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Abstract—Weight and power autonomy are limiting the daily 
use of wearable exoskeleton. Lightweight, efficient and powerful 
actuation system are not easy to achieve. Choosing the right 
combinations of existing technologies, such as battery, gear and 
motor is not a trivial task. In this paper, we propose an 
optimization framework by setting up a power-based quasi-static 
model of the exoskeleton joint drivetrain. The goal is to find the 
most efficient and lightweight combinations. This framework can 
be generalized for other similar applications by extending or 
accommodating the model to their own needs. We also present 
the Mindwalker exoskeleton joint, for which a novel series elastic 
actuator, consisting of a ballscrew-driven linear actuator and a 
double spiral spring, was developed and tested. This linear 
actuator is capable of outputting 960W power and the 
exoskeleton joint can output 100Nm peak torque continuously. 
The double spiral spring can sense torque between 0.08Nm and 
100Nm and it exhibits linearity of 99.99%, with no backlash or 
hysteresis. The series elastic joint can track a chirp torque profile 
with amplitude of 100Nm over 6Hz (large torque bandwidth) and 
for small torque (2Nm peak-to-peak), it has a bandwidth over 
38Hz. The integrated exoskeleton joint, including the ballscrew-
driven linear actuator, the series spring, electronics and the metal 
housing which hosts these components, weighs 2.9kg. 

Keywords—wearable; exoskeleton; series elastic actuation; 
SEA; spiral spring; power based quasi-static modeling 

I.  INTRODUCTION 
Spinal cord injury (SCI) has high personal impact and 

socio-economic consequences. Patients with SCI involuntarily 
place a heavy burden on the health care system. According to 
the Wyndaele's review in 2006 [1], prevalence of SCI in 
northern America and Europe was estimated to be 485 per 
million population, with a range of 223-755 per million 
population; reported incidence of SCI lies between 10.4 and 83 
per million inhabitants per year worldwide. Two thirds of 
patients are estimated to be paraplegic. Most patients with SCI 
are young men in the beginning of their thirties, who need to 
work to support their families, but now have to rely on help 
from heath care system and social security system. 

Exoskeletons are introduced in the rehabilitation market, in 
attempt to mitigate the aforementioned problems, out of which 
ReWalk, Ekso, and REX are the most advanced and mature 

systems. ReWalk [2], Ekso [3] are relatively lightweight 
(20~25kg) but still rely on the help of crutches to maintain 
balance and compensate the power insufficiency in the 
exoskeleton joints. The lack of actuation in some degrees of 
freedom such as the ankle joint, prevents the daily application 
of these exoskeletons, simply because without crutches or the 
help of others, it is almost impossible for a patient to stand up 
from sitting position. REX [4] exoskeleton is fully actuated but 
much heavier (38kg); it is inconvenient to be worn daily. All 
three exoskeletons use electric motors due to their excellent 
controllability and ease of supplying power, compared with 
other actuators such as hydraulic and pneumatic actuators. 
However, in most of the current designs, the relative low power 
and torque density of the electric motor result in either a heavy 
or a functionally limited system. Further, these exoskeletons 
use position-controlled rather than force-controlled actuators;  
position-controlled actuators are potentially unsafe during 
contact transitions [5], especially when interacting with human. 
Mina exoskeleton [9] which uses force controllable actuators is 
still in an evaluation phase. It also only has hip and knee 
actuation in sagittal plane, but it weighs already over 21 kg. 

Based on above analysis we could conclude that weight is 
the factor that limits the daily use of a wearable exoskeleton. 
The weight of actuators, and the weight of batteries. When 
weight becomes critical, choosing proper components for the 
joint drivetrain becomes difficult. The often encountered 
questions are 

• Should we sacrifice the weight of the battery for heavier 
but more efficient motors, or vice versa? In general, larger 
motors are more efficient than smaller motors1; a more 

                                                           
1 Qualitative explanation: a) copper loss iM

2RM = (TM / KT)2RM is the main loss 
in a permanent magnetic brushless DC (PMBLDC) motor, where iM is current, 
RM winding resistance, TM motor torque, and KT torque constant. Keeping the 
required torque, flux density and winding wire cross-section area constant, 
winding resistance and torque constant is proportional to the number of 
winding turns. Motor size (weight) can be increased by increasing the winding 
turns by k, but the copper loss will decrease by a factor of 1/k; i.e., less heat 
and higher efficiency b) larger motors with increased winding turns, has 
proportionally more surface through which they can release heat (remember 
winding resistance increases as temperature rises). 
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efficient motor demands smaller battery, but the motor 
itself is heavier.  

• How to match a gear system with a motor so that the 
overall efficiency is maximized and the battery size is 
minimized? 

The goal of this paper is to investigate whether a 
lightweight exoskeleton design could be realized by using 
torque controlled series elastic actuators (SEA). The 
exoskeleton is supposed to help SCI induced paraplegics to 
walk again; it is named as Mindwalker since the ultimate goal 
is to use brain signal to control the exoskeleton [6]. In this 
paper we try to setup a simple model of the exoskeleton joint 
drivetrain consisting of the series spring, the gear system, the 
motor, drive electronics and the battery, based on which a two-
step optimization framework is proposed to tackle the 
aforementioned problems, namely, to find the proper gear ratio 
(in our case it is the geometrical parameters of the design) so 
that energy consumption is minimized, and to find the best 
combination of gear, motor and battery so that their total 
weight is minimal. Similar approach has been widely applied in 
modeling hybrid electrical vehicle (HEV) drivetrain and energy 
management system (see e.g. [7]), where fuel consumption 
(efficiency) is minimized but not the total weight of the vehicle 
drivetrain. The proposed approach can be accommodated for 
similar applications, e.g. by replacing the ballascrew for other 
type of gear system, or by replacing the simple component 
model with a more advanced or detailed model. 

In this paper, we first specify the design requirements and 
describe the design concept of the new SEA in section II. In 
section III, the power-based drivetrain modeling and design 
optimization framework is explained, followed by discussions. 
In section IV, the design details of Mindwalker exoskeleton 
joint is presented. In section V, the preliminary tests results are 
given. Conclusions are given in section VI. 

II. DESIGN REQUIREMENTS AND CONCEPT OF THE 
EXOSKELETON JOINT 

A. Design Requirements 
In this exoskeleton, four degrees of freedom (DOFs) will be 

actuated: the hip flexion/extension (HFE), hip abduction/ 
adduction (HAA), knee flexion/extension (KFE), and ankle 
dorsi/plantar flexion (ADP). We believe with these powered 
and other passive DOFs, straight level-ground walking could 
be realized. We are targeting at a user group with maximal 
body weight 100kg, and a walking speed of 0.8 m/s. We 
collected and analyzed human gait data to facilitate the design 
by providing information such as joint velocity, torque and 
power [8]. A list of design requirements are given in Table I. 

