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We studied theoretically and experimentally a biomimetic propulsion system inspired by the motility mechanisms of bacteria such
as E. coli. Our goal was to investigate the effect of the “complex” filament of Rhizobium Meliloti bacteria on thrust force. The
complex filament is a helically perturbed filament, similar to a plain filament threaded through a small helix. The propulsive per-
formance of this system was estimated by modeling the dynamics of helical wave motion in viscous fluid. The model consists of a
helical filament which is axially rotated at angular velocity @. Resistive force theory (RFT) was applied to this model to calculate
the thrust force and required torque. The Buckingham PI theorem (non-dimensional analysis) was also used to analyze the theo-
retical results. The procedure for making a complex filament with various pitch angles &, from a small helix and plain filament is
explained in detail. To validate the theoretical results for helical wave propulsion and compare the characteristics of complex and
plain filaments together, an experiment was performed to measure the thrust forces in silicone oil. The experimental results agreed
with the theoretical values predicted by RFT. The thrust forces of complex filaments depended on the shape of small helix wind-
ing. The maximum thrust force was achieved at a small helix pitch angle of &, = 45°. In addition, we found that the thrust force
generated by a complex filament had a value about 10% higher than that of a plain filament with the same equivalent diameter d,.
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Recently, biomimetic micro-robots with high potential for
medical applications have generated much interest. One of
the ultimate goals of medical micro-robots is to transmit
images from inside the human body, reach currently inac-
cessible areas, and carry out various complex operations
[1,2]. Miniature, safe, and energy-efficient propulsion sys-
tems hold the key to developing this technology but they
pose significant challenges. One of the challenges is propul-
sion. How micro-robots can operate inside the blood vessels
of human body which are very narrow and full of highly
viscous fluid has yet to be determined. Thus, novel motion
methods are needed to adapt to this environment.

Many propulsion schemes have been proposed such as
fin-driven, propellers or jet pumps. There are several types
of biomimetic swimming robots, mostly based on fin, using
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shape memory alloys (SMAs), ionic exchange polymer
metal composites (IPMCs), and most recently lightweight
piezo-composite actuators (LIPCAs) [3-7]. Although most
of these biomimetic robots are very effective on the
macro-scale, miniaturization would make them ineffective
because inertial forces become important for propulsion.
Accordingly, the microorganism approach is one of the
best ways to imitate locomotion for the medical micro-robot
field. Bacteria species such as Escherichia coli (E. coli) are
favored to simulate the locomotion of minute filament. The
cells of E. coli have one or more helical filaments, or fla-
gella, which they use to swim. Each flagellum consists of a
rotary motor that can rotate at about 100 Hz embedded in
the cell wall, a short flexible hook functioning as a universal
joint, and a helical filament 20 nm in diameter and 10 um in
length. The helical filament can be considered to be a pro-
peller that converts the rotary motion of the motor into lin-
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ear thrust [8]. For bacteria species, the Reynolds number
(Re) is about 107* wherein viscous effects are dominant over
inertial effects. Therefore, the propulsion method of bacte-
rial motion can perform effectively at low Re numbers.
Many studies have focused on the fundamental fluid me-
chanics surrounding locomotion from a simple helical fila-
ment attached to the cell body, and to the hydrodynamics of
flagella bundling [8,9]. Recently, researchers investigated
the fundamental fluid dynamics of a novel super-helical
structure rotating in a Stokes fluid [10].

Until now, the shapes of flagella have not been experi-
mentally widely studied. Although they are a most diverse
species, bacteria have only two types of flagella filaments:
“plain” and “complex”. The complex filaments are helical
forms of the plain ones [11]. The complex filaments have a
rather coarse surface with deep grooves and ridges along
right-handed or left-handed helical lines [11,12]. The sur-
face view of a complex filament of Rhizobium lupine is
shown in Figure 1. The number of helical lines depends on
the type of flagella filaments. For instance, the complex
flagella of Rhizobium meliloti 2011 has a diameter of 16
nm, and their morphology is dominated by prominent un-
dulations of an external three-start helix running at a 10 nm
axial distance and at an angle of 32° [13].

We focused on the potential of using flagella motion for
micro-robot propulsion. We evaluated the effect of a “com-
plex” filament on the thrust force produced by a single
filament at low Re numbers. In addition, the thrust forces of
this motion were theoretically predicted using RTF (resis-
tive force theory) theory. We simplified the complex fila-
ment with one small helix wound on a big helix called an
“axial helix”. Small helixes with different pitch angles were
considered. We describe the construction of these “com-
plex” filaments and “plain” filaments as well as the experi-
mental setup. The experimental results show good agree-
ment with the RFT result.

