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Abstract A simple kinetic model is presented for the
shear rheology of a dilute suspension of particles swim-
ming at low Reynolds number. If interparticle hydrody-
namic interactions are neglected, the configuration of
the suspension is characterized by the particle orienta-
tion distribution, which satisfies a Fokker-Planck equa-
tion including the effects of the external shear flow,
rotary diffusion, and particle tumbling. The orientation
distribution then determines the leading-order term in
the particle extra stress in the suspension, which can
be evaluated based on the classic theory of Hinch and
Leal (J Fluid Mech 52(4):683–712, 1972), and involves
an additional contribution arising from the permanent
force dipole exerted by the particles as they propel
themselves through the fluid. Numerical solutions of
the steady-state Fokker-Planck equation were obtained
using a spectral method, and results are reported for
the shear viscosity and normal stress difference coeffi-
cients in terms of flow strength, rotary diffusivity, and
correlation time for tumbling. It is found that the rhe-
ology is characterized by much stronger normal stress
differences than for passive suspensions, and that tail-
actuated swimmers result in a strong decrease in the
effective shear viscosity of the fluid.
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Introduction

Suspensions of self-propelled particles, of which swim-
ming microorganisms are a paradigmatic example, have
excited much interest over the last few decades owing
to their importance in biology and ecology [1, 2] and
to their potential uses in technological applications
[3–5]. Such ‘active’ suspensions differ from their passive
counterparts in that self-propelled particles inject en-
ergy into the suspending fluid as they move, resulting in
unusual and complex dynamics even in the absence of
any external forcing. Experiments have demonstrated
that this fundamental difference can result in concen-
tration patterns and complex fluid motions akin to high-
Reynolds-number turbulence [6–8], which in turn are
responsible for enhanced particle diffusion and fluid
mixing [4, 9]. These dynamics have also been observed
in simulations [10–16], and have been explained as the
nonlinear consequence of flow instabilities driven by
the particles [12, 13].

In addition to the dynamics that these suspensions
exhibit, their rheology is also of interest. As it propels
itself, a swimming particle is known to exert a net force
dipole on the surrounding fluid [10, 13] as a result
of the balance between the propulsive force exerted
by the particle and the viscous drag on its body. This
force dipole, of magnitude σ0, can be of either sign
depending on the mechanism for swimming: a pusher
particle, which propels itself by exerting a force near
its tail, will result in σ0 < 0, whereas a puller particle,
which swims using its head, will result in σ0 > 0. In both
cases, the dipole induces a disturbance flow around
the particle, which results in hydrodynamic interactions
and is responsible for the dynamics described above.
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In addition, we also expect it to modify the effective
rheology of the suspension.

This observation was previously made by Hatwalne
et al. [17], who generalized kinetic equations for liquid
crystals to model the rheology of active suspensions.
Their linear viscoelastic theory predicted a decrease in
the effective viscosity in the case of pushers (and an in-
crease for pullers). More recently, Ishikawa and Pedley
[18] performed Stokesian dynamics simulations of sus-
pensions of spherical ‘squirmers’, that swim as a result
of a prescribed slip velocity on their surface. In the
dilute limit, they found no change in effective viscosity
due to swimming (for non-bottom heavy particles),
a consequence of the spherical shape they assumed,
which results in an isotropic orientation distribution.
Using analytical calculations, Haines et al. [19] indeed
showed that if the orientation distribution is assumed
to be anisotropic, swimming does result in a change in
viscosity: using an ad hoc orientation distribution, they
also observed a decrease in viscosity in suspensions of
pushers.

In this work, we present a simple kinetic model
for the shear rheology of a dilute suspension of self-
propelled particles. Neglecting particle-particle hydro-
dynamic interactions, we extend previous work on
passive particle suspensions [20–26] to the case of active
suspensions. Numerical solutions for the orientation
distribution of a single rod in simple shear flow are
obtained from first principles by solving a Fokker-
Planck equation, and are used to calculate the particle
extra stress as an average over orientations of the force
dipoles on the particles, which include contributions
from the external flow, Brownian rotations, and the
permanent dipole arising from swimming. The effects
of flow strength, rotary diffusion and particle tumbling,
all of which affect the orientation distribution of the
particles, are analyzed in detail.