TABLE I.  DESIGN REQUIREMENTS FOR AN EXOSKELETON JOINT 
Peak torque 100 Nm 
Peak power >150 W 
Series spring stiffness 800 Nm/rad 
Small torque bandwidth@2Nm 20 Hz 
Large torque bandwidth@100Nm 4 Hz 
Output torque resolution 1 Nm 
Closed-loop control update frequency 1000Hz 
Joint mass As light as possible 

 

B. Actuation Concept  
To make the exoskeleton joint force/torque controllable, a 

series elastic actuator (SEA) will be implemented. The basic 
concept is depicted in Fig 1. The SEA consists of a custom-
made linear actuator and a torsion series spring. The linear 
actuator integrates a brushless direct current (BLDC) motor, 
and a ballscrew. In the linear actuator, the ballscrew nut is 
directly coupled to rotor. The hollow structure allows the 
ballscrew to pass through the heart of  the motor stator, which 
makes the linear actuator very compact. The housing of linear 
actuator connects to the proximal segment and the ballscrew 
pushes and pulls the distal leverarm, which is elastically 
coupled to the distal segment via the torsion spring. By sensing 
the spring deflection, the joint torque can be measured directly. 
The torsion spring design will be elaborated in section III B.  

In the modeling and optimization of the joint drivetrain, 
motors, ballscrews, size of the battery are free to change. 
Geometrical parameters which contribute to the total gear ratio, 
i.e., the proximal leverarm Pr , the distal leverarm Pr , and the 
initial angle 0Lq between them when standing, are optimized. 

C. Component Selections 
Ballscrews are chosen as the transmission because of its 

high torque density, high efficiency, and good backdrivability. 
Harmonic drives are often used for robots thanks to its relative 
high torque density and easy integration with rotary motors [9]. 
However harmonic drive suffers from low efficiency and poor 
backdrivability; similar story holds for lead screw, if no special 
development effort is implemented [10]; planetary gear is ruled 
out due to its low torque density.  

By assuming a moment arm d between 40~60mm, the 
required axial load and peak rotating speed of ballscrews can 
be estimated from the gait data [8]. In this paper we limit our 
investigation to three candidate ballscrews SKF SD12x4, SKF 
SD12x5, and SKF SD10x4. These ballscrews satisfy the torque 
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Fig. 1. Left: Linear actuator. Both outrunner motors (stator inside of rotor)
and inrunner motors (rotor inside of stator) can be implemented, provided the
core is hollow. In this concept, the ballscrew nut is directly coupled to the
rotor; the screw can retract into the core of the motor; the drive electronics is
mounted at the back of the stator. These decisions result in a very compact
linear actuator design. Right: SEA concept. The series spring decouples the
load from the  linear actuator. By sensing the spring deflection, joint torque
could be measured. rP = proximal leverarm; rD = distal leverarm; d = moment
arm; qL = leverarm angle, qJ = joint angle; l = distance between the actuator
shafts; DBS = ballscrew diameter; DJ = joint shaft diameter.  



(given a safety factor of about 2)  and velocity demand, and 
they can pass through the hollow stators of most candidate 
motors. In reality we did have compared more ballscrews and 
motors, which will not be listed due to limited space. 

TABLE II.  CANDIDATE BALLSCREWS 
Type SKF SD12x5 SKF SD10x4 SKF SD12x4
Theoretical forward efficiency)a 0.956 0.954 0.946 
Theoretical backdrive efficiency 0.954 0.952 0.943 
Dynamic load rating (N) 4200 4500 5000 
Static load rating (N) 5300 5400 5000 
Nut mass (kg) 0.058 0.040 0.066 
Nut inertia (kg⋅mm2) 4.89 2.71 6.55 
Screw mass (kg/m) 0.71 0.43 0.71 

a. practical forward efficiency is 0.9 times of theoretical efficiency. 

For motor selection, efficiency and torque density are the 
quantities of interest. Permanent magnetic brushless DC motors 
generally have relatively higher torque density and efficiency. 
Copper loss is the main loss in this type of motor. Motor 
constant MK  is a figure of merit used to compare the relative 
efficiencies and output power capabilities of different motors, 
which defines the ability of the motor to transform electrical 
power to mechanical power [11]. Motors from different 
suppliers, such as Maxon, Moog, Emoteq and model airplane 
motor suppliers such as Dualsky, E-flite, and Hacker, are 
selected according to the torque and power requirements for all 
joints assuming a gear ratio ranging from 50:1 to 126:1 
( 2 BSd pπ , with BSp the ballscrew lead). Then the motors are 
sorted using motor constant in ascending order, of which the 
top ten are shown in Table III.  

TABLE III.  CANDIDATE MOTORS 
# 1 2 3 4 5 

Type 
Dualsky 
XM5060
EA10 

E-Flite 
110BL 

Hacker 
A50-12L 
V2 

Hacker 
A50-16L 
V2 

Hacker 
A50-14L 
V2 

Torque const. (Nm/A) 0.033 0.032 0.027 0.035 0.032
Winding resistance(Ω) 0.040 0.030 0.021 0.031 0.025
Motor const.( Nm W ) 0.165 0.187 0.189 0.199 0.201
Weight (kg) 0.376 0.490 0.430 0.430 0.430

# 6 7 8 9 10 

Type E-Flite 
90BL 

Dualsky 
XM6350
EA15 

Dualsky 
XM6350
EA12 

Hacker 
A60-7S 
V2 

Dualsky 
XM6360
EA12 

Torque const. (Nm/A) 0.029 0.043 0.034 0.044 0.052
Winding resistance(Ω) 0.020 0.041 0.025 0.026 0.034
Motor const.( Nm W ) 0.208 0.211 0.216 0.276 0.282
Weight (kg) 0.450 0.453 0.462 0.595 0.617

From motor construction point of view, outrunners (stator 
inside) can achieved relatively higher efficiency and torque 
density than inrunners (rotor inside), because a) better filling 
factors (more winding turns, therefore higher torque density) 
could be achieved in the stator of outrunners, b) higher winding 
factor (determined by pole and slot numbers) could be obtained 
[11][12]. This explains why in Table III, no inrunner motor is 
present. Different from other applications, bipedal walking is a 
typical low-speed-high-torque application, for which outrunner 
motors are normally optimized. Furthermore, the cyclic gait 
pattern requires, in the beginning and end of a stride, the 
system states (e.g., velocities and accelerations) are recovered, 
meaning, the acceleration (where inertia costs energy) and 
deceleration (where inertia helps to brake) phases are more or 

less evenly distributed. Therefore the relatively higher rotor 
inertia is not considered as a major disadvantage. We will look 
at the possible losses due to rotor inertia in section III D.  

