health are conducted and the consequence is getting a lot of 
attention. Presenting some stimuli to muscle results in more 
muscle cells relax, moreover it allows them filled with 
nutrients, oxygen, and proteins. Therefore tissue will 
regenerate and the stimuli from vibration exercise are very 
efficient for reducing muscle atrophy. For the vibration 
exercise, the design of a device for therapeutic low frequency 
vibration is important and the analysis of how the vibration 
wave propagates into the device or the human who is using 
the device is more significant matter. Considering some 
requirements, the rough design was decided with 3D CAD 
software. Using some simple condition and rough human 
model, simple analysis using simulation software was 
conducted. The results provide wave propagating into the 
device and human model. Moreover, shear stress emerged on 
bold vessel. Those results provide the device will work as be 
supposed and has beneficial effects for vibration exercise. 
The designed new device should be employed as an effective 
device for no consciousness or handicapped people 
immobilized on the bed to improve their skeletal muscle. 

 

1. INTRODUCTION 
Skeletal muscle is one of the most important elements in 

our daily life doing some basic behaviour, moreover 
insufficient skeletal muscle causes malfunction in just 
walking or standing up. In normal case in daily life, those 
major skeletal muscles such as thigh muscle don’t wane 
drastically because of using those muscles in any way in life. 
However, once being immobilized on the bed for a long time 
because of some diseases with entering hospital, severe injury 
or unconsciousness from severe accident, those muscles wane 
sharply. These skeletal muscle deconditioning or 
musculoskeletal system function improperly should be 
minimized through adequate physiological stimuli such as 
exercise in order to support performance control [1, 2].  

 

Being based on these grounds, in recent years many studies 
concerning an effectiveness of mechanical vibration to 
human body are conducted, in some studies they practice 
with mechanical device called Galileo Space device 
(Novotech Inc., Pforqheim, Germany). Daily muscle program 
at the supine condition with that device provides the result 
mechanical vibration to human body can be one of the 
countermeasures against the loss in skeletal muscle structure 
and function following extended body immobilization [3, 4]. 
On the other hand, the mechanism in efficacy of mechanical 
vibration to human body is revealed by some medical 
examination [5]. Measuring blood oxygen level provides the 
information of muscle condition and can be evaluation 
criteria for effectiveness of the vibration or device for muscle 
exercise. To put it simply, the mechanism in the increasing of 
blood oxygen by vibration is mechanical vibration make 
some shear stress on the blood vessel, moreover blood vessel 
cells and muscle cells are stretched and compressed, in 
addition it induces nitric oxide and allows cells to relax, as a 
result blood flow increases and more blood will be filled with 
nutrients, oxygen and proteins, it leads to increasing in blood 
oxygenation and tissue regeneration. With these results and 
measurement, the design of a vibration therapy device should 
be an appropriate shape such as propagating effectively and 
comfortable. In this study, the design of a new device is 
focused on, moreover to elucidate how waves propagate 
some analysis are conducted with Ansys Workbench 
(ANSYS, Inc.) the software for advanced engineering 
simulation.  

 

2. THE DESIGN OF A DEVICE 

2.1 DECIDING OF A DESIGN 
In designing of a new device, there are some 

requirements in thinking of. Considering cutting cost, the 
device should be adjustable to wide range of people. Because 
of large loss in skeletal muscle structure in lower limb, 
vibration wave should propagate almost whole body so the 
device will be taller enough to hold human body. Considering 
practicing for patients with some medical cares on, the design 
was decided not to interrupt those; the device should be 
behind the patient. Moreover using less vibration actuator is 
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better because of less weight and less cost, the design needs 
some contrivance. Considering above matters, the design of a 
new device was decided and the model was made by using 
CAD software (solidworks). The design is as shown in the 
next section. 

2.2 MODEL OF DESIGNED DEVICE 

Fig. 1 Upper part of the device 

Fig. 2 Lower part of the device 

Fig. 3 The designed device 

The design of a new device is as shown in Fig. 1, Fig. 2, 
and Fig. 3. The part as if a hock in Fig.1 is for holding a 

patient during an exercise. For comfort while the exercise 
program with the device going on, the actuator is supposed to 
be attached in the bottom of the device in Fig. 2, therefore the 
vibration source is more far from head of a patient. The two 
plates in the bottom of device as shown in Fig.2 are for 
pushing by foot plantar. Two devices can be connected as 
shown in Fig.3 by a pole equipped on the bottom of upper 
part (see Fig.1) inserting into a hole equipped in the centre of 
lower device (see Fig.2). For the connection of two devices, 
elastic connecter should be utilized to hold a patient. Here the 
meaning of holding is device and patient is always contacting 
while performing the vibration therapy exercise. Applying 
different values of longitudinal stiffness can provide the 
device adjustable to multiple people. The total height of the 
device is approximately 1.2 [m] to 1.9 [m]. The device is, 
however, now in only the data. It is supposed to fabricate the 
device by rapid manufacturing, therefore in near future the 
device would be used for some vibration exercise or program. 

3. ANALYSIS OF THE DEVICE WITH 
HUMAN ON 

3.1 THE HUMAN MODEL 

Fig.4 Human body model 

Fig.5 Human body skeletal structure model 

For measuring the performance of the designed device, 
the analysis in computer was conducted by employing Ansys 
Workbench. In the simulation of the performance of this new 
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device, the human body model was appended to the 
simulation. The human model as shown in Fig.4 and Fig.5 is 
composed of human body, skeletal structure and blood 
vessel. For the simple analysis, blood vessel is set above 
lower limb and arm and both side of the spine. Skeletal 
structure is constructed by bone and joint. The total height of 
this human body model is 1.43 [m], however this is the length 
of the root of leg to the shoulder. Setting the dynamical 
boundary condition to the device, the analysis is conducted to 
understand how waves propagate and how the stresses occur.  

3.2 ANALYSIS SETTING 
Because the most interesting analysis system in this 

simulation is not transient response but harmonic response, 
conducted analysis is harmonic analysis, which is used to 
determine the steady-state response of a linear structure to 
loads that vary sinusoidal (harmonically) with time, thus 
enabling you to verify whether or not your designs will 
successfully overcome resonance, fatigue, and other harmful 
effects of forced vibrations. The simulation model is as 
shown in the Fig. 6. Set dynamic boundary condition is  

Fig.6 Analysis model 

displacement that amplitude is 0.005 [m] to the y axis and set 
region is the bottom of the device, which is supposed to 
attaching the vibration actuator. Fig.7 shows the condition of  

 

 

 

 

 

 

 

 

Fig. 7 Displacement 

the set displacement. Frequency is 1 [Hz] to 40 [Hz] and the 
step is 0.5 [Hz]. The other setting is using a spring joint 
which connects upper and lower device. The longitudinal 

stiffness is set in 300 [N/m] and the free length is set in 0.3 
[m]. Many regions are contacted; therefore the boundary 
condition is set separately. Between joint and bone is bonded, 
in other words no sliding or separation between faces or 
edges is allowed in the condition. The contact region of 
human body and the device is set in frictional, namely the 
two contacting geometries can carry shear stresses up to a 
certain magnitude across their interface before they start 
sliding relative to each other. Boundary condition of blood 
vessel and human body is set in no separation; Separation of 
the geometries in contact is not allowed and is similar to the 
bonded case. The mechanical material data is set as shown in 
the table below. 

Table 1 Mechanical material data 

 

4 ANALYSIS RESULT 
In this chapter, the mechanical harmonic response results 

are shown and mainly the 26 [Hz] results are indicated. Since 
the analysis results are directional, red and blue region in the 
figure in the next section show the same amplitude 

4.1 DEFORMATION 
Detail consideration about Y axis directional 

deformation provides some interesting results. Fig. 8 shows 

Fig.8 Analysis result 1: Deformation (26 [Hz])  

the entire component, which is human body and the device, 
is vibrating simultaneously though the input vibration is 
only on the bottom of the device. This is because set the 
boundary condition is frictional and at the first of the 
simulation human body and the device is contacted, 
therefore the faces don’t be separated and no large 
deformation can be seen in the outside of the body. As you  
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Fig.9 Analysis result 2: Deformation (26 [Hz]) 

can see in the Fig. 8, the entire is not red; this fact means 
the largest deformation is not on the surface of human 
body. Fig. 9 shows result of the human skeletal structure. 
The largest deformation emerges on the blood vessel near 
the spine because they are part from the both extremity that 
is fixed. The figure likewise provides the large deformation 
emerges in the inside of the body. This fact shows waves 
will propagate into the human body. However the results 
are on the ideal condition, therefore the condition will be 
set more realistic boundary condition. 

4.2 SHEAR STRESS 
From multiple previous studies, shear stress might be a 

significant factor to lead to reducing muscle atrophy. 
Exposed XY plane shear stresses are shown in Fig.10, Fig. 11 
and Fig.12.Fig. 10 shows blood vessel in the lower limb.  

Fig.10 Analysis result 1: Shear stress (26 [Hz]) 

The result shows shear stress emerges on the wide range of 
blood vessel. That is because the face of feet side is fixed to 
the device and that face has large displacement, therefore 
shear stress might emerge. Fig.10 and Fig. 11 show blood 
vessel in the arm and in body. Shear stress emerges only 
around the edge of each blood vessel. As a reason for that, 
boundary conditions of those two blood vessels differ from 
blood vessel in lower limb. First look at the blood vessel in 
arm. To make blood vessel vibrating with human body, 
boundary condition of the hand side edge is fixed to the 
human body; moreover the set displacement is standapart 
from the face on which displacement is set, therefore shear 
stress emerge only around the hand side edge of blood vessel. 
Second look at the blood vessel in body. In this case, the 
same reason with blood vessel in arm, in other word the same 
boundary condition but not only one edge but both edges, 
shear stress emerges only around both edges.  

Fig.11 Analysis result 2: Shear stress (26 [Hz]) 

Fig.12 Analysis result 3: Shear stress (26 [Hz])  

4.3 DISCUSSION 
In this simulation, set boundary condition is rough 

condition; therefore the results which differ from phenomena 
in real world such as the device vibrates with human body 
simultaneously. Moreover because the human body model 
and blood vessel model are rough model that might affect on 
the results. Although some boundary condition differ from 
real condition to some extent, the results provide some 
interesting consequence; the vibration propagating into the 
device and body will result in some shear stresses emerging, 
therefore it might be useful for vibration exercise. More 
detail analysis is required, hence more exact model and 
boundary condition is need.  

5. CONCLUSION 
The vibration propagating into human body results in 

emerging shear stress on blood vessels, therefore blood flow 
will increase and more blood will be filled with nutrients.  
On the base of this theory, the vibration harmonic analysis of 
the new device is conducted in computer software. As shown 
in the results of analysis of the designed new vibration 
therapy device, that device might be a one of the 
countermeasures for skeletal muscle deconditioning or 
musculoskeletal system function improperly. More detail 
analysis and design is required for manufacturing these new 
devices. 
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ABSTRACT 
 With the increasing need to integrate 

renewable energy with the current electricity grid, interest in 
energy storage systems has increased. Redox flow battery 
technology is one approach in providing a well-balanced 
solution for current challenges. For non-aqueous flow 
batteries, the potential is larger than aqueous flow batteries. 
However, the literature has shown non-aqueous systems 
have poor conductivity, solubility, and stability1. Different 
solvent mixtures have been investigated for vanadium 
acetylacetonate redox flow batteries to improve solubility, 
but the stability of the electrolyte mixtures were only briefly 
discussed.2  

In this study, acetonitrile (ACN), dimethyl 
sulfoxide (DMSO), Propylene Carbonate (PC), and 
dimethylformamide (DMF) were investigated and evaluated 
using three techniques with TBABF4 for V(acac)3 and 
Cr(acac)3 redox flow battery. Result show ACN and DMF 
have high conductivity and solubility, and DMF and PC 
have high reversibility of redox couples, and high resistance 
to side-reactions. Thus, solvent mixtures will be investigated 
for future work. 

1. INTRODUCTION 
 For the current electrical grid, energy must be 
supplied in tandem with demand. Power generation 
companies have to control how much power is generated, 
and power plants are built to supply enough power for the 
maximum load3. However, with an energy storage system, a 
plant could level the demand and the power plant capacity 
could be much lower. This would lower the capital cost of 
the plant. Furthermore, other renewable energy systems, like 
wind and solar power, are intermittent. Therefore, energy 
storage system can also stabilize those system. 

An RFB (Figure 1) consists of electrolytes which 
provide or store energy in the form of oxidized or reduced 
species and are stored in external tanks to prevent self-
discharge1. The electrolytes are pumped past electrodes 
separated by an ion-selective membrane. During discharge, 
the catholyte is reduced while the anolyte is oxidized to 
release electrons. Electrical power is generated as a       

consequence of the differences in the standard potentials of 
the two species and the rate of electrons generated. The 
opposite reaction is induced by an applied current during 
charging. For completely reversible redox couples, this 
represents a theoretically infinite number of cycles4. Typical 
batteries increase energy and power simultaneously by using 
larger electrodes, while also increasing the mass transfer 
limitations. 

Advantages of an RFB include decoupling power 
and energy, longer lifetimes than active electrode batteries, 
and no geographical limitations such as pumped hydro 
storage5, 6.  

While there are many advantages to RFBs, 
commercially available, aqueous systems are still very 
expensive. If the energy density is increased, the cost would 
be lowered7. One method of increasing the energy density of 
these systems is to use non-aqueous solvents with a larger 
voltage window. Changing from water to non-aqueous 
solvents can substantially increase the RFB cell potential, 
but the use of non-aqueous solvents, introduces a number of 
complexities, such as decreased solubility, conductivity, and 
stability8. Much of the recent flow battery research has 
focused on increasing the active species solubility, but the 
stability of these systems has largely been neglected. 

Figure 1 - Redox Flow Battery Schematic 4 
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Aaron A. Shinkle and co-authors provided clear 
evidence that VO(acac)2 forms from V(acac)3 in air, and that 
similar side reactions are seen during cycling9 

For Cr(acac)3, it has 4 redox couples, and has an 
extremely high energy density but it is very irreversible. If 
the reversibility is improved, it will be much more crucial 
than V(acac)3, the character should be investigated more.  

According to several research studies and 
publications it is possible to increase the solubility of redox 
active species by using different solvents10. However, their 
electrochemical effects have been investigated to a limited 
extent.  

T.Herr and co-authors showed changing amounts 
of VO(acac)2 in their CVs2. 1,3-Dioxolane, tetrahydrofuran, 
acetylacetone and dimethyl sulfoxide were tested for 
Voltammetric behavior. Peak separation between oxidation 
and reduction, and peak difference were checked. DMF and 
ACN have smallest peak separation. THF and 1,3-DO 
exhibit significantly higher peak separation in wide range of 
scan rate. CVs show 1,3-DO and THF have two main redox 
couples, and especially DMSO has another peak around 0.8 
V besides main two redox couples. VO(acac)2 was observed 
in 1,3-DO, DMSO. 

Investigating for each solvent help to find solvent 
which is good at dissolving active species or .avoiding to 
sub-reaction. Various solvents indicate the possibility of 
improved stability. Even if some of these solvents do not 
have optimum properties for battery applications (lower 
conductivities, higher viscosity) they could help to improve 
stability, which is crucial.  

This paper reports on a systematic study 
investigating the conductivity, solubility, and 
electrochemistry ofacetonitrile (ACN), dimethyl sulfoxide 
(DMSO), Propylene Carbonate (PC), and 
dimethylformamide (DMF) electrolyte solutions with both 
V(acac)3 and Cr(acac)3 active species.. 

2. EXPERIMENTAL 
2.1 Electrolyte 

Electrolytic solutions were prepared by dissolving 
the supporting electrolyte in the solvent in an argon-filled 
dry box with less than 1 ppm water or oxygen. The 
supporting electrolytes examined were: 
tetrabutylammonium tetrafluoroborate (TBABF4) [Fluca, 
US, 99.0 %], 

The solvents examined were: acetonitrile (ACN) 
[Aldrich, US, 99.8 %], dimethylformamide (DMF) 
[AlfaAesar, US, anhydrous 99.8 %], propylene carbonate 
(PC) [Sigma Aldrich, US, 99. 7%], and dimethylsulfoxide 
(DMSO) [ACROS, US, 99.7%] 

The active species were vanadyum acetylacetonate 
(V(acac)3) [Aldrich, England, 97 %]; and chromium 
acetylacetonate (Cr(acac)3) [ACROS ORGANICS, US, 
97 %]. 

2.2 Conductivity 
 Conductivity was measured using a Seven Easy 
Conductivity meter S30 with an InLab 731 conductivity cell 
(Mettler Toledo, Germany) at room temperature. The 
electrolyte solutions consisted of 0.1 M TBABF4 

2.3 Solubility 
Solubility was determined by incremental addition of the 
active species to a fixed volume of solvent in a glass flask 
with stopper. Each addition of substance is followed by 
shaking on stiller and centrifuged. If there is some 
undissolved solid, it could be observed on the bottom of the  
flask. Absorbance of metal was observed by 
NanoPhotometer (Implen, München, Germany). 
Calibration curve of each solvent was created and saturated 
solubility was calculated. 

2.3 Cyclic voltammetry experiments 
 Cyclic voltammetry was performed in an airtight 
three compartment cell using an Autolab PGSTAT3O2N 
Potentiostat/Galvanostat (Ecochemie, Netherlands). In all 
voltammetry experiments, the working electrodes were 3 
mm diameter(0.07 cm2 area) glassy-carbon disk electrodes 
(Basi, U.S.), which were polished with 15, 6, and 0.1 mm 
silicon carbide polishing paper, washed, and dried for 8 h 
prior to each experiment. The counter electrode was a 5 cm2 
graphite plate (Graphite Store, U.S.), which was cleaned 
with 15 mm silicon carbide polishing paper, sonicated for 15 
min, and dried for 8 h prior to each experiment. Reference 
electrodes were connected to the working-electrode 
compartment of the electrochemical cell via a Luggin 
capillary. A saturated mercury/mercurous sulfate 
(Radiometer Analytical, France) reference electrode was 
used for measurements with the aqueous electrolytic 
solution. Voltammetry of the non-aqueous solutions was 
performed using an Ag/Ag+ (Basi, U.S.) reference 
electrode, which consisted of a silver-metal electrode 
immersed in a solution of 0.01 M silver nitrate (Basi, U.S., 
99%) and 0.1 M 
tetraethylammonium perchlorate (Alfa Aesar, U.S., 98%). A 
bridging solution of 0.05 M tetraethylammonium nitrate 
(Fluka, U.S., 98%) was used to establish a 
thermodynamically meaningful potential for working 
electrodes immersed in the TEABF4 support.  
 All the solutions were deoxygenated with pre-
purified Algon (99.998%) prior to experiments, which were 
performed under blanket of flowing algon unless stated 
otherwise. For experiments involving oxygen, solutions 
were subsequently oxygenated in oxygen gas (99.993%). All 
the presented results were obtained after performing several 
cycles at 500 mV s-1 (until the voltammogram stabilized - 
typically 15 cycles) to remove any residual 
electrochemically active contaminants. 

3. RESULTS 

3.1 Conductivity 
 To obtain high energy efficiencies and discharge 
power densities of the battery, a high conductivity of the 
electrolyte is important. The conductivity measurements in 
pure solvents with TBABF4 as a supporting electrolyte are 
shown in Figure. It shows ACN has the highest 
conductivity, which agrees with previous values in the 
literature.11 
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 Previous work shows THF has 300µs/cm, DMC 
has 60µs/cm, and Hexane has 0.05 µs/cm. DMF and ACN 
have much more conductivity than other solvents. 

 
Fig.2 Conductivity measurement in different solvent with 
0.1 M TBABF4 

3.2 Solubility 
 To achieve high energy densities in redox flow 
batteries high concentrations of the redox active species are 
required. .Solubility of V(acac)3 and Cr(acac)3 in different 
solvent with TBABF4 was investigated. 
 Figure.3 shows DMF and ACN have comparable 
solubilities and are much higher than PC and DMSO.  
 In previous work, four different solvents could be 
obtained: 1,3-DO- ~0.8 M; THF- ~0.4 M, DMSO- ~0.25M, 
and acetylacetone- ~0.3M, and they are very lower than 
solubility for aqueous flow battery 2. 
 DMF, ACN and 1,3-DO have similar high amount 
of solubility, they should be used for improve solubility of 
mixture solvents which has high reversibility or low 
generation of VO(acac)2. 
 

 
Fig.3 Solubility of V(acac)3 and Cr(acac)3 in different 
solvent with 0.1 M TBABF4 

3.3 Electrochemistry 
3.3.1 V(acac)3 
 Fig.4 shows the cyclic voltammogram of V(acac)3 
for each solvent. It shows the reactions around -1.8 V and 
0.4 V. These shapes look like similar, but they have 
different reversibility and peak ratio of VO(acac)2 as a side-
reaction. 

 The peak height ratio of main reduction and 
oxidation for each redox couple was calculated for each 
solvent (Table.1). Analyzing of Peak height and separation 
was operated by using NOVA(Advanced Electrochemical 
Software). PC and ACN have around 1 ratio thus they have 
good reversibility. 
 The amount of VO(acac)2 formed was also 
analyzed by separating the peaks. VO(acac)2 appears in 
wider range of voltage around 0.7 V and-2.1V. The 
percentage of released VO(acac)2 side peaks calculated by 
separating these peaks. The peak height of VO(acac)2 at 
~0.7 V was divided that by the peak height of V(acac)3 at 
~0.5 V. VO(acac)2 around -2.2 V is also determined in same 
way.  
 DMF has the lowest amount of VO(acac)2, it 
indicates that DMF is suitable to decrease the amount of 
VO(acac)2 (Table.1) 
 Future work will investigate mixed solutions of 
DMF and ACN. PC in ACN or DMF could also increase 
reversibility and decrease VO(acac)2. 
 
 

 
 
Figure.4 CV of V(acac)3 with DMSO, DMF, PC, and ACN 
using TBABF4 as a supporting electrolyte 

 
Table.1 Comparison of peak height ratio of the redox 
reactions (left) and (right), and comparison of the released 
amount of VO(acac)2  

solvent peak height 
ratio(left) 

peak height 
ratio(right) 

VO(acac)2 
percentage(%) 

DMSO 1.02 1.33 6.40 
DMF 1.03 1.12 0.80 
PC 1.01 1.00 3.60 

ACN 0.98 1.02 14.7 
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3.3.1 Cr(acac)3 
 Fig.5 shows electrochemistry of Cr(acac)3 for each 
solvent. It shows more redox couples than V(acac)3, and low 
reversibility. Peak height ratio and side-reaction percentage 
were not calculated because of the irreversible shapes. 
DMSO and DMF are not stable past 1.0 V, they will not be 
further investigated. Each solvent yields similar 
electrochemistry and improved reversibility was not 
observed. Other solvents will continue to be investigated to 
improve reversibility, but these results suggest that the 
solvent has no electrochemical effects. 
  
 

 

 
Figure.5 CV of Cr(acac)3 with DMSO, DMF, PC, and ACN 
using TBABF4 as a supporting electrolyte 

4. CONCLUSION 
 Four solvents were tested for their solubility and 
electrochemistry of V(acac)3 and Cr(acac)3, as well as their 
conductivity with 0.1M TBABF4.  
 ACN has the highest conductivity and solubility, 
but has the highest VO(acac)2 production. 
 DMF has high conductivity and solubility, and the 
highest resistance to VO(acac)2 formation. This solvent will 
be further studied with acetonitrile mixtures. DMSO showed 
poor conductivity, solubility, reversibility and side reaction 
formation for V(acac)3 and will not be further investigated. 
 PC had decreased VO(acac)2 formationand will be 
further studied with acetonitrile mixtures. 
  The electrochemistry of Cr(acac)3 did not 
significantly improve with any of the tested solvents. 
Additional solvents will be investigated. 
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Abstract 
 In this research, I studied the effect of gravity on the spreading dynamics of liquids moving on inclined solid surface by 
investigating the relation between the velocity of leading edge (contact line velocity) and the dynamic contact angle. Two pure 
silicon oils with different dynamic viscosities were used in the experiment. Their spreading on three inclination angles of solid 
surfaces were tested. The dynamic contact angle for Silicon oil with lower dynamic viscosity was smaller than dynamic contact 
angle for silicon oil with higher dynamic viscosity for the range of contact line velocity measured in the experiments. Two 
well-known dynamics spreading, molecular kinetic theory and hydrodynamics theory were carried out for the experimental 
results. Analysis of hydrodynamics theory did not explain the dynamics of spreading under effect of gravitational force. 
Molecular-kinetic theory was the best model to describe the dynamics of spreading for the experimental results obtained in our 
investigation. 
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Abstract 
 This paper presents optimisation of our foams for impact absorption under different 
impact test conditions. In order to optimise foams for impact absorption, Impact test and 
computer simulation were performed for different densities foams. Impact test showed 
the force-time curves are roughly divided three shapes depend on foam densities under 
different impact test conditions. Moreover, impact test showed optimum foam densities 
change depend on impact test conditions. In addition, the predicted force-time curve 
roughly showed characteristics of foam densities. However the values of the predicted 
time-force curves were different from experimental results. So this computer simulation 
indicated that defining a cell model for foams is needed to do further detailed computer 
simulation. 
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ABSTRACT 
Si microtechnology has been developed since the first 

transistor was invented in 1947th. IC density has become 
large since then and it follows Moore’s law. However, 2D 
VLSI of transistor has recently reached the limit of Moore’s 
law. Now, 3D IC packaging technology is an attractive trend 
thanks to the development of TSV and microbump. It is 
expected to extend Moore’s law and also to apply to hand-
held mobile device in the near future. At this time, reliability 
of 3D IC packaging is essential matter, particularly against 
heat. In this research, 3D IC packaging is annealed for 0-24 
hours at 150℃ with furnace. It is found that flux trapped 
voids and filler traps are observed in each of the 
microbumps before annealing. After annealing, the diameter 
of flux trapped voids, the diameter of filler traps and the 
thickness of IMC gradually become large as annealing time 
becomes long.  

 

INTRODUCTION 
Si micro technology has been developed since the first 

transistor was invented in 1947th. Thanks to it, we are able to 
use hand-held mobile devices such as smartphone. In terms 
of the market for smartphones, it has been expanded with 
the development of Si microtechnology. Now, there are 
about 1 billion sales of smartphones per a year around the 
world. If the price of a smartphone is supposed to be 
US$500, the market of smartphones has reached US$0.5 
trillion. In fact, the development of Si micro technology 
owes to high Integrated Circuit (IC) density. It has become 
large and large since the first transistor was invented. The IC 
density follows Moore’s law, which was suggested by 
Gordon Moore who was a CEO of Intel Corporation. 
Moore’s law states that IC density doubles every 18-24 
months [1], and actual data for transistor and memory 
follows Moore’s law as show in fig. 1, which is a plot of IC 
density of memory and processors on Si chips against year.  

 

 
Fig. 1. A plot of IC density of memory and processors on Si 

chips against year. 

 

However, 2-dimensional very-large-scale-integration 
(VLSI) of transistor on Si chip has reached the limit of 
Moore’s law [2]. There are some reasons here. The one 
reason is physical limit due to materials. Each transistor has 
a gate oxide which is already very small size. Thus, it is 
difficult to fabricate smaller gate oxide with the same 
materials. The other one is cost limit due to manufacturing. 
High precision, high purity and defect-less materials are 
needed for much smaller transistor. Additionally, 
environmentally friendly manufacturing process is also 
needed. However it costs too much to realize them. That’s 
why various companies in the world have made effort to 
extend the limit of Moore’s law. Now, 3D IC packaging 
technology is an attractive trend. This technology has been 
recently developed thanks to the vertical connects such as 
through-Si-via (TSV) and microbump. There are some 
advantages for 3D IC packaging. First, small space in hand-
held mobile device can be used effectively because some Si 
chips are stacked with vertical connects. Therefore, more 
functional device can be realized. Second, low electric 
energy consuming and high process speed can be realized. 
The current path of 3D IC packaging is shorter than that of 
traditional wire bonding because there are TSVs and 
microbumps in 3D IC packaging. That’s why it is expected 
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to extend Moore’s law and to apply to hand-held mobile 
device in the near future. So some companies have studied 
3D IC packaging. 

Fig. 2 (a), (b) shows that schematics diagram of 3D IC 
packaging. There are ball-grid-array (BGA) balls at the 
bottom and multilayer ceramic substrate. Controlled-
collapse-chip-connection (C4) solder joints connect ceramic 
substrate and first layer Si chip. First layer Si chip contains 
TSV and transistors, so it works as active die such as a 
processor. On first level Si chip, there are microbumps 
which connect two Si chips. Second level Si chip also works 
as active die such as a memory. 

 

 

 

Fig. 2. (a) Schematics diagram of 3D IC packaging, 

(b) Cross-sectional image. 

 

Fig. 3 shows Syncrotron radiateon X-ray tomography 
image of 3D IC packaging. All of metals inside 3D IC 
packaging can be seen because X-ray absorption for metals 
is strong. On the other hand, materials such as Si and 
underfill can’t be seen because X-ray absorption for these 
materials is weak. In this figure, the blue arrow indicates the 
direction of current path. The current passes through BGA, 
substrate vias inside multilayer ceramic substrate, C4 solder 
joints and TSVs. Finally it reaches second-level Si chip via 
microbumps. Then it goes back to BGA. 

