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The final goal of this 3-year project is to reduce
the size and the body mass of a flapping micro aerial
vehicle (MAV) with the wingspan less than 20 cm.
According to the scaling law of natural flyers, the
body mass of MAVs are recommended as only 20 g and 3
g related to the wingspan of 20 cm and 10 cm,
respectively. It’ s quite a hard task of weight
reduction to include fuselage, flapping wings, and
motor-controlled module in such a small space or body
mass.

As people know, MEMS technology is a good way to
reduce size and weight both. However, the prior arts
of flapping MAVs hardly use MEMS processing to solve
all the construction problems except the part of
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smart wing technique responsible to the aerodynamic
improvement.

Meanwhile, the 3-dimensional unsteady aerodynamics
and the corresponding flight mechanics of flapping
MAVs are still not maturely developed. How to do the
flight control and maintain the stability of flapping
MAVs are very essential to the autonomous flight in
the future. And the current ° heavy’

microelectronics and electromechanical devices for
implementing the avionics of MAVs can not been solved
only by MEMS technology until the weigh reduction
1ssue is simultaneously satisfied by the scaling law
mentioned above. In other words, the system-on-a-chip
(SoC) technology should be addressed and included in
this project.

Therefore, we proposed the sub-targets of every year
in this project:

In the first year, we commit to designing and
constructing several kinds of flapping mechanisms and
geometric configurations of MAVs

In the second year, we commit to delivering a
flapping MAV of 20 cm wingspan with the help of MEMS
technology

In the final year, we commit to delivering a flapping
MAV with wingspan less than 20 cm (say, 10 cm) by
MEMS, and propose the whole picture of the SoC layout
suitable for out flapping MAV in the next stage.

flapping MAV > miniaturization > weight reduction -
MEMS > SoC
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16 M. H. Dickinson, F. Lehmann, and S. P. Sane, “Wing rotation and the aerodynamic basis of insect flight,” Science, 284,
pp. 1954-1960, June, 1999.

1 A. R. Ennos, “The inertial cause of wing rotation in Diptera,” Journal of Experimental Biology, 140, pp. 161-169. May,
1988.

B HUF BT REY PR P AT Sk 5 228 12 7 55 pp.40-41 > 2003

® H. Tanaka, K. Hoshino, K. Matsumoto, and I. Shimoyama, “Flight dynamics of a butterfly-type ornithopter,” Intelligent
Robots and Systems, (IROS) |EEE/RSJ International Conference, pp. 310-315, 02-06, Aug, 2005.

2 D. Viiery, I. Tang, Y. Lian, H. Liu, and W. Shyy, “Flapping and flexible wing aerodynamics of low Reynolds number
flight vehicles,” 44th Aerospace Sciences Meeting & Exhibit, Paper No. 2006-0503, 2006.

2L R. Zbikowski, “Fly like a fly,” IEEE Spectrum, pp. 46-51, November, 2005.
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A5 Phantom V4.2 » 22 256MB et » 7 FI 7 Fipviclitl > A7 8 * 5
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7f'/m 25

%ﬂ%ﬁﬁﬁwim%%’ﬁﬂﬂfﬁﬁﬁ%%éﬂﬂ¢:
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(B @ * APWRE PR R LRI P o B A AR 420 TR LS R
3m/s E A L 20 R -

.

B 41~ % LED #kpE>T MAV J 4 o

2 C. H. Greenwalt, Hummingbirds, Doubleday, Garden City, NY, pp. 57-86, 1960.

2 D. L. Raney and E. C. Slominsky, “Mechanization and control concepts for biologically inspired micro aerial vehicles,”
AlAA Guidance, Navigation & Control Conference, Austin, Texas, August 11-14, 2003.