We did not use helical compression springs as series 
springs, because the required preload on the antagonistic (or 
back-to-back) pairs can waste half of the spring energy 
capacity (redundant mass). Therefore we made a special series 
spring, of which the design will be elaborated in section III B. 

III. JOINT DESIGN OPTIMIZATION 

A. Notation Conventions 
The analysis and optimization of the joint drivetrain 

involves large number of quantities, for ease of reference a list 
of principle symbols is given below. In each component model 
in the drivetrain, symbols with suffix 1 represent the input 
quantities of that component, e.g., 1MP  is the input power of 
the motor; accordingly symbols with suffix 2 output quantities; 
power and energy terms without suffix are the powers and 
energies dissipated (or added) by that component, e.g., PBS  and 
∆EBS is the power and energy loss of the ballscrew. Powers 
flowing from the input port to the output port are defined as 
positive. Forward efficiencies are suffixed by 12 and backdrive 
efficiencies by 21.  

For all time-dependent variables, such as joint torques, joint 
powers, joint angles, motor torques and velocities, etc., time is 
dropped out for simplicity. Time derivatives are indicated by 
dot, e.g., Jq  is the joint velocity. Quantities in this paper are in 
SI base units if not specified. 

TABLE IV.  CONSTANTS AND VARIABLES 
Symbol Quantity Symbol Quantity Symbol Quantity 

Constants 

12BSη  
Ballscrew 
forward 
efficiency  

21BSη  
Ballscrew 
backdrive 
efficiency 

Sk  Series spring 
stiffness 

12Bη  
Battery 
discharge 
efficiency  

21Bη  Battery charge 
efficiency MJ  

Lumped rotor 
moment of 
inertia 

4 12qη  
Motor drive 
forward 
efficiency  

4 21qη  
Motor drive 
braking 
efficiency 

SU  Motor supply 
voltage 

Time-Dependent Variables 

JP  Joint output 
power 2BSP  Ballscrew output 

power Jq  Joint angle 

2SP  Series spring 
output power 1BSP  Ballscrew input 

power Lq  Leverarm angle 

1SP  Series spring 
input power CuP  Copper loss of 

motor Sq  Series spring 
deflection 

2MP  Motor output 
power 4 1qP  Drive electronics 

input power   

1MP  Motor input 
power 1BP  Battery input 

power   

B. Series Spring Design and Weight Minimization 
Springs made of a single piece of material requires no 

preload and could be more lightweight. We designed and 
produced a disk-shaped double spiral spring (Fig. 2), which is a 
continuation of the idea from Stienen [13] and Lagoda [14]. 
This new design aims to improve in torque density, and the 
accuracy of spring stiffness estimation, and to eliminate 



connection backlash. 

1) Double spiral spring 
The spiral spring consists of two Archimedean spirals. The 

edges of the spiral spring are two curves equally offset a certain 
distance (h/2) from the Archimedean spirals (centerline).  

2) Spring weight minimization 
This double spiral spring was made from a single piece of 

high grade titanium for its low mass index (ρSYS/Sf
2, ρS = mass 

density; YS = Young’s modulus; Sf  = fatigue strength). 

The spring geometry (b, h and a0) is optimized to reduce 
mass. Given the design space we have, we fixed the parameters 
such as ir = 18.5mm and or = 41.5mm (see Fig. 2, top-left). We 
formulate the objective function as the spring mass 
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where ,SC σ and ,S touchC  are safety factors; maxSq and Swoundq are the 

spring maximal deflection and the deflection when its spirals 
are fully wound respectively. 

Optimal values were found when b = 10.46mm, h = 
9.12mm and 0a =13.88mm. Each of the spirals has an active 
coil number n0 = 1. The mass of the spring is about 220gram. 

The stress distribution and stiffness are checked using finite 
element analysis tool (Inventor 2011); its stiffness is 
experimentally validated (see Fig. 2). The measured stiffness is 
820Nm/rad, with a prediction error less than 2.5%. The spring 
exhibits highly linear behavior (linearity over 99.99%), and 
there is no backlash at the connections.  

C. Power-Based Quasi-static Model of the SEA Drivetrain 
We try to model all the components in the drivetrain 

including the series spring, the gear system, the motor, the 
drive electronics and the battery. The modeling procedure starts 
with collecting gait data 

 

2

joint angle
joint torque = spring torque
joint power = spring output power

J

J S

J J J S

q
T T
P q T P

=
= ⋅ =

 (2) 

1) Series spring 
The series spring mass/inertia is lumped to distal segment 

(load side). The input power to the series spring (equal to the 
output power of the ballscrew) is 

  ( )1 2S L S J J S J BSP q T q T k T P= ⋅ = + ⋅ =  (3) 

2) Gear system 
The gear system consists of a ballscrew and a leverarm. 

Assuming piecewise linear losses (forward- and back-driving 
with different constant efficiencies, see Table II) in the 
ballscrew, then the input power to the ballscrew can be 
expressed as 

 ( )1 1 12 1 21max ,BS S BS S BSP P Pη η=  (4) 

where the two terms in the bracket are ballscrew input power 
when forward- and back-driving respectively.  
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Fig. 2: Top-left: double spiral spring: ri = root diameter; ro= outer diameter;
a0 = space (pitch) between coils of one spiral; h = spiral thickness; b = spring 
width; θ = parametric angle ( θ = 0 is the root, θ = 2π is one revolution); n
(not shown) = active spiral coils (revolutions, denoted as n0 when no load is
applied. In this figure each spiral branch has n0 = 1); Top-right: finite element
analysis on the stress in the spiral spring when 100Nm torque is applied; it can 
be seen that the peak stress 522MPa is slightly over the material fatigue
strength (510MPa). After applying all the correcting factors we conclude that 
for repetitive 100Nm peak to peak loading cycle, the spring service life is
about 0.14 million cycle. Bottom: spring load-deflection curve. The spring 
exhibits highly linear behavior, and zero backlash at the connection spots. The 
linearity is estimated to be over 99.99%.  

Rotor inertia: JM 

Load inertia: JJ 

Ballscrew & 
Leverarm:  

N 

Mq  

Lq

Jq

MT

ST

JT

fT

 
Fig. 3. SEA drivetrain diagram. 



Ballscrew screw inertia is too small and therefore ignored; 
ballscrew nut is rigidly coupled to the rotor, and its inertia is 
lumped to rotor inertia. 

The variable gear ratio N is a nonlinear function of 
leverarm position qL (see Fig. 1). The geometrical equations are 

  
( ) ( )
( ) ( )
( ) ( )

2 2 2 cos

sin
L P D P D L

L P D L L

L L L BS M L

l q r r r r q

d q r r q l q
N q d q p q qπ

= + +

=
= ⋅ 2 =

 (5) 

3) Motor  
The motor output torque can be calculated using 

  
1
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S
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where MJ is the lumped moment of inertia of rotor and 
ballscrew nut; fT  is bearing friction which is a function of 
motor speed and the actuator axial load; unknownT is other 
unknown (therefore not modeled) torque terms (cogging torque 
and windage, etc.).  