 

Fig. 3. Syncrotron radiateon X-ray tomography image of  

3D IC packaging. 

 

Microbumps in 3D IC packaging can be formed by 
thermo-compression. Thermo-compression is one of 
bonding methods by heating and compression. Fig. 4 shows 
schematics diagram about thermo-compression in 3D IC 
packaging. At first, microbumps which are attached to Si 
chips are face to each other. Then they are applied by heat 
and compression and they can be joined in several seconds 
to minutes at the temperature of 250℃. 

 

 

Fig. 4. Schematics diagram of thermo-compression on 
microbumps in 3D IC packaging. 

 

There is usually dielectric material which is called 
underfill between two Si chips. Actually, strain caused by 
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external force and heating can accumulate in IC packaging 

and it will lead to failure between Si chips and microbumps. 

So underfill helps to distribute stress of thermal expansion 

and to prevent stress concentration on microbumps. It is 

basically made from epoxy. However, epoxy is heavily 

affected by heating. Therefore, underfill usually contains 

silicon-oxide (silica) which has low coefficient of thermal 

expansion (CTE) in order to reduce CTE of underfill. 

Traditional underfill dispensing is capillary process after 

solder reflow. On the other hand, it is not suitable for 

microbumps because the size of microbumps and the gap 

between microbumps are too small for capillary dispensing. 

Additionally the distance from the edge of IC packaging to 

microbumps is basically far. Thus, underfill for microbumps 

is dispensed before thermo-compression. However, there 

can be some remaining underfill inide microbumps which 

are called “filler trap”. It causes some problems such as high 
electric resistance, current crowding and electromigration 

(EM). Filler trap is originally underfill which consists epoxy 

and silica.  

Particularly, reliability of microbumps about heating is 

essential matter. Therefore, it is important to know how 

filler trap inide microbumps will be changed through 

manufacturing process and device operation. Heat is 

generated through manufacturing process. If 3D IC 

packaging will be applied to electro devices, there should be 

joule heat in packaging and temperature reaches 100℃. At 

that temperature, microstructure in microbumps can be 

changed. Thas’s why reliability of microbumps about 
heating should be fundamentally examined. In this research, 

effect of thermal annealing on microstructure evolution in 

3D IC packaging will be discussed. In addition, reason why 

it occurs will be found. 

 

2. EXPERIMENTAL 
In this research, 3D IC packaging from Qualcomm Inc. 

is examined. The size of this sample is 14×14×0.58mm. At 

first, the sample is polished in order to observe cross section 

of 3D IC packaging. It is roughly polished by polishing 

machine with #1200 sandpaper. Then, it is also polished 

carefully with 1000, 300, 50 nm silica suspensions. After 

polishing, microstructure in 3D IC packaging are observed 

with scanning electron microscope (SEM) and focused-ion-

beam (FIB). After observation, it is annealed for 0-24 hours 

with furnace at 150℃. The condition of annealing is shown 

on table.1. Then, it is observed again with SEM for each of 

the conditions. Finally, changes of microstructure in 3D IC 

microbumps after annealing is examined by comparing to 

SEM image of as-received sample. 

 

Table. 1. Condition of annealing.  

Time [hours] Temperature [℃] 
0, 1, 4, 24 150 

3. RESULTS & DISCUSSIONS 

3. 1 STRUCTURE OF MICROBUMP 
Fig. 5 (a), (b), (c) show SEM images of cross section of 

3D IC before annealing. Fig. 5 (a) show whole cross section 

of 3D IC and Fig. 5 (b) shows the red rectangle area in fig. 5 

(a). C4 solder joints, TSVs and microbumps are observed in 

these images. The mean diameter of C4 solder joints is 

about 81.5 µm and they connect multilayer ceramic 

substrate and first Si chip. On the other hand, the mean 

diameter of microbumps is 20.0 µm and they connect first Si 

chip and second Si chip. Additionally in first Si chip, there 

are many TSVs which can pass current. Fig. 5 (c) shows 

SEM image of a microbump in fig. 5 (b). In this figure, 

solder extrusion is observed at the edge of microbump. In 

addition, some layers are formed in this microbump. It 

consists of Cu / Ni / Ni3Sn4 (Intermetallic Compound; IMC) 

/ Solder / Ni3Sn4 (IMC) / Ni / Al / Cu (TSV) in order from 

the top of microbump by component analysis. These layers 

are clearly observed in fig. 6, which shows FIB image of 

another microbump. 

3. 2 VOIDS IN MICROBUMP 
As shown in Fig. 5 (c), three kinds of voids are 

observed in each of the microbumps. First one is a large 

void. Second one is a tiny void between IMC and remaining 

solder interface. Third one is a extremely tiny void in IMC. 

First, large void is supposed to be flux trapped void because 

these voids are much bigger than other voids. The diameter 

is from 200 nm to1800 nm and the mean diameter is 927 

nm. Actually, flux is essential material for solder because it 

can chemically remove the metal oxides on the designated 

area for solder and it also makes the metal surface wettable. 

In case of thermo-compression, it becomes gas phase by 

heat and it plays its role. Basically, all of the flux should be 

removed during thermo-compression from microbumps. 

However some flux can’t be removed, so it becomes 
remaining flux in microbumps which is called flux trapped 

void. On the other hand, a tiny void in interface between 

IMC and remaining solder and a extremely tiny void in IMC 

are supposed to be filler traps because these voids are much 

smaller than flux trapped voids. The diameter is from 50 nm 

to 400 nm and the mean diameter is 180 nm. In thermo-

compression, filler traps are formed as shown in fig. 4. At 

the same time, IMC can be formed and grown between Ni / 

solder interface. Some filler traps which are originally 

formed between Ni / solder interface is seemed to get in 

IMC after thermo-compression. Therefore, filler traps exist 

not only between IMC and remaining solder interface but 

also in IMC. 
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Fig. 5. SEM image of cross sections of 3D IC packaging 

(a) whole cross section of 3D IC, (b) enlarged area of red 
rectangle in (a), (c) enlarged area of red rectangle in (b). 

 

 

Fig. 6. FIB image of a microbump. 

 

3.2 MICROSTRUCTURE EVOLUTION IN 
MICROBUMPS AHTER ANNEALING 

Fig. 7 (a), (b), (c), (d) show SEM images of the same 
microbump after annealing for 0, 1, 4, 24 hours respectively. 

 

 

 

 

Fig. 7. SEM images of the same microbump after annealing 
for (a) 0 hour, (b) 1 hour, (c) 4 hours, (d) 24 hours. 
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3. 2. 1 VOID EVOLUTION 
Fig. 8 shows a plot of diameter of flux trapped voids 

against annealing time at 150℃ . The diameter of flux 
trapped voids gradually become large as annealing time 
becomes long. The mean diameters of them after 0, 1, 4, 24 
hours are 927, 958, 1002, 1008 nm respectively. In fig. 8, it 
seems that they are converged to around 1000 nm at this 
temperature. The reason of this phenomenon is possibly 
related to mechanical stress around flux trapped voids. The 
flux trapped voids on the cross section is originally 
remained inside microbumps, and stresss around flux 
trapped voids is kept balane. However, the microbumps are 
polished in order to observe cross section, so the balance of 
stress is broken. Therefore the opening of flux trapped voids 
become large after annealing for several hours. 

In some SEM images of microbumps, the three kinds 
of voids emerge after annealing though there was originally 
nothing on the cross section. Here are some reasons for this 
phenomenon. First reason is due to remained flux and filler 
trap in microbumps. They can expand in microbumps by 
annealing and finally they come out from surface of cross 
section. The other reason is due to polishing. Actually after 
annealing, the surface of cross section becomes rough. Thus 
it is slightly polished in order to make it flat. At the same 
time, some kinds of voids emerge which is originally 
remained in microbumps will emerge.  

 

 
Fig. 8. A plot of diameter of flux trapped voids against 

annealing time at 150℃. (36 flux trapped voids) 

 

Fig. 9 shows a plot of diameter of filler trap against 
annealing time at 150℃. The diameter of filler traps which 
can be originally seen in as-received sample gradually 
become large as annealing time becomes long. The mean 
diameters of them after 0, 1, 4, 24 hours are 180, 232, 236, 
256 nm respectively. It is because epoxy expands by 
annealing. Actually, epoxy in filler trap has high CTE. The 
CTE of epoxy is 45~65×10-6 1/K which is higher than that 
of metals of microbumps (16.6×10-6 1/K). That’s why 
filler trap can expand by annealing. Additionally, new filler 
traps emerge after annealing on the cross section as it is 
mentioned before. In the next step, filler traps should be 

examined for longer annealing time in order to examine how 
big it becomes. 

 

 
Fig. 9. A plot of diameter of filler trap against annealing 

time at 150℃. (7 filler traps) 

3. 2. 2 IMC LAYER EVOLUTION 
Fig. 10 shows a plot of thickness of IMC against 

annealing time at 150℃. The thickness of IMC gradually 
become large as annealing time becomes long. The mean 
thickness of IMC after 0, 1, 4, 24 hours are 2.21, 2.25, 2.27, 
2.29 µm respectively. This is because the area between Ni 
and solder interface chemically react by annealing and IMC 
can be finally formed. However there is still remaining 
solder with annealing for 24 hours at 150℃ that means all 
of the reaction between Ni and solder is not finished. 
Therefore IMC will gradually become thick as it is annealed 
for longer time. Finally, it seems to change to IMC 
completely. 

 

 
Fig. 10. A plot of thickness of IMC against annealing time at 

150℃. (10 microbumps) 
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4. CONCLUSION 
In this research, 3D IC packaging is annealed for 0-24 

hours at 150℃.  

In terms of voids in microbump before annealing, it is 

found that flux trapped voids and filler traps are observed in 

each of the microbumps. The diameter of flux trapped voids 

is from 200 nm to 1800 nm and the mean diameter is 927 

nm. On the other hand, the diameter of filler traps is from 50 

nm to 400 nm and the mean diameter is 180 nm. 

In terms of voids in microbump after annealing, the 

diameter of flux trapped voids and the diameter of filler 

traps gradually become large as annealing time becomes 

long. The mean diameters of flux trapped voids after 0, 1, 4, 

24 hours are 927, 958, 1002, 1008 nm respectively. The 

reason of this phenomenon is possibly related to mechanical 

stress around flux trapped voids. On the other hand, the 

mean diameters of filler traps after 0, 1, 4, 24 hours are 180, 

232, 236, 256 nm respectively. It is because epoxy expands 

by annealing. In the next step, filler traps should be 

examined for longer annealing time in order to examine how 

big it becomes. 

In some SEM images of microbumps, the three kinds 

of voids emerge after annealing though there is originally 

nothing on the cross section. The reasons of this 

phenomenon are possibly due to expansion of flux and filler 

trap and due to polishing surface. 

Additionally, the thickness of IMC gradually become 

large as annealing time becomes long. The mean thickness 

of IMC after 0, 1, 4, 24 hours are 2.21, 2.25, 2.27, 2.29 µm 

respectively. This is because the area between Ni and solder 

interface chemically react by annealing. 

 

ACKNOWLEDGEMENTS  
I would like to acknowledge Qualcomm Inc, San 

Diego, CA, for the supply of the sample. I would like to 

acknowledge Prof. King-Ning Tu’s kind instruction for this 
research. I also would like to acknowledge the sincere help 

from Yinxia Liu and Menglu Li. I thank Henry chen and 

Yaodong Wang for taking care of me. I also thank Sergey 

Prikhodko, director of Electron Microscopy Core, Dept. of 

Materials Science and Engineering at UCLA for using FIB 

and SEM. 

 

REFERENCES 
[1] K. N. Tu, Reliability challenges in 3D IC packaging 

technology, Microelectronics Reliability, Volume 51, 
Issue 3, pp. 517-523 (2011). 

 
[2] Y. Liu, M. Li, D. W. Kim, S. Gu, D. Y. Parkinson, J. 

Blair, and K. N. Tu, Filler Trap and Solder Extrusion in 
3D IC Thermo-compression Bonded Microbumps, 
Electronic Components & Technology Conference 
(2014). 

 
 
 



JUACEP Independent Research Report 
Nagoya University, Japan 

1 

 
Atmospheric Plasma Treatment of Titanium for Bonding of Different Materials 

 
Keisuke Uematsu 

 
Graduate School of Engineering, Nagoya University 

uematsu.keisuke@f.mbox.nagoya-u.ac.jp 

 

Supervisor: Professor Jenn-Ming Yang 
 

Department of Materials Science and Engineering, University of California Los Angeles 

jyang@ucla.seas.edu 
 

Abstract 
In this investigation, surface treatment of titanium is 

carried out by plasma ion implantation under atmospheric 
pressure plasma in order to increase the adhesive bond 
strength. Prior to the plasma treatment, titanium and Carbon 
Fibre Reinforced Plastic (CFRP) surfaces were chemically 
treated. Rate of cohesive failure measurement of 
atmospheric plasma treated titanium and CFRP are carried 
out to examine the surface characteristics. These sheets 
treated by atmospheric plasma were adhered using film 
epoxy. 

1. Introduction 
The bonding of titanium to composite materials is used 

in spacecraft and aviation applications. Titanium has many 
desirable features: high temperature resistance, excellent 
strength to weight, and good corrosion resistance. Therefore, 
presently, titanium is one of the most desirable structural 
materials in spacecraft and aviation applications.  

The aerospace industry is a larger market for titanium 
products primarily due to exceptional strength to weight 
ratio, high resistance to elevated temperatures and corrosion 
resistance. Nowadays, adhesive bonding is the preferred 
joining technique for titanium structures, where as in the past 
focus was more on welding and riveting. There are some 
advantages for using adhesive technology, such as continuity 
of adhesive bond which allows more uniform distribution of 
stress in the bonded area. However, for the adhesive bonding 
the surface treatment appears to be the critical factor in order 
to generate a good strength and long term durability. 

The principle objective of this study is to improve the 
adhesive bond strength of titanium and Carbon Fibre 
Reinforced Plastic (CFRP) which are bonded together using 
epoxy adhesive. For improving the performance of adhesive 
bonding of titanium for aerospace and space climatic 
conditions, it is necessary to modify the surface of titanium. 
The main area of environmental attack on a polymer metal 
bond is at or close to the adhesive failure, it is desirable to 
transfer the place of failure from the adhesive/ adherent 

interface to within the adhesive, explicitly to cohesive 
failure. 

This study investigates surface modification phenomena 
of titanium and CFRP followed by atmospheric pressure 
plasma treatment. Finally, the tensile lap shear strength is 
carried out to measure adhesive bond strength of surface 
modified titanium. 

2. Experimentation 

2.1 Materials 
In this investigation, a highly Corrosion-Resistant Grade 

2 titanium supplied by McMaster-Carr® is used. Grade 2 
titanium is 99 % pure titanium. The titanium sheet was 150 
mm × 150 mm × 1.6 mm thick. The pure titanium density is 
4.51 g/cm3. The CFRP sheet was 150 mm × 100 mm × 3.4 
mm thick. The CFRP density is 1.52 g/cm3, which was 
estimated by measuring the weight and volume. After 
adhesively bonded together, these sheets were later cut down 
into smaller sample sizes by a water jet cutter by Abrasive 
Water jet and CNC Inc. 

For bonding of titanium and CFRP, FM® 300 Epoxy 
Film Adhesive supplied by Cytec Industries is used. FM 300 
film adhesive has high elongation and toughness with high 
ultimate shear strength. It also has wide acceptance for 
industry. The service temperature of this epoxy adhesive is 
from -55 ℃ to 150 ℃. The bonding sample of titanium and 
CFRP is shown in figure 1. 
 
 
 
 
 
 
 
 

 
Fig. 1 Picture of titanium and CFRP bonding 
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2.2 Surface Treatment 
The first step in surface preparation for all samples was 

to wipe the surface with a Kim wipe and Isopropyl Alcohol 
(IPA). This step can remove fingerprints and oil on the 
surface. The surface was allowed to air dry before any 
further treatment.  

2.3 Atmospheric Pressure Plasma Treatment 
Atmospheric pressure plasma activation was 

accomplished using a Surfx Technologies Atomflo TM system 
equipped with a 2” wide linear beam source. A source-to-
substrate distance was maintained during all experiments. 
The picture of atmospheric pressure plasma treatment is 
shown in figure 2.  

The plasma treatment for titanium was carried out at 
120W radio frequency (RF) power, 30.0 L/min helium, and 
0.5 L/min nitrogen. The plasma treatment for CFRP was 
carried out at 120W RF power, 30.0 L/min helium, and 
150W RF power, 0.5 L/min oxygen. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Picture of atmospheric pressure plasma treatment 

2.4 Adhesive Joint Preparation  
All of the samples were immediately prepared for 

bonding following the surface treatments. AC-130-2 Mixing 
Instructions produced by Advanced Chemistry & 
Technology was used as sol-gel for titanium surface 
preparation. The sol-gel was applied to titanium surface at 
room temperature using a clean natural bristle brush. After 
keeping surface wet for 3 min, the sol-gel was run off and 
allowed to air dry for 1 hour. Bond primer was applied to 
titanium surface at room temperature using a foam brush. 
The bond primer was allowed to air dry for 1 hour in a fume 
hood, followed by 1 hour in an oven at 240-260℉ .  

The FM 300 film adhesive was applied to one of the 
joint surfaces, both titanium and CFRP were bonded 
together in a press which applied 50 pound per square inch 
(psi) of pressure (344.75 kPa). The sample was cured in a 
hot press made by Tetrahedron Associates, Inc. The sample 

was ramped up to 350℉at a rate of 5℉ /min. The 
temperature was held at 350℉for 60 minutes followed by 
the temperature being ramped down at a rate of 5℉ /min 
until it reached room temperature. 

2.5 Tensile Lap Shear Test 
The lap shear strength of the epoxy-bonded coupons 

was generated following the procedure described in JIS K 
6850. A schematic of these coupons is shown in figure 3. 
The titanium and CFRP bonding sample was cut into 5 
pieces of coupons described in the JIS standard. The 
specimens were bonded together with adhesive using an 
overlap of 12.5 mm. The picture of the coupon is shown in 
figure 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3 Schematic of (a) titanium and CFRP bonding sample, 
(b) lap shear coupon geometry 
 
 
 
 
 
 
 
 
 
 
Fig.4 Picture of lap shear test coupon 
 

In order to remove fluid from the coupons, these were 
heated in Isotemp® Vacuum Oven Model 280A produced by 
Fisher Scientific. These were heated at 140℉for 7 hours. 
After drying the coupons were kept in a desiccator until the 
tensile lap shear test.  

Before the lap shear test, the grip sections of the 
coupons were bonded with small spacers by Aluminum Putty 
(F) 10610 produced by Devcon®. This aluminium-filled 
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epoxy putty is widely used for machinery and equipment in 
high vacuum applications. It was necessary to prevent the 
deformation of the coupons. The coupon with spacer is 
shown in figure 5.  
 
 
 
 
 
 
 
 
 
Fig.5 Picture of lap shear test coupon with spacer 
 

An Instron test frame 5966 with 10 kN load cell was 
used to investigate the mechanical properties of the bonded 
coupons (JIS K 6850). The frame moving speed of 0.2mm 
/min was applied during the tests until failure. Five sets of 
lap shear samples were fabricated and tested. The test frame 
is shown in figure 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.6 Picture of lap shear test frame 

2.5 Measurement of Ratio of Cohesive Failure 
The tensile lap shear coupons were examined to 

determine whether failure occurred in the composite, below 
the adhered surface, or at the interface. The percentage of 
cohesive failure was acquired by measuring the adhesive 
area within the overlap region where failure occurred within 
the adhesive itself. 

 

3. Results 

3.1 Lap Shear Tensile Properties of Adhesive 
 Bonded Joints 
The stress-time curve of tensile lap shear adhesive 

bonding of titanium and CFRP are shown in figure 7. The 
lap shear bonding of atmospheric pressure plasma treated 
titanium and CFRP failed within adhesive. Failure mode is 
presented in figure 8.  

Lap shear test result for titanium and CFRP bonding 
coupons was shown in table 1. The lap shear specimens with 
atmospheric pressure plasma treatment yielded average lap 
shear strengths of 21 ± 2MPa. The ratio of cohesive failure 
was 51 ± 3%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 Lap shear stress of titanium and CFRP bonding 
coupons  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.8 Bond failure during lap shear test within adhesive after 
atmospheric pressure plasma treatment 
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4. Discussion 
In the previous studies, they suggested titanium surfaces 

do not posses the desired surface to form strong adhesive 
bonds. It is because untreated titanium surfaces are covered 
with organic impurities, inhibitors, and degassing agents 
used during casting and rolling of the metal. In a former 
report, the lap shear tensile strength of adhesive bonding of 
pure titanium and pure titanium was 10 MPa reported by 
S.Bhowmik et al. In another report, the lap shear tensile 
strength of adhesive bonding of pure titanium and CFRP 
(T300) was 5.2 MPa reported by M.Suzuki et al. They also 
said the lap shear strength of adhesive bonding of titanium 
and CFRP with 0.25 sec/mm2 atmospheric pressure plasma 
treatment was 19.3 MPa. In the study the lap shear test was 
also conducted following the same procedure JIS K 6850. 
However the treated gas was nitrogen (99.5 %) + air (0.5 %) 
and the gas flow rate was 5.0 L/min. According to these 
reports the titanium-CFRP lap shear strength of 21 ± 2MPa 
in this study should be a positive result. Therefore the 
atmospheric pressure plasma treatment before bonding of 
titanium and CFRP should be more effective to improve the 
lap shear strength of adhesive. 

The estimation of the lap shear strength and ratio of 
cohesive failure of titanium and CFRP coupons was 
conducted with the exception of coupon 1. It is because the 
coupon 1 indicated much less lap shear strength and 
maximum load than the other coupons. It was obvious from 
figure 9.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.9 Shear strength and maximum load of titanium and 
CFRP 
 

 

 

In this study, the ratio of cohesive failure of titanium and 
CFRP coupons was estimated 51 ± 3%. According to the US 
military standards for bond strength and durability are to 
have an average cohesive failure mode of 90% or greater. 
Therefore this result does not meet the standard. However, 
the adhesive was observed on all the overlap area of the test 
coupons after the failure. It is obvious from the binarised 
picture of the overlap area shown in figure 10. In this study 
the thickness of the adhesive was only 0.1 mm, which is too 
thin to measure the ratio of cohesive failure   and should 
have caused the kind of failure mode. It should be improved 
using some beads for maintaining the thickness of the 
adhesive.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.10 Binarised picture of the overlap area 

5. Conclusion 
Atmospheric pressure, helium, nitrogen and oxygen 

plasmas would be an effective method of surface preparation 
of titanium and CFRP composites prior to bonding. The lap 
shear strength of 21 ± 2 MPa was demonstrated for bonded 
titanium and CFRP.  
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Coupon Shear Strength of Adhesive (MPa) Maximum Load (N) Fracture Time (s) Ratio of Cohesive Failure (%) 
1 13.82139 5137.35 241.363  44.5 
2 22.30788 8222.44 333.6  48.5 
3 20.70305 7502.26 276.8  52.0 
4 19.50734 6921.67 279.4  51.0 
5 19.74133 7091.33 660.3  50.5 

Table.1 Lap shear test result for titanium and CFRP bonding coupons 
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ABSTRACT 
Development of an in vitro living cell-based model 

of the intestine that mimics the mechanical, structural, 

absorptive, transport and pathophysiological properties of 

the human gut along with its crucial microbial symbionts 

could accelerate pharmaceutical development, and 

potentially replace animal testing. Here, we describe human 

gut on a chip microdevice was fabricated from PDMS by 

adapting a soft lithography technique. We considered growth 

of cells under the conditions of flowing fluid at a low rate 

(0.5µl/min) and culturing cells on PDMS. In this study, 

however the characteristics of a gut on a chip could not be 

shown, gut on a chip offers a new and potentially powerful 

alternative platform for studies on human intestinal 

physiology, gastrointestinal diseases, toxicology, and drug 

development.  

1. INTRODUCTION  
The drug development process has been severely 

hampered by the need for animal models that are costly, 

labor-intensive, time-consuming and questionable 

ethically.
[1]

 Of even greater concern is that animal models 

often do not predict results obtained in humans,
 [2][3]

 and this 

is a particular problem when addressing challenges relating 

to metabolism, transport, and oral absorption of drugs and 

nutrients.
[4][5]

 For these reasons, there is great interest in 

developing models that recapitulate the complex functions of 

human intestine in vitro.
[2][6]

 Established lines of human 

intestinal epithelial cells, such as Caco-2 cells that were 

originally isolated from a human intestinal tumor, have been 

used to study gut absorption and metabolism in vitro by 

culturing these cells on standard plastic dishes or Transwell 

inserts
[7][8]

 as well as in microfluidic devices.
[9]-[11]

 While 

these cultures develop an epithelial barrier to molecular 

transport, the cells take on non-physiological squamous 

epithelial forms (i.e. rather than the columnar shapes 

observed in vivo), and fail to reproduce most of the 

differentiated organ-specific properties of living intestine. 

One major factor that is missing in conventional culture 

models is the lack of the natural mechanical 

microenvironment of the normal gut that experiences 

trickling fluid flow as well as cyclic peristaltic motions.
[12]-

[15]
 Others have attempted to recreate the normal three-

dimensional (3D) architecture of the intestinal lining in vitro 

by culturing human intestinal epithelial cells on hydrogel 

substrates that were microengineered to mimic the shape, 

size and density of human intestinal villi.
[9]

 However, none 

of the existing in vitro intestinal models recapitulate the 

mechanically active microenvironment of living intestine 

(peristaltic motions and intraluminal fluid flow) that is 

critical for normal organ physiology,
[16]

 as well as for 

development of Crohn’s disease and other intestinal 

disorders.
[17]-[20]

 Another limitation of existing in vitro gut 

models is that it has not been possible to grow living 

microbes in the luminal surface of cultured intestinal 

epithelium for extended periods as normally occurs in living 

intestine. This is a key problem because microbial symbionts 

normally contribute significantly to intestinal barrier 

function, metabolism and absorption of drugs and chemicals, 

and many diseases.
[21]-[25]

 Thus, in present study, we 

developed microdevice to mimic the structure of intestine. In 

other words, the device could reproduce intestinal 

peristalsis-like motions. In this study, we considered growth 

of intestinal cells on device was fabricated from PDMS 

under the constant flow. 

2. EXPERIMENT 
Micro device fabrication 

The device is used for the experiment was 

fabricated from a polydimethylsiloxane polymer (PDMS) by 

adapting a soft lithography technique. The upper 

microchannel was prepared by casting PDMS prepolymer 

(10:1 w/w ratio of PDMS to curing agent) on a 

microfabricated mold of inverse channel design (Fig. 1). 

Then, PDMS can be prevented from sneaking to the rear 

surface by covering edge with aluminum foil without space. 

Air bubbles can be cleaned by using air gun. However, Air 

will not be hit too long time in same location because PDMS 

splashes and then air bubbles are generated. After that, it is 

put on hot plate was warmed to 115 degree, and then heated 

for 10 to 15 minutes. Microchannels were cut one each. A 

hole was punched in Microchannel entrance. Bonding 

surface was irradiated with plasma for 32 to 45 seconds. 
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The lower layer was prepared by casting PDMS prepolymer 

on a petri dish. After preparing, upper and lower layer were 

exposed to plasma. The plasma-treated surfaces of the upper 

and lower layer were then immediately placed in conformal 

contact. The size of fabricated device was shown in Fig. 2. 

And microchannel height is 100µm. The device has a 

function to prevent impurities of media (Fig. 3). As shown 

Fig. 3, the function can prevent impurities. Fig. 4 shows the 

structure of the device. The device has two chambers, two 

outlets and inlet. 

Fibronectin conjugation 
As Next step, surface of microchannel was 

conjugated by fibronectin. As a reason, Since the surface of 

the cells are generally charged with negative, cell adhesion is 

promoted by covering surface of microchannel for positive 

charge material. Since cells are contact with other cells and 

extracellular matrix, coating materials include those typical 

of extracellular matrix proteins such as collagen, fibronectin 

and laminin. In this study, fibronectin was used. Materials 

are used for fibronectin conjugation are Acetic Acid (5%), 

Reagent Alcohol (95%), 3-Animopropy-triethoxysliane (1%) 

and Di-H2O. If 20ml of silane solution is made, add EtOH 

(19ml) into Di-H2O (1ml), add Silane (200µl) and Acetic 

acid (1ml).First, the lower layer is bonded on the glass slide 

by using plasma for 45 seconds at 500mTorr. The above 

solution was made and stirred for 15 minutes at 400rpm. 