1 Modeling of helical wave propulsion

1.1 Modeling

A model was developed to evaluate a filament’s thrust per-
formance. Figure 2 shows the propulsion model. This dy-
namic model consists of a helical filament on one end which

Figure 1 Surface view of flagella filament of Rhizobium lupine [12].
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rotates at an angular velocity of @. The other end moves
freely in a fluid with viscosity x# We applied the RFT the-
ory to predict the thrust force and the required torque of the
motor. In RFT theory, the normal and tangential compo-
nents of drag force dF, and dF, on each element of the
slender body are proportional to the respective components
of the local velocity with different proportional constants in
a region where the Re number is less than 1 [14]. Thus,

dF;l = —C"ly}’lds

, 1
dF, =-C V.ds M

where V, and V| are the normal and tangential velocities of
the element, respectively, and C, and C;are the correspond-
ing coefficients of resistance, given by Brennen and Winet
[15] as
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where A and a are the wavelength and the radius of the
filament, respectively.

When the motor rotates at a constant speed, every cross-
section of the filament rotates about the z-axis with an an-
glular velocity®. Thus, the velocity in the @ direction is
Vgq=wA. The normal and tangential velocity components in
the normal and tangential directions at the ds component are
V,=Vgin@and V=V cos .

From the free body diagram of the forces acting on ele-
ment ds of the tail, the propulsive force in the z-direction, in
terms of its normal and longitudinal components, is

dF, =dF, sin@—dF, cosé. 4)
The force in the @-direction and the torque created by

this force are defined as

dF, = —(dF, cos @ +dF, sin 8), (5)

dM, = —-A(dF, cos @+ dF, sin 6), 6)

where A is the amplitude of the helix and & is the constant
pitch angle between the tail and the perpendicular axis to
the tail, which have a relation:
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Figure 2 Propulsion model of a filament.
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tang =2 (7
2nA

Assuming that all the infinitesimals of the tails are in the
same moving situation, and if the number of helical waves
along the tail is n, then, the thrust force can be written as

ni ni
Fz=[sz=f

0

(dF, sin@—dF, cos 0)

ni
=V, sin@cosd f (C, —C )ds. ®)
0
The length of the tail ds can be written as
ds=2%
sin @
ni dx
F =V, cosﬁsinﬁf cc,-C)—
A sin@
=niAwAcosd(C,-C,). )
The required torque of the motor can be written as
ni ni
T = fdMZ - f—A(dR cos @+ dF sin )
0 0
ni
- f A(C.wAcos? 0+ C,wAsin® O)ds
0
ni dx
— oA’ f (C.cos*0+C, sin® 0)—
A siné
—rod G cos’ @+ C, sin’ 0) . (10)

sin @

Buchingham PI theorem [16] (non-dimensional analysis)
of the force and the required torque of this system show that

F A a A
— s = Ty T s | 11
Uol? fF(L L L) (1)
M A a A
L o242 12
uol’ fM(L L LJ (12)

From egs. (11) and (12), we conclude that both the thrust
force and required torque of the motor are functions of the
geometry of flagellum only.

1.2 Theoretical dynamic performance analysis

Our goal is to optimize the pitch angle of the helix so that it
produces the maximum thrust force, if the length and am-
plitude of the helix are given. Figure 3 shows the values of
thrust force with several pitch angles @ for angular velocity
o . In this case, the length and diameter of the filament are
72 mm and 0.88 mm, respectively. The amplitude of the
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helix is 2.5 mm. The optimum value of pitch angle is
around 40°. To obtain the exact peak of the force in the re-
gion from 35° to 45°, we divided this region in steps of 1°.
In this way, we obtained the maximum thrust force pro-
duced by plain filament at a pitch angle of 8= 42°.