Then the motor bearing friction power loss, rotor inertial 
power loss, and motor mechanical output power are 

  

2 1

MI M M M

f f M

M M M BS MI f

P J q q
P T q

P T q P P P

=
=

= ⋅ = + +
 (7) 

Knowing the motor torque and speed, we could calculate 
the motor current, terminal voltage, and motor copper loss 

  4
2

M M T

q M M M T

Cu M M

i T K
U R i q K
P i R

=
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=
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The input power to the motor equals 

  1 2M M CuP P P= +  (9) 

4) Motor drive electronics and battery 
In the current model, drive electronics and battery dynamics 

are not modeled. Assuming drive electronics forward and 
backward efficiency 4 12 4 21 90%q qη η= =  and battery charge/ 
discharge efficiency 12 21 85%B Bη η= = , we have  
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Energy consumption during one gait cycle equals 

  ( )1 1 0 1
0

, ,
gaitt t

B B P D L B
t

E E r r q P dt
=

=

= = ∫  (11) 

where tgait is duration of one gait cycle. Positive energies 
indicate that the battery is discharged. 

D. Optimization of Joint Drivetrain Design 
In the exoskeleton design, for a given task (e.g. mimicking 

human walking at a speed of 0.8m/s for 8 hours),  two steps are 
taken to minimize the total mass of the drivetrain.  

Step-1 optimize the design parameters (geometry) so that 
the energy consumption is minimized for each possible 
combination;  

Step-2 find the lightest combination of motor, gear system 
and battery.  

1) Step-1 Optimization 
For a specific combination of motor and ballscrew, the 

objective is to minimize the energy consumption by optimizing 
the geometrical parameters, that is, the proximal and distal 
leverarm lengths, ,P Dr r , and the initial distal leverarm angular 
position w.r.t. the proximal leverarm, 0Lq  

  ( )1 0min , ,B P D LE r r q  (12) 

subjected to the following mechanical and electrical constraints 
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with minLq and maxLq  the min. and max. leverarm angular 
position, minl and maxl  the min. and max. actuator length; maxMi  
and 4 maxqi  are peak motor current and permitted motor 
current; maxBSF and maxaxialF are peak ballscrew axial force and 
permitted axial force limited by bearings and ballscrew. 

Furthermore, the boundary conditions are  

[ ]
[ ]
[ ]

min max

min max

0 0min 0max 0

, bounds for 
, bounds for 
, bounds for 

D D D D

P P P P

L L L L

r r r r
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For each combination of candidate electric motors and 
ballscrews, an optimal parameter triple 0, ,P D Lr r q could be 
found. Taking the combination of Hacker A60-7SV2 motor and 
SD12x4 ballscrew as an example, at KFE joint, detailed energy 
consumption breakdown for all components in the drivetrain is 



shown in Fig. 4. An overview for other joints is shown in Table 
V. Based on the results, we can conclude  

• An efficient motor is paramount for this type of 
application, since copper loss (11.18J per step for KFE, 
see ∆ECu in Table V for other DOFs) is one of the major 
loss sources. Copper loss has to be minimized to improve 
the overall system efficiency;  

• The relatively larger rotor inertia of outrunners does not 
necessarily cost more energy (see ∆EMI in Fig. 4 and Table 
V), which can be explained by the almost evenly 
distributed positive and negative powers about horizontal 
axis; 

• The large power fluctuations (PMI) due to rotor inertia at 
the second half of the gait cycle do not introduce extra 
copper loss, because no direct correlation between PMI 
and PCu could be seen (see Fig.4, bottom). The rotor 
inertia is actually assisting the braking of the joint where 
PMI is negative.  

We have to mention that when the full exoskeleton is 
walking, the motors that are working in generator mode could 
transfer energy to the motoring motors directly, with only Joule 
loss in the power cables, which makes the fully-powered 
exoskeleton slightly more efficient. This concept will be 
elaborated in our later publications.  

TABLE V.  ENERGY CONSUMPTION BREAKDOWN AT FOUR POWERED DOFS 
DOFs HFE KFE ADP HAA
Joint output energy EJ (J) 6.63 -28.10 -3.07 4.80
@Spring ∆ES (J) -0.75 -0.77 -1.06 0.43
@Ballscrew ∆EBS (J) 6.38 5.55 1.85 1.42
@Motor bearing ∆Ef (J) 2.79 4.15 1.18 0.64
@Rotor (inertial loss) ∆EMI (J) -0.24 -0.29 0.08 0.01
@Winding (copper loss) ∆ECu (J) 11.29 11.18 10.78 11.35
@Drive electronics ∆E4q (J) 5.17 4.80 2.08 2.28
@Battery ∆E B (J) 8.67 7.34 3.47 3.99
Total input energy EB (J) a 39.94 3.87 15.31 24.92

a. equal to the column sum . 

2) Step-2 Optimization 
To compare different combinations, total mass was chosen 

as the common measure. Energy is related to mass after divided 
by energy density of chosen battery technology.  

  ( )min , , OP B
B M BS M BS

gait B

t E
f E m m m m

t ρ
= ⋅ + +  (14) 

with tOP the task duration (8 hours in this paper), Bρ the battery 
energy density in J/kg, mM the motor mass and mBS the 
ballscrew set mass. Then the first term is the battery mass for 
certain operation time. The product of task duration tOP and 
energy consumption per gait EB affects the final choice of 
motors and gears. When tOP⋅EB is large enough, battery mass 
dominates the objective function, efficient motors will be the 
optima; on the contrary when tOP⋅EB is small enough, motor 
mass dominates the objective function, and lighter motors 
(although less efficient) will be chosen. However there is no 
uniform strict threshold for tOP⋅EB for all the DOFs. In Fig. 5, 
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 376g DualSkyXM5060EA10