% Vision Research HIGH SPEED DIGITAL IMAGING SYSTEMS 2 & &% 3 Phantom V4.2 2010 # 6" 18 pBp
e ht http://www.visionresearch.com/upl oads/docs/Discontinued/V4/DS vAx.pdf
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3P LED dfofez ¥ B E > BRI E L T 3D 2l TERCHYT A F R
PFG TR BARahihes > @ B ¥ 0 iF | L # P2 R 2 Kwon-3D it i &
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14HZ)PE > 4 ¥ + 4 B LED 2. % px 3D Atk 2344 % - # & {1* Matlab ¢ Surfer & 48
GoA Rp LA BIREFEY RO FEEN - BREIHP I FRE A
R doBl 443 d A irdr o R 2 o AT S 2 BT L)@ AAp E
STINB-T Rt TRl d 5 0 ¢ 7 R F B4 (aero-dastic effect) & iR H 4 & 1
(solid-fluidic interaction)=% % » 4 & % = 4 %> 2011 & 06 * 05-09 p (# %)z |EEE
Transducers-2011 &)™ & 3%

% L. J. Yang, I. C. Huang, Y. S. Chen, W. T. Tang, and A. B. Wang, “A parylene-LED wingbeating indicator for visual
remote sensing,” Technical Digest of the 16th International Conference on Solid-State Sensors, Actuators and
Microsystems (Transducers'11), June 5-9, 2011, Beijing, China.

22



(a) Clear glass substrate

(h) Deposite parylene

(c) Coating P.R. AZ4620

(d) UV patterning

I
(i) Deposit parvlene Glass (J)" P
Bl 43~ Paylene ¥ 34+ ¥ % wrfilde: (@233 ¥ A, (b)sx paylene (c)*ef ke
AZ4620; (d) % fcR? T & % 1L A B2, (e)z”L éﬁf‘ -4, (f) &£ 6 Fr e (lift-off); (g)AkRE>T
PET; (h)%:p: LED & 42 (I)4% parylene ¢ % 5 () & B &5 % & 22 O3F LED &k ¥ o

180 180

T(n'in
145

§
225§

Z'if
Llﬁ“

o

@ 742 (b)™ 7 4%
BA4-- BHEFHPPFRLETE S 20 RECFA(F 45 BAp - %R = BB i S5t
% B&=3.7V): (@) } {7 #2(upstroke); (b) T i7 #2(downstroke).
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et _397_3—%*]{;_23;3_» 1ROk RN RS € ?"‘{ﬁf* .f‘:m,.‘é‘é’}#i%“l‘ﬁl v @ Rde kb d

£ 120°H 4c > # M) 46 2 2 "% 4t (elevator) ¥ o (@) /Lt £ R BT 5 (b) -

\

T

!

B 45~ 4 o A

(@ ~ (b) -
Bl 46~ % & MAV & ¥ elevator 2. 77 & : ()& 1 (F/p 4 5% %, (D)7 1 (TR 4L mBpd {5 o

2] Ai, Y. Gao, G. Yang, and F. Pan, “Micro-structure, nano-property and nano-tribological behaviour of the
permalloy/copper multilayers,” Surface & Coatings Technology, 201, pp. 5988-5993, 2007.

%8 C. Liu, T. Tsao, G. B. Lee, T. S. Leu, Y. C. Tai, and C. M. Ho, “Out-of-plane magnetic actuators with electroplated
permalloy for fluid dynamics control,” Sensors and ActuatorsA, 78 (2), pp. 190-197, 1999.

% J. Xie X. Yang, X. Q. Wang, and Y. C. Tai, “Surface micromachined leakage proof Parylene check valve,” Proceeding
of 14th IEEE MEMS’01, pp. 539-542, 2001.

%0 6.777J2.7513 Material Property Database, SU-8 Photoresist,http://web.mit.edu/6.777/www/matprops/su-8.htm

31 M. P. Stoykovich, H. B. Cao, K. Yoshimoto, L. E. Ocola, and P. F. Nealey, “Deformation of nanoscopic polymer structure
in response to well-defined capillary forces,” Advanced M aterials, 15, pp. 1180-1184, 2003.