Right after bonding the device, silane solution was injected 

into the device. After injecting, the device was sat for 45 

minutes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

After silane reaction, the device was washed with EtOH 

twice. Water was extracted from device. Device was put in 

the oven for at least 30 minutes to make sure no EtOH 

residue in the chamber. While baking the device, fibronectin 

working solution was made. Fibronectin stock solution was 

diluted into 50 µg/ml working solution. It was diluted with 

PBS (pH 7.4). After baking, the device was filled with 

HEPES. While the device was filled with HEPES, sulfo-

sanpah working solution was made from stock solution. As 

much as possible, it is not applied to the light. If total 1 ml of 

working solution is needed and the stock solution is 20 

mg/ml, 25µl stock solution is taken and added into 975 µl 

HEPES. The device was filled with solfo-sanpah solution 

and irradiated to UV for 1 minute. The device was washed 

with HEPES. Fibronectin working solution was injected into 

the device and the device was incubated at room temperature 

for 1 hour or overnight at 4 ℃.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 : The size of device 

Fig. 1 : Microfabricated mold of inverse channel design 

Fig. 3 ; Function to prevent impurities 

Fig. 4 : Structure of device 
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CELL ADHESION 
Media was removed from culture vessel. Cell 

exfoliative solution is injected into culture vessel. Culture 
vessel was incubated for 5 minutes. After checking whether 
cells were exfoliated, solution to stop exfoliating was 
injected into culture vessel. Cell suspension was taken out of 
culture vessel and centrifugalized at 1000 rpm for 5 minutes. 
Cells were separated from cell suspension by removing 
solution. Cells were diluted with media. The number of cells 
was counted by cell counter and cell density was calculated. 
The solution was diluted with media, it was slowly injected 
into device from sling. After injecting, cells were adhered to 
the device. After making sure of adhesion of cells in the 
device, flowing media was started. 

3. CELL CULTURE 
Human intestinal Myofibroblast was used in this 

experiment. Cell density is 2.6×106 cells/ml. Media used to 
culture was made from EGF, Transferrin and insulan. 
Amount of these contained in media are 2µl/ml, 2µl/mL and 
1µl/ml. Media flow rate is 0.5µl/min. After cell adhesion, 
Cell culture was started. As shown in Fig. 5, flow of the 
device is constant direction.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. RESULT AND DISSCUSSION 
In order to observe the growth of cells, the low and 

high magnification picture were taken on first day, third day 
fifth day since cell culture was started in the device. Fig. 6 to 
8 show pictures of low magnification (4X). As shown Fig. 6 
to 8, the growth of cells was not confirmed. It was observed 
that some cells got together in the vicinity of outlet (Fig. 9). 
In addition, some of dead cells were confirmed. Fig. 10 to 
12 show pictures of high magnification (10X). In the case of 
high magnification pictures, also the growth of cells could 
not be confirmed. As a result, the cell did not grow as we 
expected. The reasons are as follow. First, cell density was 
not enough. This is because the cell density is significant 
impact on growth in vitro. Cells secrete various factors in 
medium. Further it makes environment suitable for the cells 
to grow. Therefore, when seeding cells, cell density is 
required in order to build its environment. All of the medium 
and cells has minimum seeding density. Cell adhesion and 
growth rate could be reduced as seeding density may be less.  

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 : Direction of flow 

Fig. 6 : Day 1_4X 

Fig. 7 : Day 3_4X 

Fig. 8 : Day 5_4X 
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Second, rate of flow of media was not sufficient. 
Sufficient nutrient did not spread to cells as supply of the 
media is not sufficient. Consequently, growth of cells may be 
inhibited.Finally, cell adhesion to the device was not 
sufficient. In this case, cell culture was started before cells 
were completely adhered in the device.  

5. CONCLUSION 
In this study, however the characteristics of a gut on 

a chip could not be shown, the human gut on a chip 
microdevice provides a controlled microplatform to study 
and perturb critical gut functions in the presence of relevant 
physiological cues, including cyclic mechanical strain, fluid 
flow and coexistence of microbial flora. Moreover, once 
differentiated within the gut on a chip device, the 
intestinalepithelium can support growth of microbial flora 
that  normally lives within the human intestine. The human 
peristaltic gut on a chip may therefore facilitate study of  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

mechanoregulation of intestinal function, as well as host-
microbe symbiosis and evolution. Finally, it is important to 
note that the tissue morphology, differentiated cell features 
and complex functionalities exhibited by cells cultured in 
our mechanically active, microfluidic device more closely 
mimic human intestinal functions than when the same cells 
are cultured in static Transwell chambers, which is currently 
one of the standard in vitro human intestinal epithelial cell 
assays used by the pharmaceutical industry. Thus, the human 
gut on a chip offers a new and potentially powerful 
alternative platform for studies on human intestinal 
physiology, gastrointestinal diseases, toxicology, and drug 
development. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9 : Vicinity of outlet 

Fig. 10 : Day 1_10X 

Fig. 11 Day 3_10X 

Fig. Day 5_10X 
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ABSTRACT 
Level set method was introduced by Osher and Sethian 

and it is widely used in image science, particularly in image 
segmentation. Various image segmentation methods have 
been developed in the past two decades. Low-level 
segmentation methods, such as pixel based clustering, 
region growing, and filter based edge detection, require 
additional pre-processing and post-processing as well as 
considerable amounts of expert intervention or information 
of the objects of interest. Furthermore the subsequent 
analysis of segmented objects is hampered by the primitive, 
pixel or voxel level representations from those region-based 
segmentation. On the other hand, deformable models 
provide an explicit representation of the boundary and the 
shape of the object. They incorporate several desirable 
features such as inherent connectivity and smoothness, 
which counteract noise and boundary irregularities, as well 
as the ability to combine knowledge about the object of 
interest.  

 

 

1. INTRODUCTION 
Image segmentation is defined as partitioning portions 

of an image. It adds structure to an original image. The goal 
in many tasks is for the regions to represent meaningful 
areas of the image, such as the crops, urban areas, and 
forests of a satellite image. Level set method was introduced 
by Osher and Sethian and it is widely used in image science, 
particularly in image segmentation. This paper gives a 
general overview of the level set segmentation methods. 

 

2. LEVEL SET METHOD FOR IMAGE 
SEGMENTATION 

Image segmentation problem reduces to finding curves 
to enclose regions of interest. A recent paper from 
Montagnat, Delingette and Ayache review the general 
family of deformable models and surfaces with a 
classification based on their representation. This 
classification has been reproduced, to some extends in 
Figure 1. Level set deformable models appear in this 
classification diagram as part of continuous deformable 
models with implicit representation. 

Figure 1: Deformable models classification based on their representation. 
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2.1 Level Set Method Framework 
Segmentation of an image I via active contours, also 

referred to as snakes [1], operates through an energy 
functional controlling the deformation of an initial contour 
curve C p , p ∈ [0,1] under the influence of internal and 
external forces achieving a minimum energy state at high-
gradient locations. The generic energy functional for active 
contour models is expressed as: 

E C =
!α !′(!) !!"!

! + ! !′′(!) !!"!
! − ! ∇!(!(!)) !!"!

!  (1) 

where (α, β, λ) are positive parameters. The first two terms 
control the rigidity and elasticity of the contour (defining the 
internal energy of the deformable object) while the last term 
attracts the model to high-gradient locations in the image I 
(defining the external energy of the model).  

Active contour segmentation via minimization of the 
energy functional in Equation (1) is typically implemented 
with a parametric framework in which the deformable 
model is explicitly formulated as a parameterized contour on 
a regular spatial grid, tracking its point positions in a 
Lagrangian framework [4]. 

In their original paper from 1988 [2], Osher and 
Sethian introduced the concept of geometric deformable 
models, which provide an implicit formulation of the 
deformable contour in a level set framework. To introduce 
the concept of the level set framework we focus on the 
boundary-value problem of a close contour C deforming 
with a speed V along its normal direction: 

∇! !V = 1,V > 0             (2) 

Their fundamental idea is, instead of tracking in time the 
positions of the front C(x, y) on a regular grid as: 

Γ t = !, ! |! !, ! = !           (3) 

to embed the curve into a higher dimension function 
ϕ(x, y, t) such that: 

(1) at time zero the initial contour !! corresponds to the 
level zero of the function ϕ: 

!! = !, ! /! !, ! = !            (4) 

(2) the function ϕ evolves with the dynamic equation: 

  !"!" = ∇! V                 (5) 

In this framework, at any time t, the front implicitly defined 
by: 

Γ t = (!, !)/!(!, !, !) = 0         (6) 

corresponds to the solution of the initial boundary value 
problem defined parametrically in Equation (3). 

 

In their pioneer paper, Osher and Sethian focused on 
motion under mean curvature flow where the speed term is 
expressed as: 

V = div ∇!
∇!                   (7) 

Since its introduction, the concept of deformable models for 
image segmentation defined in a level set framework has 
motivated the development of several families of method 
that include: geometric active contours based on mean 
curvature flow, gradient-based implicit active contours and 
geodesic active contours. 

 

2.2 Geometric Active Contours 
� � In their work introducing geometric active contours, 
Caselles et al. [5] proposed the following functional to 
segment a given image I:  

!"
!" = ∇! ! ∇! div ∇!

∇! + !      (8) 

With 

g ∇!(!, !) = !
!! ∇!! !,! ∗!(!,!) !       (9) 

where ν ≥ 0 and !!  is a Gaussian convolution filter of 
standard deviation ! . The idea defining geometric 
deformable models is to modify the initial mean curvature 
flow of Equation (7) by adding a constant inflation force 
term ν and multiplying the speed by a term inversely 
proportional to the smooth gradient of the image. In this 
context the model is forced to inflate on smooth areas and to 
stop at high-gradient locations as the speed decreases 
towards zero. 

 

2.3 Gradient Based Level Set Active Contours 
In their initial work on applications of the level set 

framework for segmentation, Malladi, Sethian and Vemuri 
[3] presented a gradient-based speed function for the general 
Hamilton-Jacobi type equation of motion in Equation (5). 

Their general framework decomposed the speed term 
into two components: 

              ! = !!! + !!                (10) 
where !!  is an advection term, independent of the 
geometry of the front and !!  is a remainder term that 
depends on the front geometry. The authors studied the 
design of the speed term to stop the front propagation at 
high-gradient locations depending on the value of !! . In the 
first case, for !! = 0 they proposed the following speed 
term:  

! = −!! + !!
!!!!!

∇!! ∗ ! −!!      (11) 

where (!!,!!), are the maximum and minimum values of 
the smooth gradient image ∇!! ∗ ! .  
In the case where , the speed term needs to be multiplied by 
a gradient-based term to stop the front evolution, as follows: 

! = !
!! ∇!!∗!

×(!! − !!)         (12) 
This entropy condition ensures that the propagating front 
corresponds to the boundary of an expanding region. An 
analogy invoked by Sethian to illustrates the entropy 
principle is to consider the moving front as a source for a 
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burning flame and expand the flame so ensuring that once a 
point in the domain is ignited, it stays burnt. The entropy 
principle puts some constraints in the choice of particular 
numerical schemes for temporal and spatial derivatives of 
the level set function. In their work, Malladi et al. [3] used a 
forward difference in time, upwind scheme for the constant 
inflation term and central differences for the remainder term. 
A second issue with this framework arises from the fact the 
image-based speed terms are only defined on the zero-level 
of the moving front, as it was designed to stop the evolution 
of this level at high-gradient locations. On the other hand the 
energy functional is defined over the entire domain and the 
speed term must have a consistent definition over all values 
of the level set function. This is done by extending the speed 
term from its values defined only on the level zero. There 
are several methods available to perform the extension. One 
of the most popular methods assigns the values of the 
closest point on the level zero to a given point of the domain. 
 

2.4 Geodesic Active Contours 
Geodesic active contours were introduced 

simultaneously by Kichenassamy and al. [6] and Caselles et 
al. [7] as a segmentation framework, derived from energy-
based snakes active contours, performing contour extraction 
via the computation of geodesics, i.e. minimal distance 
curves in a Riemannian space derived from the image. 
Given an image I and for a given differentiable curve 
C p , p ∈ [0,1] they define the following energy:  

E C = ! !( ∇!(! ! ) ) !′(!) !"!
!      (13) 

where!! is a positive decreasing function. Segmentation is 
achieved via minimization of this energy functional 
equivalent to the computation of geodesics in a Riemannian 
space according to a metric that weights the Euclidian length 
of the curve with the term !( ∇!(! ! ) ) . 

Minimization of the functional is performed via derivation 
of the Euler-Lagrange system: 

!"
!" = ! ∇! !! − ∇g ∇! ! !      (14) 

where ! is the Euclidian curvature of the curve ! and N 
is the unit normal vector to the curve. Implementation with a 
level set framework is performed by embedding the curve ! 
into a level set function φ. Using the following property on 
the curvature term: 

! = !"#( ∇!∇! )              (15) 

and the following equivalence of relationships between a 
curve ! and its associated level set function φ: 

!"
!" = αN, !"!" = α ∇!            (16) 

the level set formulation is expressed as: 

!"
!" = ∇! g ∇! !"#( ∇!∇! ) + ∇g ∇! ∇!

∇!  

= ∇! !"# g ∇! ∇!
∇! !!!!!!!!!!!!!!!!!!!!!!!!!!!!     (17) 

To improve convergence speed and allow the detection of 
non-convex objects, the authors also introduced a 
modification of the initial formulation with the introduction 
of a constant inflation term νg( ∇! ) ∇!  leading to the 
following functional: 

!"
!" = ∇! !"# g ∇! ∇!

∇! + νg ∇!  

= g ∇! ! + ! ∇! + ∇g( ∇! )∇!     (18) 

 

2.5 Tuning Level Set Speed Functions for 
Segmentation 

The main problem of boundary-based level set 
segmentation methods is related to contour leakage at 
locations of weak or missing boundary data information.  

Several efforts have been performed to add stopping 
criteria on the entire front and local pixel freezing rules, or 
combine gradient with region information to make the 
segmentation process more robust to poor edge definition. 
When dealing with weak boundaries the most radical 
solution to leaking problems is to remove the expansion 
term at the cost of requiring an initialization close to the 
final solution [8]. An alternative to this approach was 
proposed by Jin et al. [9] initially keeping the expansion 
term for pushing the model and turning it off as it 
approaches the object boundary. Detection of the boundary 
location was performed using a homogeneity map derived 
from scale-based fuzzy connectivity [10]. A more recent 
effort to address the problem of segmentation of an object 
with missing boundaries was presented by Sarti, Malladi and 
Sethian in [11] introducing a new geometric model for 
subjective surfaces. Starting from a reference point inside 
the object to segment, the ‘point of view’, a geometric 
deformable model is evolved with mean curvature flow and 
image-derived speed terms until a piecewise constant 
solution is reached. This piecewise constant solution is the 
subjective surface defined by the segmentation process that 
is flat inside the object and has boundaries defined by 
geodesic curves. The authors also introduced the notion of 
“modal” contours which are contours that are perceived in 
the visual context and “amodal” contours which are 
associated with partially occluded objects. Segmentation of 
amodal contours can be performed with their subjective 
surface framework through iterations of edge-map 
computation and contour extraction. The authors produced 
very nice illustrations of the performance of their subjective 
surface segmentation on three-dimensional ultrasound data 
with a fetal echogram, recovering the shape of the fetus.  

All the level set segmentation methods presented above 
are based on image gradient intensity making them prone to 
leaking problems in areas with low contrast. A second 
problem related to the use of the image gradient as the only 
image-derived speed term is that it makes the segmentation 
process very sensitive to the initial position of the level set 
function as the model is prone to converge to false edges 
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that correspond to local minima of the functional. Medical 
images typically suffer from insufficient and spurious edges 
inherent to physics of acquisition and machine noise from 
different modalities. 

Two approaches can be followed to address these 
limitations. The first approach is to fuse regularizer terms in 
the speed function as reviewed in [12]. A second approach is 
to reformulate the problem in terms of region-based 
segmentation methods derived from the Mumford-Shah 
functional implemented in a level set framework. We give 
an overview of these two families of methods in the next 
section. 
 

2.6 Level Set Speed Functions with Regularizer 
Suri et al. review in [12] recent works on the fusion of 

classical geometric and geodesic deformable models speed 
terms with regularizers, i.e. regional statistics information 
from the image. Regularization of the level set speed term is 
desirable to add prior information on the object to segment 
and prevent segmentation errors when using only gradient-
based information in the definition of the speed. Four main 
types of regularizers were identified by the authors of the 
review: 

(1) Clustering-based regularizers. 

(2) Bayesian-based regularizers. 

(3) Shape-based regularizers. 

(4) Coupling-surfaces regularizers 

We give in the next cession a brief overview of each 
method. 

(1) Clustering-Based Regularizers:  

Suri proposed in [13] the following energy functional for 
level set segmentation: 

!"
!" = εκ + !! ∇! − !!"#∇!        (19) 

where !!  is a regional force term expressed as a 
combination of the inside and outside regional area of the 
propagating curve. This term is proportional to a region 
indicator taking value between 0 and 1, derived from a fuzzy 
membership measure as described in [29]. 

(2) Bayesian-Based Regularizers:  

Recent work from Baillard et al. [30] proposed an approach 
similar to the previous one where the level set energy 
functional expressed as: 

 !"!" = g( ∇! )(κ + !!) ∇!          (20) 

uses a modified propagation term as a local force term. This 
term was derived from the probability density functions 
inside and outside the structure to segment. The authors also 
modified the data consistency term g( ∇! ) as expressed in 
Equation (9) using a transitional probability from going 
inside to outside the object to be segmented. 

(3) Shape-Based Regularizers:  

Leventon et al. [14] introduced shape-based regularizers 
where curvature profiles act as boundary regularization 
terms more specific to the shape to extract than standard 
curvature terms. A shape model is built from a set of 
segmented exemplars using principle component analysis 
applied to the signed-distance level set functions derived 
from the training shapes. The principal modes of variation 
around a mean shape are computed. Projection coefficients 
of a shape on the identified principal vectors are referred to 
as shape parameters. Rigid transformation parameters 
aligning the evolving curve and the shape model are referred 
to as pose parameters. To be able to include a global shape 
constraint in the level set speed term, shape and pose 
parameters of the final curve !∗(!) are estimated using 
maximum a posteriori estimation. The new functional is 
derived with a geodesic formulation as in Equation (18) with 
solution for the evolving surface expressed as: 

!!!!!!!!!!φ t + 1 = φ t + !! ! ∇! ! + ! ∇! ! +
!!!!!!!!!!!!!!!!∇! ∇! ∇! ! + !!(!∗ ! − !(!))        (21) 

where (!!, !!)  are two parameters that balance the 
influence of the gradient-curvature term and the shape-
model term. In more recent work, Leventon at al. [15] 
introduced further refinements of their method by 
introducing prior intensity and curvature models using 
statistical image-surface relationships in the regularizer 
terms. Limited clinical validation have been reported using 
this method but some illustrations on various applications 
including segmentation of the femur bone, the corpus 
callosum and vertebral bodies of the spine showed efficient 
and robust performance of the method. 

(4) Coupling-Surfaces Regularizers:  

Segmentation of embedded organs such as the cortical gray 
matter in the brain have motivated the introduction of a level 
set segmentation framework to perform simultaneous 
segmentation of the inner and outer organ surfaces with 
coupled level set functions. Such method was proposed by 
Zeng et al. in [16]. In this framework, segmentation is 
performed with the following system of equations: 

!!" + !!" ∇!!" = 0
!!"# + !!"# ∇!!"# = 0           (22) 

where the speed terms (!!",!!"#)  are functions of the 
surface normal direction (e.g. curvature of the surface), 
image-derived information and the distance between the two 
surfaces. When this distance is within the desired range, the 
two surfaces propagate according to the first two terms of 
the speed term. When the distance is out of the desired range, 
the speed term based on the distance controls the 
deformation as to correct for the surface positions. 
When defining the initial level set function as the signed 
distance function to its level zero, and ensuring that the 
distance function is preserved during the deformation 
process of the front through reinitialization, the distance of 
any point on the inner surface to the outer surface is directly 
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read as the value of the outer level set function and vice 
versa. 
Defining the speed terms as: 

!!" = !!"ℎ(!!"#)
!!"# = !!"#ℎ(!!")            (23) 

with (!!",!!"#)  speed terms derived from image and 
curvature properties ℎ  and a smooth approximating the 
windowing step function defined for a range of distance 
[!!,!!]  that is equal to one inside this interval and 0 
outside.  
 
 

3. CONCLUSIONS 
    Level set method for image segmentation has been the 
focus of intense research for the past decade producing very 
bright results. Major benefits of this method include its 
robustness to noisy conditions, its aptitude in extracting 
curved objects with complex topology and its numerical 
framework of multi-dimensional implementation. 
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ABSTRACT 
Mechanical properties of living cells have been 

shown to play a role in disease. For studying that, we 
need low cost, high throughput and easy to use technique. 
In this work, we propose a 2-D depth filtration technique. 
It relies on the pressure or time it takes for given volume 
of cell suspension to pass through the filter. Filtration is 
very simple and economical because it doesn’t require 
specialized skills and expensive machines. This 2-D 
depth filter has an array of pillars; cells pass through the 
gaps between pillars. We can control the filter geometry 
by controlling the pillar gap (8 or 10 Pm) and pillar 
height (10, 20 or 30 Pm). We used the HL-60 cells and 
measured the percentage of samples passage through on 
time, pressure and time dependence. More broadly, this 
technique is applicable to various kinds of cells. It is 
possible to measure the cell deformability of drug effects 
using this technique. 

1. INTRODUCTION 
The mechanical properties of living cells have been 

shown to play a role in a number of physiological and 
pathological processes. For example, stem cells have 
greater deformability of the cytoskeleton and 
nucleoskelton in less differentiated states [1]. In cancer 
cells, increased deformability is correlated with 
metastatic potential [1]. Red blood cells of patient with 
malaria have increased stiffness [2]. While biochemical 
aspects have been studied in detail, understanding 
mechanical properties of living cells is far from complete. 
Many researchers have developed techniques to resolve 
this problem, but these techniques also have some 
problems. 

Cell mechanotype reflects cell microstructural 
organization and is emerging as a valuable label- free 
biomarker. One common technique is atomic force 
microscopy (AFM) [3]. In AFM, a tip is used to indent 
the cell membrane and its mechanical response is 
measured. This technique is very accurate and provides 
quantitative data, but AFM measurements have extremely  

low throughput and require specialized skills. Another 
popular method to measure the cell mechanics is the 
optical stretcher [4, 5]. This is dual-beam optical tweezers 
and used for trapping and deforming micrometer-sized 
soft matter particles. However, this method has the same 
advantage and disadvantage of AFM. A third technique 
for studying cell mechanics is micropipette aspiration [6]. 
A cell is aspirated into a small glass tube by negative 
pressure while tracking the leading edge of its surface. 
This method provides accurate results and has similar 
throughput to the AFM, but it is still slow, the order of 
throughput is a few cells/ hour. Hence, we need low cost, 
high throughput and easy to use techniques.  

In this work, we pay attention to the filtration 
techniques7, 8]. This technique relies on the time and 
pressure it takes for given volume of the cell suspension 
to pass through the membrane. It is very a simple and 
economical technique. In addition, it has high throughput 
because we can measure many samples at the same time. 
There are two types in the filtration techniques (Fig. 1). 
One is film filtration, the other is depth filtration. Film 
filtration uses very thin films which have very short 
pathway and low resolution. In this paper, resolution 
means the difference of appearance of cells 
characteristics in measurement. On the other hand, depth 
filtration uses depth filter which has a random mesh 
structure; this provides a longer tortuous pathway and 
higher .resolution, but it is hard to control the pathway 
which cell suspensions pass through.  

Fig. 1 Image of filtration techniques, film filtration and 
depth filtration 
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To improve these disadvantages, we proposed 2-D 
depth filtration. This filter has an array of micro pillar 
structures. We can control the filter geometry by 
changing pillar gap and pillar height. While we cannot 
control the pathway which cells pass through, but it is 
easier to control than depth filtration. In addition, it has 
higher resolution than film filtration because of longer 
pathway. 

2. METHOD 
We used the PDMS filtration device (Fig. 2). PDMS 

is silicon-based organic thermoset polymer. It is 
biocompatible and non-toxic. It is often used as a 
microfluidic device for cells and biomolecules. This 
device was made to fit in with 96-well plate, which is a 
standard tool in analytical research and clinical 
diagnostic. It could be easier to transfer to clinical use 
because we can get it commercially. We used the devices 
which have 8 or 10 Pm gaps and 10, 20 or 30 Pm heights.  

Silicon wafer mold for PDMS devices was made by 
common photolithography techniques. First, negative 
photoresist was spincoated on the surface of silicon 
wafer. Negative photoresist is photocrosslinkable resist. 
We used SU-8 as photoresist in this time. After pre 
baking, photoresist was hardened by photolithography 
using photomask. Wafer was baked in order to forward to 
resist hardening and uncured resist was developed by 
reagent. This silicon wafer was used for PDMS device. 
Fabrication of PDMS device was shown in figure 2. The 
mixing mass ratio of PDMS base and catalyst is 10: 1. 
Both were measured the mass in the cup and mixed for a 
few minutes. After removing bobbles by vacuuming for 
30 minutes, silicon wafer mold was put in the dish and 
pipette tips were fixed on the surface for inlets or outlets 
(fig. 3-a,b). PDMS solution which was removed bubble 
was poured into the dish and vacuumed again to remove 
bubbles completely for 1 hour. After baking for 2 hours at 
65 ℃ (Fig. 3-c), pipette tips were removed carefully 
(Fig.3-d) and PDMS slab was cut and pealed from silicon 
wafer (Fig. 3-e). Two PDMS slabs, one has filtration 
structure and inlets, the other has only outlets, were 
bonded by plasma treatment (Fig. 3-f). 

Fig.2 Image of PDMS filtration device; It has inlets, 
outlets and micropillar range. We can control these 

micropillar gap or height. 

 

 

Fig.3 Fabrication process of PDMS filtration device; 
(a) silicon wafer has filtration design on the surface, (b) 
pipette tips were fixed, (c) baking to harden PDMS, (d) 

pipette tips were removed, (e) PDMS filtration device, (f) 
bonding 

In addition, figure 4 shows the platform for 
measurement. It has pressure gauge, 96-well plate, 
PDMS filtration device, collecting tube and air source 
(Fig. 4-a). Samples were set in the 96-well plate 750 PL 
per well and pass through the PDMS filter (Fig. 4-b). 
Samples which passed through the PDMS filter came out 
from outlets and were collected in the tubes. In this work, 
I measured the percentage of samples passage through the 
PDMS filter on time, pressure and device geometry 
dependence. I used the HL-60 cells which is human 
promyelocytic leukemia cells. The diameter average is 14 
Pm. HL-60 cells are floating cells, whereas most cancer 
cells are adherent cells. In addition to that, the shape of 
HL-60cells is round. For this reasons, HL-60 cells are 
suitable for this testing devices. 

 

Fig. 4 Image of the platform of measurement; (a) the 
system, (b) image of samples passing through the PDMS 

filtration device 

 



JUACEP Independent Research Report 

Nagoya University, Japan 

3 

3. RESULT AND DISCUSSION 
Figure 4a and 4b shows the pressure dependence and 

time dependence date using 30 Pm height device. I used 2 
psi in time dependence and measured 4 min in pressure 
dependence. Red mark shows 8 Pm gap and blue mark 
shows 10 Pm gap. I found that increased percentage of 
samples passage through is correlated with increase of 
pressure or time. In addition, 10 Pm gap is easier to pass 
through the samples than 8 Pm gap. In other words, ease 
of samples passage through depends on the device 
geometry/restriction. To understand the essential 
parameters about filtration, we can regard the pathway as 
electrical circuit [9]. The flow rate Q is analogous to 
electrical current, the pressure drop ΔP is analogous to 
the voltage drop and fluidic resistance depends on the 
device geometry. In addition, we consider the Darcy’s 
Law, 

 

where V is the flow volume, t is the passage time, A is the 
cross-sectional flow area, L is the membrane thickness, μ 
is the dynamic viscosity of the cell medium, and k is the 
device permeability. As shown in the graph, the passage 
through sample volume is proportional to the applied 
pressure. When a cell is larger than gap size, higher 
pressure is required to deform the cells. If the pressure is 
too small to deform cells, cells will occlude the gaps. As 
a result, flow rate will be getting small.  

We consider that the number of cells occluding the gaps 
is increasing as time passes, therefore the fluidic 
resistance is increasing. Accordingly, passage through 
sample volume is increasing as time passes, but growth 
rate is decreasing. 

 

 

 

 

Fig.4 The graphs of using 30 Pm height device; (a) pressure 
dependence, 4min, (b) time dependence, 2psi 

 

Figure 5 shows time dependence data using 10 Pm 
height device. We found that wide gap is easier to pass 
through samples than narrow gap. However I couldn’t 
measure the pressure dependence data using 10 Pm 
height device. I think it is because 10 Pm gap is smaller 
than cell size and high pressure is required to deform the 
cells. When I used 1 or 2 psi, no sample passed through 
the device. It is because 1 or 2 psi is too small to deform 
the cells and a lot of cells occluded the gaps. For this 
reason, it needs high pressure such as 5 psi in 
measurement using smaller diameter device than cell 
size. 

Fig. 5 The graph of time dependence of using 10 Pm 
height device, 5psi 

 

Figure 6a and 6b shows comparison data using 20Pm 
height device and 30 Pm height device. The pillar gap is 
8 Pm. Red mark shows 30 Pm height and blue mark 
shows 20 Pm height. As you can see, increased 
percentage of samples pass through is proportional to 
increase time and pressure, but the difference between 20 
Pm height device and 30 Pm height device is small. I 
think higher height is easier to pass through the samples 
because of larger cross-sectional flow area. I think it is 
because both devices are larger than the diameter of cells 
and same gap.  In case of using the device which has 

(b) 

(a) 
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larger height than cell size, ease of sample passage 
through the PDMS device has nothing to do with the 
device height. However the height is two times larger 
than cell size, the result might be different. 