490g E-flite
110BL

430g HackerA50-12LV2

430g HackerA50-16LV2

430g HackerA50-14LV2

450g E-flite
90BL

453g DualSkyXM6350EA15

462g DualSkyXM6350EA12

595g HackerA60-7SV2

617g DualSkyXM6360EA12

Fig. 5. Step-2 optimization results: total masses of the battery, the ballscrew,
and the motor for four powered DOFs. The lightest combinations are encircled
by magenta circles. Horizontal axes list out ten motors with their weights (g)
and types displayed in the middle; motors are sorted according to motor
constants (horizontal axis tick label). Combinations using three different
ballscrews are indicated with different markers. The missing markers are
combinations that cannot satisfy all constraints. We can conclude that,
theoretically for HFE and HAA, DualSky XM6360EA12 and SD10x4 is the
best combination (total weight is minimal); Hacker A60-7SV2 and SD10x4
for KFE and ADP. This is because for HFE and HAA the product tOP⋅EB (see
Table V to compare the EB values) is much larger than those for other DOFs.
Weight difference between the designs using SD12x4 and SD10x4 is mostly
less than 50 grams, which is the weight differences of these two ballscrews,
because their efficiency difference is marginal (see Table II). The relatively
more efficient ballscrew SD12x5 (see Table II) does not result in lightweight
design, because its relatively lower gear ratio causes more copper loss and
requires heavier battery.
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Fig. 4. Step-1 optimization result. Energy consumption breakdown at KFE.
Top: Power curves are calculated using (2)~(10). Energy is the integral of
power over one gait cycle. Bottom: Energy consumption at each component
by calculating the difference between the input powers and output powers.
The knee joint is a very special case where large amount of energy is
regenerated (EJ <0) rather than consumed. Throughout the drivetrain, the
regenerated energy at the joint is dissipated gradually. Spring and rotor inertia
adds 0.77J (∆ES) and 0.29J (∆EMI) to the system respectively. Ballscrew
friction, bearing friction, motor winding, drive electronics, and battery costs
5.55J (∆EBS), 11.18J (∆ECu), 4.80J (∆E4q), and 7.34J (∆EB),  respectively. 



the total masses for different motor and gear combinations are 
shown. In general motors with higher motor constants lead to 
lighter designs, which proves the correctness of using motor 
constant as one of our selection criteria. Abnormities and 
outliers do exist because not all motors are optimized to their 
limit in terms of weight and efficiency.   

IV. JOINT PROTOTYPE AND CONTROL IMPLEMENTATION 
In the current design, the Hacker A60-7SV2 motor and 

SD12x4 screw were used. According to Fig. 5 SD10x4 is a 
better ballscrew, but SD10x4 is considered to be sensitive to 
buckling due to its thin cross-section. The aforementioned 
components are integrated in a constrained envelope as shown 
in Fig. 6. The total width of the joint is 90mm and joint 
diameter is 125mm. The joint without the proximal and distal 
segments (tubes) weighs 2.9kg. The linear actuator is placed in 
the center of the joint, and end of the ballscrew is coupled to 
the leverarm. The disk-shape double spiral spring is to the left 
of the leverarm and couples the leverarm and the distal segment. 

The joint PCB is embedded to the right of the leverarm, 
which is responsible for communicating with all the encoders 
and the motor. The drive electronics of the motor is enclosed at 
the back of the linear actuator, it can provide 24 V and 40A 
continuous input to the motor, that is, 960W in terms of power. 
Encoder 1 senses the spring deflection, and encoder 2 measures 
joint angle, both of which provide 217 counts per revolution. 
Given the spring stiffness of 820Nm/rad, the effective torque 
sensing resolution is 0.08 Nm (considering 16 effective bits). 
The joint PCB has dual EtherCAT E-Bus ports. A PC with 
EtherCAT master installed can communicate with the joint 
PCB via EtherCAT coupler EK1100 from Beckhoff. The 
EtherCAT master is installed under Ubuntu 10.04 with real-
time kernel and it interfaces with Matlab/Simulink.  

The torque and impedance controller implementations are 
shown in Fig.7. These controllers update at 2kHz. The motor is 
treated as a velocity source with its velocity control loop 
embedded in the joint PCB firmware, updating at 20kHz. The 
torque loop is closed using the spring deflection measurement 
using encoder 1, and the impedance loop using the joint 
encoder measurement. 

V. PRELIMINARY PERFORMANCE TESTS 
To test the torque control performance, the proximal and 

distal segments (tubes) of a knee joint are both fixed to a large 
aluminum plate (Fig.6). To measure the torque control 
bandwidth at different toque amplitudes, the actuator was 

commanded to follow a chirp torque setpoint with its frequency 
changing from 0.1Hz to 50Hz and amplitude from 2Nm to 
100Nm. For the 100Nm torque tracking measurement, the time 
domain signals and the bode plot of the closed-loop transfer 
function are depicted in Fig.8. The large torque (100Nm peak-
to-peak) control bandwidth is over 6Hz. The torque control 
bandwidth increases as the torque amplitude decreases. The 
small torque (2Nm peak-to-peak) bandwidth is about 38 Hz. 
The main characteristics of the joint are summarized in Table 
VI. All design requirements are met or surpassed.  

TABLE VI.  SPECS OF THE EXOSKELETON JOINT 
Peak torque 100 Nm 
Peak power 960 W 
Series spring stiffness 820Nm/rad 
Small torque bandwidth @ 2Nm 38.2 Hz 
Large torque bandwidth @ 100Nm 6.7 Hz 
Output torque resolution 0.08 Nm 
Closed-loop control update frequency 2000 Hz 
Joint mass 2.9 kg 

VI. CONCLUSIONS 
In this paper we present a novel SEA design concept 

consisting of a linear actuator and a relatively stiff series spring 
(820Nm/rad) which is a disk-shape double spiral spring made 
of a single piece of titanium. The linear actuator is very 
compact thanks to its hollow stator which allows the ballscrew 
to pass through its core. To achieve a lightweight wearable 
exoskeleton design, we propose a power-based quasi-static 
modeling framework for the actuation drivetrain of the joint, 
which can facilitate the design parameter optimization and 
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Fig. 6. Left: A-A cross-section view of the joint shown on the Right. The
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center, to the left is the disk-shape spiral spring, to the right is the embedded
joint PCB. Right: photo of the exoskeleton joint. In torque control tests, both
proximal and distal segments were fixed to the big aluminum plate. 



component selection process. This framework is readily to be 
extended, e.g., by replacing ballscrews with other type of gear 
systems, or replacing the simple model of a component with 
more advanced model. The power-based quasi-static model of 
the drivetrain helps to understand a) that in general motors with 
larger motor constant are more energy efficient and they are 
heavier, but when long operation time is demanded, these 
motors can lead to a lightweight design for the actuation and 
power system; b) that relatively larger moment of inertia does 
not necessarily introduce extra energy loss for walking gait.  

We also present the Mindwalker exoskeleton joint 
prototype. The joint prototype surpasses our design 
requirements. The double spiral spring exhibits good linearity 
(99.99%) and weighs 220g. In combination with the high 
resolution encoder, it can sense the torque between 0.08Nm 
and 100Nm. The actuator can output 960W power and can 

track large torque (100Nm) command up to 6Hz. The joint 
prototype excluding the segment tubes weighs 2.9kg. 