Kinetic Model

We consider the dynamics of a single swimming par-
ticle placed in a simple shear flow with velocity field
u(x) = γ̇ y x̂, as depicted in Fig. 1. We denote by p the
particle director, which is a unit vector defining the
particle orientation and swimming direction relative to
the external flow. The configuration of the particle may
be represented by a distribution function �(p), which
satisfies the Fokker-Planck equation [27]

∂�

∂t
+ ∇p · (ṗ�) − dr∇2

p� + 1
τ

(
� − 1

4π

)
= 0, (1)

Fig. 1 Shear flow of an active suspension. The particle director
p indicates the orientation of the particles and direction of swim-
ming relative to the external flow

where ∇p is the gradient operator on the surface of
the unit sphere S. The distribution function is normal-
ized by∫

S
�(p) dp = 1, (2)

which confers to �(p) a mean value of 1/4π . In equa-
tion (1), ṗ denotes the rotational velocity of the particle
resulting from the local shear flow, and may be modeled
using Jeffery’s equation [28, 29] as

ṗ = (I − pp) · (βE + W) · p, (3)

where E = (∇u + ∇uT)/2 and W = (∇u − ∇uT)/2 are
the constant rate-of-strain and rate-of-vorticity tensors
of the imposed flow, respectively, and β is a constant
parameter between −1 and 1 characterizing the particle
shape (β ≈ 1 for a slender particle).

In equation (1), the third term on the left-hand side
models rotary diffusion (with constant diffusivity dr),
which may arise as a result of Brownian fluctuations
or may also model hydrodynamic rotary diffusion re-
sulting from hydrodynamic interactions [10, 11]. Fi-
nally, the last term in equation (1), first proposed by
Subramanian and Koch [30], is used to model particle
tumbling as a Poisson process, with characteristic cor-
relation time τ .

A few comments on the validity of the Fokker-
Planck equation (1) are in order. The description of
the configuration of the suspension in terms of an
orientation distribution �(p) implicitly assumes that
the suspension is homogeneous in space, which is a
valid approximation in the limit of infinite diluteness.
Indeed, particle simulations [10, 11, 15] have shown that
at low volume fractions swimming particles undergo
ballistic motions for most of the time, except for rare
particle-particle encounters during which their orienta-
tions change, resulting in an effective rotary diffusion
over long times. In this regime, the spatial distribution
of the particles may be considered homogeneous, and
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the configuration of the suspension is therefore well
captured by a Fokker-Planck equation for the orienta-
tion distribution with an effective rotary diffusivity, as
in equation (1). While in a real system this diffusivity
will be a function of concentration [10, 11], we here
assume for simplicity that it is a constant; including the
dependence on concentration would be straightforward
and would not modify the formalism described here. If
the concentration was to be increased beyond the dilute
limit, complex spatial distributions may also arise as a
result of hydrodynamic interactions [11–14] and could
only be accounted for through a more sophisticated
model, e.g. [13].

Once the orientation distribution �(p) is known by
solution of equation (1), it can be used to evaluate the
stress tensor in the suspension. The total stress � is
expressed as the sum of the Newtonian stress and of
a particle extra stress:

� = −qI + 2μE + � p, (4)

where q denotes the fluid pressure and μ is the dynamic
viscosity of the suspending fluid. Following the classical
theories of Batchelor [20] and Hinch and Leal [23], we
define the extra stress � p as the configuration average
of the force dipoles S(p) exerted by the particles on the
fluid, which in the dilute limit is given by:

� p = n〈S(p)〉 = n
∫

S
S(p)�(p) dp, (5)

where n is the number density of the suspension. It
can further be decomposed as the sum of three con-
tributions, arising from the external flow, Brownian
rotations, and the permanent dipole due to swimming:

� p = � f + �b + �s. (6)

The first two contributions also arise with passive parti-
cles and were obtained previously as [24]

� f = nA
[
〈pppp〉 − I

3
〈pp〉

]
: E, (7)

�b = 3nkT
[
〈pp〉 − I

3

]
, (8)

where 〈pp〉 and 〈pppp〉 denote the second and fourth
moments of �(p) with respect to p. In equation (7),
A is a constant that depends on the particle shape.
In this work, we consider the case of a slender rod
of length L and inverse aspect ratio ε, for which it
can be evaluated using slender-body theory as A =
πμL3/6 log(2/ε) [24]. In equation (8), kT denotes the
thermal energy of the fluid (or effective thermal energy

if rotary diffusion is used to model hydrodynamic dif-
fusion). Finally, the component of the stress resulting
from the permanent dipole due to swimming can be
expressed as [12, 13]

