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Undersea gliders are autonomous undersea vehicles 
(AUVs) that travel the world’s oceans in a sawtooth climb-
dive pattern. These gliders are driven by buoyancy engines 
that typically use electrically powered pumps to displace 
water with an oil bladder and thus enable a buoyancy 
change. Battery capacity limits the endurance of these 
types of engines and vehicles. The Argo project uses 
similar electrical buoyancy engines to help monitor climate 
change [1]. Increasing the endurance of buoyancy engines 
could have an impact on sensors deployed in the world’s 
oceans by decreasing the maintenance cost of sensing 
missions and allowing for studies to be conducted over a 
longer period of time. Buoyancy heat engines driven by the 
naturally occurring thermocline that exists over a large 
expanse of the world’s oceans can drastically improve 
endurance. These engines harness environmental energy 
as opposed to consuming electrical energy to change 
vehicle buoyancy. Buoyancy engines have been developed 
that employ the volume change produced during the phase 
change of wax [2], but it may also be possible to use the 
oceanic thermocline to drive a buoyancy heat engine based 
on shape memory alloys (SMA’s) (Fig. 1). Shape memory 
alloys can recover a large amount of applied strain, up to 
approximately 10% [3], when heated due to a solid state 
phase transformation in the alloy. The high strain energy 
of shape memory alloys can be leveraged to create a lighter 
and more efficient buoyancy heat engine, but the 
performance and capability of a solid state SMA based 
engine is unknown. Previous work has discussed the 
analysis, design, and testing of such an engine, called the 
shape memory alloy buoyancy heat engine (SMA-BHE) 
[4]. This paper will examine the dynamics of the SMA-
BHE by coupling a lumped system heat transfer model 
and the Brinson model for one-dimensional SMA 
constitutive behavior to the kinematics of a notional 
undersea glider in an ocean environment. Including the 
Brinson model and other known SMA relations in the 
kinematic simulation of a notional glider led to a model 
that predicted successful AUV operation with a SMA-BHE 
at depths past 700 m. 
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I. INTRODUCTION 
The oceanic thermocline has been used to propel an 

AUV. This was first done with the Slocum thermal glider by 
means of implementing melting wax, various check valves, an 
oil reservoir, and a bladder [2]. It should also be possible to 
use the oceanic thermocline to drive a buoyancy heat engine 
based on SMAs. Understanding the ocean environment in a 
mathematical sense is crucial to understanding the 
performance of the SMA-BHE and its interactions with this 
environment. The undersea environment varies across the 
globe, and the SMA-BHE was intended to operate within 30ο 
of the equator. A thermocline exists in these oceans, as well as 
changes due to density. The variations in these properties are 
at the heart of this SMA-BHE system. Fig. 1 shows how the 
temperature varies with depth [5]. At depths less than 10 m in 
the North Pacific (24οN), the temperature drop is minimal 
from a high of 25.4οC. Between 10 m and 130 m, the 
temperature steeply decreases with depth until reaching a knee 
in the curve and declining at a more moderate rate to another 
knee in the curve at 770 m. The temperature drop that occurs 
with increasing depth in the ocean’s lower latitudes provides a 
potential energy difference that can be harnessed to power an 
undersea engine. The rise and dive behavior of an AUV 
depends on its buoyant force.  Archimedes’ principle 
describes how buoyant force (FB) depends on the volume of 
fluid displaced by a body (Vf), the density of the fluid (ρw), 
and the acceleration due to gravity (g) as shown by (1). Fig. 1 
also shows how the density of ocean water also changes with 
depth up to 1 km.  This behavior is approximated in (2) and 
(3). In addition to the temperature change that will be used to 
drive the vehicle, the change in water density will impact the 
dynamic behavior of an AUV. The final environmental effect 
of depth is the hydrostatic pressure of the ocean (P) expressed 
by (4). 
 FB = ρwVfg  (1) 

 ρw(x) = 3x + 1025 for x <= 1000 m  (2) 
 ρw(x) = 1028 for x > 1000 m  (3) 
 P(x) = ρw(x)gx  (4) 
 