%2 B. Samel, J. Melin, P. Griss, and G.. Stemme, “Single-use microfluidic pumps and vales bases on a thermally responsive
PDMS composite,” Proceeding of 18th IEEE MEMS’05, pp. 690-693, 2005.
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A3 A0 oh 1 SU-8 W IF Al 4k > B R K FSRER UACR] 470 B A E &S
e AFF A4 2 il o B ARy B2 B (PET %) g %
e AZAG20( = B30 ) Bl R0 L s 15 0 rof ok R kAR SR (DR 0
PG E 0 ¥ i B4R (05 firp ) K MAV qlE 7 E o JA > SU-8 k| {:
CREEFERS wBpb 2 L E Rofe vy PSR ORM RE kg R Y &

Bl 47 ~ SU-8 Ac3liv 4o dxdlrf -k G iRled @ (@RGE B F o 37 ¢ (D) -k Fmls s & B

T o

AFTE %40 um B2 SU-3047 4 4 sh 4 0 Bt SU-8H i dr o Micimde 1 3RA 5 R
Nd-YAGT 2. & ¢t 27 2] > SR FFF 67 3 L B HFpd R & &7 1 Bl47:2 48
2 1 4 fsk ded]$ H ~ (bionic comb-shaped actuating unit) o & fm2_ T &7 $74 § 5 50
um e & - i fdlde B o h 7 500 ik dp = (comb finger) o M AIE 4 £ 7 &0 & 5
B E AFLE A AR - kX4 iTe (control surface) b o R T2 3N 4o Bl4847 T o

WAk 7 & 0 4 4 B B 46 B> hie kit (52 & R o H4A9(ab)kET e k(&
G BB AR L3 Bl - BRI &R Y 10152 Mk o K%
LG E RN (dod 490 P £ & icdh) > SU-304% 5 27 & 4 T St 29 2 60.5°8 K
(hydrophilic) ;= » % % *» 2115 2 105.5°%% -k (hydrophobic) ;= » s -k 3 B i » = ‘mik
¢l 4 A 0§ B A7 4 & s (surface modification) > 4k B E E H1H B4 5
4 paryleneid Wz f8 0 A d X MR R (] £68.7°) 0 2 R AL ik B 42 50 pm
W ¥ FF1I0um SGpaylene¥z # & > &> 230 ummF 4 > @ 3 <~ Zjd 4 g &2 & & o
* B M. 4| #i7(gap-shrinkage technique™) 4 »c #-0 4 4 7 & B 18 T2 16 & B 5
L1107 beWAO(CA)F Sk B R A o AR MEE Bk G e i F TR
(oxygen plasma) e d2 > & 4% B & ¥ 4% Eparylened & %17 { 5 M-K(3EfF £21.9°) > 4]
AR FARRAARIC T o

3 X.Yanget d., Sensors and Actuators A, 73 (1999), pp.184-191.
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(a)

(b)

()3 1 iFiRadp > 245 47+ (flap flat) -

(b)

itk FHIF G 21 TR (A F L ERAMEE > fdle ¢ (flap up);

Bl 49, & e F4l8 F2 R R (@& KSFEN (D)7 ke 7)) () 4!

parylene 5<ts 2 # -k Bgds 75 (d) 4£ 1 parylene %cis 2 3 R S# {F7) o

F 4 & B F 416 B 2 £ e (surface roughness) £ 4% /1§ 4 (contact angle) #cix

Steel Steel coated with parylene
Before laser After laser No oxygen With oxygen
cutting cutting plasma treating plasma treating
Surface
roughness 473 1405 541 832
(angstrom)
Contact
angle 60.5° 105.5° 68.7° 21.9°
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Blood Vessels by Fractal Gelatin

Lung-Jieh Yang’, Bo-Hong Chen
“Department of Mechanical and Electromechanical Engineering, Tamkang University, TAIWAN
Ljyang@mail.tku.edu.tw

Abstract—In this study the authors developed a novel gelatin
patterning technique applied to making blood vessel with fractal
dendrite configuration. Such a chaotic tree-like pattern has been
obtained through precipitating among the gelatin matrix which is
spun coating on a glass substrate at room temperature. The
weight percentage of the original gelatin solution is over-
saturated. As the temperature decrease, the gelatin crystallizes
and forms a natural fractal pattern in the thin film. The process
parameters are changed and the hydraulic diameters of the
fractal patterns are verified from 0.1 um to 23 pm. Finally the
authors used the biocompatible PDMS making blood vessel like
capillary channels by the de-molding process of the soft
lithography. The filling test of the PDMS fractal channel chip is
done accordingly.