�s = nσ0

[
〈pp〉 − I

3

]
, (9)

where the dipole magnitude σ0 is a constant that de-
pends on the precise mechanism for swimming and
can be interpreted as a measure of activity. For tail-
actuated swimmers or pushers, σ0 < 0, whereas for
head-actuated swimmers or pullers, σ0 > 0. It can be
shown from micromechanical models for single swim-
mers that σ0 is related to the swimming speed U0 by
a relation of the type σ0/μU0L2 = α, where α is a
dimensionless constant of same sign as σ0. Note that
the level of approximation of equations (7)–(9) is con-
sistent with the neglect of hydrodynamic interactions in
the Fokker-Planck equation (1), as it can be shown that
such interactions would result in O(n2) corrections to
the stress tensor (equation (5)).

We non-dimensionalize the equations using the fol-
lowing characteristic scales for stresses and times:

�c = n|σ0|, and tc = πμL3

6|σ0| log(2/ε)
. (10)

The time scale tc can be interpreted as the characteristic
time for a particle to drag fluid along its length under
the effect of its permanent force dipole, or equivalently
as a characteristic time scale for swimming (owing to
the relationship between σ0 and U0). We also define
the dimensionless rate of strain, rotary diffusivity and
correlation time as:

˜̇γ = γ̇ tc, d̃r = drtc, τ̃ = τ/tc. (11)

With these notations, the steady-state Fokker-
Planck equation (1) becomes

˜̇γ∇p · (ṗ�) − d̃r∇2
p� + 1

τ̃

(
� − 1

4π

)
= 0, (12)

where ṗ has been scaled by γ̇ . Note that the steady-
state orientation distribution really only depends on
two dimensionless groups, namely ˜̇γ /d̃r (which can be
interpreted as a rotary Péclet number) and ˜̇γ τ̃ . Equa-
tion (12) was solved numerically using a spectral expan-
sion of the distribution �(p) on the basis of spherical
harmonics, in a similar way as in the work of Chen and
Koch [25]. Harmonics of degree up to 40 were included,
corresponding to a total of 861 modes and ensuring
an excellent accuracy over the range of parameters
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considered here. Typical orientation distributions for a
few values of ˜̇γ /d̃r and ˜̇γ τ̃ are shown in Fig. 2, where we
find as expected that an increase in flow strength causes
the particles to align in the flow direction, whereas both
rotary diffusion and tumbling tend to randomize the
distributions.

Once the distributions are known, they can be used
to evaluate the particle extra stress using equations
(6)–(9). In dimensionless form,

�̃
p = ˜̇γ

[
〈pppp〉 − I

3
〈pp〉

]
: E + (6d̃r ± 1)

[
〈pp〉 − I

3

]
,

(13)

where the plus sign corresponds to the case of pullers
(σ0 > 0), whereas the minus sign corresponds to push-
ers (σ0 < 0). Next, we present results for the dimension-
less particle viscosity ηp, first normal stress difference
coefficient νp, and second normal stress difference co-
efficient κp, defined by

ηp = �̃
p
xy

˜̇γ , νp = �̃
p
xx − �̃

p
yy

˜̇γ 2
, κp = �̃

p
yy − �̃

p
zz

˜̇γ 2
. (14)

Fig. 2 Steady-state orientation distributions �(p) for the simple
shear flow of a slender particle (β = 1) for various values of the
two dimensionless groups ˜̇γ /d̃r and ˜̇γ τ̃

Using equation (13), we find:

ηp = 〈p2
x p2

y〉 + (6d̃r ± 1)

˜̇γ 〈px py〉, (15)

νp = 〈p3
x py〉 − 〈px p3

y〉
˜̇γ + (6d̃r ± 1)

˜̇γ 2

(
〈p2

x〉 − 〈p2
y〉

)
,

(16)

κp = 〈px p3
y〉 − 〈px py p2

z〉
˜̇γ + (6d̃r ± 1)

˜̇γ 2

(
〈p2

y〉 − 〈p2
z〉

)
.