This study aims to show that a potentially simple, 

shape memory alloy (SMA) based system could achieve 
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similar performance. When heated, shape memory alloys can 
recover strain that was applied when cool. This is known as 
the shape memory effect and is due to a solid state phase 
transformation (between austenite and martensite phases). The 
shape memory effect opposes, and dominates, the natural 
inclination of most materials to expand when heated. It is this 
unconventional behavior that facilitates the creation of a shape 
memory alloy based buoyancy heat engine. Fig. 2 shows the 
concept of a shape memory alloy buoyancy heat engine 
explained and the stages of its deployment. The SMA 
elements link the buoyancy of the engine to the thermocline. 
A bias spring is used to prestrain the SMA wires (0 to 1). 
Upon heating, the wires shrink and compress the bias spring 
(1 to 2). When cooled again, the bias spring returns the engine 
to its expanded configuration (2 to 1). This bias spring also 
provides resistance to a hydrostatic load. This concept was 
developed into a full prototype shown in Fig. 3 [4]. The 
maximum amount of recoverable strain is the prestrains 
introduced to the prototype. Although SMA’s are able to 
recover up to 10% strain, the prototype was limited to 4% 
prestrain for the sake of extending the fatigue life of the alloy. 
By design, the SMA wires were located in a wetted shell so 

that they remained in contact with the surrounding water 
during operation.  

As stated previously, the SMA wires shrink when 
heated. When deployed at the surface, the SMA-BHE would 
be in its compressed (austenite) state. The volume reduction of 
air in the SMA-BHE dry area would cause the AUV to take on 
water, become negatively buoyant, and sink. As the AUV 
sinks into cooler waters, the SMA wires would cool to the 
point that they change phase to martensite. The SMAs are 
compliant in the martensite phase, and this compliance allows 
the bias spring to push against the pressure head and displace 
water, increasing the AUV’s buoyancy, and 
arresting/reversing its descent. In essence, we describe a 
classic heat engine which would operate between a hot state at 
the surface and a cold state at a depth of 1km, and perform 
work (equal to the product of the volume of water displaced 
and the hydrostatic pressure head). A full discussion of the 
design and testing of this prototype can be found in [4]. This 
early prototype was shown to provide an adequate volume 
change to propel a small AUV, and centered on making the 
device easy to fabricate and test. This paper focuses on scaling 
the SMA-BHE prototype technology to a larger size and 

 
Fig. 2. SMA-BHE Concept 

 
Fig. 1. Thermocline [1] and Pycnocline [14] 



simulating its behavior in order to explore the design space 
available for future development.  

The thermocline also encapsulates three separate 
regions of SMA behavior. Because of SMA temperature 
hysteresis, the heating and cooling transformations that occur 
during rising and sinking will occur at different temperatures. 
This hysteresis behavior will be explained later in this paper. 
At this point, it is important to note three discrete 
transformation regions for the SMA-BHE within the 
thermocline; forward, reverse, and inactive. The exact 
boundaries of these regions are a function of glider and 
environmental variables that may change over time so it is 
best to describe the regions by the observable phenomenon 
that occurs in each region. The forward region (which occurs 
in deeper, cooler water) encompasses where the SMA-BHE is 
expanding due to phase transformation and the buoyant force 
acting on the AUV is increasing. The reverse region (which 
occurs in warmer, near-surface water) encompasses where the 
SMA-BHE is shrinking due to phase transformation and the 
buoyant force acting on the AUV decreases. Between the 
forward and reverse regions, there is an inactive region where 
is the SMA-BHE is not transforming due to the SMA 
temperature hysteresis. In the inactive region, the AUV will 
accelerate to a terminal velocity. The boundaries for these 
regions, will be set by the temperature of the SMA wires. The 
temperature of the SMA wire is determined from the heat 
transfer to or from the surrounding water and is calculated in 
the model. 

The forward and reverse martensite phase change 
process has been modeled in multiple ways; 
phenomenological models based on the observed strain 
change have been developed, as well as thermodynamic 
models based on the internal energy or Helmholtz free energy 
[11]. The Brinson model is an example of a thermodynamic 
model based on the Helmholtz free energy of a uniaxially 
loaded shape memory alloy. The Brinson model determines 
the state of the SMA element by using internal variables to 
measure the volume fraction of martensite in the SMA. The 
Brinson model uses a cosine relation to determine the 
martensite volume fraction as a function of stress and 
temperature of the SMA element. The model also incorporates 
additional SMA material properties. 