In this paper, we focused on the drivetrain weight 
minimization. Other aspects of the design need more efforts in 
the future. For example, the weight of supporting structure 
which hosts these components also needs to be minimized; 
better industrial design such as smooth external surfaces and 
reduced gap sizes would also be critical for safer usage of this 
device. These are futures steps to be taken for a next prototype. 
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Fig. 8. Top: time domain signals for 100Nm chirp torque tracking. The torque
setpoint (setp), the measured joint torque (mea), the error are shown in one
plot. Middle: Bode plot of the closed-loop transfer function for large torque
tracking. The joint was commanded to track a chirp signal with amplitude
100Nm and frequency increase slowly from 0.1Hz to 15Hz. The large torque
control bandwidth is over 6Hz. Bottom: torque control bandwidth at different
torque amplitudes. The small torque (2Nm) control bandwidth is over 38Hz.
Torque control bandwidth decreases as torque amplitude increases. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AbadiMT-CondensedLight
    /ACaslon-Italic
    /ACaslon-Regular
    /ACaslon-Semibold
    /ACaslon-SemiboldItalic
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /AGaramond-Bold
    /AGaramond-BoldItalic
    /AGaramond-Italic
    /AGaramond-Regular
    /AGaramond-Semibold
    /AGaramond-SemiboldItalic
    /AgencyFB-Bold
    /AgencyFB-Reg
    /AGOldFace-Outline
    /AharoniBold
    /Algerian
    /Americana
    /Americana-ExtraBold
    /AndaleMono
    /AndaleMonoIPA
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /Anna
    /ArialAlternative
    /ArialAlternativeSymbol
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMT-Black
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /AvantGarde-Book
    /AvantGarde-BookOblique
    /AvantGarde-Demi
    /AvantGarde-DemiOblique
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /BakerSignet
    /BankGothicBT-Medium
    /Barmeno-Bold
    /Barmeno-ExtraBold
    /Barmeno-Medium
    /Barmeno-Regular
    /Baskerville
    /BaskervilleBE-Italic
    /BaskervilleBE-Medium
    /BaskervilleBE-MediumItalic
    /BaskervilleBE-Regular
    /Baskerville-Bold
    /Baskerville-BoldItalic
    /Baskerville-Italic
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /Bellevue
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlingAntiqua-Bold
    /BerlingAntiqua-BoldItalic
    /BerlingAntiqua-Italic
    /BerlingAntiqua-Roman
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /BiffoMT
    /BinnerD
    /BinnerGothic
    /BlackadderITC-Regular
    /Blackoak
    /blex
    /blsy
    /Bodoni
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /Bodoni-Italic
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Poster
    /Bodoni-PosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /Bookman-Demi
    /Bookman-DemiItalic
    /Bookman-Light
    /Bookman-LightItalic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolSeven
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /Botanical
    /Boton-Italic
    /Boton-Medium
    /Boton-MediumItalic
    /Boton-Regular
    /Boulevard
    /BradleyHandITC
    /Braggadocio
    /BritannicBold
    /Broadway
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /BrushScript
    /BrushScriptMT
    /CaflischScript-Bold
    /CaflischScript-Regular
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Carta
    /CaslonOpenfaceBT-Regular
    /Castellar
    /CastellarMT
    /Centaur
    /Centaur-Italic
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchL-Bold
    /CenturySchL-BoldItal
    /CenturySchL-Ital
    /CenturySchL-Roma
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /CharterBT-Bold
    /CharterBT-BoldItalic
    /CharterBT-Italic
    /CharterBT-Roman
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /Chiller-Regular
    /Cmb10
    /CMB10
    /Cmbsy10
    /CMBSY10
    /CMBSY5
    /CMBSY6
    /CMBSY7
    /CMBSY8
    /CMBSY9
    /Cmbx10
    /CMBX10
    /Cmbx12
    /CMBX12
    /Cmbx5
    /CMBX5
    /Cmbx6
    /CMBX6
    /Cmbx7
    /CMBX7
    /Cmbx8
    /CMBX8
    /Cmbx9
    /CMBX9
    /Cmbxsl10
    /CMBXSL10
    /Cmbxti10
    /CMBXTI10
    /Cmcsc10
    /CMCSC10
    /Cmcsc8
    /CMCSC8
    /Cmcsc9
    /CMCSC9
    /Cmdunh10
    /CMDUNH10
    /Cmex10
    /CMEX10
    /CMEX7
    /CMEX8
    /CMEX9
    /Cmff10
    /CMFF10
    /Cmfi10
    /CMFI10
    /Cmfib8
    /CMFIB8
    /Cminch
    /CMINCH
    /Cmitt10
    /CMITT10
    /Cmmi10
    /CMMI10
    /Cmmi12
    /CMMI12
    /Cmmi5
    /CMMI5
    /Cmmi6
    /CMMI6
    /Cmmi7
    /CMMI7
    /Cmmi8
    /CMMI8
    /Cmmi9
    /CMMI9
    /Cmmib10
    /CMMIB10
    /CMMIB5
    /CMMIB6
    /CMMIB7
    /CMMIB8
    /CMMIB9
    /Cmr10
    /CMR10
    /Cmr12
    /CMR12
    /Cmr17
    /CMR17
    /Cmr5
    /CMR5
    /Cmr6
    /CMR6
    /Cmr7
    /CMR7
    /Cmr8
    /CMR8
    /Cmr9
    /CMR9
    /Cmsl10
    /CMSL10
    /Cmsl12
    /CMSL12
    /Cmsl8
    /CMSL8
    /Cmsl9
    /CMSL9
    /Cmsltt10
    /CMSLTT10
    /Cmss10
    /CMSS10
    /Cmss12
    /CMSS12
    /Cmss17
    /CMSS17
    /Cmss8
    /CMSS8
    /Cmss9
    /CMSS9
    /Cmssbx10
    /CMSSBX10
    /Cmssdc10
    /CMSSDC10
    /Cmssi10
    /CMSSI10
    /Cmssi12
    /CMSSI12
    /Cmssi17
    /CMSSI17
    /Cmssi8
    /CMSSI8
    /Cmssi9
    /CMSSI9
    /Cmssq8
    /CMSSQ8
    /Cmssqi8
    /CMSSQI8
    /Cmsy10
    /CMSY10
    /Cmsy5
    /CMSY5
    /Cmsy6
    /CMSY6
    /Cmsy7
    /CMSY7
    /Cmsy8
    /CMSY8
    /Cmsy9
    /CMSY9
    /Cmtcsc10
    /CMTCSC10
    /Cmtex10
    /CMTEX10
    /Cmtex8
    /CMTEX8
    /Cmtex9
    /CMTEX9
    /Cmti10
    /CMTI10
    /Cmti12
    /CMTI12
    /Cmti7
    /CMTI7
    /Cmti8
    /CMTI8
    /Cmti9
    /CMTI9
    /Cmtt10
    /CMTT10
    /Cmtt12
    /CMTT12
    /Cmtt8
    /CMTT8
    /Cmtt9
    /CMTT9
    /Cmu10
    /CMU10
    /Cmvtt10
    /CMVTT10
    /ColonnaMT
    /Colossalis-Bold
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Copperplate-ThirtyThreeBC