(17)

Results and Discussion

We first consider the case of smooth swimmers for
which tumbling is negligible (τ̃ = ∞) in Fig. 3. Fig-
ure 3(a) shows the effective particle viscosity ηp versus
dimensionless shear rate ˜̇γ for both pushers and pullers
and for various values of the rotary diffusivity d̃r. In the
case of puller particles (full symbols), we find that the
viscosity is qualitatively similar to that of a suspension
of passive Brownian rods [22, 24, 25], and in particular
exhibits shear thinning. The effect of the rotary diffu-
sivity is the clearest in weak flows, where an increase
in d̃r is found to result in a decrease in the zero-shear-
rate viscosity as a consequence of the randomization
of the orientations, which reduces the contribution of
the Brownian and permanent dipoles to the viscosity.
In all cases, however, activity increases the viscosity of
the suspension in the case of pullers: this effect could
easily have been anticipated from equation (15), where
we see that the permanent dipole due to swimming
results in an effective enhancement of the Brownian
contribution to the viscosity. The case of pushers (open
symbols) is more interesting, as Fig. 3(a) shows that
activity causes a significant decrease in the effective
particle viscosity ηp, a result that once again could
have been anticipated from equation (15). The effect
is strongest in weak flows and even results in negative
values of ηp for low values of the rotary diffusivity d̃r

and low values of the shear rate ˜̇γ (note that negative
values of ηp are not unphysical, since ηp only represents
the first correction to the Newtonian viscosity μ due
to swimming). Both observations (increase in ηp for
pullers and decrease for pushers) are also consistent
with the previous predictions of Hatwalne et al. [17] and
of Haines et al. [19].

These trends can be explained more precisely using
an analytical expression for the zero-shear-rate vis-
cosity η0

p, which can be obtained from an asymptotic
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Fig. 3 Rheology of a suspension of smooth slender swimmers
(β = 1, τ̃ = ∞): (a) effective viscosity ηp, (b) first normal stress
difference coefficient νp, and (c) second normal stress difference
coefficient κp versus dimensionless rate of strain ˜̇γ for suspen-
sions of pushers and pullers

solution of the Fokker-Planck equation (12) in the limit
of ˜̇γ → 0, and is given by

η0
p = 1

15
(1 + 3β) ± β

30d̃r

, (18)

in excellent quantitative agreement with the data of
Fig. 3. The last term in equation (18) corresponds to

the contribution from swimming. In particular, we find
that activity always causes an increase in η0

p for pullers
but a decrease for pushers, and that this effect is
stronger for small values of d̃r. Equation (18) also shows
that for pushers, a negative particle viscosity will occur
when d̃r < β/(2 + 6β), or d̃r < 1/8 in the case of slender
particles (β = 1). As seen in Fig. 3(a), this effective
viscosity is only negative up to a certain critical flow
strength ˜̇γc, beyond which it becomes positive again.
This is illustrated more clearly in Fig. 4, showing the
critical flow strength as a function of the rotary dif-
fusivity: in particular, the range of flow strengths over
which negative viscosities occur decreases with d̃r, and
altogether disappears when d̃r > 1/8 in agreement with
the analytical prediction.

Results for the first and second normal stress differ-
ence coefficients are also shown in Fig. 3(b) and (c).
In the case of pushers, νp > 0 and κp < 0 as in the
case of passive rod suspensions, with extrema occurring
at zero shear rate. We find however that swimming
results in a strong increase in the magnitude of these
coefficients with respect to the passive case. The case
of pushers, once again, is more atypical, as it is found
that the first normal stress difference coefficient νp is
decreased and can even become negative at low values
of d̃r, whereas the second normal stress difference co-
efficient κp is increased and can become positive. For
both types of suspensions, we find that the magnitude of
both coefficients increases with decreasing diffusivity d̃r