Keywords-gelatin; blood vessels; fractal; PDMS

l. INTRODUCTION

Artificial blood vessels are important to the implant surgery
subject to many irrecoverable damages of human organs. The
material for the blood vessels should meet the requirement of
good bio compatibility and long life time. Any polymer
material extracted from the animal tissues or natural creatures
seems more suitable to implant applications other engineering
materials. One choice of them is gelatin which poses 18 kinds
of amino acid and can be shaped into different geometries or
patterns in the previous studies correlated with the weak
microstructure strengthening and the selective stem cell
culture [1-2]. In these prior arts, the gelatin micro patterns are
very regular according to the designers’ mask layouts hence
far from the bio mimicking manner, e. g., the fractal patterns
discussed in this paper. In other words, if we regard the gelatin
as a material for making the artificial blood vessels to mimic
the fractal-like capillary blood vessels, developing fractal
gelatin patterns seems the first difficulty needed to be
overcome.

Fractal patterns are commonly found during the re-
crystallization process of over-saturated salty solution [3]. In
NEMS-2011, the authors have ever chosen the gelatin aqueous
solution dissolved with excess amount of a photo-sensitizer
agent, potassium dichromate (K,Cr,O;) [1] to occasionally
generate the tree-like, fractal micro structures. One example is
shown as Fig. 1 [4-5]. The classical weight percentage of the
gelatin aqueous solution for generating the fractal gelatin is
10-20 wt%, with the matching amount of K,Cr,O; as 5-15
wt%. In our prior art [4-5] the confinement effect mentioned
by R. Feynman was investigated to influence the repetitive
characteristics of the gelatin fractal patterns and its application
to the design of micro mixers. In this paper, however, the
authors would like to use gelatin fractal pattern to fabricate

978-1-4673-1124-3/12/$31.00 ©2012 IEEE

242

‘r‘” 7 ':‘ y 4 f )
s - 2 Y
Fig. 1. The gelatin fractal patterns in the K,Cr,0--gelatin collagen matrix [4].

some chaotic capillary channels for liquid transportation and
even more as the promising artificial blood vessels in the
future.

Il.  FABRICATION AND EXPERIMENT

A. How to Make the Fractal Gelatin

The gelatin solution needs gentle heating up to 50-60°C
with proper mixing and bubble removing. Spin coating is
accessed to spread the gelatin film on a glass substrate. The
dispensing time of the gelatin gel on the substrate should be
controlled as short as possible to avoid gelatin solidification
before the uniform spin coating. The re-crystallization
happens no sooner than the completion of spin coating, and
proceeds for proper duration corresponding to different
concentrations of gelatin solution.

A variety of fractal gelatin patterns corresponding to
different process parameters are observed in this work. These
process parameters are the spin-coating (500, 1000, 1500,
2000 rpm), the weight percentages of gelatin (10, 15, 20 wt%),
and the weight percentages of K,Cr,0; (5, 10, 15 wt%).

B. Process Parameters of the Fractal Gelatin

In this work, the authors specifically evaluated the hydraulic
diameters of the gelatin fractal patterns as the characteristic
length. The hydraulic diameter D, of the fractal gelatin
according to different process parameters are shown Fig. 2.
Each datum value of Fig. 2 is obtained by averaging at least 5
measured points from one gelatin sample. The error bar of
each datum is also evaluated as well. The cross section of a
fractal gelatin tree-like branch bumped and embedded in the
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Fig. 2. Hydraulic diameters of the fractal gelatin versus spin coating speed
with respect to different dichromate weight percentages: (a) in the 10 wt%
gelatin; (b) in the 15 wt% gelatin; (c) in the 20 wt% gelatin.

gelatin film is regarded as a semi-ellipse herein. Therefore all
the values of Dy are calculated by the elliptic cross section
formulas as follows.

D, =4A, /P 1)
P= n[3(a+b)— /(3a+b)(a+3b)] 2
A.=rab 3

where A and P denote the cross section area and the perimeter
of the flow channel under investigation. The values of a and b
in (2) and (3) denote the long semi-axis and the short semi-
axis respectively of the ellipse. They are quantitatively
determined from the scanned curve of the fractal gelatin
patterns by SEM or the surface profiler (alpha-step 500). One
example is shown in Fig. 3.