Fig.6 The graphs of using 8 Pm gap device, (a) pressure 
dependence, 4 min, (b) time dependence, 2 psi 

4. CONCLUSION 
We developed the 2-D depth filtration system for 

studying the mechanical properties of living cells. This 
filter consists of a lot of micropilars and cells pass 
through between micropillars. This technique has 
advantages compared to film filtration and depth 
filtration. We can change the pillar gap and pillar height 
as you like. For this reason, it is easier to control the 
pathway of samples passage through than depth filtration 
and it has higher resolution than film filtration. In 
addition, this technique doesn’t need specialized skills 
such as AFM, optical stretcher, and micropipette 
aspiration.  

We found that percentage of samples passage through 
depends on the pressure, filtration time, and device 
geometry. In this work, we used the HL-60 cells, but this 
device is available to various kinds of cells by changing 
device geometry, for example cancer cells, stem cells, red 
blood cells and so on. Furthermore, we will be able to 
measure the drug effects by compare the cells given 
treatment and non-treated cell.   
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ABSTRACT 
Ceramic matrix composites (CMCs) display high thermal resistance, lower density and damage tolerance. According to 

the above properties, they are for application at high temperatures. They consist of fibers and ceramic matrix. Bending strength 
of CMCs were investigated by 3 points bending tests were based on the ASTM standard Test Method for Continuous fiber-
Reinforced Advanced Ceramic composites. Experimental results indicated that the test condition of bending test on bending 
strength and potential of C/SiC CMCs. 
 
 

1. BACKGROUND 
Ceramics display high melting point, high hardness, 

high stiffness, low wear, corrosion resistance and low 
density. Conversely, they are intrinsically brittle and poorly 
reliable under load. Then, fiber can supplement this 
drawback. Fiber can improve mechanical properties of 
ceramics significantly in terms of toughness, shock 
resistance and reliability.  That is oriented unidirectionally 
or arranged in nD architectures (with n= 2, 3, 4…).  

Ceramic matrix composites contain fiber and same or 
different chemical composition (such as C/C, C/SiC, 
SiC/SiC, Al2O3/ Al2O3, this is showed fiber/matrix). 
Continuous fiber reinforced ceramic matrix composites 
(CMCs) are materials for structural applications in various 
industries, including aerospace transporters and gas turbines 
because of their superior properties at high temperature. One  
of the important thing to achieve improving mechanical 
properties is a proper control of the fiber/matrix(FM) 
 
 

 
bonding which should not be too strong nor too weak. 
Presently, the best ceramic reinforcements in terms of      
strength and creep resistance are non-oxide fibers (carbon 
and SiC fibers). Hence, the most commonly employed 
CMCs are C/C, C/SiC and SiC/SiC[1]. 

2. CVI-PROCESS 
Chemical vapor infiltration (CVI) process, under 

reduced pressure and at moderate temperature (typically, 
900÷1100°C), according to the following overall equations 
[2]:  
 

2CxHy(g)  →  2xC(s)+ yH2(g) 
 
with CxHy= C3H6, C3H8, etc.  (1)  
 

BX3(g)+ NH3(g) → BN(s)+ 3HX(g) 
 
with X = F, Cl  (2)  
 
CH3SiCl3(g)  → SiC(s)+ 3 HCl(g)  (3)  
 

 
Equations (1) and (2) correspond to the deposition of PyC 
and BN interphases whereas equations (3) are related to the 
infiltration of SiC. The CVI-process displays several 
advantages. Firstly, Low fiber damage due to relatively low 
infiltration temperatures. Secondly, Matrices of high purity 
may be fabricated and whose composition can be tailored by 
adjusting the nature of the precursor and the deposition 
parameters. Thirdly, the CVI- -process is a highly flexible 

Fig. 1 a plain weave pattern (2D) 

mailto:jyang@seas.ucla.edu
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technique which can be used to coat individual fibers in a 
fiber tow, to densify a nD-preform, or to treat 
simultaneously a large number of preforms with different 
sizes and shapes. Finally, CVI is a near net shape approach 
to CMC- -processing. The CVI-process also displays a few 
drawbacks. Firstly, it yields composites with high residual 
porosity (10-15%). Such a porosity decreases significantly 
their thermal conductivity and favors the effect of corrosive 
environments. Secondly, ICVI is a relatively slow process.  
 

 
Fig. 2 CVI-process 

 

2.2 Specimen 
Specimen that used in this paper is shown in Fig.3.  

Ceramic matrix composites contain carbon fiber and SiC 
chemical composition. This specimen has a plain weave 
pattern. 

 
 

 
Fig. 3 CMC specimen 

 
Fig. 4 plain-weave fabric 

 
 

2.3 SEM 
The scanning electron microscope (SEM) can be used 

to observe the surface of materials at high resolution and 

magnification. Additionally, a detailed profiling of the 
elements present on a particular surface is determined by 
energy dispersive X-ray analysis (EDX). 

Results of SEM image of the microstructure of CMCs 
are shown in Fig.5 and 6. Fibers and matrix are observed 
and fiber’s diameter is about 5μm. Infiltration of matrix into 
the gap between fibers can be seen. 

Results of EDX analysis of CMCs are shown in Fig.7 
and 8 and Table 1 and 2. According to the observation of 
EDX, SiC is generated accurately and that SiC infiltrated 
into the carbon fiber. 

 
 

 
Fig. 5 SEM-image of fiber 

 

 
Fig. 6 SEM-image of matrix 

 
Fig. 7 EDX speckle of fiber   
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Fig. 8 EDX speckle of matrix 

 

Table 1 Atomic concentration of fiber 

 C Si 
Test1 98.27 1.73 
Test2 98.04 1.96 
Test3 99.14 0.86 
 

Table 2 Atomic concentration of matrix 

 C Si 
Test1 53.00 47.00 
Test2 50.63 49.37 
Test3 53.85 46.15 
 

3.1 Bending test 
This test method is used for material development, 

quality control, and material flexural specifications. 
Relationship of stress due to load and deformation is 
complicated compared to the case of tensile test. In this test, 
bending moment is generated by the load, which caused the 
bending moment. The size of the moment is zero at both 
ends and is the maximum at the center of the needle 
bending.  In addition, there are shear on each cross-section. 
That is, in each cross section has both the shear stress and 
bending stress. There are a lot of tresses regarding bending 
stress.  

 

 
Fig. 9 Bending test 

So, the property of bending can be called the overall 
characteristics of the static mechanical properties of the 
materials. Thus property is a particularly important 
characteristic tensile property, along with the impact 
bending properties. 

The flexural response of the beam in three point 
bending test is obtained by recording the load applied and 
the displacement. 
 

3.2 TEST CONDITION 
The specimen sizes were shown in Table.3. Test 

conditions were based on ASTM standard Test Method for 
Continuous fiber-Reinforced Advanced Ceramic 
composites[3]. Span: Thickness = 32:1 on Test1 and Test2. 
Span: Thickness = 16:1 on Test3 and Test4. 

 

Table 3 bending test conditions 

  Span (mm) Width, mm Thickness, mm 
test1 69 1.3 2.17 
test2 49 1.33 1.54 
test3 35 1.3 2.17 
test4 25.3 1.33 1.54 

 

3.3 RESULTS OF BENDING TEST 

3.3.1 TEST 1 
Test condition is span 69 mm, cross head speed 

0.37mm/s. width 13 mm and Thickness 2.17 mm. Red line 
means linier trend line. After 0.8 mm of displacement, the 
line was getting off the linier trend line. And, maximum 
bending load of test 1 was 256 N. 
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Fig. 10 Load vs. displacement bending curves for test1 
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3.3.2 TEST 2 
Test condition is span 49 mm, cross head speed 0.26 

mm/s. width 13.3 mm and Thickness 1.54 mm. Red line 
means linier trend line. After 0.75 mm of displacement, the 
line was getting off the linier trend line. And, maximum 
bending load of test 2 was 230 N. 

3.3.3 TEST 3 
Test condition is span 35 mm, cross head speed 0.58 

mm/s. width 13 mm and Thickness 2.17 mm. Red line 
means linier trend line. After 0.25 mm of displacement, the 
line was getting off the linier trend line. And, maximum 
bending load of test 3 was 530 N. 

 

3.3.4 TEST 4 
Test condition is span 25 mm, cross head speed 0.4 

mm/s. width 13.3 mm and Thickness 1.54 mm. Red line 
means linier trend line. After 0.25 mm of displacement, the 
line was getting off the linier trend line. And, maximum 
bending load of test 4 was 440 N. 

 

 

 

 

 

3.4 Calculation 
By using following equation, the bending stress can be 

calculated.  

Bending stress = 3FL
2Wh2 

F: Bending load, L: Length, W: Width, h: Thickness 

Fig12. Show the bending strength of all tests. In point 
of displacement, each test showed different result. And, test 
2 showed higher Bending strength than other three tests.   

4. CONCLUSION 

4.1 EFFECT OF TEST CONDITION 
Comparison between test1 and test2, test2 showed 

more brittle behaviour than test1. It’s same between test3 
and test4. As I showed before, the thickness of test1 and 
test3 is 2.17. And the thickness of test2 and test4 is 1.54. It 
means that thicker thickness is, more brittle CMC is, even if 
span: thickness ratio is same. 

The CMC was made on complicated plain-weave 
fabric. Therefore, there was a change of a variety of 
mechanical properties by a change of the test conditions 
(span, thickness).  
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Fig. 11 Load vs. displacement bending curves for test4 

Fig. 12 Bending strength vs. displacement bending curves 
for all tests 

Fig. 9 Load vs. displacement bending curves for test2 
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4.2 COMPERISON 
In this study’s bending test1-3, stress reduction from 

exceeding the maximum stress such as shown in Fig.13 did 
not occur. It is considered that they had behaved brittle 
compared to the Fig.13. Regarding test4, stress reduction 
from exceeding the maximum stress was observed but result 
of test4 showed a nearly linear behaviour until maximum 
stress, which is also different from that in Fig13. 
    From the above, CMC that is used on this research is 
intended to behave brittle. Therefore the maximum bending 
stress has become a larger value than Fig.13. 
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ABSTRACT 
Originally, the advanced working fluid called Inorganic 

Aqueous Solution (IAS) was developed to realize 

aluminium two-phase heat transfer device with water. In 

other words, IAS can make the coatings on the aluminium 

surface and make it non-reactive to water. Recent study has 

made it clear that that coating can not only prevent NCG 

generation but also improve surface wettability. It means 

IAS may bring heat transfer performance even to non-

reactive metal devices, such as conventional copper heat 

pipes. Therefore, this study focuses on the IAS’s 

effectiveness to non-reactive metal heat transfer device and 

some types of IAS are attempted to be used with copper heat 

transfer device. In this paper, results of visual investigation 

by scanning electron microscope (SEM) and flat heat pipe 

performance test are presented. 

1. INTRODUCTION 
A Two phase heat transfer devices, such as a heat pipe, 

can transfer a large amount of heat with small mass increase. 

Therefore, in mass-conscious fields, such as aerospace 

supplication, these devices are commonly used for the 

thermal control. 

Basic mechanism of a two-phase device is quite simple. 

First, at the one end of the device, the working fluid is 

heated and evaporated with absorbing latent heat. After that, 

evaporated fluid is carried to the other end of the device. At 

that section, the fluid is cooled and condensed with rejecting 

latent heat. From returning fluid method, conventional two 

phase heat transfer devices are mainly categorized into two 

types, a thermo siphon and a heat pipe. In a thermo siphon 

which has smooth side walls, condensed liquid is returned to 

the evaporator section by gravity force. On the other side, in 

heat pipe, the liquid is returned by capillary force created by 

grooved or wicked side wall. 

As a combination of the sidewall metal and the 
working fluid, most two common types are copper with 
water and aluminium with methanol or ammonia. Usually, 

the former combination is used for terrestrial use and the 
latter is for space application. However, both of them are not 
ideal combination for space applications. Ideally, it is the 
best to use the aluminium heat pipe with water. Because the 
density of aluminium is one third of copper’s [1] and water 
has higher efficiency than other working fluids. The 
performance of working fluid is represented by merit 
number. Merit number is shown by Eq.1.  

𝑀 =
𝜎𝑙ℎ𝑓𝑔

𝑣𝑙
                                      (1) 

𝑀: Merit Number[𝑊 𝑚2⁄  ]       𝜎𝑙: Surface Tension [𝑁]  

          ℎ𝑓𝑔: Latent Heat[𝐽]     𝑣𝑙: Liquid Viscosity [𝑃𝑎 ∙ 𝑠] 

The key properties of working fluid are the latent heat of 

vaporization, surface tension, and liquid viscosity. This 

merit number represents the performance of heat pipes, and 

high number is required to achieve efficient heat transport. 

Fig.1 shows merit numbers of various fluids. From this, it 

can be seen ammonia and ethanol have lower number than 

water in almost all regions.  

 
Figure 1 Merit number for various fluids [2] 

However, water is incompatible with aluminium 

devices, because these are reactive. The largest challenge is 

to prevent hydrogen generation. Water can oxidize the 

aluminium surface and form aluminium oxide and 

hydrogen. Hydrogen is a non-condensable gas (NCG) and 
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will eventually build up in the condenser block the 
condensation area. This leads quick decrease of the heat pipe 
effective thermal performance.  

To be compatible water fluid and aluminium device, a 
new water base fluid named inorganic aqueous solution 
(IAS) was developed in UCLA. IAS is an aqueous solution 
with nine inorganic chemical constitutes. Regardless of its 
effect to prevent NCG in aluminium devices, the liquid 
property of IAS is almost same with pure water. IAS has 
several oxidizers which can react with the surface of heat 
pipe. As a result, the surface is roughened and passivate. 
Because of this passivation ability of IAS, some strong 
reductive metals, such as aluminium, become available with 
no NCG generation and water’s high efficiency. Some early 
experiments on the IAS fluid were conducted by Blackmon 
at University of Huntsville and summarized in a NASA 
brief. [3] The performance tests of heat pipe with IAS were 
conducted by Stubblebine at UCLA. [4] 

In addition, IAS can improve the heat transfer 
performance even in a device made by non-reactive metal 
such as copper. With increasing temperature, IAS self 
generates hydrophilic chromate salts because of the 
solubility decrease, and coats the surface with a porous 
structure. The hydrophilic coating increases the wettability 
and specific area of the surface. In Yao’s work, it is shown 
that IAS-treated copper has better wettability than original 
copper. Also thermo siphon with IAS shows better heat 
transfer performance than water. Water’s contact angle with 
bare and IAS treated copper are shown in Fig.2. [5] 

 
Figure 2 Contact angle with water 

(a) Bare copper (b) IAS-coated copper 
 
This study focuses on that hydrophilic coating effect to 

heat pipes by both of the microscopic and macroscopic 
approach. In other words, microscopic visual investigations 
by SEM and heat pipe performance tests were conducted. 
Such approach can make sure the effectiveness of IAS in use 
for non-reactive metal heat pipe. The flat heat pipe is used 
for the IAS test in this study mainly because a flat heat pipe 
is easier to see inside than an original heat pipe. It can be 
help to understand what is happening inside the device. 

2. SURFACE COOKING 

2.1 ABOUT SURFACE COOKING 
As mentioned in introduction, the oxidizers, such as 

permanganate, included in an IAS fluid react with the 
copper surface and roughen it. Such rough surface brings it 

better wettability and finally improves the flat heat pipe 
performance. To ensure this chemically effect, it is effective 
to see the groove surface by Scanning Electron Microscope 
(SEM). For SEM investigation, the grooved plate needs to 
be cut into smaller sample after its operation. However, a 
grooved plate for a flat heat pipe is expensive and it is not a 
good idea to cut every time after operation. Therefore, in 
this study, a plain flat plate is used for investigate surface 
chemical reaction. The flat plate is inserted to flat heat pipe 
setup instead of grooved plate. This test setup can be 
simulates chemical reaction inside flat heat pipe. In this 
paper, copper treatment process with IAS is called “surface 
cooking”. 

2.2 CHEMICAL REACTION OF IAS 

In this section, the chemically mechanism of surface 
coating will be described. IAS is made by the chemicals 
shown in Table1. IAS fluid is reddish to dark blown-colored 
solution as shown in Fig. 3.  

Table 1 Ingredients of IAS 

𝐾𝑀𝑛𝑂4 𝑆𝑟(𝑂𝐻)2 
𝐾2𝐶𝑟2𝑂7 𝐶𝑎(𝑂𝐻)2 

𝐶𝑟𝑂3 𝑀𝑔(𝑂𝐻)2 
𝐴𝑔2𝐶𝑟𝑂4 𝑁𝑎𝑂𝐻 

 
Figure 3 Colors of IAS  

In IAS fluid, the metal surface coating is formed in 3 
steps. [5] First, hydrogen ions generated by metal oxidation 
reaction increase the pH number. Second, higher pH number 
changes chromium balance resulting in dominant of 
chromate ion. In the end, some hydrophilic coating is 
generated with the concentration of chromate increasing. As 
a result, two structures, permanganate oxidization layers and 
chromate porous structure are generated on the surface. 
More detailed process will described below.   

IAS fluid contains two oxidizers, permanganate and 
chromate. However, only permanganate works for copper 
surface which is non-reactive. The products of this reaction 
are insoluble, and they build up first irremovable coating 
layer on the surface. In this reaction, hydrogen dissociated 
from water molecule is consumed, which makes the pH 
number increase. (Eq.2) 

3Cu + 2𝐻+(𝑎𝑞) + 2𝑀𝑛𝑂4
−(𝑎𝑞) → 3𝐶𝑢𝑂(𝑠)

↓ +𝐻2𝑂(𝑙) + 2𝑀𝑛𝑂2(𝑠) ↓          (2) 
Chromium exists as 4forms in IAS fluid; chromate acid, 

hydrogen chromate ion, chromate ion, and dichromate ion. 
Depending on pH number, the composition will become 
different. For example, the concentration of chromate ion 
increases drastically between pH equal to 6 and 8. Because 
the initial pH number of IAS fluid is 6.22, such big jump of 
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chromate ion is triggered easily with small pH changes. 
Chromium balance is described by these three reactions. 
(Eqs. 3 to 5) 

𝐻2𝐶𝑟𝑂4(𝑎𝑞) ↔ 𝐻+(𝑎𝑞) + 𝐻𝐶𝑟𝑂4
−(𝑎𝑞)        (3) 

𝐻𝐶𝑟𝑂4
−(𝑎𝑞) ↔ 𝐻+(𝑎𝑞) + 𝐶𝑟𝑂4

2−(𝑎𝑞)           (4) 
2𝐶𝑟𝑂4

2−(𝑎𝑞) + 2𝐻+(𝑎𝑞)
↔ 𝐶𝑟2𝑂7

2−(𝑎𝑞) + 𝐻2𝑂(𝑙)    (5) 
The higher pH number makes the concentration of 

chromate increase and some hydrophilic chromate salts will 
be generated. The generation of these chromate salts is 
shown by these three reactions. (Eqs. 6 to 8) All of the 
forward reactions of these three reactions are the 
endothermic reaction. Therefore, higher temperature 
accelerates the generation of the chromate salt and more salt 
will be generated in the evaporator region.  

𝑀𝑔2
+(𝑎𝑞) + 𝐶𝑟𝑂4

2−(𝑎𝑞) ↔ 𝑀𝑔𝐶𝑟𝑂4(𝑠) ↓           (6) 
𝐶𝑎2+(𝑎𝑞) + 𝐶𝑟𝑂4

2−(𝑎𝑞) ↔ 𝐶𝑎𝐶𝑟𝑂4(𝑠) ↓      (7) 
Sr2+(𝑎𝑞) + Cr𝑂4

2−(𝑎𝑞) ↔ 𝑆𝑟𝐶𝑟𝑂4(𝑠) ↓       (8) 
These salts will make hydrophilic coating with a porous 

structure on the surface, especially in the evaporator region. 
The hydrophilic surface coating reactions become active 
under high temperature over 80 °C. 

2.3 PROCESS OF COOKING 
For this cooking, three types of IAS fluid, IAS #1, 3 and 

4, were used to make surface coatings. The patented recipes 
of these three fluids are shown in Table.2. The setup can 
simulate only chemically condition and cannot function as a 
heat pipe. In surface cooking process, the one side of the flat 
plate was heated by heater block and the other side was 
cooled by water flow. Three thermo couples were attached 
on the copper plate, the evaporator, condenser and the 
middle point of these two. Also the injected heat flux is 
calculated by the two thermocouples attached on the heater 
block. In each case, the temperature of middle point was 
kept at 100°C for thirty minutes. The appearance and 
description of the test setup are shown in Figs.4 and 5. At 
the end of the process, the color of the solution turns orange 
with chromium balance changing. After cooking, the surface 
was covered by yellow or brown coating. The pictures of the 
flat plate before and after cooking are shown in Fig.6. 

Table 2 Patented Recipe of IAS  

IAS Compound Mass (g/L) 

Chemical #1 #3 #4 
KMnO4 0.44 0.22 1.3 
K2Cr2O7 8.5 8.5 25 

CrO3 1.9 1.9 5.7 
Ag2CrO4 0.0074 ------ 0.022 
Sr(OH)2 0.10 0.10 0.30 
Ca(OH)2 0.97 1.9 2.9 
Mg(OH)2 0.033 0.033 0.099 

 
Figure 4 Side view of the whole setup 

 
Figure 5 Top view of the main body 

 
Figure 6 Flat plate before and after cooking 

 
3. VISUAL INVESTIGATION 

3.1 ABOUT VISUAL INVESTIGATION 
Visual investigation of the cooked plate surface was 

conducted by SEM; JEOL 6700F in UCLA. In this test, each 
sample was observed three times. The magnifications were 
1000, 2500 and 5000.  
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3.2 SEM PICTURE  
The microscopic picture took by SEM are shown in 

Figs. 7 to 9. Each sample is cooked by IAS #1, #3 and #4. 
The magnifications of these figures are 2500 times. In all 
cases, the structures made by IAS are irregular. However，
according to the image of IAS #1 and #3, the structure 
classified into two types, branched large structures and 
powdery deposits. As described before, IAS makes two 
layers of coating on the copper surface. Therefore, powdery 
deposits are made of permanganate and branched structures 
are made of chromate salts. In the picture of IAS#4, 
permanganate layer cannot be seen. This is because IAS #4 
has the highest concentration and makes the much chromate 
structure enough to fully cover the lower permanganate 
layer.  

IAS fluids have three positive ions which can make 
chromate salts, strontium, calcium and magnesium. Among 
these three, calcium ion is most common. Therefore, the 
chromium coatings are mainly made of calcium chromate 
and thickness of coating depends on the concentration of 
calcium ion. 

 
Figure 7 ×1000 SEM picture of the copper surface 

(Cooked by IAS#1) 

 
Figure 8 ×1000 SEM picture of the copper surface 

(Cooked by IAS#3) 

 
Figure 9 ×1000 SEM picture of the copper surface 

(Cooked by IAS#4) 

 
4. PERFORMANCE TEST 

4.1 EXPERIMENTAL SETUP 
The flat heat pipe setup for the performance test was 

almost same with that for surface cooking. A grooved 
copper plate was used instead of the plain plat. The plate had 
15 rectangular grooves with dimensions 1.5mm width and 
2mm depth. The size of grooved area was 3cm by 13cm. 
Seven thermal couples were attached to the back side of the 
plate. The locations of these are shown in Fig.10. In addition, 
each two thermocouples were attached to the heater and 
chiller block in order to measure the heat flux. Also, inside 
vapor temperature was measured by one thermo couple. 

On the grooved plate, the stainless steel frame with 1 cm 
height, viewing window, and top wooden pressure piece 
were all put into place and aligned. All of these pieces were 
cramped up tightly and the inside of this heat pipe was 
evacuated to -98kPa. Another heater block, not for 
evaporator, was put on the window and kept the window 
temperature same with vapor temperature inside, in order to 
prevent heat leaks. 

 
Figure 10 Location of the thermocouples 

 
4.2 RESULTS AND DISUCUSSION 

First, 7mL of IAS#1 and #4 were tested in the copper 
flat heat pipe. Also 7mL of deionized water (DI-water) was 
tested as a base line. In these test, the groove has an 
inclination angle of 5°. The Evaporator is on the upper side. 
Comparison of these three fluids is shown in Fig.11. This 
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figure shows the temperature difference between the 
evaporator (ΔT) at each power. This temperature difference 
represents the heat transfer performance. If the injected heat 
flux exceeds the capacity of a heat pipe, the evaporator starts 
drying. At the end, the evaporator completely dries and no 
more fluids reach there. Then heat pipe halts its function. 
The phenomenon is called “dry out”. Once the dry out 
occurs, the temperature difference between the evaporator 
and condenser increases rapidly. 

 
Figure 11  5° DATA (7mL IAS#1, IAS#4 and DI-Water) 

According to Fig.11, the performance of IAS#1 is almost 
same with water. One of the reasons of this is IAS#1’s lower 
chemical concentration. The surface structure made by 
IAS#1 was not enough to improve heat transfer 
performance. SEM image of the surface cooked by IAS#1 
(Fig.7) support this hypothesis; porous structure rarely can 
be seen in Fig.7.  

On the other hands, IAS#4 shows slightly better 
performance than other two fluids. The data of IAS #4 (blue 
line in Fig.11) has moderate inclination between 30W and 
40W. Such change of inclination is believed to be caused by 
porous structure on the surface. This indicates that surface 
coating have become enough thick by that point. IAS’s 
coating reaction starts at certain temperature. This 
temperature depends on the initial pH number; 80°C in IAS 
#1 and 50°C in IAS #4. The evaporator temperature at 33W 
was about 100°C. However, the performance was not 
improved as expected. This is because, in this case, it can be 
thought that two temperatures, at which dry out and coating 
reaction occur are close. Both of coating reactions and dry 
out proceeds from high temperature side (evaporator) to low 
temperature side (condenser). In this case, dry out proceeded 
faster than coating. Then, the liquid supply to the area which 
has coatings stopped before coating completed. This is the 
reason why IAS#4 was not so effective in this case. 

In the second test campaign, IAS#4 and DI-water was 
tested under another condition. Inclination angle of the 
grooved plate decreased to 3° and the amount of the fluids 
increased to 9mL. These changes were intended to prevent 
dry out until coating had grown enough. The results of this 
campaign are shown in Fig.12. In this test, IAS#4 obviously 
improved the heat transfer performance. Except first point, 
IAS#4 showed better heat transfer performance than water. 
Also the capacity of the heat pipe was improved by IAS#4 
and dry out point with IAS#4 was higher than that with 
water.  

 
Figure 12  3° DATA (9mL IAS#4 and DI-Water) 

After the test, thick coating as shown in Fig.13 was on 
the surface of the plate. When the ethanol dropped on the 
surface, the surface coating soaked up that liquid. This 
indicates that the surface has the hydrophilic porous coating. 
The process, that surface was soaking up the ethanol and 
drying, was recorded by the video camera with optical 
microscope. The s equence of the picture shown in Fig.14 is 
captured picture from this video. According to this result, it 
can be said that the surface treated by IAS can transfer the 
liquid by the capillary force of porous coating. After groove 
dry out occurs, the meniscus in the groove cannot sustain the 
capillarity and flow rate but the small pores in the coating 
remain wetted. The evaporation here is more efficient due to 
the small interline regions. Essentially the coating acts a bi-
porous wick. This results in improvement of performance 
with IAS #4.  

 
Figure 13 Surface coating on evaporator 

 
Figure 14 Drying Process of the surface 
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5. CONCLUSION 
This paper mainly discussed about two experiments 

about IAS. By the microscopic visual investigation, it was 
verified that IAS reacted with copper surface and made two 
types of the surface structure on the surface. With higher 
concentration of calcium ion in IAS, that surface structure 
grew up into the thicker porous coating.  

In the flat heat pipe experiment, the performances with 
IAS and water are compared. According to this test, IAS 
improved heat transfer performance drastically in one case. 
After that case, it was confirmed that the hydrophilic coating 
was made during the test. However, in other case, in which 
the temperature reached the dry out point prior to the 
coating completion point or the IAS’s chemical 
concentration was not enough, the performance with IAS 
was similar to that with water.  
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Ceramic Matrix Composite made by CVI-
process �

Nagoya University ��

1.1 Back Ground ~Ceramics~ � +High melting point  
+High stiffness 
+High hardness 

��

High melting point�

High stiffness�

High hardness�

Low wear�

Corrosion resistance�

Environmental  stability Quasi-ductile  
fracture behavior�

Ceramics �

Low density�

A��� �����"��"������#��properties, Ceramics  
are so widespread ����� industry. ��

Properties �

Nagoya University ��

1.1 Back Ground ~Ceramics and CMCs~ �

Drawback �
Ceramics are intrinsically  
brittle and poorly reliable in load. �

Greater damage tolerance, High temperature stability 
quasi-ductile fracture behavior 
 
� Add reinforcing fibers… *+Greater damage tolerance 

*+High temperature stability 
*+Environmental resistance �

CMCs �
A ceramic matrix composite have a reinforcing continuous fiber.  
These component are combined on a macroscale to form a useful 
engineering material processing.  