(or equivalently with increasing activity), a trend easily
anticipated from equations (16) and (17).
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Fig. 4 Critical flow strength ˜̇γc below which a suspension of
smooth slender pushers (β = 1, τ̃ = ∞) exhibits a negative effec-
tive particle viscosity ηp, as a function of dimensionless diffusivity
d̃r . Negative viscosities only occur for d̃r < 1/8, in agreement with
the theoretical prediction of equation (18)
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The effects of particle tumbling are shown in Fig. 5,
where ηp, νp and κp are plotted versus flow strength
for various values of the tumbling correlation time τ̃

at a fixed value of the rotary diffusivity (d̃r = 0.1). The
main consequence of particle tumbling is to reduce
the effects of activity on the rheology. Specifically,
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Fig. 5 Effect of tumbling on the rheology of a suspension of
slender swimmers (β = 1): (a) effective viscosity ηp, (b) first
normal stress difference coefficient νp, and (c) second normal
stress difference coefficient κp versus dimensionless rate of strain
˜̇γ for suspensions of pushers and pullers, for a rotary diffusivity of
d̃r = 0.1 and for various values of the tumbling correlation time τ̃

the viscosity ηp is reduced in the case of pullers and
enhanced in the case of pushers, for which it even
becomes positive again at sufficiently low values of
τ̃ . Similarly, the magnitude of all the normal stress
difference coefficients is reduced in the case of strong
tumbling (or low values of τ̃ ). These trends were to
be expected, as tumbling results in a randomization
of the orientations, and therefore in a reduction of
the swimming stress �s, which is proportional to the
nematic order parameter as seen in equation (9).

In summary, the dilute kinetic theory presented here
uncovered several interesting rheological properties of
suspensions of swimming particles. In particular, we
found that suspensions of pullers qualitatively behave
like suspensions of passive particles, but with an in-
creased effective viscosity and increased first and sec-
ond normal stress differences. Suspensions of pushers
are more atypical, and exhibit a strong decrease in
viscosity due to activity, which can even result in a
negative particle viscosity in weak flows. As discussed
above, pushers can also exhibit a negative first nor-
mal stress difference coefficient and a positive second
normal stress difference coefficient, in contrast with
passive suspensions. These unusual results are quite
interesting and make active suspensions of biological
or artificial microswimmers prime candidates for use
in applications requiring smart materials or fluids with
tailored rheological properties.

The decreased particle viscosity in suspensions of
pushers also bears implications for the dynamics of
these suspensions, as it may result in flow destabiliza-
tion in some applications. In particular, it has been
conjectured [30, 31] that this decrease in viscosity is re-
sponsible for the flow instabilities and chaotic dynamics
that have been observed in both experimental [7] and
computational [11–13] studies of these systems.

An important assumption of the present theory is
the diluteness of the suspension, which allowed us to
neglect the spatial dependence of the distribution func-
tion � and to assume that the orientation distribution
is entirely determined by the external flow field. When
hydrodynamic interactions are taken into account, ac-
tive suspensions in the absence of external forcing are
known to exhibit complex flows and coherent structures
[13]: it is unclear how these structures would evolve
in an external flow, nor how they would influence the
effective rheology of the suspensions. Answering these
important open questions will require improvements
upon the present theory to include these effects, for
instance by adapting the more general kinetic model
proposed by Saintillan and Shelley [12, 13] to the case
of flowing suspensions: this will be the subject of future
work.



Exp Mech (2010) 50:1275–1281 1281

Acknowledgement The author would like to thank Michael
Shelley for useful conversations on this work.

References

1. Hill NA, Pedley TJ (2005) Bioconvection. Fluid Dyn Res
37:1–20

2. Kils U (1993) Formation of micropatches by zooplankton-
driven microturbulences. Bull Mar Sci 53:160–169

3. Paxton WF, Kistler KC, Olmeda CC, Sen A, St Angelo
SK, Cao Y, Mallouk TE, Lammert PE, Crespi VH (2004)
Catalytic nanomotors: autonomous movement of striped
nanorods. J Am Chem Soc 126:13424

4. Kim MJ, Breuer KS (2004) Enhanced diffusion due to motile
bacteria. Phys Fluids 16:L78

5. Darnton N, Turner L, Breuer K, Berg HC (2004) Moving
fluid with bacterial carpets. Biophys J 86:1863–1870

6. Mendelson NH, Bourque A, Wilkening K, Anderson KR,
Watkins JC (1999) Organized cell swimming motions in
Bacillus subtilis colonies: patterns of short-lived whirls and
jets. J Bacteriol 181:600