From Fig. 2, the fractal gelatin dimension or the hydraulic
diameter globally decreases with the increasing coating speed
and the lower wt% concentration of gelatin as well as
dichromate salt. In Fig. 2(a), the finest hydraulic diameter of
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Fig. 3. The gelatin fractal patterns scanned by: (a) SEM; (b) surface profiler.
The SEM of (a) is taken from a slice specimen cut from a PDMS block
molded by the fractal gelatin. In (b) the height b is 30.68 um and the width 2a
is 101.2 pm.

fractal gelatin branch is 0.1 um subject to 10 wt% dichromate
in 10 wt% gelatin solution spun-coating at 2000 rpm.

Except the case of 10 wt% gelatin solution in Fig. 2(a),
there’s no fractal gelatin appeared with the dichromate wt%
less than 5%. Additionally, the fractal gelatin dimension
changing trend subject to lower wt% behaves more
unpredictable in Fig. 2(a-b). Their hydraulic diameters also
don’t match with the general blood vessels. Therefore, the
thicker case of 20 wt% gelatin solution in Fig. 2(c) is finally
chosen as the candidate for the fractal pattern transfer to
PDMS in the next section.

C. Fractal Patterns Transfer to PDMS

Artificial blood vessels with chaotic dendrite tree shape
mimicking the portal veins of livers were proposed by Ref. [6].
So far the authors could not find a proper method to fabricate
the circular blood vessels directly by the gelatin material. An



easier approach is to regard the fractal gelatin as a mother
template, and to use the PDMS de-molding technique to
transfer the bumped fractal patterns into the concave fractal
hollow channels in a PDMS block. The drawback of this
method is that the cross section of the fractal channel is only
semi-circular. But the elastic PDMS with large deformation
capability could somewhat compromise this shortcoming. The
PDMS process is shown in Fig. 4. The fabricated PDMS flow
chip with fractal channels is shown in Fig. 5. The process
parameters for the fractal gelatin are 20 wt% gelatin aqueous
solutions with 15 wt% K,Cr,0O; subjected to 500 rpm spin
coating speed. According to the process data in Fig. 2(c), the
hydraulic diameter of this fractal channel is estimated to be 23
um.

D. Water Filling Test

The fabricated PDMS flow chip is performed with water
filling to confirm the mechanical strength before the bio-
compatible verification. The volumetric flow rate of the
syringe pump is set as 5-40 mL/min. The authors observed the
width change of the fractal channels under the optical
microscope and summarized them in Table 1. The experiment
setup and the OM pictures are shown in Fig. 6. As the flow
rate is up to 30 mL/min, the width change of 7% is observed.
The corresponding pressure drop across the fractal channel is
calculated as 6.24 MPa by the Hagen-Poiseuille equation [7].

AP'ﬂ"Dh4 (4)

=Uu =
Q=VA =18/

where Q, u, « denote the volumetric flow rate, flow speed, and
viscosity of the fluid. L is the channel length of the flow
channel. AP is the pressure drop across the channel length L
(=3.5 mm from Fig. 5.)

This pressure drop AP=6.24 MPa is 4.46 times of the
Young’s modulus of PDMS, 1.4 MPa. Therefore the apparent
channel deformation is reasonable. The flow speed of 59.3 m/s
is far faster than the test speed of 2 mm/s for red blood cells
[8], and even tremendously faster than the flow speed of 10
um/s for tumor cells in capillaries [6]. Therefore the PDMS
fractal blood vessels are robust enough to be used in the
general biomedical flow filling.

I1l.  CONCLUSION

In conclusion, the PDMS artificial blood vessel molded
from fractal gelatin patterns has no damage issue subjected to
MPa pressure loading so far. The characteristic hydraulic
diameter of the chaotic micro channel ranges from 0.1 pm to
23 um in this work. The potential applications of this fractal
channel network include artificial blood vessels, cell culture
attachment investigation, and chaotic micro mixers.
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Fig. 4. Process flow of the PDMS fractal channels animating blood vessels. (a)
Spin-coating the gelatin film with oversaturated potassium dichromate; (b)
Fractal gelatin precipitation and UV exposure; (c) Dispensing PDMS; (d)
PDMS de-molding; (e) A glass substrate bonded with the PDMS slide with
fractal channel pattern.

Fig. 5. Afilling test of the PDMS fractal channel chip.
TABLE |I. The testing results of the filling experiment on the PDMS chip.