From our non-dimensional analysis, the non-dimensional
force and required torque versus the amplitude-to-length
ratio A/L depended on pitch angle € and the A/A ratio. The
experimental observations revealed that filaments with L
>> a satisfied slender body condition [9]. Hence, /=L/a (I is
the ratio of the total length of the flagellum in the direction
of propulsion to its radius) is on the order of O(100) [9].
The theoretical analysis of non-dimensional force and the
required torque against A/L for several given values of 6
and [ is shown in Figure 4, where [ is taken to be 200. For
example, at @ = 45°, as the ratio A/L increases, both the
thrust force and the required torque of the motor will in-
crease. When the A/L ratio increased from zero to a certain
value, the thrust force increased dramatically while the in-
crement of required torque remained small. Hence, the
suitable value of A/L lies in the range somewhere between 0
and 0.03. This predicted value of A/L is fairly well sup-
ported by observed data (0.025). From observation, E. coli
bacteria were propelled by rotating a left-handed helical
filament whose diameter and length were approximately 20
nm and 10 pm, respectively. This helical filament had a
wavelength of about 2.5 pum and a helix diameter of about
0.5 um [17]. Thus, the ratio of A/L for a typical E. coli bac-
terium was about 0.025. For € = 60°, the non-dimensional
force and torque did not change significantly compared with
the case of @ = 45°. Thus, the A/L was chosen to be the
same as in the case of &= 45°. We note that for fixed L, A/L
should be suitably chosen for each case of pitch angle 6.

The non-dimensional force and required torque were
plotted against the radius-to-length ratio a/L in Figure 5

10+
| —m—o= 196 rad/s

—a—m= 256 radls
—a—m= 314 rad/s
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Figure 3 Thrust force versus pitch angle for various values of angular
velocity of the filament.
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Figure 4 The non-dimensional thrust force and the required torque of the
motor versus A/L ratio with various pitch angles 8 (0= 45° (m), 8= 60°
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Figure 5 Non-dimensional thrust force and the required torque of the
motor versus a/L ratio with various pitch angles 6 (0 = 45° (m), 6 = 60°
(®)).

with a fixed A/L = 0.025 and various pitch angles 6. The
graph in this figure shows that as the ratio of a/L increased,
both the non-dimensional force and required torque in-
creased. When the ratio of a/L increased to a certain value
(0.004), the dimensionless force increased dramatically.
Beyond that range, the dimensionless force did not increase
so much. Our observation of bacteria flagella suggests that
the a/L ratios are very small. For instance, at A/L = 0.025
and 6 = 60°, the value of a/L for a typical bacterium is
0.001, which can be found in [17].

Figure 6 shows that both the non-dimensional thrust
force and the required torque of the motor are functions of
the A/L ratio with fixed A/L = 0.025 and various «/L ratio.
The graphs show that as the ratio of A/L increased, both the
non-dimensional thrust force and the required torque de-
creased. When the ratio of A/L increased to a certain value
(0.3), the dimensionless force and required torque decreased
dramatically. Beyond that range, the dimensionless required
torque converged to a certain value while the dimensionless
force still decreased. Hence, the suitable value of A/L is
about 0.3. This predicted value of A/L is fairly well sup-
ported by observed data (0.25) [17].
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Figure 6 The non-dimensional thrust force and the required torque of the
motor versus A/L ratio with various ratios of a/L (a/L = 0.001 (m), a/L =
0.005 (®)).

2 Filament fabrication and experiment

2.1 Filament fabrication

A complex filament was made from an aluminum wire. The
wire was sufficiently malleable to be formed into the de-
sired shape, and rigid enough to be undeformed as it rotates
in the viscous fluid. The complex filament was made in two
steps shown in Figure 7.

First, a small aluminum wire (diameter 0.15 mm) was
tightly bent in a counterclockwise direction around an alu-
minum rod (diameter = 0.5 mm). The axial helix was made
using the same procedure, but we used a bigger diameter
wire (diameter = 0.5 mm) bent along the helical path on the
5 mm diameter rod. The important difference between the
two helices is their twisting direction; the axial helix was
bent in a counterclockwise direction, whereas the small he-
lix was bent in a clockwise direction. The axial helix was
threaded through the small helix, forming a complex fila-

Small helix

Axial helix

Complex filament

Figure 7 Procedure for making complex filament.
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ment [10]. The plain filament was made following the same
procedure as the axial helix. A schematic of plain and com-
plex filaments is shown in Figure 8 and their dimensions are
given in Table 1.

The defined geometric parameters of the complex fila-
ment are the radius r and the pitch p of the small helix, the
radius A and the pitch A of the axial helix, as shown in Fig-
ure 7. We fixed the geometry of the axial helix and changed
the geometry of the small helix. The pitch angles 6, of the
small helix were verified from 30° to 60° with each step
forward of 5°. Seven complex filaments with different small
helices are shown in Figure 9.