7. Dombrowski C, Cisneros L, Chatkaew S, Goldstein RE,
Kessler JO (2004) Self-concentration and large-scale coher-
ence in bacterial dynamics. Phys Rev Lett 93:098103

8. Cisneros LH, Cortez R, Dombrowski C, Wolgemuth CW,
Kessler JO, Golstein RE (2007) Fluid dynamics of self-
propelled microorganisms, from individuals to concentrated
populations. Exp Fluids 43:737–753

9. Wu XL, Libchaber A (2000) Particle diffusion in a quasi-two-
dimensional bacterial bath. Phys Rev Lett 84:3017

10. Hernández-Ortiz JP, Stoltz CG, Graham MD (2005) Trans-
port and collective dynamics in suspensions of confined self-
propelled particles. Phys Rev Lett 95:203501

11. Saintillan D, Shelley MJ (2007) Orientational order and in-
stabilities in suspensions of self-locomoting rods. Phys Rev
Lett 99:058102

12. Saintillan D, Shelley MJ (2008) Instabilities and pattern for-
mation in active particle suspensions: kinetic theory and con-
tinuum simulations. Phys Rev Lett 100:178103

13. Saintillan D, Shelley MJ (2008) Instabilities, pattern forma-
tion and mixing in active suspensions. Phys Fluids 20:123304

14. Ishikawa T, Locsei JT, Pedley TJ (2008) Development of
coherent structures in concentrated suspensions of swimming
model micro-organisms. J Fluid Mech 615:401–431

15. Mehandia V, Nott PR (2008) The collective dynamics of self-
propelled particles. J Fluid Mech 595:239–264

16. Wolgemuth CW (2008) Collective swimming and the dynam-
ics of bacterial turbulence. Biophys J 95:1564–1574

17. Hatwalne Y, Ramaswamy S, Rao M, Aditi Simha R (2004)
Rheology of active-particle suspensions. Phys Rev Lett
92:118101

18. Ishikawa T, Pedley TJ (2007) The rheology of a semi-dilute
suspension of swimming model micro-organisms. J Fluid
Mech 588:399–435

19. Haines BM, Aranson IS, Berlyland L, Karpeev DA (2008)
Effective viscosity of dilute bacterial suspensions: a two-
dimensional model. Phys Biol 5:1–9

20. Batchelor GK (1974) Transport properties of two-phase ma-
terials with random structure. Annu Rev Fluid Mech 6:227–
255

21. Hinch EJ, Leal LG (1972) The effect of Brownian motion on
the rheological properties of a suspension of non-spherical
particles. J Fluid Mech 52(4):683–712

22. Brenner H (1974) Rheology of a dilute suspension of
axisymmetric Brownian particles. Int J Multiph Flow 1:195–
341

23. Hinch EJ, Leal LG (1975) Constitutive equations in suspen-
sion mechanics. Part 1. General formulation. J Fluid Mech
71(3):481–495

24. Hinch EJ, Leal LG (1976) Constitutive equations in suspen-
sion mechanics. Part 2. Approximate forms for a suspension
of rigid particles affected by Brownian rotations. J Fluid
Mech 76(1):187–208

25. Chen SB, Koch DL (1996) Rheology of dilute suspensions of
charged fibers. Phys Fluids 8(11):2792–2807

26. Chen SB, Jiang L (1999) Orientation distribution in a dilute
suspension of fibers subject to simple shear flow. Phys Fluids
11(10):2878–2890

27. Doi M, Edwards SF (1986) The theory of polymer dynamics.
Oxford University Press, Oxford

28. Jeffery GB (1922) The motion of ellipsoidal particles im-
mersed in a viscous fluid. Proc R Soc Lond Ser A 102:161

29. Bretherton FP (1962) The motion of rigid particles in a shear
flow at low Reynolds number. J Fluid Mech 14:284

30. Subramanian G, Koch DL (2009) Critical bacterial concen-
tration for the onset of collective swimming. J Fluid Mech
(in press)

31. Underhill PT, Hernandez-Ortiz JP, Graham MD (2008) Dif-
fusion and spatial correlations in suspensions of swimming
particles. Phys Rev Lett 100:248101


	The Dilute Rheology of Swimming Suspensions: A Simple Kinetic Model
	Abstract
	Introduction
	Kinetic Model
	Results and Discussion
	References




<<
  /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 0.0000
  /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 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /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 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