Volumetric Flow Pressure Width change of fractal
flow rate Q speed difference channels (L=0.035m;
(mL/min) u (m/s) /AP (MPa) 1#=1.003mPa - s)
5 10.6 1.19 None (width =100pm)
10 21.1 2.38 None (width =100pum)
15 31.7 3.57 None (width =100pum)
20 42.3 4.76 None (width =100pum)
25 52.9 5.95 None (width =100pum)
7% larger (width
30 59.3 6.24
=107um)
15% larger (width
35 64.4 6.30
=115um)
20% larger (width
40 70.5 6.61
=120um)




syﬁhée
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(b)

© 40()pm I

Fig. 6. Water filling experiment to the fractal channel in PDMS: (a) test setup;
(b) channel without water filling; (c) channel filled with 35 mL/min water and
the width changed with 15%.
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Design of a Small Wankel Engine
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Abstract—This work presents a novel design of an ultra-small
Wankel engine. With a device size of mm range and required
power of m\W, the rotation speed is theoretically calculated up to
thousands of rpm. The PDMS MEMS process has been employed
to make the Wankel engine planar and tiny. How to selecting the
proper materials heterogeneously in the design stage of this
engine is demonstrated herein.

Keywords-component; Wankel engine; energy harvest

l. INTRODUCTION

Finding clean renewable energies has become a popular
research topic in recent years. Using Stirling engine in
harvesting the waste heat is one of the corresponding studies.
Stirling engines are thermally driven by the mechanism of
temperature difference and include the configurations of
translational and rotary types. The rotary type Stirling engine
invented by Felix Wankel in 1959 was also known as
the Wankel engine. Wankel engines have several advantages
over the traditional combustion piston engines in the past, for
example, higher efficiency, lower vibration, and light weight
[1-2].

In this work, MEMS machining method is used to fabricate
an ultra-small Wankel engine for energy harvesting. Before
the design of device manufacture, a theoretical discussion of
the rotor dimension on the rotating speed of the Wankel
engine is firstly done. Then a thermal resistance analysis is
also addressed for selecting the proper materials and the
corresponding MEMS processes. Silicon, glass, SU-8 resist,
and PDMS are all considered as the device materials. The
different working fluids inside the small Wankel engines are
also proposed.

Il.  DEeVICE DESIGN AND FABRICATION

A. Configuration of the Wankel Engine

The authors would like to manufacture an ultra-small
Wankel engine by MEMS process here. Owing to the excuse
that the structure of translational Stirling engine is
complicated but the MEMS process is planar, so the rotary or
the Wankel engine configuration is selected. However, the
dimension and the materials for the engine should be assigned
as well.

The housing inner wall of the Wankel engine has a
mathematical form known as a trochoid or an epitrochoid
shape [3-5]. The rotor is an eccentric rotor. The contour of the
inner wall is shown in Fig. 1. The trajectory is depicted as the
(x,y) coordinate in (1) and (2).
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Fig. 1. The epitrochoid contour of Wankel engine.
x = Rcos(ar)—ecos(3a ). @)
y = Rsin(a)—esin(3a) @
where the angle « can be regarded as follows assuming the
constant rotating speed w;
a = ot. ®)
The symbols R is the longest distance from the center circle to
the periphery; e is the radius of the central circle.

Basically, the relative contour of Fig. 1 depends on e and R
simultaneously. Herein, the authors fixed the ratio (e/R) as
0.162, and discussed the proper value of R on the rotating
speed of the rotor in the following.

B. Rotation Speed of the Rotor

Ideally consider a circle disc with a radius of ry shown in
Fig. 2, and let it rotate with a speed of @ above a supporting
substrate with a gap of d. The viscous drag torque T could be
taken as the integral around the disc area by the assumption of
Newtonian fluid stress on the substrate as follows.

T= I (stress) (area) (force_arm)

glts

[0, 0, 2
_Ldenrdr

substrate

_ 7zya)r04
oo2d
The power needed to overcome the drag torque T under the
rotation speed  is shown below.
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Fig. 2. The ideal disc model of the Wankel engine.