2.2 Experiment

A schematic of the experimental setup is shown in Figure 10.
A direct current (DC) motor (12 mm in diameter and 20 mm
in length) was located at the head of the swimmer prototype
and fixed at a supporter. The supporter is made of acrylic
and has a hole whose diameter is the same as the motor’s
diameter. The motor was fixed to the supporter simply by
sliding it into place. The supporter was connected to a load
cell (Nanol7, ATI Industrial Automation, resonant fre-
quency 7.2 kHz, resolution 1/1280 N) which we used to
measure the thrust force. The filament was vertically con-
nected to the motor through a coupling. The stationary mo-
tor rotated the filament immerged in a tank of silicone oil
(Shinetsu Co.). The viscosity of the silicone oil was 350 cst,
which is 350 times higher than the viscosity of the water.
The silicone container was 320 mm in length, 200 mm in
depth and 190 mm in width. We ensured that the tail was
fully submerged in the oil and sufficiently far from the wall
and the bottom of the container. The motor operated at
voltages from 0.4 V to 1.2 V with steps of 0.2 V. The re-
sulting frequency of rotation was measured with a high-
speed camera (APX Ultimate, Japan) operating at 1000
frames/s to capture the rotation motions.

To compare the thrust force of each filament, an experi-
mental setup was constructed to measure the thrust force at
Reynolds numbers smaller than 1. To simplify the fabrica-
tion process, the dimension of the tail was scaled up ac-
cording to the Buckingham PI theorem [16]. This method
confirms the ratio of F/(uwL?) is the same for the scaled up
filament and the micro-scale filament. The dimensions of
flagella are given in Table 1.

Table 1 Dimensions of filaments
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3 Results and discussion

Figure 11 depicts the experimental results for the thrust
force generated by the helical wave propulsion of the plain
filament given in Table 1. The experiment was performed in
silicone oil. As predicted by theory, the experimental values
of force varied linearly with the angular velocity of rotation
for the plain filament. The critical factor in this experiment
was wall effect. To reduce the wall effect, the walls of the
container must be designed far enough from the filament so
that the wall will not affect the fluid flow significantly. It
was shown that below Re = 1, no wall effect condition will

Plain filament Complex filament

Figure 8 Schematic of plain and complex filaments.

Figure 9 Seven complex filaments with different pitch angles of the
small helix.

| Silicone

Figure 10 Schematic of thrust force measurement system.

Complex filament

Dimension Plain filament
Small helix Axial helix
Amplitude of helix A 0.44 mm 2.5 mm 2.5 mm
Diameter of flagellum 2a 0.15 mm 0.5 mm 0.88 mm
Wavelength 4 Depend on 6, 9 mm 9 mm
Length L Depend on axial helix 36 mm 36 mm
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be achieved if the distance satisfies y > (20//Re) away from
the body in which L is the characteristic length of the body
[2]. In this experiment, since the condition of y > (20//Re)
was satisfied, the wall effect can be ignored.

The thrust forces of complex filaments versus the angular
velocity of rotation are shown in Figure 12. As in the plain
filament case, the experimental thrust forces are linear with
respect to the angular velocity of rotation. The thrust forces
produced by complex filaments are higher than forces from
plain filaments (complex filaments without small helix).
This fact can be explained by the RFT theoretical predic-
tions. For this experiment, the complex filaments without
the small helix had the ratio a/L = 0.007 whereas the com-
plex filaments had an equivalent diameter d, = 0.8 mm as
defined in Figure 7, and the ratio a/L = 0.011, respectively.
Pitch angle @ = 30° and the ratio A/L = 0.07 were set the
same for both of complex filaments and complex ones
without small helix. We calculated the thrust force using
eq. (11) for @ = 30° and A/L = 0.07. The calculated
non-dimensional thrust forces are 0.0615 for the complex
filament and 0.0586 for the plain filament. In conclusion,
the complex filament produced a higher thrust force than
the filament without the small helix.

In Figure 12 we note that the complex filament for 6, =
45° produced a higher thrust force than the plain one with
the same equivalent diameter (0.8 mm). For an applied
voltage from 0.6 V to 1 V the thrust forces increased by 6 to
20 percent.

The effect of the small helix on the propulsion produced
by complex filaments is shown in Figure 12. The maximum
thrust force in this experiment for a set of complex fila-
ments was achieved at a pitch angle of small helix €, = 45°.
In this study, since we considered the pitch angle 6, from

Angular velocity  (rad/s)

0 47 94 141 188 235 282
9 ——
8—‘ — = — Theory
® — Experiment
-] i
6_
= 51
:_é |
8 4] |
£ 3- -
0 ' T T T y T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Applied voltage (V)

Figure 11 Experimental result for the thrust force created by plain fila-
ment given in Table 1.
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Figure 12 Experimental result for the thrust force created by plain fla-
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Figure 13 Experimental result for the thrust force of complex flagellum
with various pitch angles of small helix.