+�

+�

ceramics � Fiber � CMC�

Nagoya University 	�

1.1 Back Ground ~CMCs~�

Quasi-ductile fracture behavior 
Thermal shock resistance �

It has a both of character chemically 
stable ceramics matrix 
reinforcing fibers �

1. Selection of Fiber and Interphase     

2.Preform�

3.Infiltration and Reaction �

CMC Benefits �
High Temperature , Lower Density 
 and No cooling compared to Metals 
 %�Fuel Efficiency 

+�

Damage Tolerance compared to Ceramics +�

CMC applications in industry �

&������������is ����� 
    ������!��� �������" �$���

'Porsche's break disk �

'�

And so on…�

&�
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1.2 Method of making CMCs �
Chemical Vapor Infiltration(CVI) � Polymer Infiltration and 

Pyrolysis(PIP)�

Liquid Silicon Infiltration(LSI) �

Each method has each 
advantage and drawback. �

Nagoya University 

Advantages 
+Low fiber damage due to relatively low infiltration temperatures 
+Matrices of high purity may be fabricated 
+Whole composition can be adjusted 
Disadvantages  
+Slow process rate 
+High residual porosity (10-15%) 
+High capital and production costs 

Chemical Vapor Infiltration(CVI) �

��

1.3 Purpose�

Clarify the mechanical  behavior of �

Each method has each 
advantage and drawback. �

Clarify the effect of test condition on mechanical  
behavior of CMCs by making CVI-process �

Purpose �
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2.1 Experimental~CVI process~ �

1. Selection of Fiber and Interphase     

2.Preform-making a shape using fibers �

3.Infiltration and Reaction �

4.CMCs �

Fibers �

Matrix �

CH3Cl3Si → SiC + 3HCl�

Nagoya University �

2.3 EDX analysis �

Fiber: C �

Matrix: SiC �

C:Si = 99:1 (%) �

Si:C = 53:47 (%)  �

SiC was infiltrated into the fiber a little. 
SiC was made as matrix by CVI-process.  �
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2.4 Mechanical test �

+Supporting pins span: 40 mm 
+Cross head speed, 1 mm/min �&Span : 69 mm 

*�Cross head speed 0.37 mm/s �
'Span : 49 mm 
 *Cross head speed 0.26 mm/s �

L/d = 32 to 1 �
(Span : 35 mm 
*�Cross head speed 0.58 mm/s �
)Span : 25.3 mm 
*�Cross head speed 0.4 mm/s �

L/d = 16 to 1 �

L: Length and D:Depth of specimens �

Cross head speed �

Support Span�

3-point bending test �
1.Bending test is used to determine the strength.  
2.Following test is based on ASTM standard  
   Test Method for Continuous fiberReinforced       
   Advanced Ceramic composites. �

Test conditions �

Nagoya University ���

2.4 Results- 3-point bending test- �

0

100

200

300

400

500

600

0 0.5 1 1.5 2 2.5 3

Lo
ad

 N
, N

Displacement D, mm

test1
test2
test3
test4

�Span : 35 mm
Cross head speed 0.58 mm/s
�Span : 25.3 mm

Cross head speed 0.4 mm/s

L/d = 16 to 1 

�Span : 69 mm
Cross head speed 0.37 mm/s
�Span : 49 mm

Cross head speed 0.26 mm/s

L/d = 32 to 1 

&�
'�

(�

)�

Nagoya University ���

2.4 Results- 3-point bending test- �

F: maximum bending load,  
L: support span,  
b: width, h: thickness �

	 	

Maximum bending strength �

Calculation �
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Displacement D, mm

test1
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Maximum bending load �

Span (mm) Width, mm Thickness, mm Maximum bending load (MPa)
test1 69 1.3 2.17 436
test2 49 1.33 1.54 535
test3 35 1.3 2.17 471
test4 25.3 1.33 1.54 467

Nagoya University ���
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2.4 Results- 3-point bending test- �

Test 2 showed higher Bending strength than other three tests.  �
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Brittle material �

Ductile material �

���

3. Discussion 3-point bending test- �

L/d = 32 to 1 �

L/d = 16 to 1 �

Maximum bending strength �

'�&�

(� )�

Thickness of &�and (�is thicker than that of '�and ). 
The thinner thickness of CMC is, more brittle CMC is.  

Bending strength (MPa)
test1 436
test2 535
test3 454
test4 420

�  Span (mm) Width, mm Thickness, mm 

test1 69 13 2.17 

test2 49 13.3 1.54 

test3 35 13 2.17 

test4 25.3 13.3 1.54 
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4. Conclusion �

Tried to clarify the mechanical behavior of CMCs by making 
CVI-process by using SEM-EDAX and Bending test.   
 
As a consequence of experiment, following things were 
confirmed. 
 
**+CMC made by CVI-process have great bending strength. 
**+The thinner thickness of CMC is, more brittle CMC is.  
 
 

Nagoya University �
�

Thank you for your listening. 
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Supervisor':'Prof.'Amy'Rowat'

Department'of'Integra<ve'Biology'&'Physiology,'UCLA'
Short'term'(from'August'3,'2014'to'September'28,'2014)�

September'15,2014''''JUACEP'Internship'Workshop�

��

Outline 

�Introduc5on(
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(
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'''R'Devices'
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(
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(
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Introduc5on 
�Mechanical(proper5es(of(living(cells�

�Stem(cells('
''''have'greater'deformability'in'less'differen<ated'states.'''[1]'
�Cancer(cells(
((((increased'deformability'is'correlated'with'metasta<c'poten<al.'''[1]'
�Red(blood(cells(of(pa5ents(with(malaria(
''''have'increased's<ffness.''''[2]'
'
[1]'W.'Zhang,'et'al.,#PNAS,'109(46),'18707R18712'
[2]'A.'Adamo,'et'al.,#Analy,cal#Chemistry,'2012,'84,'6438R6443'
'

Understanding(of(mechanical(proper5es(of(cells(is(far(from(complete.�

Many(techniques(for(studying(cell(mechanics(
have(been(developed.�

��

Cell(mechanotype�

.(AFM((Atomic(force(microscope)([3]�

�.(MicropipeNe(aspira5on([6]�

�.(Op5cal(stretcher([4,5]�

These(techniques(…(
(

������������low'throughput'
������������require'specialized'skills'
�

Low(cost,(high(throughput(and(easy(to(
use(technique(is(needed.�

・Reflects'cell'microstructural'organiza<on.''
・'Emerging'as'a'valuable'labelRfree'biomarker.'

[3]''M.'Lekka,'et'al.,'Nature'Nanotechnology,'2009,'4,'72R73'
[4]'F.'Lautenschiager,'et'al.,'PNAS,'2009,'106,'15696R15701'
[5]'C.'D.'Eggleton,'et'al.,'Journal'of'biomedical'op<cs,'2010,'15(4),'047010R1R047010R7'
[6]'R.'M.'Hochmuth,'et'al.,'Journal'of'biomechanics,'2000,'33,'15R22' ��

�Film(filtra5on(

Filtra5on(technique 

�Depth(filtra5on(

Short'pathway'(thin'film)'
Low'resolu<on�

�Easy'to'control'the'pillar'gap'and'height'
'

�'Easier'to'control'the'pathway'than'depth'filtra<on''
'

�Higher'resolu<on'than'film'filtra<on'

�relies'on'the'<me'and'pressure''
�simple,(economical(and(high(throughput�

[7]'T.'Ochalek,'et'al.,'Cancer'research,'1988,'48,'
5124R5128'
[8]'G.'P.'Downey,'et'al.,'Journal'of'applied'phisiology,'
1990,'69,'1767R1778�

Long'tortuous'pathway'
Constric<ons'not'well'defined.'

In(my(work(:(2-D(depth(filtra5on�

��

Method�
PDMS(filtra5on(device(�

Outlet�

Inlet�

1(cm�

Pillar'gap:'8,10(µm(
Pillar'height':'10,20,(30(µm�

�96-well(plate(:�

PDMS((polydimethylsiloxane)'
�biocompa<ble'and'nonRtoxic'
�o]en(used(for(a(microfluidic(device(

Pillar(range�

Standard'tool'in'analy<cal'research'and'clinical'
diagnos<c'laboratories'tes<ng'� 	�
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Method 

We'measured'the'percentage'of'sample'

passage'through'on'

((*5me(dependence(
((*pressure(dependence(
((*geometry(dependence(

Collecting tubes

PDMS deviceAir source

Pressure gauge

           96-well plate

Result(&(Discussion 
''Sample':'HLR60'cells''5×105'cells/mL'

'750'µL'per'well'
HLR60':'Human'promyelocy<c'leukemia'cells'

''''''''''''''Ave.'Diameter'14µm'

Increased'percentage'of'samples'passage'through'is'correlated'with'

increase'of'pressure'or'<me.'

Ease'of'sample'passing'through'depends'on'the'device'geometry.
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Result(&(Discussion 

It'is'hard'to''measure'the'pressure'

dependence'using'10'µm'height'device'

because''it'needs'high'pressure.'
'

The'difference'between'20'µm'height'

and'30'µm'height'is'small.'

Both'are'higher'than'cell'size'(14'µm).'
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Conclusion(&(Future(work 
We'developed'2RD'depth'filtra<on'device'for'studying'mechanical'

proper<es'of'cells.'
'

It'is'easy'to'tune'cell'filtra<on'by'changing'device'geometry.'

'''
'

Percentage'of'sample'passage'through'depends'on'the'pressure,'

filtra<on'<me'and'device'geometry;'modeling'or'theore<cal'

considera<on'will'be'developed.'
'

'

To(various(kind(of(cells(by(changing(device(geometry(
'''''RCancer'cells,'stem'cells,'red'blood'cell'and'so'on'
(

Drug(effects(

	

Thank&you&for&your&kind&a.en0on&!�

I'would'like'to'thank'Prof.'Amy'rowat,'Mr.'Qi'D.'and'other'members'of'
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About immunophenotyping…�

��

Cellular'immunophenotyping�
='Quan8fica8on'of'proteins'secreted'by'immune'cells�

Blue:'immune'cells�

Black:'cytokines�

About immunophenotyping…�

��

Accurate & Real-time  
On-chip Cellular Immunophenotyoing�

Our Research objective is …�

Diagnosis and Prognosis based on immunophenotyping�

•  Sepsis 
   750,000 patients per year in the US 
   30-50% mortality for severe cases 

 An example of immune disease …�
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1) !Less!laborious!label.free!detec3on!
2) !Real.3me,!rapid!monitoring!
3) !Determined!by!surface!binding!!
4) !Simple,!inexpensive!detec3on!set!up!!
5) !Requires!small!volume!of!assay!
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Previous LSPR Device

�

of our preliminary study applying the technique for both monocytes and THP-1 cells in whole 
blood. Figure5H plots the average TNF-Į concentration secreted by individual cells as a 
function of LPS concentration.  For detection of TNF-Į secretion from THP-1 cells (blue) and 
peripheral blood mononuclear (PBMC) cells (red), known quantities of THP-1 cells or PBMCs (2 
× 104) in 10 µL culture medium were loaded in the microfiltration device with a filtration hole 
diameter of 6 µm.  For detection of TNF-Į secretion from bead-conjugated CD14+ cells (green), 
bead-2 × 104 conjugated CD14+cells in 100 µL culture medium were loaded in the microfiltration 
device with a filtration hole diameter of 30 µm.  Solid lines represent linear fitting.  Error bars 
represent ± s.e.m. (n = 4).  The PMM-based immune cell isolation and cytokine-secretion assay 
demonstrated here are both key enablers of the biosensing technology proposed in this project.   
D.3.Nanoscale substrate surface roughness control: The ability to form a nanofeatured 

metallic surface is crucial to construct a 
LSPR sensing element. One common 
approach is to create a glass surface with 
nanometer-scale roughness and coat it with 
a very thin (similarly, nanometer-scale 
thickness) metallic layer.   Herein, we 
developed a simple yet effective 
microfabrication method for precise control 
and spatial patterning of local 
nanoroughness on a glass substrate using 
standard photolithography and reactive ion 
etching (RIE) techniques. 

The nanofeature forming process started 
with spin-coating of a glass wafer with photoresist.  The photoresist layer was subsequently 
patterned using photolithography to physically expose different regions of the underlying glass 
wafer.  The glass wafer with an initial surface roughness Rq of 1 nm was then processed with 
RIE (LAM 9400, Lam Research, Fremont, CA) for different periods of time to generate the 
nanoscale surface 
roughness ranging from 50 
nm to 150 nm on the open 
regions of the glass wafer 
(Fig. 6), where the 
photoresist had previously 
been developed and 
dissolved.  We selected the 
RIE process condition as: 
SF6 (8 sccm), C4F8 (50 
sccm), He (50 sccm), Ar (50 
sccm), chamber pressure 
(1.33 Pa), bias voltage (100 
V), and radio frequency 
power (500 W).  The 
resulting glass etch rate by 
RIE was about 50 nm/min.  
After the RIE process, 
photoresist was striped 
using solvents, and the 
glass wafer was cleaned 
using distilled water. This 
process will be employed to 
construct LSPR biosensing 
elements in the proposed 

Figure 6 Nanoscale glass surface roughness controlled 
using different periods of time during the reactive ion 
etch (RIE) process. (t = 1 min, 2 min, and 3 min for Rg = 
50 nm, 100 nm, and 150 nm, respectively)   

Rg= 50 nm Rg= 100 nm Rg= 150 nm 

Figure 7 Label-free, real-time cytokine binding assay by LSPR (A) Au nano 
rough surface LSPR sensor surface and its AFM image. (B) LSPR 
spectroscopy setup. (C) LSPR scattering spectrum before and after loading 
TNF-D at 100pg/mL. (D) time-course change of LSPR peak during TNF-D 
binding assay.
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of our preliminary study applying the technique for both monocytes and THP-1 cells in whole 
blood. Figure5H plots the average TNF-Į concentration secreted by individual cells as a 
function of LPS concentration.  For detection of TNF-Į secretion from THP-1 cells (blue) and 
peripheral blood mononuclear (PBMC) cells (red), known quantities of THP-1 cells or PBMCs (2 
× 104) in 10 µL culture medium were loaded in the microfiltration device with a filtration hole 
diameter of 6 µm.  For detection of TNF-Į secretion from bead-conjugated CD14+ cells (green), 
bead-2 × 104 conjugated CD14+cells in 100 µL culture medium were loaded in the microfiltration 
device with a filtration hole diameter of 30 µm.  Solid lines represent linear fitting.  Error bars 
represent ± s.e.m. (n = 4).  The PMM-based immune cell isolation and cytokine-secretion assay 
demonstrated here are both key enablers of the biosensing technology proposed in this project.   
D.3.Nanoscale substrate surface roughness control: The ability to form a nanofeatured 

metallic surface is crucial to construct a 
LSPR sensing element. One common 
approach is to create a glass surface with 
nanometer-scale roughness and coat it with 
a very thin (similarly, nanometer-scale 
thickness) metallic layer.   Herein, we 
developed a simple yet effective 
microfabrication method for precise control 
and spatial patterning of local 
nanoroughness on a glass substrate using 
standard photolithography and reactive ion 
etching (RIE) techniques. 

The nanofeature forming process started 
with spin-coating of a glass wafer with photoresist.  The photoresist layer was subsequently 
patterned using photolithography to physically expose different regions of the underlying glass 
wafer.  The glass wafer with an initial surface roughness Rq of 1 nm was then processed with 
RIE (LAM 9400, Lam Research, Fremont, CA) for different periods of time to generate the 
nanoscale surface 
roughness ranging from 50 
nm to 150 nm on the open 
regions of the glass wafer 
(Fig. 6), where the 
photoresist had previously 
been developed and 
dissolved.  We selected the 
RIE process condition as: 
SF6 (8 sccm), C4F8 (50 
sccm), He (50 sccm), Ar (50 
sccm), chamber pressure 
(1.33 Pa), bias voltage (100 
V), and radio frequency 
power (500 W).  The 
resulting glass etch rate by 
RIE was about 50 nm/min.  
After the RIE process, 
photoresist was striped 
using solvents, and the 
glass wafer was cleaned 
using distilled water. This 
process will be employed to 
construct LSPR biosensing 
elements in the proposed 

Figure 6 Nanoscale glass surface roughness controlled 
using different periods of time during the reactive ion 
etch (RIE) process. (t = 1 min, 2 min, and 3 min for Rg = 
50 nm, 100 nm, and 150 nm, respectively)   

Rg= 50 nm Rg= 100 nm Rg= 150 nm 

Figure 7 Label-free, real-time cytokine binding assay by LSPR (A) Au nano 
rough surface LSPR sensor surface and its AFM image. (B) LSPR 
spectroscopy setup. (C) LSPR scattering spectrum before and after loading 
TNF-D at 100pg/mL. (D) time-course change of LSPR peak during TNF-D 
binding assay.
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Cell stimulation 
+incubation 

Prepare8on'of'blood'sampleMinimal'blood'sample'volume'~'3'uL

3'8mes'shorter'than'conven8onal'method

× Able'to'measure'only'1'cytokine'/'1'sample

Need'to'measure'several'cytokines'/'1'sample

New chip design

	

Dispersion''
Part'

Capture''
Part'

LSPR'Detec8on''
Part'

Able'to'trap'sufficient'number'of'cells'
Minimize'the'concentra8on'difference'of'3'channels'

Design objective is …

Designed'by'postAdoc

Design of Cell Capture part

		

Space:'
'5'μm

Diameter'of''
microbeads:''

15'μm'

MicroApillar'array

Design of Diffusion part

	

The'closer'to'channel'wall,''
The'longer'flow'distance.'

''To'lengthen'flow'distance''
''in'the'center'of''
''expanding'channel

Add'structure
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Design of Diffusion part

	

Conclusion

• Background of cellular immunophenotyping 

• About LSPR sensing technique 

• Previous LSPR device 

• New design LSPR device design 

•  I’m working on device test now

	

='Quan8fica8on'of'proteins'secreted'by'immune'cells

By'detec8ng'peakAshiE'of'light'absorp8on

Small'sample'volume'&'Shorter'processing'8me'
× Detect'1'cytokine'per'1'blood'sample

Able'to'trap'sufficient'number'of'cells'
Minimize'the'concentra8on'difference'of'3'channels'
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Quantifying Foot Kinematics  
during One Legged Balance  

1 

 

Higo�Ikuma 
Biomechanics Research Laboratory 
Mechanical Engineering 
University of Michigan 
 �� 2014/9/17 

Background �
2 

Falls in the elderly cause considerable morbidity and mortality 

Age makes this test can increasingly difficult, especially with 
peripheral neuropathy (PN) in both feet 

The test of timed one leg balance is often used  

Analyze this test biomechanically and  
understand how humans use the foot to control one leg balance 

Need to assess a patient's balance  

Related research  
3 

A precise physical definition of a “loss of balance” is lacking 
Alaa Ahmed posited LOB is a loss of effective control[1] 

Jaebum Son analyzed age- and disease-related effect and  
proved sensory thresholds are an important determinant of  
unipedal balance time[2] 

James K. Richardson found that Hip↑STR /Ank↓PRO  is the best  
predictor of falls and fall-related injuries in the next year [3] 

Predictors of Injury 

Effect of age and disease 

What is a balance? 

Objective 
4 

Biomechanical analysis of  
kinematics of one leg balance 

Measure foot kinematics  
during one legged balancing 

Pilot Experiment 

��

5 
One leg experiment 

human motion 
Position 
Angular velocity 
Angular acceleration 
Center of Pressure (COP)  

Measure 3-D Kinematics 
of 3 links and foot reaction 
force 

��

6 

IMU (Inertial Measurement Unit) 

IMU measures  
acceleration in the positive and  

negative directions of the three sensing axes 
angular velocity in three dimensions 

Sampling frequency: 52.1 Hz 

X 

Z 

Y 

Bluetooth 

Experimental equipment 
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��

7 
Experimental equipment 2 

Obtain local coordinate systems of IMU 

Certus Displacement and its markers 

Measure a position of markers in three dimensions 
using infrared diodes 
Sampling frequency: 100 Hz 

��

8 Confirmation of  
experimental equipment 

Confirmation of accuracy of IMU using Certus Displacements 

Measured angular velocity of IMU  

Simulation of a rigid body pendulum 
  Formula: I 0θ↑2 /02↑2  =−Mgl sin θ    
 

Measured position of Certus marker  
  and calculated angular velocity  

 I = 1/3 ( 3↑2 + 4↑2 )M
a = 0.050[m], b = 0.97[m], g = 9.81[m/5↑2 ], l = 0.96[m]   

Setup of pendulum 

��

9 
Result of confirmation 

Angular velocity 

Cycles of simulation has error due to approximation 
Confirm an enough accuracy 
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Experimental method �
10 

Attach IMUs and Certus Markers on a foot,       
    tibia and trunk of subjects  
 

Subjects try to stand for as long as possible  
    three or four tries 
 
Subject1: Healthy man 
Subject2: Man who has one foot that has PN  
 
Subject1 stands with eyes open and closed 
Subject2 stands each leg with eyes open 

Subject 

Data Analysis �
11 

Link30:3Foot
Link1:3Support3leg
Link2:3Trunk(including3a3swing3leg)
θ↓0 : angle of lateral plank from  
      a horizontal plane
θ↓1 : angle of link1 
θ↓2 : angle of link2 

θ↓
0  

θ↓
2  

θ↓
1  

Simple human model 

link1 

link2 

Obtain each angular velocity and  
angular acceleration on frontal plane 

Date Analysis 2�
12 

Step 3 
   Calculate the rotation on frontal plane 

X 

Z 

Y 

Θ 

Step 1 
   Fit start position of IMU and Certus Displacement 

Step 4 
   Calculate an angular velocity  
   and acceleration of each links 

Step 2 
   Set frequency of IMU and Certus Displacement 

Frontal plane and IMU 
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Future Work 
13 

Data analysis 

�Recalculate a projection of rotation 
�Obtain location of Center of Pressure under 
    the foot from forceplate (foot reaction) data 

�Grasp what is happening while subject is standing on one foot 
�Cross-correlated history of foot, leg and torso kinematics to  
    better understand how the foot is used to control balance 

Biomechanical analysis 

Summary�
14 

�Described research objective 
 
�Setup of 3 IMUs 
 
�Comparing accuracy of IMU and Certus Data 
 
�Conducted the one leg experiment 
 
�Showed process of data analysis 
 
�Still need to complete data analyses 

Reference�

[1] Alaa A. Ahomed, “A Theory for Identifying Loss of Balance: Analysis of 
Control“, Department of .Engineering, The University of Michigan, 2005 

[2] Jaebum Son, “Unipedal Balance: Biomechanical analyses of Effects of Age 
and Disease”, Doctoral Thesis, Department of Mechanical Engineering, The 
University of Michigan, 2006 

[3] James K. Richardson, Trina DeMott, Lara Allet, Hogene Kim and James A. 
Ashton-Miller, ”The Hip Strength: Ankle Proprioceptive Threshold Ratio Predicts 
Falls and Injury in Diabetic Neuropathy”, Muscle & Nerve 50(3):437-442, 2014 

15 
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�Recently,'Loop'Heat'pipe'aRracts'aRenNon'to'the'thermal'control.''

�longer'heat'transport'distances'

�higher'heat'transfer'power''

�no'electrical'power'

Good'Points'

The'key'technology'is'the$evaporator$wick.$

�The'thermal'performance'of'LHP'is'governed'''''
'''by'the'thermoBfluid'behavior'in'the'wick.'

��

�In'order'to'decrease'the'heat'leak''from'the'evaporator''
'''to'the'CC,''the'PTFE'wick'which'has'low'thermal'conducNvity'
'''was'developed'in'our'group.'

PTFE'
wick�

�A'porous'structure'which'is'called'the'wick'is''
''embedded'in'the'evaporator.'

��

��������$! �"�����#���"#$�'�

�The$large$superheat$is'the'criNcal'issue.�

lgssh TTT −=Δ

��When'the'superheat'becomes'large,'the'pool'boiling'in'the'wick'occurs.'

��The'vapor'in'the'wick'blocks'the'flow'of'working'fluid.'And'Dryout'occurs.''�

��It'makes'LHP'stop'working'and'decreases'the'LHP'performance.'�

The'purpose�
(1)'To'make'the'wick'superheat'model.'�

(2)'To'suppose'the'opNmum'evaporator'structure''
����from'the'point'of'the'wick'superheat.'�

sT :'Evaporator'case'temperature�

lgT :'SaturaNon'temperature�
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3"1.%The%first%model%and%comparison%with%the%experiment%result%%�

The'wick'superheat�

lgssh TTT −=Δ
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sT :'Evaporator'case'temperature�

lgT :'SaturaNon'temperature�
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heat'load'[W]�

calculaNon'

Experiment'

�There'is'big'difference'between'the''
�calculaNon'and'the'experiment'result.'

�The'feature'of'the'experiment'results'
''100'–'280'W':'ΔTsh$is$constant.''

�The$calculaEon$result$is$too$large'and''
''can’t'explain'the'feature'of'experiment.'

�Development'of'new'model'is'started.'

Comparison'with'experimental'and'calculaNon'results�
The'CondiNon':'Dwo=19[mm],'Dwi=14[mm],''Lw=150[mm],'
''''''''''''''''''''''''''''w_g=3[mm],'d_g=1.5[mm],'Ng=8'
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The'assumpNon'of'the''previous'model':''

'There'is'NO'gap'between'the'wick'surface'and'the'evaporator'case'surface.

The'real'surface'of'them'are'as'follow;

SEM'picture'of'
Evaporator'case'surface'
(extruded'SUS'tube')

10μm

����$ �!���#����#���&�����
3"2.%Liquid%Bridge%Model%%�

[1]

The'new'Liquid'Bridge'model'assumes;'

There'is'micro'gap'between'the'wick'''''
'''''surface'and'the'evaporator'case'surface.

There'is'the'micro'liquid'bridge'in'the'gap.'

The'evaporaNon'occurs''
''''''on'the'surface'of'the'liquid'bridge.'

Dryout'occurs'when'the'bridge'breaks.

[1]'MarNn'Fleissner,'Nina'Dahl,'“Surface'Features'on'Extruded'
''''''Heat'Exchanger'Tubes,”'LMSS'Annual'Conference'2005,'P13

…

...
�

...

Wick

Evaporator'Case

Liquid'Bridge

Liquid'bridge

Micro$gap

Liquid$Bridge$Model

SEM'picture'of''
PTFE'wick'surface50μm
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As'the'heat'load'increases,'the'bridge'''''
''can’t'keep'the'big'meniscus'radius.'

Then'the'bridge'become'small'and'the''''
''number'of'bridge'increases.'

The'decrease'of'gap'distance'explain'
'the'transferring'to'the'small'dgap'area.'

CalculaNon'results'
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4"1.%Model�
Hybrid$PTFE9Metal$Monolayer$wick$Evaporator

Monolayer'

AssumpNons

(1)'The'monolayer'which'is'contacted'to'the'wick'is'filled'with'liquid.'

(2)'The'evaporaNon'occurs'at'the'only'monolayer'surface'which'faces'the'groove.

The'monolayer'is'made'of'metal,''
therefore'the'thermal'conducNvity'increases'and'wick'superheat'decreases.'

Advantages

Monolayer'increases'the'evaporaNon'surface,'that'makes'Q_criNcal'increase.

[2]''G.S.'Hwang'et'al.,''“MulNBartery'heatBpipe'spreader:'Lateral'liquid'supply”,'InternaNonal'Journal'of'Heat'and'Mass'Transfer'54'(2011)'
''''''''2334–2340

SEM'Image[2]
:'the'sintered'small'''''
''metal'parNcle'layer.'
''ParNcle'size'is''
''around'50~100'[μm]
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Superheat

Capillary'Pressure'of'the'monolayer

Liquid'pressure'drop

When'the'liquid'pressure'drop'reaches'the'capillary'pressure,'the'dryout'occurs.'
Then'the'criNcal'heat'load'is'found.'

ml
particledmδ k

criticalQ

maxm! lghΔ

:'thickness'of'the'monolayer'[m] :effecNve'thermal'conducNvity'[W/m/K] :'parNcle'diameter[m]

K :effecNve'permeability'of'the'monolayer[m2] :monolayer'flow'length[m] :criNcal'heat'[W]

:maximum'mass'flow'rate[kg/s] :heat'of'vaporizaNon'[J/kg/K]

4"2.%CalculaAon%results%%�
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Monolayer'
Material':'Stainless'steel''''
ParNcle'diameter':'60'[μm]'
Thickness':'100[μm]

Wick'
Material':'PTFE'
Pore'radius':'1.2'[μm]'
Porosity':'0.34'[B]'

Q_criNcal'of'experiment'result'which'is'without'monolayer'is'280[W].

Q_criNcal'of'the'Hybrid'PTFEBMetal'Monolayer'wick'is'396[W].

Q_criEcal$is$enhanced$116[W].$
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5.0''

10.0''

15.0''

20.0''

25.0''

30.0''

0' 50' 100' 150' 200' 250' 300' 350' 400' 450'

Δ
Ts
h[
K]

Heat'load[W]

Experiment'result'(without'monolayer)'

CalculaNon('with'monolayer)'

Predicted''
Q_criNcal'

396[W]

The'superheat'is'less'than'10[K]'when'Q='Q_criNcal'

The'monolayer'works'effecNvely'in'order'to'enhance'the'evaporator'performance.