2.4
P=Tw="H2" 5)
2d
As the authors applied the above power formula to the case
of the Wankel engine, the rotating tip is not only rotating but
also wobbling according to (1) and (2). So the averaged
instantaneous tangential velocity rw in (4) should be replaced

with re as follows.

ro=rom1+(3e/RY. (6)

and r® in (4) should be replaced with 2,
r? =r2[1+(e/R)2] (7)
Finally, the modified power and the rotation speed are in the

following.
_ 2p4
P:Mw/u(se/R)z[u(e/R)z] ®)

2d

B 2dP ©

o \/;;uR“,/u(se/ R [L+(e/RY]

From (8) and (9), the required power P would be as small as
possible when the rotor dimension R approaches to zero; the
rotating speed @ would also approach to infinity when the
rotor dimension is as small as possible.

As a viable device for harvesting any infinitesimal waste
heat P, the trend of making the rotor R smaller is beneficial to
the success of the Wankel engine herein.

C. Thermal Resistance Analysis

The proper choice of the heat conduction path in the
Wankel engine is considered in this section. Then the required
power P discussed in the previous section will be firstly
estimated by this conduction heat transfer rate.

Here, the authors would like to compare the thermal
conductivities of different internal working fluids in the
central chamber of the engine which may be made of silicon
and the PDMS substrates, respectively. These two kinds of
substrate materials are of the most popular favor in MEMS
area. The one-dimension, steady state, thermal conductivity
equation (Fourier law) is shown as below.

g=kall. (10)
AX
where (| is heat transfer rate; K is thermal conductivity; A is

cross section area; AT is temperature difference; AX is the
assumed heat path length.
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As people know well, the thermal resistance concept is
beneficial to the first prediction of the proper heat path of
heat conduction design problems. The thermal resistance Ry
is defined as the temperature difference per unit heat transfer
rate.

AT

R, =—. (11)
" oq
Fourier law (10) and the definition (11) combine as below.
AX
R. =22 (12)
T kA

For the Wankel engine herein, there are two possible
pathways for the thermal conduction heat to pass through. As
shown in Fig. 3, the pathway (1) is along the periphery solid
wall. The other pathway (2) is directly through the working
fluid. For the sake of providing the required thermal power for
rotating the engine rotor, the pathway (2) is of course the
proper one.

Assume that A X; and A X, are the same; A; : A,=1 : 10,
and the rotor matter is negligible. If the pathway (2) is the
favor one, the proper thermal resistance of Ry, should be
much smaller than Ry; or expressed as the following

inequality.
10 >> (%J (13)

2

If material (1) or the chamber engine is made of silicon and
k;=157 W/mK, the thermal conductivity k, of the proper
working fluid inside the engine chamber should be much
greater than 15.7 W/mK. Only some liquid metals meet this
requirement. It will encounter difficulties as packaging liquid
metals into the engine chamber and the working temperature
must be high for melting the metals inside the chamber.

On the other hand, if the engine chamber is made of PDMS
or glass, and k;=0.16~1.38 W/mK. Then the thermal
conductivity k, of the proper working fluid inside the engine
chamber should be much greater than 0.016~0.138 W/mK.
Water and even mercury meet this requirement. The
corresponding thermal conductivities of the interested

Fig. 3. Schematic diagrams of the small Wankel engine (unit: pm).



materials discussed above are listed in TABLE I [6].

Fig. 4 conclusively shows a design of the Wankel engine
with the side chamber and bottom material of PDMS and with
the cap material of glass. The central rotor is made of SU-8
resist. The working fluid inside the chamber is supposed to be
mercury.

Three dimensions of the small Wankel engines have been
designed. The values of R are assigned as 4990, 2495, and
1248 um, respectively. In addition, there is an insulation
groove has been designed to avoid the heat leak from the
chamber in Fig. 4.

By the rotating speed @, prediction of (9) and the
conduction heat transfer rate (P is assumed to be converted
from 40% of the heat conduction) of (10), the theoretical
output data of the three engines with different rotor R are
listed in TABLE Il. The much faster @, and @; denote the
cases that the gap between the rotor and the substrate is filled
with water or air, respectively.

D. Fabrication Process

The soft lithography is selected as the fabrication
technique for the small Wankel engine. A silicon mother mold
is initially patterned by ICP etching and transfers to a PDMS
chamber. This PDMS chamber block is bonded with a cover
glass [7]. The whole processes are shown in Figs. 5-6.