The transformation regions in Fig. 4 are established 
by the thermocline, and are an example of how an AUV 
equipped with the SMA-BHE will function differently than an 

AUV with a high-pressure electrically-driven pump. The 
SMA-BHE is controlled by its external environment, not an 
internal trigger, and the lack of external control brings about 
specific concerns. In the forward transformation region, the 
SMA elements cool and transform into martensite. Creating a 
martensite volume fraction builds a potential for volume 
change. The stress induced martensite volume fraction 
corresponds to the prestrain that will be recovered when 
heated. Similarly, the reverse region corresponds to heating 
that depletes the martensite volume fraction in order to affect a 
volume change. Although our goal is for the SMA-BHE to be 
designed so that the martensite and austenite transformations 
occur within the oceanic thermocline, incomplete 
transformations can occur due to the phenomena described 
previously. For example, if the AUV slowly enters the reverse 
transformation region, a small portion of martensite will form 
that is enough to arrest the descent of the AUV before the 
SMA-BHE expands fully. This will lead to a loop of small 
SMA strains in incomplete transformations where the SMA 
does not see fully martensitic and fully austenitic states. If 
SMAs are cycled in incomplete transformations, they undergo 
what is referred to partial cycling.  

Although it is widely used to model SMA behavior, 
the Brinson model does not specifically model partial cycling 
of SMAs and has not been verified for partial cycling. The 
reader should note that the Brinson model uses cosine 
functions to determine the martensite volume fractions so that 
the penetration into a particular transformation region 
certainly does not linearly correspond the percentage 
transformation of an alloy. There have been few studies of the 
behavior of SMA’s undergoing partial cycling. Lagoudas et al. 
investigated 80% and 50% transformations of NiTiCu SMAs, 

 
Fig. 3. SMA-BHE Prototype 
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Fig. 4. SMA-BHE Transformation Regions 



conducting a full cycle for 1 in every 1,000 cycles in order to 
accurately measure strain. Lagoudas found that although there 
was some residual strain in the SMAs, the transformation 
strain remained relatively constant. In other words, the 
transformation strain decayed negligibly over 40,000 cycles 
[6][7]. Liu also did a similar experiment for NiTi SMAs, but 
tested for only 80 cycles [8]. Above all, these studies show 
that the partial thermal cycling of SMAs is 
phenomenologically similar to full cycling, and thus, and 
appropriate application for the Brinson model. 

Two operational failure modes of the SMA-BHE are 
of interest; trapped descent and premature arrest. These modes 
are specifically related to the operation of the SMA-BHE. 
Trapped descent occurs when the AUV dives deep enough 
that the hydrostatic pressure head from the ocean prevents the 
piston in the SMA-BHE from expanding the air volume 
enough to increase AUV buoyancy to greater than water. The 
AUV then becomes trapped at depth. The spring stiffness and 
size of the inactive region determine whether or not the AUV 
fails in trapped descent. A larger inactive region allows the 
AUV to accelerate to a greater speed and dive to a deeper 
depth. The increased depth that is associated with a larger 
inactive region causes the AUV to experience a larger spring 
compression that may cause the buoyancy to reduce to less 
than the buoyancy of water.  

The second failure mode of concern is premature 
arrest, shown in Fig. 5. Where trapped descent is concerned 
with the AUV traveling too fast, premature arrest is concerned 
with the AUV traveling too slowly. If the SMA-BHE reaches 
neutral buoyancy near the border of a transformation region, 
the AUV achieves a very small depth range. This is highly 

dependent on the size of the inactive region, the strain at 
neutral buoyancy, and the maximum speed of the AUV. Fig. 5 
depicts two SMA-BHE equipped AUVs with different entry 
speeds to the forward transformation region. The slow moving 
AUV is easily stopped by the transformation of a small 
volume fraction of austenite into martensite. Premature arrest 
is a soft failure. The AUV will still operate but at a lower 
depths than it could achieve. Premature arrest is more of an 
underperformance than a failure and can usually be abated by 
increasing the strain at which the AUV reaches neutral 
buoyancy. Whereas premature arrest can occur in either of the 
transformation regions, trapped descent only occurs in the 
forward zone. 