D_o'=19[mm] D_i''=14[mm]'
w_g'=3[mm], d_g=1.5[mm]'
The'number'of'groove'='8

Superheat$as$a$funcEon$of$heat$load'

116[W]

Experiment''
result'

280[W]
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QcriEcal$as$a$funcEon$of$PTFE$wick$pore$size�
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ΔTsh$as$a$funcEon$of$Heat$load�

r_pore='1.5'μm�

�As'PTFE'pore'radius'increases,'the'QcriNcal'increases''
'''because'the'permeability'of'PTFE'wick'increases.''

�In'order'to'make'ΔTsh'smaller'than'10'K,'heat'load'should'be'less'than'600'W''''

QcriEcal$=$561$W�

�The'pore'radius'for''QcriNcal'<'600'W''is'1.5'μm.''''

The$opEmum$rpore$=$1.5$μm$$ Previous'design:'280$W�
Twofold$enhancement� ���

��������$"����

(1)  Liquid'Bridge'Model'was'developed.'
'''''''It'can'explains'the'feature'of'the'experiment'results'of'the'wick'superheat.�

(2)'The'Hybrid'PTFEBMetal'Monolayer'wick'Evaporator'was'supposed.'
'''''''And'its'model'was'developed.''�

Purpose'of'the'Study�
�To'make'the'wick'superheat'model.'�
�To'suppose'the'opNmum'evaporator'structure'from'the'point'of'the'wick'superheat.'�

(3)'From'the'calculaNon'results,'the'Q_criNcal'is'enhanced'from'
'''''''Previous'design:'280'[W]''to''OpNmum'design':'561'[W]'
'''''''OpNmum'design'reaches'twofold'enhancement.�

Future$Study�

�To'consider'other'parameter;'the'number'of'groove,'groove'size'and'porosity''�

�To'conduct'the'experimental'tests�

Conclusion$

���

	����&�������#�

Thanks'to'my'advisor'Prof.'Massoud,'I'could'learn'a'lot'of'things.''
I'was'very'happy'to'have'fruiuul'discussions'with'you'everyday.'
They'are'amazing,'exciNng'Nme'for'me.'Thank'you'very'much!'

'
Thanks'to'JUACEP','I'could'have'wonderful'experiences''

in'University'of'Michigan.'
I'am'really'grateful'for'giving'me'the'chance.'�

������'�$���!���"#��������
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Outline�

• Background and Objective 

• Simulation Models 
• Model A 
• Model B 

• Conclusion and Future works 

Background and Objective�

Immobilization of human body : 
 e.g. Patients under prolonged bed rest, Astronauts in an extended mission, etc…

Malfunctions and atrophy of muscular system 
due to the decreasing blood oxygenation level 

Countermeasure

• Excite muscle tissue with vibrating device 
• Generate shear stress on blood vessels 
• Keep blood oxygenation level higher 

Patient 

Problem

Actuator 
Patient 

Experiment 

Simulation 

Shear Stress 

Hospital Bed 

• Background and Objective 

• Simulation Models 
• Model A 
• Model B 

• Conclusion and Future works 

Model A�

Blood(Virtually Solid Water) 

Blood vessel(Silicon) 

Tissue(Silicon) 

Bone 

Base(Steel) 

Displacement 1 
•  Amplitude   :  5[mm] 
•  Frequency   :  1- 40[Hz] 
•  Phase angle   :  0[deg] 

Concept :  
  Forearm profile which has 80mm thickness.  

Purpose : 
  To verify how shear stress along the blood vessel is produced 
                      and how the model deforms 

Displacement 1 

Silicon 
•  Type       :  Isotropic 
•  Density      :  2000[kg/m3] 
•  Young’s modulus :  4.0 [MPa] 
•  Poisson’s Ratio  :  0.2 

Bone 
•  Type       :  Isotropic 
•  Density      :  1500[kg/m3] 
•  Young’s modulus :  10 [GPa] 
•  Poisson’s Ratio  :  0.2 

Virtually solid water 
•  Type       :  Isotropic 
•  Density      :  1000[kg/m3] 
•  Young’s modulus :  2.0 [MPa] 
•  Poisson’s Ratio  :  0.499 

Displacement 2 

Displacement 2 
•  Amplitude   :  5.3[mm] 
•  Frequency   :  1- 40[Hz] 
•  Phase angle   :  -10[deg] 

Model A Results –Maximum Shear Stress�
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Model B�
Concept :  

 The simplest model of whole human body and device 
Purpose : 

•  Estimate how the whole body is excited under vibration with 5[mm] amplitude. 
•  Plot frequency response of shear stress 

Amplitude : 5[mm] 
Frequency : 10~100[Hz] 

Mattress 

Bed 

Cartilage 

Blood Vessels 

Model B frequency response�
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Conclusion and Future works�

• A simple simulation model of human body and device has been 
built and it worked. 

• According to the approximate estimation, the human body vibrates 
with approximately the same amplitude as the input. 

! Conclusion 

! Future Works 
• Both Model A and Model B are now regarded as linear systems 

  rebuild the simulation models  
  applying some kinds of nonlinearity 

• Experimentation with sensors and a control system 
to optimize blood oxygenation level 

		

Future Work -Device with Controller�
Frequency Control

• Blood oxygenation level is measured by a sensor 
• Generate vibration which maximizes the blood oxygenation level. 

Patient 
Actuator 

Sensor 

PlantController�-
+

Sensor�

Amplifier� Actuator�

Controller 
Amplifier 

Desired 
value Output
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Appendix�
Property
Material feature� Isotropic�

Density�

Bulk modulus�

Poisson’s ratio�

Shear modulus�

Young’s modulus�

1

1

1

1-b

1-b

1+aNo volume change

]Pa[102.2 6×=K

]Pa[1067.1 6×=G
]Pa[100.2 6×=E

499.0=ν

]kg/m[1000 3=ρ

Determined when  
Bulk modulus and  
Poisson’s ratio are given 

02
12

=+−=

−=Δ

ab
VVV11 =V

ab
bbaV

+−≅

−−+=

21
)1)(1)(1(2

2
1

==
a
b

ν

Why is Poisson’s ratio set 0.5?
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Sr and N Co-doped TiO2 as a Visible-Light Photocatalyst  
by Liquid-Feed Flame Spray Pyrolysis (LF-FSP)  

 

Outline 

•  Background 

•  Proposed Research 

•  Experimental Techniques 

•  Results 

•  Conclusion  &  Future Research 

1 

Background  

Honda-Fujishima Effect

The photocatalytic properties of TiO2 
were first published in 1972.

A. Fujishima,  K. Honda, Nature 238,  37 (1972). 2 

E = hc/λ

λ (nm) = 1240/E (eV)

in UV (λ < 387nm)

Stable, highly active 

Anatase’s band gap is 3.2 eV. Rutile’s is 3.0 eV. 

TiO2

María D. Hernández-Alonso et al. Energy Environ. Sci., 2009,2, 1231-1257 3 

Photophysical properties  

Applications 

Photo-catalyst 
TiO2

Cosmetics 

•  Can be used to purify 
(sterilize) 
•  Air 
•  Water 
•  Soil 

4 
Deodorize 

Problem 

Absorption only 2~3% of sunlight. 

Ultraviolet light < 387nm

Visible light

No activity under visible light. 

5 
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1 R. Asahi et al. Science 293, 269 (2001) 
2 H. Chen et al. J. Phys. Chem. C. 111, 1366-1372 (2007) 

N’s p states contribute to  
the band-gap narrowing  
by mixing with O’s 2p states.

O atomic orbit

N atomic orbit

6 

Anion doping 

Y. Sakatani et al.: Metal ion and N co-doped TiO2 as a visible-light 
photocatalyst, J. Mater. Res., 19,  (2004)

7 

Metals doped into TiO2 for photocatalytic applications in past few years.  
e.g. Cr, Mn, Co, Ni, Cu, K, Ca, Ba, Nb, Fe, Zn and Al

Cation doping 

Proposed Research 

Narrowing band gap 

Absorption of Visible Light

N Dope

Sr Dope
Anion

Cation

8 

Apparatus : LF-FSP 

Splay Head(Rear) 

Atomizing gas 
(Oxygen) 

Precursor 
Solution 

TiO2 (LF-FSP) 
Ti0.992Sr0.008O2 (LF-FSP)

Sample produced

9 

Fluidized bed furnace 

Gas: NH3 
Time: 3/6 h (at maximum temperature) 
Amount of sample: 250 mg/run 
Ramp rate: 20 / min 
Dwell Temperature: 500°, 600°, 700   

N doping conditions

10 

8 BEA .19 88-
B  

0 B G F
CB 

/DADF

9 6 7 ( ( ( G
9 6 2 287 ) G

( / 5 - 3F
) / 5 - AAD

8F 9 6 2 287 G
( / 5 - 3F
) / 5 - AAD
) / ) 5 - 3F C

Results : BET 

*Density of Anatase used for calculation. 

11 
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SEMs 

As produced N doped at 600  

TiO2 
 (LF-FSP)

Sr-TiO2 
 (LF-FSP)

CB

CB

CB

CB

12 

20% 25% 30% 35% 40% 45% 50% 55% 60% 65%

XRD TiO2 

500°C 3H

600°C 3H

700°C 3H

In
te

ns
ity

 θ

Rutile
Anatase

TiN

13 

TiO2 (LF-FSP)

XRD TiSrO2 

20% 25% 30% 35% 40% 45% 50% 55% 60% 65%

500C 3H

600C 3H

600C 6H

In
te

ns
ity

Rutile
Anatase

Sr2+ : 1.32Å 

Ti4+ : 0.75Å

Ionic radius

Sr-TiO2(LF-FSP)

 θ 14 

Sample Anatase 
(wt%) 

Rutile 
 (wt%) 

TiO2 (P25) 85.0 15.0 

TiO2 (LF-FSP) 82.4 17.6 

500C-3h 81.4 18.6 

600C-3h 80.7 19.3 

600C-3h 81.0 19.0 

Sr-TiO2 (LF-FSP) 23.0 

500C-3h 76.4 23.6 

600C-3h 75.7 24.3 

600C-6h 76.7 23.3 

XRD 
WPF refinement results 

Anatase wt % decreases with Sr2+ doping.
15 

77.0 77.0 

Conclusions 

•  Anatase wt % decreased by Sr doping. 

•  SSA slightly reduced after N doping. 

•  Color change results from doping due to 
change in band gap (production of some Ti3+). 

16 

The direct synthesis of single and mixed-metal oxide 
nanopowders by LF-FSP and N doped nanopowders. 

Future works 

•  Characterization by UV-vis for absorbance 
and band gap 

•  Different Sr doping concentrations 

•  Measure photocurrent  

•  Dye degradation  

17 
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The Need for Energy Storage 

Yang, Z. et al., Chemical Reviews 111, 3577-3613 (2011). 

•  What’s Redox? 
Reduction…get e- 

Oxidation…give e-  

•  What’s Redox flow battery? 

uses Redox reaction for flow battery�

�!!� ���#�����  ��$"���"�

Redox Flow Batteries 
Non-Aqueous Vanadium System 

CatholyteAnolyte

Pump Pump

V(acac)3

[V(acac)3]71

V(acac)3

[V(acac)3]+1
e7

BF47

Charging@/@Discharging

Advantages 

•  Decoupled power and energy. [1] 

•  Longer lifetime than active 
electrode batteries.[2] 

•  No geographical limitations. 

[1]%Weber,%A.Z.,%et%al.,%J.#Appl.#Electrochem.,%2011.%41(10):%p.%1137E1164.%

[2]%EnStorage,%Enstorage%Goes%Live%with%a%50%kW%Grid%Connected%HBr%Flow%Ba*ery,%2013.% 3%

Experimental Techniques 
Cyclic Voltammetry (CV) (Control voltage, measure current) 

Input% Output% Analysis%

V(acac)3� [V(acac)3]+1�[V(acac)3]E1�

VO(acac)2�

VO(acac)2�

3V(acac)3�

Literature review for solvents�
1,3-DO�

DMSO�

THF�

Hacac�

CV analysis for various solvents�

�������et al, Electrochimica Acta, 2013 113 p127–133� 	�
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Objective

 

Methodology 
Create electrolyte solutions of  V(acac)3  
in ACN, PC, DMF, and DMSO and characterize by the following 
methods: 
 

 

Investigate the impact of different aprotic solvents on 
vanadium oxide formation and electrolyte properties. 

•  Electrochemistry using cyclic 
voltammetry. 

        Quantify percent VO(acac)2, V(acac)3 
reversibility, and standard potentials. 

•  Conductivity using a conductivity 
probe at a standard supporting 
electrolyte concentration. 

•  Solubility using UV-Vis spectroscopy. 

UV-Vis / 
Conductivity 

•  Create a calibration 
curve using known 
concentration. 

•  Create saturated 
solution. 

•  Centrifuge 
•  Dilute into 

calibration range. 

Sample 
Preparation  

•  Electrolyte prepared 
inside argon glove box. 

•  0.01M Active species 
for CV 

•  Maximum active 
species for UV-Vis 

•  0.1M TBABF4 
•  Acetonitrile solvent 

Cyclic 
Voltammetry 

•  Conditions 
•  0.07 cm2 glassy carbon 

disk working electrode. 
•  Ag/Ag+ reference 

electrode. 
•  Platinum wire counter 

electrode. 
•  100mV/s scan rate. 

Experimental Methods

Results
ACN shows the highest 
conductivity.  
Agrees with literature.1 

[1]% J#of#Power#Sources#248%(2014)%1299E1305

	

DMF and ACN have comparable 
solubilities and are much higher 
than PC and DMSO. 

1.02        1.33 
 
 
1.03        1.12 
 
 
1.01        1.00 
 
 
0.98        1.02 

Results

PC

DMF

DMSO

ACN

Peak Height Ratio % VO(acac)2

6.4 
 
 
0.8 
 
 
3.6 
 
 
14.7

1 
2 

1 2 

V(acac)3 CV

VO(acac)2

VO(acac)2
oxida\on

reduc\on

peak ratio= "#$%&'$"(!ℎ*$+ℎ'/
-*%./'$"(!ℎ*$+ℎ' 

SUMMARY
ACN has the highest conductivity and solubility,  

  but has the highest VO(acac)2 production. 
 

DMF has high conductivity and solubility,  
  and the highest resistance to VO(acac)2 formation.  
  This solvent will be further studied with acetonitrile mixtures. 
 

DMSO showed poor reversibility and high VO(acac)2 formation  
 and will not be further investigated. 
 

PC had decreased VO(acac)2 formation  
  and will be further studied with acetonitrile mixtures. 
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--- Medium Term Course 2014 at University of Michigan and UCLA--- 

Date & Time: Thursday, 19th February, 13:00~ 
Place: IB015 (IB building) 

 

Timetable: 

13:00   Opening address from Prof. Ju 

13:10 - 13:24  Yoshihiko Hagiyama (P.161) 
“Effect of Coolant Temperature on Automotive EGR Cooler Fouling in GDI 
Engine” 

13:25 - 13:39  Kai Ito (P.164) 
“Dual Particle Imaging System” 
 

13:40 - 13:54 Eitaro Nakatani (P.166) 
“Synthesis of Al2O3-TiN Composite Nanopowders by Liquid-Feed Flame 
Spray Pyrolysis Followed by Ammonolysis” 

13:55 - 14:09 Takahiro Yamashita (P.170) 
“Gut on a Chip” 
 

14:10 - 14:24 Takayuki Kawasaki (N/A) 
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Introduction �
GDI (Gasoline Direct Injection) engine�

Higher power output�

High fuel efficiency�

Advantage�
PM emissions�

NOx emissions   �

Disadvantages�

It is necessary to reduce 
harmful emissions.�

It is desired to enhance 
fuel efficiency.�

��

EGR (Exhaust Gas Recirculation)�

��Reduction in 
NOX  
     emissions 
��Improvement in  
     fuel efficiency�

EGR cooler enhances the 
performance of EGR�

Introduction �

��

Exhaust gas�

Introduction�

Deposition of soot and hydrocarbons�

Deterioration of the efficiency of EGR cooler�

��

After use�

Purpose �

Understanding the fundamental characteristics 
involved in fouling of automotive EGR coolers�

Purpose of this research�

Prevent 
the fouling�

Minimize 
the effect 
of fouling �

	�
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Experimental �


�

Type GM  2.0 L I-4 VVT Turbo�
Displacement (cu in / cc)� 121.9 / 1,998�
Bore & stroke (in/mm)� 3.4×3.4 / 86×86�

Compression  ratio� 9.2 : 1�
Output (kW/hp @ rpm)� 194 / 260 @ 5300�

Torque(lb-ft/Nm @ rpm)� 260 / 353 @ 2000�
Max engine speed (rpm)� 5500�

Particulate emission analysis�

��

Experimental�

��

engine�Exhaust gas�
6 hours�

EGR cooler�

Exhaust gas�
1

5

3

2
4

C�

EGR 
Cooler�

��Measure the effectiveness change of the EGR cooler �
��Measure the deposit mass inside the tubes �

Coolant�

Coolant�

Exhaust gas�

Exhaust gas�

EGR cooler�

Exhaust gas�

coolant�

coolant�

Engine speed� 2000 rpm�

Torque  225 Nm�

Coolant temperature� 85 � 60 �

Running time� 6 h�

Results & discussion ~ Temperature ~�
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Coolant temperature : 85 � Coolant temperature : 60 �
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Results & discussion ~ Deposit mass ~�
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Low temperature condition had smaller deposit mass.�
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Discussion ~Mechanism of fouling~ �

���

Thermophoresis�

Condensation of hydrocarbons�

Temperature gradient�
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SEM image ~Center of the tubes�

���

Coolant temperature : 85 � Coolant temperature : 60 �

2 µm�

20 µm�

2 µm�

20 µm�

SEM image ~Coolant temperature : 85~�

���

Exhaust gas�

Exhaust gas�

2 µm� 2 µm� 2 µm�

SEM image ~Coolant temperature : 60~�

�	�

Exhaust gas�

Exhaust gas�

2 µm� 2 µm� 2 µm�

Discussion ~Water condensation~ �

�
�

OHCOOHC 222167 8711 +→+

H2O�Soot�

Condensed 
hydrocarbons�

Condensed water removes the particle�

Chemical reaction for gasoline engine�

�
CT

B
APLog

dew
v +

−=10

Antoine equation�

Tdew=56.7�

 Calculated dew point�

Conclusion �

���

��It was confirmed that the effectiveness drop of EGR 
cooler was smaller at the condition of  high coolant 
temperature.  
 
��Coolant temperature affect the physical property of 
deposits inside EGR cooler. 
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For Nuclear security and Safeguard community  

� Unique Features

� Simultaneously image neutrons and photons

� Reconstruct source spectrum of both neutron and photon

Dual Particle Imager (DPI)Special nuclear 
material (SNM)

Pu, U etc…

γ

n

Source Location

Spectrum

0 2 4 6 81

102

104

106

Energy [MeV]

Co
un

ts

Neutrons
Photons

Detection for Nuclear 
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Motivation and Objectives
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For Field Use 
� Need to get source information Quickly

� Measurement time (to get enough counts)

� Computation time (to create images and spectrum)

� Objectives

Application of OSEM algorithm to accelerate    
computation time

To solve these issues…

Simple back projection MLEM algorithm
Possibility of increasing 
computation time

DPI

Detection for Nuclear 
Nonproliferation Group

Principle of Compton Camera and 
Neutron Scatter Camera

4

Source position

Compton, 
Scatter cone

11th  JUACEP Workshops in Nagoya University – 19 Feb 2015

θ
E1

E2

Liquid scintillator

NaI scintillator

Compton cone

cos 𝜃𝛾 = 1 − 𝑚𝑒𝑐2

𝐸2
+ 𝑚𝑒𝑐2

𝐸1+𝐸2
, 𝐸𝛾 = 𝐸1 + 𝐸2

Compton Camera

γ

cos2 𝜃𝑛 =
𝐸𝑛1

𝐸𝑛0
, 𝐸𝑛1 =

𝑚𝑛

2
×

𝑑2

(𝑡2−𝑡1)2
, 𝐸𝑛 = 𝐸𝑛1 + 𝐸𝑝1

θ

Neutron Scatter Camera

Ep1,t1
En1

En

t2
d

Neutron Scatter 
cone

n

Simple back projection 
image

Liquid scintillator

Liquid scintillator

neutron photon
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Dual Particle Imaging System Design
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θγ0 Ed1

Compton cone

γ

Ed2

Scatter 
Plane

Absorption 
Plane

En1, t1En0

t2

d

Scatter cone

n

Eγ0

θn0

3”×3”Ø NaI

3”×3”Ø liquid 
scintillator

2”×3”Ø liquid 
scintillator

• Measured information

• Timing

• Deposited Energy

• Detector Pair

NaI(Tl)
Scintillator

Liquid
Scintillator
(EJ-309)

Absorption Plane
Scatter 
plane

Absorption 
plane

Dual Particle Imager (DPI)
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Previous Work of Image Reconstruction
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� MLEM: Maximum Likelihood Expectation Maximization
� An iterative approximation algorithm that estimate the most likely 

source distribution based on statistics

� � � �

� �
B , ... 1, =b , R

x̂R

n
 x̂ = x̂

D

1 = d
dbB

1 = b'

k
b'db'

dk
b

1+k
b ¦

¦ »
»
»
»

¼

º

«
«
«
«

¬

ª

 x – estimated source distribution
n – measured detection distribution
R – System response matrix for mono-energetic neutrons 
k – iteration number
D – Number of observation bins
B – Number of reconstruction bins

Simple Backprojection

Decrease measurement time

Simple BackprojectionMLEM
30 min 16 hr

Kai Ito
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� OSEM: Ordered Subset Expectation Maximization

7

Subsets

x̂b
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k( )  1
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b' = 1

B
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D

 

 

 
 
 

 
 
 

 

 
 
 

 
 
 

 , b= 1, ... ,  B

MLEM Algorithm

OSEM Algorithm

• Characteristics

• Update the image every subsets
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Measured detection 
distribution

Energy, 
Angle,
Detector 
pair…

Starting
value

Accelerates the convergence

Detection for Nuclear 
Nonproliferation Group

MLEM v.s. OSEM
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MLEM OSEMIteration=1Iteration=5Iteration=10

Accelerates the convergence slightly

Source location 
Azimuth 67.5°, Inclination 90°

Angular mesh : 5°
Simulation setup

Detection for Nuclear 
Nonproliferation Group

Comparison of computation time

Mean Absolute Error (MAE)

𝑀𝐴𝐸 =
1
𝐵  

𝑏=1

𝐵

λ𝑏
𝑜𝑟𝑔 − λ𝑏

𝑟𝑒𝑐

11th  JUACEP Workshops in Nagoya University – 19 Feb 2015
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B: the total number of source bin
b: source bin
λ𝑏
𝑜𝑟𝑔: true value

λ𝑏
𝑟𝑒𝑐: estimated value

true reconstructed image
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OSEM
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Computation time Comparison

Accelerate the convergence slightly
Single MOX canister (67.5°, 90°)

Detection for Nuclear 
Nonproliferation Group

Summary

� Proposed applying OSEM algorithm to DPI 
system

� Optimized OSEM algorithm to DPI and 
compared image quality with mlem

� Evaluated improving computation time  

10
11th  JUACEP Workshops in Nagoya University – 19 Feb 2015

OSEM is going to be useful when we will try to 
get more detail source information

Kai Ito
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Synthesis of Al2O3-TiN Composite Nanopowders 
by Liquid-Feed Flame Spray Pyrolysis 

Followed by Ammonolysis
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 1.2 Al2O3-TiN
Adding TiN to Al2O3 can improve its mechanical and electrical properties.  

Bending strength of TiN-Al2O3 composites 
sintered at 1550 g versus TiN content.1 

Resistivity of TiN-Al2O3 composites 
sintered at 1550 g versus TiN content.1 

[1] Li et al “Mechanical properties & electrical conductivity of TiN-Al2O3 nanocomposites” 
J. Europ. Ceram. Soc. 23 69-74 (2003)  

 1.3 Why Nanopowders
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 3.1 Experimental procedures

•  Alumatrane 
     [Al(OCH2CH2)3N] 
•  Titanatrane 
   [ROTi(OCH2CH2)3N] 

LF-FSP

LF-FSP

(TiO2)x(Al2O3)1-x�
FBR

TiN-Al2O3

FBR

Combustion Chamber 

Bottom ESP 

Top ESP 

To Exhaust 

10 kV 

x=0.10, 0.28, 0.43 mol%�
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 3.2 Experimental equipment
Liquid-Feed Flame Spray Pyrolysis (LF-FSP)�

Liquid-Feed Flame Spray Pyrolysis (LF-FSP)

1500~2000 °C 300~500 °C

Alumatrane/ 
Titanatrane 
dissolved in 

EtOH

Spray Head 
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FBR (Fluidized Bed Reactor)

 3.2 Experimental equipment
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* 

JUACEP report 

* 
* The drug development process 

* Animals models are costly 
* Labor-intensive 
* Time-consuming 
* Questionable ethically 

* There is great interest in developing models that recapitulate 
the complex functions of human intestine in vitro. 

[1] : Hyun Jung Kim, et al ; Lab Chip, 2012, 12, 2165–2174 

Problems [1] 

[2] 

[2] : J. A Kramer, et al ; Nat. Rev. Drug Discovery, 2007, 6, 636–649 
[3] : E. Le Ferrec, et al ; Lab. Anim., 2001, 29, 649–668 

[3] 

* 

* Limitation of existing in vitro gut models is that it has not been possible 
to grow living microbes in the luminal surface of cultured intestinal 
epithelium for extended periods as normally occurs in living intestine 

[4] : I. Hubatsch, et al ; Nat. Protco., 2007, 2, 2111–2119 

Fig. 1 : Diagram of a Caco-2 monolayer 
grown on a permeable filter support 

Fig. 2 : schematic of the insert design 

[5] : J. Yu, S. Peng, et al ; Biotechnol. Bioeng., 20012, 109, 2173–2178 

[4] 
[5] 

* 
Gut on a chip is  
that mimics the mechanical, structural, absorptive, 
transport and pathophysiological properties of the 
human gut 

[1]:Hyun Jung Kim, et al ; Lab Chip, 2012, 12, 2165–2174 

[1] 

Fig. 3 : The human gut on a chip 

* 
* Lowering fluid volume consumption 

[1]:Hyun Jung Kim, et al ; Lab Chip, 2012, 12, 2165–2174 

[1] 

* Lower reagents costs 

* Less waste 

* Increasing process control 　 
　(due to quicker thermo-chemical reactions) 

* Decreasing fabrication costs 

* 
* Growth of intestinal cells on microdevice was 

fabricated from polydimethylsiloxane polymer 
under the constant flow 

* 
* Making Microdevice 

* Fibronectin Conjugation 

* Cell Culture 
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OUTLET 
INLET 

CHAMBER 

5.5 mm 

5.5 mm 

500 µm 

Fig. 4 : The size of device Fig. 5 : Structure of device 

*  * 

Fig. 6 : Function to prevent impurities 

* Cell density : 2.6× 10↑6  cells/ml 

* Media flow rate : 0.5 µl/min 

* Flow is constant direction 

* Media component : EGF (2µl/ml), Transferrin (2µl/ml), 
                           Insulan (1µl/ml) 

* 
* Type of cell : Human intestinal Myofibroblast 

* 

* The growth of cells was not observed 

Fig. 8 : Day 3_4X Fig. 7 : Day 1_4X 

Fig. 10 : Day 5_4X Fig. 9 : Day 3_4X 

* 

* The number of cells reduced 

Fig. 12  : Day 3_10X 

Fig. 13  : Day 5_10X 

Fig. 11  : Day 1_10X 

* 

Fig. 14  : Vicinity of outlet 
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* 
* Growth of cells was not observed 

* Cell density was not enough 

* Flow rate of media was not sufficient 

REASONS 

* Cell adhesion to the device was not sufficient 

* Some cells got together in the vicinity of outlet  

* Some cells were dead.  

* 

* The characteristics of gut on a chip                      
could not be shown 

* Human gut on a chip microdevice provides a 
controlled microplatform to study and perturb 
critical gut functions in the presence of relevant 
physiological cues, including cyclic mechanical 
strain, fluid flow and coexistence of microbial 
flora. 

* Growth of cells was not observed 

* 
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Effect of thermal annealing on microstructure 
evolution in 3D IC microbumps �

1 

Since 1947… Si microelectronics technology has developed. 

Introduction �

 IC density has become lager and lager.  