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /CourierX-Bold
    /CourierX-BoldOblique
    /CourierX-Oblique
    /CourierX-Regular
    /CreepyRegular
    /CurlzMT
    /David-Bold
    /David-Reg
    /DavidTransparent
    /Dcb10
    /Dcbx10
    /Dcbxsl10
    /Dcbxti10
    /Dccsc10
    /Dcitt10
    /Dcr10
    /Desdemona
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /Dingbats
    /DomCasual
    /Dotum
    /DotumChe
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversGothicBT-Regular
    /EngraversMT
    /EraserDust
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErieBlackPSMT
    /ErieLightPSMT
    /EriePSMT
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EucrosiaUPC
    /EucrosiaUPCBold
    /EucrosiaUPCBoldItalic
    /EucrosiaUPCItalic
    /EUEX10
    /EUEX7
    /EUEX8
    /EUEX9
    /EUFB10
    /EUFB5
    /EUFB7
    /EUFM10
    /EUFM5
    /EUFM7
    /EURB10
    /EURB5
    /EURB7
    /EURM10
    /EURM5
    /EURM7
    /EuroMono-Bold
    /EuroMono-BoldItalic
    /EuroMono-Italic
    /EuroMono-Regular
    /EuroSans-Bold
    /EuroSans-BoldItalic
    /EuroSans-Italic
    /EuroSans-Regular
    /EuroSerif-Bold
    /EuroSerif-BoldItalic
    /EuroSerif-Italic
    /EuroSerif-Regular
    /EuroSig
    /EUSB10
    /EUSB5
    /EUSB7
    /EUSM10
    /EUSM5
    /EUSM7
    /FelixTitlingMT
    /Fences
    /FencesPlain
    /FigaroMT
    /FixedMiriamTransparent
    /FootlightMTLight
    /Formata-Italic
    /Formata-Medium
    /Formata-MediumItalic
    /Formata-Regular
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothicITCbyBT-Book
    /FranklinGothicITCbyBT-BookItal
    /FranklinGothicITCbyBT-Demi
    /FranklinGothicITCbyBT-DemiItal
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Frutiger-Black
    /Frutiger-BlackCn
    /Frutiger-BlackItalic
    /Frutiger-Bold
    /Frutiger-BoldCn
    /Frutiger-BoldItalic
    /Frutiger-Cn
    /Frutiger-ExtraBlackCn
    /Frutiger-Italic
    /Frutiger-Light
    /Frutiger-LightCn
    /Frutiger-LightItalic
    /Frutiger-Roman
    /Frutiger-UltraBlack
    /Futura-Bold
    /Futura-BoldOblique
    /Futura-Book
    /Futura-BookOblique
    /FuturaBT-Bold
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-Medium
    /FuturaBT-MediumItalic
    /Futura-Light
    /Futura-LightOblique
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Bold
    /Garamond-BoldCondensed
    /Garamond-BoldCondensedItalic
    /Garamond-BoldItalic
    /Garamond-BookCondensed
    /Garamond-BookCondensedItalic
    /Garamond-Italic
    /Garamond-LightCondensed
    /Garamond-LightCondensedItalic
    /Gautami
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GeorgiaRef
    /Giddyup
    /Giddyup-Thangs
    /Gigi-Regular
    /GillSans
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSans-Condensed
    /GillSans-CondensedBold
    /GillSans-Italic
    /GillSans-Light
    /GillSans-LightItalic
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /Gothic-Thirteen
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /GoudyTextMT-LombardicCapitals
    /GSIDefaultSymbols
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /Helvetica
    /Helvetica-Black
    /Helvetica-BlackOblique
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Condensed
    /Helvetica-Condensed-Black
    /Helvetica-Condensed-BlackObl
    /Helvetica-Condensed-Bold
    /Helvetica-Condensed-BoldObl
    /Helvetica-Condensed-Light
    /Helvetica-Condensed-LightObl
    /Helvetica-Condensed-Oblique
    /Helvetica-Fraction
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Humanist521BT-BoldCondensed
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-RomanCondensed
    /Imago-ExtraBold
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /Ironwood
    /ItcEras-Medium
    /ItcKabel-Bold
    /ItcKabel-Book
    /ItcKabel-Demi
    /ItcKabel-Medium
    /ItcKabel-Ultra
    /JasmineUPC
    /JasmineUPC-Bold
    /JasmineUPC-BoldItalic
    /JasmineUPC-Italic
    /JoannaMT
    /JoannaMT-Italic
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /Kaufmann
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KidTYPEPaint
    /KinoMT
    /KodchiangUPC
    /KodchiangUPC-Bold
    /KodchiangUPC-BoldItalic
    /KodchiangUPC-Italic
    /KorinnaITCbyBT-Regular
    /KozGoProVI-Medium
    /KozMinProVI-Regular
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LetterGothic
    /LetterGothic-Bold
    /LetterGothic-BoldOblique
    /LetterGothic-BoldSlanted
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Slanted
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LevenimMT
    /LevenimMTBold
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /Lithos-Black
    /Lithos-Regular
    /LotusWPBox-Roman
    /LotusWPIcon-Roman
    /LotusWPIntA-Roman
    /LotusWPIntB-Roman
    /LotusWPType-Roman
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Lydian
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /Map-Symbols
    /MathA
    /MathB
    /MathC
    /Mathematica1
    /Mathematica1-Bold
    /Mathematica1Mono
    /Mathematica1Mono-Bold
    /Mathematica2
    /Mathematica2-Bold
    /Mathematica2Mono
    /Mathematica2Mono-Bold
    /Mathematica3
    /Mathematica3-Bold
    /Mathematica3Mono
    /Mathematica3Mono-Bold
    /Mathematica4
    /Mathematica4-Bold
    /Mathematica4Mono
    /Mathematica4Mono-Bold
    /Mathematica5
    /Mathematica5-Bold
    /Mathematica5Mono
    /Mathematica5Mono-Bold
    /Mathematica6
    /Mathematica6Bold
    /Mathematica6Mono
    /Mathematica6MonoBold
    /Mathematica7
    /Mathematica7Bold
    /Mathematica7Mono
    /Mathematica7MonoBold
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /Mesquite
    /Mezz-Black
    /Mezz-Regular
    /MICR
    /MicrosoftSansSerif
    /MingLiU
    /Minion-BoldCondensed
    /Minion-BoldCondensedItalic
    /Minion-Condensed
    /Minion-CondensedItalic
    /Minion-Ornaments
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /Miriam
    /MiriamFixed
    /MiriamTransparent
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MonotypeSorts
    /MSAM10
    /MSAM5
    /MSAM6
    /MSAM7