II. MODELING 
The simulation used in this paper models the 

Newtonian mechanics for the vertical transit of an AUV using 
a shape memory alloy buoyancy heat engine and the heat 
transfer that enables that motion. To simplify this initial 
analysis wings were not included and only vertical transit was 
modeled. As mentioned in the introduction, the temperature 
and density of the ocean environment is included in the model. 
Fig. 6 shows a free body diagram of an AUV. Equation 5 is 
the ordinary differential equation of the force balance that will 
be integrated to find the depth (x) and velocity. The term Ac is 
the cross sectional area of the AUV and CD is the associated 
drag coefficient, while V0 is the near surface volume 
displacement of the glider. Finally, LSMA and ε are the length 
and strain of the SMA wire, respectively. Increasing depth is 
defined as positive. 

The fourth term in (5) is the buoyant force. The 
buoyant force is calculated from the temperature of the SMA 
and the direction of travel by way using the Brinson model 
(described below). The strain in the martensite phase is ε0. The 
dependence of buoyant force on temperature through the SMA 
is what couples the kinematics to heat transfer in this model. 
Pressure and friction drag were modeled as well as buoyant 
force, gravity, inertia, and hydrostatic force on the piston. The 
hydrostatic force acts on the piston and will compress it to 
some extent at depth.  

The AUV parameters for drag, weight, and size are 
the same as the Slocum glider and are listed in Table I. 
Modeling the parameters of the Slocum glider gave an 
accurate and experimentally verified drag calculation as well 
as a benchmark for future SMA-BHE variants. Note that for 
this work the vehicle was constrained to transit in the vertical 
direction. Rudnik reported that the coefficient of drag with 
respect to cross-sectional area for Slocum was found to be 

TABLE I. SLOCUM GLIDER PARAMETERS [9] 

Glider Mass 
(kg) 

Glider Length 
(m) 

Glider Diameter 
(m) 

Glider displacement about 
neutral buoyancy (g) 

Maximum Velocity 
(m/s) 

52 2.15 0.21 200 0.40 

(5)
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approximately constant during a tow tank test [9]. The drag 
values were calculated at zero angle of attack. Once the 
notional vehicle parameters were set, the engine prototype 
needed to be scaled to fit the vehicle and provide an adequate 
buoyancy change. Since the buoyancy change for Slocum is 
known, the engine can be scaled appropriately. The SMA-
BHE displacement in the model was set by multiplying the 
prototype displacement by a scaling parameter to provide +/- 
200g of displacement, the displacement change of Slocum. 
Equation 6 describes the Engine Scaling Parameter, which can 
be thought of as equivalent to packing multiple SMA-BHE’s 
in the vehicle. Secondly, the prototype was not designed to 
operate against a pressure head [4]. A significant pressure 
head could compress the bias spring of the early prototype. 
The amount of compression due to hydrostatic pressure is 
dependent on the stiffness of the bias spring, though a stiffer 
bias spring might overload the wires. However, if more SMA 
wires are added in parallel, the bias spring can be stiffened to 
reduce pressure so long as the appropriate load per wire was 
maintained. The spring stiffness was scaled so that the number 
of SMA’s was increased from the 4 in the prototype to 800 in 
this model. Each wire on the prototype was 12 inches long, 
which brings the overall SMA mass to 6.18 kg. Concurrent 
effort is working towards alternative design solutions to 
reduce this weight. Table II shows the Engine Scaling 
Parameter and number of wires for two SMA cases that will 
be discussed in the next paragraph. The number of wires was 
greater for one case because the vehicle in that case dove to a 

greater depth and experienced a greater pressure.  
Increasing the number of SMA wires and scaling the 