The working fluid water or mercury should be filled into
the chamber after the PDMS bonding. A filling hole is left in
advance for the filling and the afterward sealing is done by
epoxy gluing and parylene conformal coating [7]. One
finished device filled with water is shown in Fig. 7. The
functions of the Cr-Au electrodes made inside the chamber are
two-folded. One function is as the thermal sensors for on-site
monitoring the temperature field in the engine. The other
function is as the joule heating source (or the thermal actuators)
for adding so enough power into the engine as to push the
rotor rotating.

E. Consideration of Testing Setup

The authors have applied the ultrasonic cleaner to shaking
the rotor so as not to stick to the bottom surface of the PDMS
chamber.

The rotor is detached from the substrate and of a little bit
rotating around the center with several RPM. So far how to set
up an ultrasonic shaking for the engine rotor is one concern for
the successful experiment testing.

The temperature sensing function of the embedded
electrodes have also been verified to monitor the temperature

glass

(a) (b)
Fig. 4. Three dimensional diagram of the small Wankel engine.
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TABLE I. THERMAL CONDUCTIVITIES OF MATERIALS [6]
Silicon |PDMS |Glass| Hg Air Water
Thermal
conductivity] 157 0.16 |1.38| 8.34 |0.024~0.026(0.33~0.68
(W/mK)
TABLE II. PERFORMANCE DATA OF THE WANKEL ENGINE
R (um) 4990 2495 1248
AT (K) 70 (20>90°C)
P (mWw) 84.4x40% (working fluid: mercury)
10 (N/s m?) 1.4x10°2 (gap fluid: mercury)
w (RPM) 1,920 7,720 30,700
10 (N/s m?) 5.1x10* (gap fluid: water)
@ (RPM) 10,000 40,400 ‘ 16,100
10 (N/s m?) 2x10° (gap fluid: air)
> (RPM) 50,800 ‘ 20,400 81,400
d=18.75 um; AX=11607 pm; A=8394x200 um?; k=8.34 W/mK

change inside the chamber from the room temperature to the
water boiling state. The Cr-Au metal is still fine as the
resistive thermal detecting (RTD) material herein. However,
how to combine the ceramic heating source with the fabricated
engine to do the thermal testing is not easy since the thermal
conductivity of PDMS wall is very small. The authors have
tried to partially merge the fabricated PDMS small engine in
the ultrasonic pool, and add heat directly into the hot side of
the engine. Even though the temperature difference is up to 70
degree C, the engine rotor is only slightly shaking without
apparent rotating. The authors re-calculated the output data of
TABLE 1l by (9) and (10) with the working fluid changed
from mercury to water. It’s found that the theoretical rotating
speed is around 2500 rpm subject to P=2 mW. Since the water
electrolysis from the Cr-Au electrodes during heating would
generate non-condensed bubbles to retard the rotation of the
engine. Using water as the working fluid is then not feasible
herein. The experiment of packaging the testing mercury as
the working fluid is still under developing. Moreover, a
cooling end packaged with a heat pipe is revealed in Fig. 8 for
promoting the condensation of this small Wankel engine.

I1l.  CONCLUSION

By the analysis of rotating speed and the thermal
resistance of the possible designs of the ultra small Wankel
engine in this study, the mm-size energy harvesting device is
supposed to have thousands of RPM rotation speed subjected
to mW power input. The fabrication process and the testing
setup are also considered. Ultrasonic shaking is so far
necessary to the testing for effectively levitating the center
rotor without sticking issue. The authors also tried water as the
working fluid inside the engine chamber and did not gain the
successful result. The left choice of selecting mercury as the
working fluid in PDMS engine chamber is still under way.
The necessary packaging technique with conformal parylene is
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Fig. 5. Fabrication process for the PDMS chamber: (a) resist coating; (b) UV
exposure and developing; (c) oxide opening; (d) ICP etching; (e) resist
stripping; (f) dispensing PDMS; (g) PDMS demolding.

looked forward to avoiding mercury leakage. The Cr-Au
electrodes designed as the thermal sensors and evaporator, a
heat pipe installed at the cold end for condensation, are both
hoped to augment the functionality of this small Wankel
engine as well in the future.
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