    /MSAM8
    /MSAM9
    /MSBM10
    /MSBM5
    /MSBM6
    /MSBM7
    /MSBM8
    /MSBM9
    /MS-Gothic
    /MSHei
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReference1
    /MSReference2
    /MSReferenceSansSerif
    /MSReferenceSansSerif-Bold
    /MSReferenceSansSerif-BoldItalic
    /MSReferenceSansSerif-Italic
    /MSReferenceSerif
    /MSReferenceSerif-Bold
    /MSReferenceSerif-BoldItalic
    /MSReferenceSerif-Italic
    /MSReferenceSpecialty
    /MSSong
    /MS-UIGothic
    /MT-Extra
    /MT-Symbol
    /MT-Symbol-Italic
    /MVBoli
    /Myriad-Bold
    /Myriad-BoldItalic
    /Myriad-Italic
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /Myriad-Roman
    /Narkisim
    /NewCenturySchlbk-Bold
    /NewCenturySchlbk-BoldItalic
    /NewCenturySchlbk-Italic
    /NewCenturySchlbk-Roman
    /NewMilleniumSchlbk-BoldItalicSH
    /NewsGothic
    /NewsGothic-Bold
    /NewsGothicBT-Bold
    /NewsGothicBT-BoldItalic
    /NewsGothicBT-Italic
    /NewsGothicBT-Roman
    /NewsGothic-Condensed
    /NewsGothic-Italic
    /NewsGothicMT
    /NewsGothicMT-Bold
    /NewsGothicMT-Italic
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NimbusMonL-Bold
    /NimbusMonL-BoldObli
    /NimbusMonL-Regu
    /NimbusMonL-ReguObli
    /NimbusRomDGR-Bold
    /NimbusRomDGR-BoldItal
    /NimbusRomDGR-Regu
    /NimbusRomDGR-ReguItal
    /NimbusRomNo9L-Medi
    /NimbusRomNo9L-MediItal
    /NimbusRomNo9L-Regu
    /NimbusRomNo9L-ReguItal
    /NimbusSanL-Bold
    /NimbusSanL-BoldCond
    /NimbusSanL-BoldCondItal
    /NimbusSanL-BoldItal
    /NimbusSanL-Regu
    /NimbusSanL-ReguCond
    /NimbusSanL-ReguCondItal
    /NimbusSanL-ReguItal
    /Nimrod
    /Nimrod-Bold
    /Nimrod-BoldItalic
    /Nimrod-Italic
    /NSimSun
    /Nueva-BoldExtended
    /Nueva-BoldExtendedItalic
    /Nueva-Italic
    /Nueva-Roman
    /NuptialScript
    /OCRA
    /OCRA-Alternate
    /OCRAExtended
    /OCRB
    /OCRB-Alternate
    /OfficinaSans-Bold
    /OfficinaSans-BoldItalic
    /OfficinaSans-Book
    /OfficinaSans-BookItalic
    /OfficinaSerif-Bold
    /OfficinaSerif-BoldItalic
    /OfficinaSerif-Book
    /OfficinaSerif-BookItalic
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OzHandicraftBT-Roman
    /PalaceScriptMT
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-Italic
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Palatino-Roman
    /PapyrusPlain
    /Papyrus-Regular
    /Parchment-Regular
    /Parisian
    /ParkAvenue
    /Penumbra-SemiboldFlare
    /Penumbra-SemiboldSans
    /Penumbra-SemiboldSerif
    /PepitaMT
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /PhotinaCasualBlack
    /Playbill
    /PMingLiU
    /Poetica-SuppOrnaments
    /PoorRichard-Regular
    /PopplLaudatio-Italic
    /PopplLaudatio-Medium
    /PopplLaudatio-MediumItalic
    /PopplLaudatio-Regular
    /PrestigeElite
    /Pristina-Regular
    /PTBarnumBT-Regular
    /Raavi
    /RageItalic
    /Ravie
    /RefSpecialty
    /Ribbon131BT-Bold
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rockwell-Light
    /Rockwell-LightItalic
    /Rod
    /RodTransparent
    /RunicMT-Condensed
    /Sanvito-Light
    /Sanvito-Roman
    /ScriptC
    /ScriptMTBold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /Serpentine-BoldOblique
    /ShelleyVolanteBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SimHei
    /SimSun
    /SimSun-PUA
    /SnapITC-Regular
    /StandardSymL
    /Stencil
    /StoneSans
    /StoneSans-Bold
    /StoneSans-BoldItalic
    /StoneSans-Italic
    /StoneSans-Semibold
    /StoneSans-SemiboldItalic
    /Stop
    /Swiss721BT-BlackExtended
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Tci1
    /Tci1Bold
    /Tci1BoldItalic
    /Tci1Italic
    /Tci2
    /Tci2Bold
    /Tci2BoldItalic
    /Tci2Italic
    /Tci3
    /Tci3Bold
    /Tci3BoldItalic
    /Tci3Italic
    /Tci4
    /Tci4Bold
    /Tci4BoldItalic
    /Tci4Italic
    /TechnicalItalic
    /TechnicalPlain
    /Tekton
    /Tekton-Bold
    /TektonMM
    /Tempo-HeavyCondensed
    /Tempo-HeavyCondensedItalic
    /TempusSansITC
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldItalicOsF
    /Times-BoldSC
    /Times-ExtraBold
    /Times-Italic
    /Times-ItalicOsF
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Times-RomanSC
    /Trajan-Bold
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-CondensedMedium
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-Medium
    /Univers-MediumItalic
    /URWBookmanL-DemiBold
    /URWBookmanL-DemiBoldItal
    /URWBookmanL-Ligh
    /URWBookmanL-LighItal
    /URWChanceryL-MediItal
    /URWGothicL-Book
    /URWGothicL-BookObli
    /URWGothicL-Demi
    /URWGothicL-DemiObli
    /URWPalladioL-Bold
    /URWPalladioL-BoldItal
    /URWPalladioL-Ital
    /URWPalladioL-Roma
    /USPSBarCode
    /VAGRounded-Black
    /VAGRounded-Bold
    /VAGRounded-Light
    /VAGRounded-Thin
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VerdanaRef
    /VinerHandITC
    /Viva-BoldExtraExtended
    /Vivaldii
    /Viva-LightCondensed
    /Viva-Regular
    /VladimirScript
    /Vrinda
    /Webdings
    /Westminster
    /Willow
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WNCYB10
    /WNCYI10
    /WNCYR10
    /WNCYSC10
    /WNCYSS10
    /WoodtypeOrnaments-One
    /WoodtypeOrnaments-Two
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /XYATIP10
    /XYBSQL10
    /XYBTIP10
    /XYCIRC10
    /XYCMAT10
    /XYCMBT10
    /XYDASH10
    /XYEUAT10
    /XYEUBT10
    /ZapfChancery-MediumItalic
    /ZapfDingbats
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Demi
    /ZapfHumanist601BT-DemiItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /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

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /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 <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /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.)
  >>
  /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 [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