engine allows the SMA-BHE to operate at significant depth. 
Drag compounds the concern over the prematurely arrested 
descent. Excess drag slows the vehicle so that it has less 
momentum when entering the transformation region. Once the 
vehicle enters a transformation region it depends on its initial 
momentum to keep it in motion while the volume change 
occurs. Reducing drag enables the AUV to descend lower and 
complete more of the phase transformation. This behavior is 
analogous to a dynamic mass-spring-damper system. The 
inertia of the mass helps it compress the spring. Eventually, 
the spring reverses the direction of mass movement. 
  With the engine properly scaled and the vehicle 
parameters set, the SMA-BHE behavior must be added to the 
model. Typical NiTi SMAs undergo the shape memory effect 
over a temperature range of 30οC. This shape memory effect is 
caused by austenite to martensite transformations when 
cooling (forward) and martensite to austenite when heating 
(reverse). Each transformation has a start and a finish 
temperature. This leads to four transformation temperatures; in 
increasing temperature Mf, Ms, As, and Af. Ms and Mf are the 
temperatures at which the SMA starts and finishes the reverse 
transformation from austenite to martensite. As and Af are the 
temperatures at which the SMA starts and finishes the forward 
transformation from martensite to austenite. The forward and 
reverse transformations occur at different temperatures and 
generally require a change of 10-15οC to complete. The 
hysteresis of the shape memory effect is measured as the 
temperature difference between a 50% complete forward 
transformation and a 50% complete reverse transformation. 
Typical alloys that demonstrate the shape memory effect are 
based on Ni-Ti or Cu-Zn. Ni-Ti SMAs were used in the 
development of the SMA-BHE prototype due to their wide 
availability. While Ni-Ti alloys are more common, Cu-Zn 
alloys are inexpensive and have a lower hysteresis than Ni-Ti 
alloys. Ni-Ti alloys generally have a temperature hysteresis of 
30οC, but Cu-Zn alloys can achieve a hysteresis as low as 
10οC. Cu-Zn alloys are limited to a maximum strain recovery 
of 5% [10]. Cu-Zn alloys are also limited to 200 MPa of stress 
[3]. Ag-Cd and Au-Cd alloys also exhibit low hysteresis 
transformations, and all of the presented alloys can be tuned to 
transform over the range of temperatures available in the 
oceanic thermocline. Due to lack of availability at this time, 
these low hysteresis SMAs could not be tested in the SMA-
BHE prototype.  
  Two behaviors were modeled to approximate the 

(6) 

TABLE II. AUV PARAMETERS FOR DIFFERENT SMA MODELS 

Wire Properties Engine Scaling 
Parameter 

Number of 
Wires 

Total Wire Mass 
(kg) 

Spring Stiffness 
(kg/m) 

Strain at Neutral 
Buoyancy 

High Hysteresis 16.8 1200 9.27 148,000 0.02 
Low Hysteresis 16.8 800 6.18 98,800 0.02 

Fig. 6. Free body diagram for a) upward and b) downward accelerating 
AUV 



behavior of an SMA appropriate for oceanic application. The 
SMA used in the prototype required an 80οC temperature 
difference for a full cycle. As stated previously, the 
transformations occur over temperature ranges that are 
separated by a temperature gap that is dependent on the alloy. 
There are, therefore start and finish temperatures for each 
transformation; four in total. Fig. 7 and Fig. 8 show two 
different SMA cycles from the Brinson model. Fig. 7 shows 
the high hysteresis assumption behavior, and Fig. 8 shows the 
baseline behavior for low hysteresis. The temperature 
difference between the point of 50% forward transformation 
and 50% reverse transformation is the hysteresis. The 
temperature difference for each transformation affects the 
temperature change needed for a full cycle, plotted as the 
dotted lines in Fig. 7 and Fig. 8. The temperature difference 
required for a transformation is a function of the load on the 
wire, the transformation temperatures, and the Clausius-
Clapeyron coefficient. While bringing the start and finish 
transformations for the temperatures closer together reduces 
the temperature difference needed for a transformation; this 
benefit only goes so far. The Clausius-Clapeyron coefficient is 
equal to the slope of the dashed lines in Fig. 7 and Fig. 8 that 
show how the transformation temperatures increase linearly 
with applied load [11]. This link between the transformation 
temperatures and the SMA stress ties the Clausius-Clapeyron 
coefficient to the transformation temperature change. Because 
the SMA stress increases when the SMA-BHE compresses, 
the Clausius-Clapeyron coefficient is needed to determine the 
transformation temperature at this new, increased, stress. An 
increased Clausius-Clapeyron coefficient decreases the 
transformation temperature at each stress. Therefore, all other 
things being equal, an increase in the Clausius-Clapeyron 

coefficient decreases the overall temperature change needed. 
Two SMA behavior models were used in the simulation, and 
the parameters for these models are given in Table III. 