30° to 60° with a step of 5°, we can predict it will exist be-
tween 40° and 50°. We found that the thrust forces became
constants beyond 55° of pitch angle, which means that the
small helix did not increase the thrust force for the large
pitch angle. The optimum value of €, was around 45°.

When we compare Figures 3 and 13, the pitch angles for
maximum force are similar. This means the analytic and
experimental results are in good agreement.

4 Conclusions

A biomimetic thruster based on the motion of bacteria was
studied theoretically and experimentally. A dynamic model
of the swimming method was developed to predict the val-
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ues for thrust force created by the helical flagellum and the
required torque of the driving motor. By applying the
Buckingham PI theorem, a scaled-up model of a flagellum
was constructed and tested in silicone oil. For the plain fla-
gellum, the experimental results were shown to be in good
agreement with theoretical values predicted by the RFT
model. The effect of the complex filament on propulsion
was considered. The thrust force created by complex fila-
ment was higher than the complex filament without the
small helix. The maximum thrust force of the complex fla-
gellum was achieved at a pitch angle of the small helix of 6,
= 45°. We found that the thrust force generated by the com-
plex flagellum had a higher value (by about 10 percent) than
the plain flagellum with the same equivalent diameter.

This work was supported by Konkuk University in 2010. The authors are
grateful for the financial support.

1 Bogue R. The development of medical microrobots: A review of pro-
gress. J Ind Robot, 2008, 35: 294-299

2 Sitti M. Design methodology for biomimetic propulsion of miniature
swimming robots. J Dyn Syst Meas Contr, 2006, 128: 36-43

3 Wang Z, Hang G, Li J, et al. A micro robot fish with embedded SMA
wire actuated flexible biomimetic fin. J Sens Actuators, 2008, 144:
354-360

4 Kim B, Kim D H, Jung J, et al. A biomimetic undulatory tadpole ro-
bot using ionic polymer-metal composite actuators. Smart Mater

Open Access

Chinese Sci Bull

10

11

12

13

14

15

February (2011) Vol.56 No.4-5

Struct, 2005, 14: 1579-1585

Fukuda T, Kawamoto A, Arai F, et al. Steering mechanism of un-
derwater micro mobile robot. In: Proc. IEEE Int Conf on Robo and
Auto Nagoya, Japan, 21-27 May 1995. 363-368

Zhang W, Guo S X, Asaka K J. A new type of hybrid fish-like mi-
crorobot. Int J Autom Comput, 2006, 3: 358

Nguyen Q S, Heo S, Park H C, et al. A fish robot driven by piezoce-
ramic actuators and a miniaturized power supply. Int J Control
Autom Syst, 2009, 7: 267-272

Kim M J, Bird J C, van Parys A J, et al. A macroscopic scale model of
bacterial flagellar bundling. Proc Nat Acad Sci USA, 2003, 100: 15481
Chwang T, Wu T. A note on the helical movement of micro-organ-
isms. Proc R Soc London Ser B, 1971, 178: 327-346

Jung S H, Mareck K, Fauci L, et al. Rotational dynamics of a super-
helix towed in a stokes fluid. Phys Fluids, 2007, 19: 103105

Schmitt R R, Raska I, Mayer F. Plain and complex flagella of Pseu-
domonas rhodos: Analysis of fine structure and composition. J Bacte-
riol, 1974, 117: 145-162

Trachtenberg S, Fishelov D, Ben-Artzi M. Bacteria flagellar micro-
hydrodynamics: Laminar flow over complex flagellar filaments, ano-
log archimedean screws and cylinders and its perturbations. Bio-
phys J, 2003, 85: 1345-1357

Krupski G, Gotz R, Ober K, et al. Structure of complex flagellar fila-
ments in Rhizobium meliloti. ] Bacteriol, 1985, 162: 361-366
Hancock G. The self-propulsion of microscopic organisms through
liquids. Proc R Soc London Ser A, 1953, 217: 96-121

Brennen C, Winet H. Fluid mechanics of propulsion by cilia and fla-
gella. Annu Rev Fluid Mech, 1977, 9: 339-398

Fox R, McDonald A, Pritchard P. Introduction to Fluid Mechanics.
New York:Wiley, 2004

Howard C. Symmetries in bacterial motility. Proc Natl Acad Sci
USA, 1996, 93: 14225-14228

This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction
in any medium, provided the original author(s) and source are credited.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