2 

Moore’s law (since 1960) �

IC density doubles every 18-24 months [1]. 
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Fig. 1. A plot of IC density of memory and processors on Si chips against year [1].�

[1] K. N. Tu, Reliability challenges in 3D IC packaging technology, Microelectronics Reliability, Volume 51, Issue 3, pp. 517-523 (2011).� 3 

Moore’s law (present) �

2 Dimensional VLSI of circuit on Si chip has reached limit [2].  

Physical limit  …  Materials 
   Cost    limit  …  Manufacturing  

3D IC packaging technology has been developed. 
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Fig. 1. A plot of IC density of memory and processors on Si chips against year [2].�

[2] Y. Liu, M. Li, D. W. Kim, S. Gu, D. Y. Parkinson, J. Blair, and K. N. Tu, Filler Trap and Solder Extrusion in 3D IC Thermo-
compression Bonded Microbumps, Electronic Components & Technology Conference (2014).�

4 

� small packaging size 
・ functional 
� Low energy consuming 
� High process speed 

3D IC packaging technology 

Microbump 

BGA Ball 

First level Si chip�

Second level Si chip�

C4 solder joint�

TSV 

Multilayer ceramic substrate�

Fig. 2. (left) Schematics diagram of 3D IC packaging, (right) Cross-sectional image.�

5 

Structures of Microbumps �

 Cu 

Solder�

Ni 

 Al 

 Si chip 

 Underfill 

Extrusion 

Ni3Sn4 
Filler trap 

Flux trapped void 

Thermo–compression bonding 

Fig. 4. Schematics diagram of thermo-compression on microbumps in 3D IC packaging.�
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6 

Research purpose�

Effect of thermal annealing 
    on microstructure evolution in microbumps 

Filler trap 
Flux trapped void 

Fig. 4. Schematics diagram of thermo-compression on microbumps in 3D IC packaging.�

7 

Experimental method �

Sample : Qualcomm Inc. 3D IC packaging 14×14×0.58mm 

Polish�

Annealing 
& 

SEM observation 

Discussion�

Table.1 Condition of annealing�

Time [hour] Temperature [�] 
0, 1, 4, 24 150 

Filler trap 
Flux trapped void 
Ni3Sn4 

Fig.5 Image of 3D IC packaging 
(left) BGA balls side, (right) the other side 

8 

Result (BEFORE annealing)�

Fig. 6. (a) SEM image of whole cross sections of 3D IC packaging, (b) SEM image of enlarged area,  
(c) SEM image of a microbump, (d) FIB image of another microbump. 

C4 solder joint 
81.5 µm�

Microbump 
20.0 µm�

TSV�

First level 
Si chip�

Second level 
Si chip�

Multilayer  
ceramic 

substrate�

Flux  
trapped void�

Filler trap�

Extrusion� Ni3Sn4�

Cu�

Ni�

Remaining 
Solder�

Ni�
Al�
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Result (AFTER annealing)�

Fig. 7. SEM images of the same microbump after annealing for (a) 0, (b) 1, (c) 4, (d) 24 hours.�

Flux  
trapped void�

Filler trap�
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Fig. 8. A plot of diameter of filler trap against annealing time at 150�. (7 filler traps)�

Reason: Epoxy expand by annealing 

Coefficient of thermal expansion [1/K] 
��epoxy …    45 ~ 65    ×10-6  

��silica  …  0.51 ~ 0.58 ×10-6 
��cupper …       16.6      ×10-6 11 
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Flux trapped voids against annealing time�

Fig. 9. A plot of diameter of flux trapped voids against annealing time at 150�. (36 flux trapped voids)�

Reasons:�Stress around the flux trapped voids 
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Thickness of Ni3Sn4 against annealing time�

Fig. 10. A plot of thickness of Ni3Sn4 against annealing time at 150�. (10 microbumps)�

Reason: Chemical reaction between Solder and Ni interface  
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Conclusion �

 3D IC packaging is annealed for 0-24 hours at 150�.  
 
● BEFORE annealing  
   Filler traps   /  Flux trapped voids   are observed. 
 
 
● AFTER annealing 
 
��Filler traps gradually become large due to expansion of epoxy. 
 
��Flux trapped voids gradually become large  
           due to mechanical stress around flux trapped voids. 
 
��Thickness of Ni3Sn4 gradually become large 
           due to chemical reaction between Ni and solder interface. �
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Atmospheric Pressure Plasma Treatment of 
Titanium for Bonding of Different Materials 

February 19, 2015 
Prof. Jenn-Ming Yang Lab 

Materials Science and Engineering, UCLA 
Keisuke Uematsu 

Research Background 
Composite Materials 

Wichita State University 
http://www.niar.wichita.edu/niarworkshops/Portals/0/
Thursday_900_Griggs.pdf

Bonding Technology of Different Materials

CFRP 
(Resin)

Ti

http://www.carbonfiber.gr.jp/field/craft.html

2

Chemical Bonding

C

B

A

C

B

A

C

B

A Covalent Bond, Hydrogen Bond
   CFRP (Carbon Fiber Reinforced Plastic) 
   and Titanium generally don’t  bond by 
   chemical bonding. 
   Adhesive (Resin) can bond to Titanium. 

Mechanical Bonding

Ti

Resin (Adhesive) 

Anchor Effect 
   Resin infiltrates into Titanium rough 
   surface and bonds to Titanium.

Titanium-Resin Bonding 3

Chemical Surface and  Making Roughness are important

Effects of Atmospheric Pressure Plasma  4

Atmospheric Pressure Plasma 

Making micro unevenness surface 
Making Oxygen radical layer and increasing hydrophilic property 
Removing Organic Substance

http://www.shutech.co.jp/technology/plasma.html

Atmospheric Pressure Plasma has some advantages for Bonding

Purpose: Improving of Bonding Surface Structure by 
               Atmospheric Pressure Plasma Treatment 

Materials for Bonding 5

	 Pure Titanium-CFRP

SiC Fiber Reinforced Titanium 

90 mm

SiC fiber 
reinforced Ti 150 mm

90 mm

SiC fiber 
reinforced Ti

1 cm

1 cm

Method 6

	 Surface Cleaning

1)  IPA (Isopropyl alcohol)

Atmospheric Pressure Plasma Treatment

CFRP Ti (pure) 

1)  Ti: He, N2 gas plasma 
sol-gel treatment, primer treatment 

2)  CFRP: He, O2 gas plasma 

Hot Press

1)  Epoxy Film Adhesive 
2)  Hot Press 

Epoxy Film Adhesive 

O

CH2 CH CH2- - O- R-
- -

Epoxy Resin 

OH OH OH OH Si (OC2H5 ) O O O O

Si Si

OO O O

Plasma treated substrate (metal or resin)

sol-gel treatment 
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Lap Shear Test (JIS K 6850) 7

Plasma Treatment 
+ Adhesive (Epoxy) 

Ti (pure)

Resin (CFRP)

1 cm

1 cm

Test condition 
   Test frame: Instron 5966 with 10 kN load cell 
   Thickness of adhesive layer: 0.1mm 
  Frame moving speed: 0.2mm /min 
  Sample number: 5 
    

Result (JIS K 6850) 8
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coupon2 

coupon3 

coupon4 

coupon5 

Shear strength of adhesive 21±2 MPa 

Comparison to previous study* 
 	 Ti (pure ) / CFRP 5.2 Mpa 
 Ti (pure ) / CFRP with plasma treatment 
        (0.25 sec) 19.3 MPa 

*Study on Hetero-junction of CFRP and Metals Using Atmospheric-Pressure Plasma Processing. Industrial Research Center, Research Report 2013

21 ± 2MPa should be positive result 

Coupon Shear Strength of Adhesive (MPa) Maximum Load (N) Fracture Time (s) Ratio of Cohesive Failure (%)
1 13.82139 5137.35 241.363 �44.5
2 22.30788 8222.44 333.6 �48.5
3 20.70305 7502.26 276.8 �52.0
4 19.50734 6921.67 279.4 �51.0
5 19.74133 7091.33 660.3 �50.5

Fracture Surface after Lap Shear Test  9

1 cm

Cohesive ratio 51±3 %* 

*Binarised picture 

Film adhesive was adhered to both overlap area 
Fracture occurred in the middle of film adhesive 

Plasma treatment was effective for bonding of Titanium and resin

* According to the US military standards for bond strength and durability are to 
have an average cohesive failure mode of 90% or grater. 

Film Adhesive*1 

*1 Composites World, ww.compositesworld.com/articles/lightning-strike-protection-for-composite-structures 

Ti-SiC Fiber Composite Result 10

Cohesive ratio 49±2 % 

Film adhesive was adhered to both phases 
Fracture occurred in the middle of adhesive 

1 cm

1 cm

Shear strength of adhesive 44±3 MPa 

Comparison to previous studies* 
 	 Ti (pure ): 10 Mpa*1 

 Ti (pure ) with plasma: 25 Mpa 
 Ti6Al4V: 10 Mpa*2 

  Ti6Al4V with plasma: 30 Mpa 

*1 High-performance nanoadhesive bonding of titanium for aerospace and space applications, International Jouurnal of Adhesion and Adhesives 
*2 Investigation on nanoadhesive bonding of plasma modified titanium for aerospace application, Advances in Aircraft and Spacecraft Science

* According to the US military standards for bond strength and durability are to 
have an average cohesive failure mode of 90% or grater. 

Conclusion 
•  The lap shear strength of 21 ± 2 MPa was demonstrated for 

bonded titanium and CFRP panels. 

•  The lap shear strength of 44 ± 3 MPa was demonstrated for 
bonded 2 SiC fiber reinforced titanium panels. 

• Atmospheric pressure, helium, nitrogen and oxygen plasmas 
would be an effective method of surface preparation of 
titanium and CFRP composites prior to bonding.  

11

Future plan 
Investigation of micro surface by X-ray photoelectron spectroscopy (XPS) 
Investigation of effect of adhesive thickness 
Comparison to non-plasma treated samples      

Thank you for your attention
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Life in Michigan 
 

Name: Tatsuya Kitabayashi  
Affiliation: Department of Mechanical Science and Engineering,  
Graduate School of Engineering, Nagoya University 
Participated program: Long term (Spring to Winter), 2013-2014 
 
Research theme: Micro-droplet sorting utilizing an on-chip dielectrophoresis  
device 
Advisor at Univ. Michigan: Prof.Katsuo Kurabayashi 
Affiliation: Department of Mechanical Engineering, University of Michigan 
 
 To begin with, I want to express my appreciation for the program. My experience at Michigan 
means a lot to me: not only in doing research, but also in learning the culture, which broadened my 
outlook.  

My research at the University of Michigan involved the simulation and fabrication of the 
droplet sorting device. I came across many barriers in my research, but I learned how to manage my 
research and gained a lot of new knowledge through those experiences. I enjoyed discussion with 
laboratory members and they were always kind in instructing me, so I did not have to worry about 
what to expect before going to the United States. Upon arriving, I discovered that the communication 
wall between laboratories is pretty low compared to Japanese laboratories. Discussion happens 
everywhere over the wall and they share problems and equipments to achieve their goals. I don’t 
see this situation happening as much in Japan and I think we should adopt this practice. 
 In terms of my life in Michigan, I moved to the North Campus Co-Op after living in Michigan 
for half a year. The North Campus Co-Op is a kind of dormitory. I met many students from not only 
the U.S., but also foreign countries. Eating dinner together and sharing housing experiences with 
those who have different backgrounds are precious experience for me. Additionally, the Co-Op held 
several parties like a Halloween party, movie shows, and so on. Such events were helpful to 
understand the culture of the U.S., and I really enjoyed it. In addition, the environment of Ann Arbor 
is perfect to concentrate on studies. It is very cold in the winter. The temperature sometimes dropped 
to -20°C, however it’s warm inside the building and the university’s buses run around the university 
frequently, so I didn’t have any problems with the cold winter. In summer, Ann Arbor is a really 
comfortable place because of its dry climate and beautiful nature. I hope to go back to Ann Arbor in 
the summer someday.  
 The University of Michigan has many systems to help foreigners learn English. I found a 
conversation partner and joined a conversation circle. Such programs helped me to study English 
and make friends. I had a good time talking about daily life, hobbies, going out to eat, and sharing 
fun things. I have many enjoyable memories. 
 I also enjoyed traveling. I visited some famous places in the U.S. The trip to New York is one 
of my favorite experiences. I visited landmarks of New York, for example, the Statue of Liberty, Wall 
Street, and the Empire State Building. I could feel the atmosphere of the center of the world and the 
melting pot. I’ll never forget them.  
 In conclusion, I’m thankful for JUACEP program and people who supported me. Everything 
in Michigan inspired me so much and I will make the most of this experience for my future.  

 



 

 

Findings through JUACEP 
 
 

Name: Kazuma Kato 
Affiliation: Mechanical Science and Engineering, Nagoya University 
Participated program: Long 2013 
 
Research theme: Driving Adaptive Behavior with Cell Phone Usage 
Advisor at Univ. Michigan: Dr. James R Sayer 
Affiliation (Dept.): Transportation Research Institute 
  
 
Hello, my name is Kazuma Kato. I was working in University of Michigan Transportation 

Research Institute (UMTRI). UMTRI is one of big automobile research centers affiliate with 
University of Michigan. I was working in Human Factors Group where naturalistic driving data is 
analyzed. My research was also driving behavior projects funded by Ford. I was allowed to work 
pretty flexibly and had discussion with some researchers every day. We also had regular 
meetings with the company people every three weeks to report progress. They all got PhD in 
the US and working with such great people were totally challenging. I learned how tough it is to 
maintain my motivation in this experience. But unfortunately there are no students but 
researchers who already has their own family so I could not make students friends. I had to find 
the place to interact with students by myself. This is one of what I was struggled with to make it. 
 So, as for interaction with students my American roommate was pretty friendly and introduced 
me to his friends group. Also, I had a band with some American undergrad students. We worked 
on lots of stuffs to have people know our music, such as composition of songs, making our 
poster, making demo CDs, etc. We collaborated with each other to accomplish our common 
goal. Furthermore, there was a language exchange partner system in U of M, which can 
introduce students who are learning Japanese and can speak English to Japanese students like 
us. Then we teach our own language to each other. Teaching Japanese and communicating 
with students who are already interested in Japan were really interesting experiences. Of course, 
thanks to them, I got my English improved as well. I also did volunteer, a staff of Japanese 
cultural festival and international conference for engineering fields.  
I also met up with some Japanese people who are also studying in U of M. Most of them has 

already started working in Japanese company and their career story totally motivated me to 
think about my own career. Now, I finally 
decided to go back to work in the US 
someday after several years working for 
Japanese company. I could not come up 
with that future if I didn’t take this program.   
 

Headshot photo 
(casual one is fine.) 



 

 

Precious Experience in University of Michigan 
 

Name: Naoaki Saeki 
Affiliation: Mechanical Science and Engineering, Nagoya University 
Participated program: Long 2013 
 
Research theme: Human-Computer Interaction for Part Selection in 

Product Design 
Advisor at Univ. Michigan: Prof. Panos Y. Papalambros 
Affiliation (Dept.): Department of Mechanical Engineering 
 
  

I was studying for one year as a member of Optimal Design Laboratory (ODE) in Department of 
Mechanical Engineering, University of Michigan. Based on design engineering, this laboratory 
studies multidisciplinary researches. The research topics include not only design engineering, but 
also information technology, optimization theory, machine learning, marketing, and psychology. It 
was totally new research field for me. Though it was tough to understand the basic knowledge of the 
researches, this experience brought me a lot of useful knowledge. As my research topic in ODE, I 
applied optimization theory and machine learning techniques to part selection problem in product 
design. I could find some interesting results and have chance to present the work in a conference, 
because of a lot of kind supports from all ODE members. Of course I enjoyed research, but I also 
enjoyed the life in ODE. Sometimes they took me to dinner and parties, it was interesting to have 
Americanized Japanese dishes and to talk with a lot of people. Especially, it was a good memory of 
me to work in midnight with some members. (Of course we focused on our researches but 
sometimes) I enjoyed conversation. 

My daily life in University of Michigan was also a great experience, though I spent most of time 
in laboratory. Living by myself in USA, surviving in severe winter, travel around…, they are all 
precious experiences, especially I remember the people I met during this stay. I joined some 
communities such as Japanese Student Association (it holds cultural events related to Japan) and 
Language exchange partner program (it provides opportunities for international students to 
learn/teach their language each other). I enjoyed talking in both Japanese and English with the 
members of Japanese Student Organization. They were great teachers to teach me Native 
American sense. And I introduced Japanese culture as a volunteer of Matsuri style event with them. 
I saw a lot of people who are interested in Japan. And I met some American friends who are 
studying Japanese through language exchange. They helped me to improve English. Moreover, they 
invited me to a lot of parties, it was so nice time to feel real American culture. Some of them are now 
in Japan, or will be in Japan. I hope we can see again. 

Through these experiences, I became more interested in multidisciplinary researches and 
cross cultural communication. The wide knowledge I learned will definitely improve my research in 
Nagoya University. And the cross cultural communication skill I learned will also facilitate better 
understanding with people in the world.  

I greatly appreciate all ODE members, all my friends in Michigan, all JUACEP staffs, and all 
members in Yamada Laboratory to giving me wonderful experiences, kind supports, guidance and 
encouragement. 

 

 
ODE members            Japanese Student Association         Language Exchange 

 



 

Great Experience in US 
 

Name: Yoshihiko Hagiyama 
Affiliation: Mechanical Science Engineering, Nagoya University 
Participated program: Middle (summer to winter) 2014 
Research theme: Effect of Coolant Temperature on EGR Cooler fouling  
on GDI Engine 
Advisor at Univ. Michigan: Prof. Boehman 
Affiliation: Mechanical Engineering, University of Michigan 
 

 I belonged to Prof. Boehman’s group, which focuses on automotive engineering. My work in 
the lab was the research on EGR cooler fouling, which is one of the parts of engine. I worked 
with a PhD student on this project, and had a lot of chance to discuss it with him. That was good 
experience for me to improve my English skill. In addition, research itself was exciting because I 
was so interested in automotive industry. As you know, famous American automotive 
companies’ bases are located in Michigan, such as Ford, GM, Chrysler, Which are called BIG 3. 
Since Michigan State is an important place of US automotive industry, University of Michigan 
has several engines, and many researchers are working on the research related to engine.  
   In addition to working in the lab, I had a great experience in US. I visited many places during 
holidays, and enjoyed beautiful nature, gorgeous city, exciting event and interesting museum.  

Michigan has lots of nature that deserves to visit. Although those are not exciting one like 
Grand Canyon, Yellow Stone, and Yosemite, we can enjoy silent nature that can relax us. When 
I went to Huron National Forest during winter break, nobody other than me was there, and I had 
that beautiful nature to myself.  
   The most exciting event in Michigan for me was Detroit Auto Show, which is held in Detroit 
once a year. It is one of the most famous Automobile shows in the world. There you can see 
many new cars and concept cars which can attract automobile enthusiasts.  
   Finally, many people helped me working in the lab, living in US and enjoying the stay. I was 
able to spend a nice time with kind people. I really appreciate all their kindness. I won’t forget 
this great experience.  
  
 
 

 

 



 

 

JUACEP Report 
 

Name: Kai Ito 
Affiliation: Department of Quantum Engineering, Nagoya University 
Participated program: Medium term 2014 
 
Research theme: Dual Particle Imaging System 
Advisor at Univ. Michigan : Prof. Sara A Pozzi 
Affiliation: Detection for Nuclear Nonproliferation Group 
   University of Michigan 
  
I went to University of Michigan for 6 months and I was working on localizing radiation 
source to prevent from diversion to nuclear weapon. In my work, I simulated the 
detector response to evaluate validity of the system performance and I proposed a new 
concept by myself to improve the system performance. It was not an easy work for me 
but I did make it because my lab colleagues shown in the picture helped me whenever I 
asked some question. About the dairy life, there are two point that you should know 
before you come to Michigan. The first point is that Michigan is NOT too cold in winter. 
Actually I experienced -25 degrees during my stay but if you come here, you will be 
used to the cold weather and you can enjoy the crazy temperature. So don’t worry the 
Michigan weather too much. The second point is that you should active positively. There 
is no entertainment stuff around Ann Arbor but this is good point. Because you can 
know your friends very well. In case of me, I was a member of University of Michigan 
Field Hockey Club and I joined some tournaments with my teammates. We won at the 
tournament and got award! Also, I made the best friends I met ever and we cooked 
together so many times!! I had a great time at Ann Arbor. Actually, I visited to some big 
city such as New York, LA and Boston but I still think Ann Arbor is the best city in the 
US because of my experiences. Thanks for all the times I spent with my friends and I 
hope people who will go to University of Michigan same as me will enjoy a life in Ann 
A r b o r ! ! ! 

 
 
 
 
 
 
 

 
 
 
 
 
 

 



  

 

 Findings through JUACEP  
 

Name: Eitaro Nakatani  
Affiliation: Micro-Nano Systems Engineering 
Participated program: Middle (Summer) 2014 
Research theme: Synthesis of Al2O3-TiN composite nanopowders by  
     Liquid-Feed Flame Spray Pyrolysis followed by Ammonolysis. 
Advisor at Univ. Michigan: Prof. Richard M. Laine 
Affiliation: Material Science and Engineering, University of Michigan 
  
 
 I had studied in Prof. Laine lab at University of Michigan. My research was synthesizing 
ceramic composite nanopowders by LF-FSP, which is original equipment in my lab. Research 
background at UM was different from what I had studied at Nagoya University. However, everyone in 
my lab was so friendly and kind to me. They told me what I did not know in a way that is easy for me 
to understand. I really appreciate it. I will never forget enjoying lunch with them while chatting every 
day. 
 There were meetings in my lab on every Friday afternoon. We talked what we had done for 
that week, and discussed with our professor and students. I had opportunities to speak English in 
the meetings. When I joined the meetings for the first time, I could not communicate well and could 
not understand what other students said. However, my English skill were improved day by day. 
Finally, I became able to discuss my research work with them. This will be definitely memorable 
experience in my life.  
 I went to a lot of places during my stay. Florida was a very comfortable city. I did snorkeling 
and parasailing there. I ate a lot of delicious seafood. It was so nice. I also went to New York with my 
friends at the end of last year. We joined the Countdown Live at Times Square. We had to wait for 
half a day. We could no longer take another step while waiting, because there were so many people 
around us. It was so crowded. It was so fun, but I will not try to go there again. It was so nice 
experience once in my lifetime. 
 Ann Arbor is a nice place to live. It is quiet and surrounded with nature. We can find 
squirrels and deer around UM. It was so cold in winter. However, if there are people who want to 
study in UM through JUACEP program, you can get used to the coldness soon, so you do not have 
to hesitate to go there.  
 Through this program, I got a lot of great experience and made a lot of international friends. 
This stay is my treasure for me. I would like to express my gratitude to Prof. Laine, my lab members, 
and JUACEP. 

 



 

 

Findings through JUACEP 
 

Name: Takayuki Hasegawa 
Affiliation: Department of Mechanical Engineering,  
Graduate school of Engineering, Nagoya University 
Participated program: Short (Summer) 2014 
 
Research theme: On-chip Multiplexed Cellular Immunophenotyping with 
LSPR Barcode Microarray 
Advisor at Univ. Michigan: Prof. Katsuo Kurabayashi 
Affiliation (Dept.): Department of Mechanical Engineering 
  
 

First of all, I appreciate that JUACEP gave me the great opportunity to do research in 
University of Michigan for 2 months. My research theme at U of M was development of the 
multiplexed cellular immunophenotyping device. Post-doc taught me how to make the previous 
device first. My English skill was not enough to communicate smoothly but all of Kurabayashi lab 
members kindly explained so that I could understand. Thanks to their kindness, I could start working 
in the lab smoothly. In the end of August, I began designing the new device with doctor student. 
Though I have designed some microfluidic device in Japan, discussion about the device design in 
English was a difficult and nice experience for me.  

In the end of this program, I was invited home party by professor Kurabayashi and I went to 
professor’s house with some JUACEP friends. I experienced ‘American’ home party and enjoyed 
eating Mexican food and talking with. We played American board game together after dinner. It was 
so fun and we spent amazing time. 

 

 
 

  





 

Findings through JUACEP 
 

Name: Akira Hirota 
Affiliation : the Department of Mechanical Science and Engineering 
Participated program: Short (Summer) 2014 
 
Research theme: Modeling and Simulation of the Effects of a Therapeutic 
   Low Frequency Vibration Device for the Human Body 
Advisor at UCLA/Univ. Michigan: Prof. Bogdan Epureanu 
Affiliation: the Department of Mechanical Engineering 
 

-----------------------------------------------------Research----------------------------------------------------- 
  I worked on modeling and simulation of human body and vibrating device. I mainly utilized the 
simulation software ANSYS, which I’d never ever used before. Therefore, I had to begin with getting 
used to ANSYS, but I was given enough time to learn much about that and was able to keep my own 
pace. Even though the supervisor has been so busy that I cannot see through the day sometimes, 
he spared a couple of hours for a weekly meeting and gave me lots of advice. In addition, he 
assigned me whatever I need, including independent PC, experimental device, and so on. Totally 
saying, the environment for the research was perfect and I could make a great progress. 

  

 
---------------------------------------------------Life in Ann Arbor--------------------------------------------------- 
  We spent almost all of the 2 months in Ann Arbor, which is located in the middle of the States of 
Michigan. It has very country-like atmosphere; bus drivers always talk to us very friendly, someone 
helps me when I’m in trouble with the way to somewhere, you can see wildlife squirrels and 
sometimes deer even in the campus, …etc. What I’d like to emphasize the best is that everyone in 
Ann Arbor loves their home town. You can see lots of people dressed in Michigan T-shirts 
everywhere. In a football much, the seats were almost full with blue and yellow even though it was 
just one of the matches of college league.  

  

 



 

JUACEP Report 
 

Name: Kodai Imaeda 
Affiliation: Department of Micro-Nano Systems Engineering,  
Graduate School of Engineering, Nagoya University,  
Participated program: Short (Summer) 2014 
 
Research theme: A study of biodegradable polymers as candidates for  
                temporary packaging of implanted magnetoelastic resonators 
Advisor at Univ. Michigan: Prof. Yogesh B. Gianchandani 
Affiliation: Electrical Engineering and Computer Science 
  
 I had spent in University of Michigan for two months. I applied this program because I 
wanted to use English in my special field. I’ll introduce my life in Michigan. 
 First, I introduce about the research I did in Michigan. I researched in the center of 
Wireless Integrated MicroSensing and Systems Institute. I researched biodegradable 
polymers for temporary packaging of the resonators because the resonators were 
broken during implantation. I researched with an assistant research scientist. In the first 
day, I received many references. I read them and investigated prices and sources of 
necessary things in the experiment. However, this material wasn’t accepted in the 
meeting with professor. Then, I had to search alternatives. I read many references and 
put up many candidates and investigated many things respectively such as fabrication 
process, degradation time and prices of necessary things. I discussed candidates with 
the assistant research scientist every day. We summarized candidates and went to 
meeting with professor. As a result, one of them was accepted and purchased materials. 
After arrival of them, I started the experiment. PhD student took over my experiment. I’m 
looking forward to results told by him. 
 Second, I introduce about my life in Michigan. In our first day, we bought cookware and 
cooked almost every day. So, I didn’t miss JAPAN regarding food. On weekdays, I 
usually woke up at 6:30 a.m. and went to school. After returning a hotel, I sometimes 
took exercise such as running. Michigan has rich nature and enjoyed running. On 
holidays, while I sometimes went to university, I could go on a trip, go eat out with my 
friends, and watch sports. They were very fun. 
 
 
 
 
 
 
 
 
 

 
 

) 

  
MLB Indian restaurant with my friend 



 

JUACEP Report 
 

Name: Masato Ishii 
Affiliation: Department of Mechanical Science and Engineering,  

Graduate School of Engineering, Nagoya University 
Participated program: Short (Summer) 2014 
 
Research theme: Task Scheduling with Energy Optimization 
Advisor at Univ. Michigan: Prof. A. Galip Ulsoy 
Affiliation: Department of Mechanical Engineering, University of Michigan 
  

It was a wonderful time that I stayed in the U.S. during this summer.  
I was worried about staying in the U.S. before leaving Japan, because that was the first time 

for me to stay in another country. But thanks to the kindness of the people in the U.S., I was getting 
used to the environment there. For example, on the first day to the university, I had trouble at a bus 
stop which bus to ride. An old man and a student I met at a bus stop, talked to me friendly and 
guided me to the university kindly. Through the check-in process, staff of the international center of 
the university answered my questions clearly. 

The international center held lots of workshops for new international students during August. I 
attended some of them and they introduced me a lot about things in the U.S. and differences from 
other countries, for example, communicating manners with advisors, traveling information, laws and 
driving customs in the U.S. The workshops helped me a lot to get used to the stay in the U.S. quickly.  

The research topic I worked in the University of Michigan was similar to the one in Nagoya 
University. I introduced my research to the host professor at the first meeting on Skype in May, and 
set the research topic roughly at that time. During the summer program, we had meetings every 
week to discuss the plan of the research. 

The campus and the town were beautiful. The roadsides were covered with grass, there were 
lots of trees and you can find even wild animals, such as squirrels, rabbits and ducks, on the 
roadsides!  

On weekends, I went traveling to many cities. There are lots of great museums around 
Michigan, such as Henry Ford Museum, the museum of Science and Industry and the National 
Museum of the United States Air Force. These museums are one of the biggest museums in the 
world, and have a lot of valuable collections. I really enjoyed the exhibits and that was one of the 
most impressive and educative experiences of my stay. Sometimes during the travels alone, I had 
some chances to talk with people. Those experiences motivated me to learn English more. 

In conclusion, it was great to study abroad. I learned English a lot and motivated me to study it 
more. 

 



 

JUACEP Report 
 

Name: Yuki Makanae 
Affiliation: Department of Chemical Engineering, Nagoya University 
Participated program: Short (Summer) 2014 
 
Research theme: Visible-Light Photocatalyst Sr and N Co-doped TiO2 

   Synthesized by Liquid-Feed Flame Spray Pyrolysis 
Advisor at Univ. Michigan: Prof. Richard M. Laine 
Affiliation: Materials Science and Engineering Department, 
  University of Michigan 
 
 

I visited University of Michigan (UM) for two months and researched in Prof. Laine group. Let 
me introduce what the life in UM was like. 

First, I introduce about the research. Laine’s group focus on the field of nano-oxide powder. 
Our research emphasizes the direct synthesis of single and mixed-metal oxide nanopowders by 
liquid feed flame spray pyrolysis method. I have been studying synthesis of nanopowders in Japan, 
so I learned bases of synthesis and the USA research process through this research project. When I 
stayed in UM, I got the feeling of the motivation of students who study at UM is so high and 
impressed me a lot. I widened up my potential and practice my skill at top University (UM) in the 
world and then reconsider my lacking point for my future. I make sure that I can make use of this 
valuable experience in my future works and career. I would like to thank my supervisor “Prof. Laine 
and PhD student Eongyu” for giving me the perfect opportunity to gain engineering research skill and 
international experience as well as cultural experience in the USA. 

Second, I introduce about the life in USA. Ann Arbor is very beautiful city. Ann Arbor has a lot 
of beautiful national parks and nice scenery which always heal you. That was really nice. Michigan 
State is located near big city such as Toronto, Chicago, Detroit and NY, so I traveled many places on 
weekends. I concentrated on working on weekdays, on the other hand, I spent good time with my 
friends on weekends.  

Finally, UM win a high reputation as one of the most prestigious universities in the world. At 
the same time, UM has reputation in sports, especially football. Therefore, there are students from a 
variety of nationalities. These students interact with each other. Fortunately, JUACEP can provide 
you with such an awesome opportunity to gain experience we have never had in Japan. I made 
precious friends during my stay which was short, though. I am very proud of many unforgettable UM 
experiences with them. I am sure that you will gain a great experience. A new world is waiting for 
you. 
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Precious Experiences in University of Michigan 
 

Name: Kimihide Odagiri 
Affiliation: Mechanical Engineering, University of Michigan 
Participated program: Short (Summer) 2014 
Research theme: Evaporation characteristics of PTFE-Wick-Insert Loop Heat Pipe 
Advisor at Univ. Michigan: Prof.Massoud Kaviany 
Affiliation: Department of Mechanical Engineering 
  
 
 I visited University of Michigan for two months and worked in Prof. Massoud Kaviany’s laboratory. I 
could have the amazing experiences while I stayed in Ann Arbor. In this report, I’d like to show you 
about my study and life in the U.S 
 First, I introduce about the study which I did in the Prof. Kaviany’s 
laboratory. My theme was “Evaporation characteristics of PTFE-
Wick-Insert Loop Heat Pipe (LHP)”. I tried to develop the model of 
evaporation mechanism in the LHP evaporator. Prof. Kaviany gave 
me many chances to have discussions with him. I had discussions 3 
times a day tops! The time of the first, it was hard and difficult for me, 
however I could become to feel it interesting and exciting little by 
little. Through the discussions, I could learn a lot of technical 
knowledge of heat transfer and how to develop the models. In 
addition, Prof. Kaviany taught me a lot of things which will become 
important in my future study life. He said many times “Let’s think 
what the most important questions in your study. Let’s think what the 
most impacting point in your study.” Our time is limited and these 
questions show us the way to make the innovations. I think this is 
very important idea for the engineer and researcher. I want to keep 
thinking about these questions. And I will never forget his words in 
the future. I felt that the discussions were very exciting and fruitful, 
however at the same time I felt irritated that I couldn’t tell my idea 
fluently and exactly in English. In order to have better and more 
fruitful discussions, I want to study and practice English harder. 
 Second, I introduce about the life in the U.S. University of Michigan 
has many campuses and they are very beautiful. Especially, our 
engineering campus (North campus) is surrounded by plentiful 
nature. I loved to stroll with a cup of coffee in north campus after the 
exciting discussion. It was memorial time for me. Meanwhile, I spent 
bags of time for my research during the weekday, I spent interesting 
weekend. For example, taking trip to Chicago and Washington D.C., 
watching football game and joining the party for international 
students. The picture shows the REAL Space Shuttle, Discovery in 
Smithsonian’s National Air and Space Museum. It was one of my 
dreams from childhood to see real space shuttle, so I was happy to 
realize it. It was also unforgettable memory in these 2 months. 
 I could learn a lot of things and have wonderful experiences during 
two months. I want to put these experiences to good use for the 
future. Finally, I’d like to express my gratitude to JUACEP for their 
much support. Thank you very much. 

With Prof. Massoud Kaviany 

Space Shuttle, Discovery 

North Campus 



 

Findings through JUACEP 
 

Name:� Kohkan Sai 
Affiliation: Graduate of School Engineering 

Nagoya University  
Participated program: Short (Summer) 2014 
Research theme: Design and Analysis od a Device for Therapeutic Low 
  Frequency Vibration of the Human Body 
Advisor at UCLA/Univ. Michigan: Prof. Bogdan Epureanu 
Affiliation (Dept.): Department of Mechanical Engineering 
  
It was the most interesting summer I’ve spent in my life. I want to say living in foreign country is far 

different from going on a trip abroad. I mean if you live in, you have to speak English a lot and you can 
know a lot of international friends! I spent in U of M for 2 months and was in Prof. Bogdan Epureanu lab. 
Although the research area in Michigan is dynamics, different from control in Japan, thanks to kind 
professor, I can work in the lab without problems. Let me introduce life in laboratory.  
 In my case, I had a research project which just started in our lab, so everything is new for me and my 
supervisor. I have a meeting once a week and at that time we talk with progress and decide what to do by 
next week. I used ANSYS, which is analysis software and solidworks, which is 3D CAD software, both of 
those I’ve never used in Japan, so it was very precious experience for me. At first I worried about different 
research area from Japan a little bit, but now I think it made my work more interesting. Finally I can make 
progress to some extent, so my professor was very glad to that. It was very interesting to take part in the 
project in an early stage. And fortunately I have Japanese in my lab, so I can ask a lot of life in U of M and 
Ann Arbor and why he decided to study abroad. I’m satisfied with my life in Ann Arbor. 
 In weekdays I went to university to do research almost every day, but in weekend I often went trip or 
hung out with my friends not only Japanese who participate in this program but friends in Ann Arbor. We 
went to Toronto in Canada, Niagara Falls, Chicago, Detroit, New York and so on. And we sometimes 
hung out around Ann Arbor, actually not so many places to visit, some restaurants in Central Campus, 
Kayaking in the river, Cedar Point, which is one of the most famous amusement park in the world, football 
game. Among them, the football game was really exciting! The football team in University of Michigan is 
Wolverines and when the game is held in the Michigan Stadium, which is one of the largest stadiums in 
the US, so many people in Ann Arbor get into swing and has party around the stadium. We can enjoy the 
game like other people although we are visiting student, so I really recommend watching the wolverines’ 
game in the stadium.  
 Obviously the food is different from Japan. Although you can find some Japanese restaurant or noodle 
restaurant, sometimes it is different from Japanese one or very expensive. So if you want to eat Japanese 
style food, I think the easiest way is cook your own food. Actually there are some Asian supermarkets, so 
it is not difficult to cook if you have kitchen. I think the food will be a problem, and I sometimes buy Asian 
food and cook myself in Ann Arbor.  
 Finally, fortunately I can meet a lot of kind and nice friends in Ann Arbor. Thanks to them, I can get much 
precious and great experience there. When I talk with them, I realize I can’t speak English a lot. So now I 
want to learn more English and want to talk a lot with them. Before I went to the US, English is for 
studying and for some evaluation. But now I realize again, English is a language and for communication. I 
had very good time and realized some important things through this program. I really appreciate this 
program and the support members of this program. 
 



 

Findings through JUACEP  
 

Name: Shoko Kodama  
Affiliation: Department of Chemical and Biology and Engineering 
          Graduate school of Engineering, Nagoya University 
Participated program: Short (summer) 2014 
Research theme: Solvent effects for Redox Flow Battery 
Advisor at Univ. Michigan: Prof. Levi.Thompson 
Affiliation: Department of Chemical Engineering 
 
 The memory of U of Michigan is the best one in my life. I have unique experience here and 
it will change my future life a lot. I joined Prof. Levi’s group in Chemical Engineering and worked on 
the field of electrochemistry. I’d like to introduce two of my precious experience in Ann Arbor. 
 First, the research environment at U of M is totally different with the one at Japan and it 
surprises me. In U of M, our group had around 30 members and there are lots of PhD students in it. 
They are always busy at classes and experiments, but enjoy their researches with strong interest. 
Our group meeting is held twice a week, they show their weekly results using PowerPoint, and 
discuss with each other even with undergraduate students. Surprisingly, they had their own opinions 
and strong passion, they don’t only depend on professor’s advice. They make effective weekly plan, 
and try to get beneficial results. Actually, my research field in Nagoya Univ. was totally different from 
the one in this group, thus I needed long time to understand and get used to. However, I had a 
mentor who train and support me, I could learn faster than I expected. He is a 3rd year PhD student 
and wanted to get more results. His teaching way was reasonable, and easy to understand, and 
when I run each experiment and get results, he always asked me my motivation and goal. I have 
never discussed about them in detail before come to this group, therefore it was really tough for me, 
but I believe I could improve my way to do research. There are lots of people who discuss about 
research even in lunch time, I felt their passion of research, and turned to respect them and hope to 
become like them. I’m very lucky to see such a great students. Fortunately they held farewell party 
for me, it is memorable. 
 Second, my life was changed a lot. Who I often see, and where I stay were totally changed. I 
had Taiwanese roommates, they were welcome and nice, even I’m not good at speaking. We were 
chatting a lot especially about Japanese image from Taiwan. Japanese animation, manga, and 
maid-café, which are quite famous in Taiwan. Chatting and having meals with them were memorable. 
There are many international students who come to get degree with their own clear dreams or 
purposes. They have various background, for example, many PhD students have already gotten 
married. Chatting with people who have unique background inspired me a lot and what they tell me 
broaden my future. Moreover, U of M was located in countryside, we can see nature easily for 
example squirrels and dears are living in forest on campus. Kayaking on campus was so good for 
relaxing. USA has lots of highway, we can go to many famous places by car, for example, Chicago, 
Toronto, Niagara Falls, and amusement park. We can enjoy short trip each weekend. 
 Although the time I stay in US was only two months, it changes me amazingly. I never forget 
this experience, and want to be more active and motivated in the future. 
Finally, I would like to express my gratitude to JUACEP, my lab member in U of M and Nagoya Univ., 
and my friends for their supports. 
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Findings through JUACEP 
 

Name: Keita Fujii 
Affiliation (Dept & Univ): Aerospace Engineering, Nagoya University 
Participated program: Medium term (Summer to Winter) 2014 
Research theme: Spreading of drops under gravity influence 
Advisor at UCLA: Prof. Pirouz Kavehpour 
Affiliation (Dept.): Mechanical and Aerospace Engineering, UCLA 
 
 
 
 
I’ve never lived abroad and I could hardly speak English before I participate in the 

JUACEP program. JUACEP program was great opportunity for me to improve my 
English skill. Belonging to the laboratory at UCLA was valuable experience. The mates 
in the lab were so kind for me even though my English was terrible. Attending 
conference (APS Division of Fluid Dynamics) held in San Francisco with all lab 
members was so impressive. Their presentation skill was very high, and they enjoyed 
their presentation. I thought I need to learn from them about that. 
 
 Most impressive thing is visiting JPL(Jet Propulsion Laboratory) with two JUACEP 
program participants on September. We had presentation. Some researchers guided us 
JPL. We could see the test of Mars Rover and some laboratory. We were so excited to 
see them in the forefront of space exploration. After visiting JPL, we were invited for 
dinner at Caltech. We enjoyed that time. Furthermore, I was invited to lunch by Dr. Gaj 
Birur and his wife on December. We enjoyed delicious sushi and conversation.  
 
 I had a great time in LA through JUACEP program. It was the good opportunity to think 
about my future life. 
 
 

Lunch with Dr. Gaj Birur and his wife    Lab member 
 

 

 



 

Make Myself Changed in LA 
 

Name: Shuji Nota 
Affiliation: Mechanical Science and Engineering, Nagoya University 
Participated program: Middle term 2014 
Research theme: Effect of thermal annealing on microstructure in 3D IC microbumps  
Advisor at UCLA: Prof. King-Ning Tu 
Affiliation: Materials Science and Engineering, UCLA 
 
    This program is aimed for research in US but I could also learn how people are in US. During 
six months, I could really reconsider myself. Finally I can feel much grown and strong now. I hope 
that this precious time makes me helpful in my future life. Therefore, I want to tell you just some 
parts of my experiences, which make myself changed in LA. 
    First, I want to tell you how students in US act on campus. At first, I felt lonely because they 
are usually likely to be alone. That point is completely different from Japanese community. In 
Japan, I got used to do something with friends. For example, when we go to lunch/dinner or 
possibly when we go to restroom, we basically ask some friends to go with us. However in US, 
when they have meals or when they walk on campus, they are usually alone and they enjoy their 
own time by listening to music or something etc. One day, when I asked one of my friend why it’s 
common in US, he answered one of the reasons. They’ve been grown up in the environment that 
they should be independent on their family after high school, so they should live by themselves. I 
think that it makes them strong. That’s why they aren’t dependent on anyone and they do 
everything by themselves. Since then, I thought that I should be stronger even if I feel lonely. 
    Second, Japanese students who study in US inspired me. As a matter of fact, a lot of Japanese 
students are studying in US and most of them have stayed there since they graduated from their 
high school. Even though they have many difficulties in studying in US for the first time, they are 
getting over them. I respect them because it makes themselves grown. Finally I thought that I 
should get grown mentally and physically as well as them. 
    Third, I want to tell you the most important thing here. That mean I could meet great Professor 
and precious friends. First one is Prof. Tu. He is a great tender person and he always helped me 
about any matters. Actually, he knows this program because some students in his group have joined 
this program before. At this time, he welcomed me to his group for six months. I exactly remember 
that he made me relieved by joking when I went to see him for the first time. And he said that I 
should not only study but also travel around US and enjoy my life here. I went to many good places 
around California. The best place I’ve ever been is Antelope Canyon in Arizona. Don’t miss it! 
Anyway, I really thank Prof.Tu for everything. Second one is precious friends in US. I sometimes 
hung out with friends. On day, my roommate who is Rumanian invited me for late dinner at 
11:30pm. He has some trouble in his private love matter and we tried finding its answer for about 
3hours. It was a crazy night but it could make us best friends! I also went to another friend’s house 
some times, and we enjoyed talking something which we can’t say here. On the other day, a 
member of our research group invited me for BBQ party and we shared good time. The last night in 

LA, one of members in our research group treated me 
for dinner. I spent the valuable dinner time with him. 
The last one is people whom I don’t need to say. It’s 
JUACEP members from Nagoya Univ! No matter 
how difficult the situations were, they helped each 
other. Now, I thank all of them whom I met in LA, 
and they are definitely my precious family forever! 
    I haven’t been abroad for such a long time. I 
could meet many kinds of people who have different 
backgrounds, and I could learn a lot of things from 
them. Now, I feel it makes myself changed. If you are 
interested in this program, don’t miss this 
opportunity! I absolutely make sure that you can do it 
with strong mind!! Group picture of Prof. Tu’s group 



 

 

Findings through JUACEP 
 

Name: Takayuki Kawasaki 
Affiliation: Mechanical and Science Engineering, Nagoya University 
Participated program: Medium (Summer) 2014 
 
Research theme: Optimisation of foams for impact absorption 
Advisor at UCLA: Prof. Vijay Gupta 
Affiliation: Aerospace and Mechanical Engineering, UCLA 
  
 
 
I joined the JUACEP program because I wanted to improve my engineering 
skills as much as possible and know what I didn’t know. The experience in 
United States is unforgettable and exceeded my expectation. 
 I worked on a project that I had little background. So I learned new 
knowledge and skills. In the first couple months I felt that my group 
members didn’t trust me because of limited English, knowledge. But I was 
really glad that they finally welcomed me as a member of them. The 
moment was the greatest for me. Now we are good coworkers and friends. 
 The rest of the time that I was not in laboratory, I was trying to meet new 
people. So I have many new friends. Some of them made me feel home 
and some of them made me inspired. In my life, it is important who I meet 
and who I go with. 
 I think that the JUACEP program was great opportunity to improve my 
problem solving ability, get new way of thinking and get new friends. 
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Precious student life at UCLA 
 

Name: Keisuke Uematsu  
Affiliation: Department of Materials Science and Engineering, 
Graduate School of Engineering, Nagoya University 
Participated program: Middle term (Summer and Autumn), 2014 
Research theme: Atmospheric Plasma Treatment of Ti for Bonding of Different 
Advisor at UCLA: Prof. Jenn-Ming Yang 
Affiliation: Department of Materials Science and Engineering,  
  University of California Los Angeles (UCLA) 
  
  
   My study abroad in UCLA was unforgettable for sure. It was impossible to enjoy 
American life without a lot of support. I’ve had so much trouble until I settled down in 
Los Angeles. Especially, lack of my English skill made me struggle with getting driver’s 
license of California and looking for new residence by myself at the beginning of this 
program. However, I’ve gradually been getting used to American culture through many 
experiences I had. With my driver’s license, it allowed me to travel everywhere by car 
and visit many places where I was interested in, such as Grand Canyon. There were so 
many national parks that I felt relaxed and refreshed in the warm. All of them looked 
beautiful because of their great sceneries. These things are wonderful memories for me. 
 
   It was the first time to stay abroad this long. Whenever I was confused about how to 
work in my lab, all of my lab members always helped me out. Especially Jose and Tait, 
who were students of JUACEP program in UCLA, were friendly and looked after me 
well. When I was not able to cut my samples in the lab, Jose and I went to a machine 
shop located outside of UCLA by a rental car. I’d like to say thank you to their support. I 
had a great time going out for drinks and trying many types of cuisines with JUACEP 
students.  
 
   Finally, I’d like to express my gratitude to people who supported me, especially 
JUACEP and professor Jenn-Ming Yang. I believe this experience will be very useful for 
future study and career. I will recommend the program to anyone who wants to study 
abroad as a researcher. 
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Watching NBA game at LA 

Findings through JUACEP 
 

Name: Takahiro Yamashita 
Affiliation : Mechanical and Science Engineering,  
Graduate school of Engineering, Nagoya University 
Participated program: Middle term (Summer) 2014 
 
Research theme: Gut on a chip 
Advisor at UCLA: Prof. Benjamin M Wu 
Affiliation : Bioengineering, UCLA 
  
 

I was working on Bioengineering at UCLA for six months. My study is “Gut on a chip”, which 
mimic the structure of intestine. gut on a chip offers a new and potentially powerful alternative 
platform for studies on human intestinal physiology, gastrointestinal diseases, toxicology, and drug 
development. 
 I had a lot of experiences at UCLA. First, I lived in sharing room. This is first time I live in sharing 
room. I have five housemates there. They came from various countries (For example, Chinese, 
German, Mexico, Saudi Arabia and Iran). In sharing room, I learned many things such as culture and 
field of academic. It is so interesting for me and I became to think that I would like to learn about 
these more. In addition to housemates, I made many friends of foreign country. I appreciate their 
kindness and hope to see them again someday. It 
they come to Japan, I show them around Japan. Also 
I want to go back to Los Angeles someday.  

Second, I could experience unique culture in 
America such as Black Friday and Undie Run. The 
Black Friday is special day to buy everything so 
cheap. The price amazed me. I think you can buy 
something at least half price. The quarterly Undie Run 
takes place during the Wednesday evening of Finals 
Week, when students run through the campus in their 
underwear of in skimpy costumes. This event is 
something completely unthinkable to Japanese. 
 I appreciate Japan by studying abroad and 
can live in comfort in Japan. But, I want to live in 
many different countries.  
 Finally I would like to be grateful to all the 
people who helped and supported me during study 
abroad. 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 

English class member Universal Studio Hollywood 

 



 

Findings through JUACEP 
 

Name: Akira Tsuzuki 
Affiliation: Department of Computer Science and Engineering, 
              Graduate School of Engineering, Nagoya University 
Participated program: Medium (Autumn 2014 to Winter 2015) 
 
Research theme: Level Set Method for Image Segmentation 
Advisor at UCLA: Professor Stanley Osher 
Affiliation: Department of Mathematics, UCLA 
  

 
First of all, I would like to say my appreciation to everyone who has helped me. Professor 

Stanley Osher gave me such a great opportunity to study at UCLA. He is an authority on applied 
mathematics and it is a great honor to have studied under him. If he hadn’t helped me, what I am 
today is totally different. Professor Jenn-Ming Yang at UCLA, Professor Noritsugu Umehara, 
Professor Yang Ju and Professor Yasumasa Ito at Nagoya University, who are coordinator of this 
program. Thank you very much for supporting me. Professor Shao-Liang Zhang, Professor Shinji 
Imahori, Professor Takafumi Miyata and Kobayashi-san of Zhang’s Laboratory in Nagoya University, 
who always help me not only during this program but also before/after 
studying at UCLA. Thank you very much for kindly help. 

 
6 months research at UCLA gives me various exciting experiences. 
My study life at UCLA started in August, 2014. I was worried about 

doing research at the Department of Mathematics because I am engineering 
student who are not good at mathematics. And my worry has become a 
reality. Students and researchers of UCLA was excellent, and the difference 
of the knowledge with me was obvious. Under such circumstances, I studied 
with my labmates help. Without their help, I could not have completed my 
program. What I was most fascinated is the seminar of Prof. Osher. Many 
researcher both inside and outside of UCLA presented their research on the 
seminar. 

 
 
Besides, I realized that UCLA is also the great organization in other fields. I was especially 

excited about having talked with Professor Jared Diamond, who is best known for his popular 
science book “Guns, Germs, and Steel”(awarded a Pulitzer Prize). Having talked with him, I was 
very happy as if I saw a movie star and I found again that UCLA is a great university. 

Living with students from all over the world has also been an important part of my experience 
here. Campus life with UCLA students, who are not only non-Japanese students but also Japanese 
students studying at UCLA, has affected my future career. 

I would like to express again my gratitude to JUACEP for providing me with this great 
opportunity. I believe this program is very useful for my future career. 
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Name: Mamiko Sano 
Affiliation (Dept & Univ.): Integrative Biology & Physiology in UCLA 
Participated program: Short (summer) 2014 
Advisor at UCLA/Univ. Michigan (Choose one): Prof. Amy Rowat  
Research theme: Screening cells using 2-D depth filtration 
 
Affiliation (Dept.):  Integrative Biology & Physiology 
  
 

I visited University of California, Los Angeles for two months and researched in Prof. Amy Rowat 
laboratory. The JUACEP program gave me great opportunities to experience a lot of things not only 
research but also daily life, culture and so on. Before leaving Japan, I was little nervous because I 
was not good at speaking English and it was first time to go to the US. In addition to that, I didn’t 
know other JUACEP members. However I think it was good to take part in this program. 

 
I was researching about the mechanical properties of living cells. At first, I had some trouble 

communicating with laboratory members because I couldn’t speak English smoothly and couldn’t 
understand what they say sometimes. But they were very kind for me none the less. They invited to 
lunch almost everyday and gave me a lot of advice or comments for my measurement and 
presentation. I think 2 months was too short to learn English, but this experiment motivated me to 
study English more in Japan. In laboratory, I was impressed with their approach to their experiments. 
They discuss the experiments of someone by everyone and they share even small information with 
laboratory members.  In addition, they used their time effectively. They enjoyed their life. I’d like to 
imitate their way of life. 

 
I could take part in the potluck party in laboratory twice. We brought some foods together and 

enjoyed eating and chatting. I brought chirashi sushi and lab members said that it was delicious. It 
was very fun and precious experience for me.  

 
However I have one reflection point. That is to talk to a lot 

of people actively. I couldn’t speak to people sometimes and 
I’ve relied on other JUACEP members. I think that to move 
from my own is important. I’d like to take advantage of this 
reflection. 
 
I would like to express the deepest appreciation to Prof. 

Amy Rowat gives me constructive comments and 
encouragement. I gratefully appreciate to my family for their 
moral support and warm encouragements. Finally, I would 
like to express my gratitude to JUACEP for their financial 
support. 

 
 

 
 
 
 
 
 
 

Lunch time with laboratory members 

Watching baseball in dodger stadium Farewell party with JUACEP members 



 

Experience in UCLA 
 

Name: Takuya Yamanouchi 
Affiliation: Materials Science and Engineering Department, 
Graduate School of Engineering, Nagoya University 
Participated program: Short (summer) 2014 
 
RESEARCH THEME: CERAMIC MATRIX COMPOSITE MADE BY CVI-
PROCESS 
Advisor at UCLA/: Prof. Jenn-Ming Yang 
Affiliation: Materials Science and Engineering Department, Henry 
Samueli School of Engineering and Applied Science, UCLA 
 

I had been UCLA as a researcher for two months. My supervisor was Prf. Jenn-Ming Yang and 
his Lab focuses on materials science. This research area is important for Aerospace industry and a 
lot of his students who were working for this lab are working for that kind of big company. And Prf. 
Yang is a coordinator of this program. He helped me so kindly to stay there. I really appreciate Prf. 
Yang for the opportunity to work under him. 

UCLA is the university like we think ‘’American University’’. They are powerful not only in 
studying and research but also in life things. And there are a wide variety of nationalities, such as 
Asia, Europe, America and so on. These students have many opportunities to communicate with 
each other. If you are in Japan, doing this kind of thing is not easy. 
 The biggest difference between Japan and US I had felt is people’s vitality as I mentioned a 
little. They know how to have fun better than us. Even if they are working, they look like fun. In that 
atmosphere, I had had fun so much. There are a lot of places 
to visit, like Santa Monica beach, Hollywood and Baseball 
stadium. If you go far, National parks, San Francisco, Indy car 
race and Las Vegas are there. Everyplace was so excited for 
us. Additionally, also normal life in Westwood was impressive 
for me. Even though my English skill was poor, lab member 
had taken care of me so much. I can clearly remember even 
now about going to their house, watching stupid Japanese 
animation, doing card game, gym, racket ball, go-kart, diner, 
drinking at bar and their house and so on. 

 
Throughout this program, I learned some 

precious things that I will never get in Japan. 
I’m pretty sure that had a great effect on my 
career and whole life. 

And for your information, I had no idea 
how to speak English in person until last April. 
However, I had had precious experience as I 
showed you. So you don’t need to worry about 
it. Additionally I totally recommend you to 
choose middle or long term. If I can go back to 
last March, I’ll never choose short term.  

 
Finally I would like to express my sincere gratitude to all of you who had helped me for 

providing me this precious opportunity. Best Wishes, 



 

Unforgettable California Life Archive 
 

Name: Kouhei Yamada 
Affiliation: Aerospace Engineering, Nagoya University 
Participated program: Short (Summer) 2014 
 
Research theme: Experimental Investigation of Advanced Working Fluid 

in a Flat Heat Pipe 
Advisor at UCLA: Prof. Ivan Catton 
Affiliation: Mechanical and Aerospace Engineering 
  

“It is the most comfortable city to live in for Japanese in the world, except Japan.” 
Sometimes, Los Angeles is referred so. Exactly, the comfortable climate, friendly people, 
and many Japanese restaurants in California made my life comfortable as in Japan. 
However, my life in LA was much more excited than Japan. Even in daily affairs, I could 
discover something new for me. All events in these two months, going for dinner with 
my colleagues, discuss in English, drive through sunshiny highway along the coast, and 
present my work at Jet Propulsion Lab of NASA, were awesome. My best place in 
California is the shopping streets near the beach in Santa Monica. I often cycle there. 

Of course, I felt and learned many things in such wonderful summer. Among those, I 
will talk about two stuffs in this article. First, what I felt in the lab was that students in US 
were good at thinking logically. For example, they were good at organizing some 
elements and solving problems when something was wrong with experimental stuffs. 
That way was very logical and reasonable. During study with Ph.D. students in UCLA, I 
learned not only scientific knowledge but also how to conduct study or experiments.  
Second, I was so impressed by the entertainments in United States. The show of 
“Cirque du Soleil” in Las Vegas and the baseball game in the Dodger stadium were also 
very excite. They try to excite the audiences without any breaks. I was overwhelmed to 
space shuttle “Endeavour” and plane carrier “Midway”. Through these experiments, I felt 
the national strength of the US. I think the United States is still the strongest country of 
the world. Of course, Great nature in US, such as Grand Canyon, Death Valley and 
Pacific Coast Highway, was also very attractive for me. 

Based on the above, what I want to tell you is that we, Japanese, should have the 
global viewpoint and, for that, try to live in foreign country. From when I participated in 
this program, I came to think about “Japan in world”. Not only in UCLA but also in LA, 
there are many people come from various countries. In such environments, I could see 
the other country’s community with lively or 
vigorous. On the other hand, I felt that Japan come 
to fall from prominence gradually. Anyway, I am 
returning to the original story because the story is 
getting pump it up. Studying and living abroad 
brought me much more things than just traveling. 
Therefore, I suggest that you should use the 
program of studying abroad such as JUACEP! 
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It was really helpful. To tell what I think in English is difficult for me and I couldn’t tell anything without the 



practice. In addition, the teacher corrected my pronunciation carefully. 
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