The final component of the simulation was heat 
transfer. When sinking, the SMAs will retain heat and transfer 
that heat to the cooler water. The heat transfer acts as a 
negative damper in the dynamic system, slowing the rate of 
transformation. The combination of the dynamic and heat 
transfer equations for a mathematical basis for this assertion of 
negative damping. Equation 11 was derived by substituting 
the solution for (10) into (5). Strain (ε) is expressed as a 
function of TSMA in (11). Slowed transformation can either 
benefit or degrade the system performance. Slowing the rate 
of transformation will not slow the vehicle. In fact, because 
the transformation acts to slow the vehicle during both heating 
and cooling, slowing the transformation rate will cause the 
vehicle to travel faster. This increased speed will allow the 
vehicle to build momentum and cover a greater distance than 
it could with instantaneous heat transfer.  There is, however, a 
potentially negative consequence. If the vehicle travels to 
greater depths, the AUV could fall victim to a trapped descent.  
For this reason, it is critical to include convective heat transfer 
in the model. In order to calculate the convective heat transfer 
coefficient, h, the laminar flat plate Nusselt number 
correlation was used for the planform area, Prandtl number, 
and thermal conductivity of the SMA wire, Aplanform, Pr, and k, 
respectively. Equations 7-10 define the parameters and 
relationships used to calculate the heat transfer rate. The 
Reynolds, ReL number was calculated with respect to the 
SMA diameter, DSMA and the dynamic viscosity of water, μ. 
The temperature of the water, Tw, was interpolated from data 
gathered from the Western North Pacific curve in Fig. 1. It 

TABLE III. BRINSON MODEL SMA PARAMETERS 

Wire 
Properties C (MPa/K) σMs (MPa) σMf (MPa) Mf (οC) Ms (οC) As (οC) Af (οC) 

High Hysteresis 15 75 100 5.4 6.4 13.15 14.15 
Low Hysteresis 13.8 75 200 5.4 6.4 6.4 10.4 
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Fig. 7. Simulated stress-temperature path for a full SMA-BHE cycle with 

a high hysteresis SMA 
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Fig. 8. Simulated stress-temperature path for a full SMA-BHE cycle with 

a low hysteresis SMA 



was assumed that the Biot number was sufficiently small, so a 
lumped-system heat transfer model was used. Equation (9) 
shows the calculation of the heat transfer rate. Equation 10 
describes the heat capacity, q, for a lumped-system body as a 
function of specific heat, cp, and SMA mass, mSMA. This 
model was implemented in a numerical simulation in 
MATLAB. The Biot number was checked during each 
iteration of the simulation. The simulation stopped with an 
error message if either lumped-system assumption or laminar 
flow assumption was violated. 

Numerical integration of the Brinson model 
presented specific challenges. The numerical solution 
employed here iteratively solves for the SMA stress and strain 
level that reaches equilibrium with the bias spring force and 
the force from hydrostatic pressure. A detailed account of that 
process was presented in an earlier paper on this project [4]. 
The Brinson model itself encapsulates two different sets of 
equations, each are relevant depending on the direction of 
temperature change. The heating equations depend on the end 
state of cooling and the cooling equations depend on the end 
state of the heating. In other words, the differential equation 
exhibits hysteresis, which only occurred when the vehicle 
changes directions. This behavior can be referred to as 
switching. Once the SMAs switch from heating to cooling or 
cooling to heating, the initial conditions needed to be reset to 
the SMA state at the switch [11]. Finding the SMA switch 
state is necessary to model the SMA-BHE cycles, otherwise 
only a half cycle can be modeled. Chung and Brinson found 
an arithmetic solution for the switch state, but only if the 
equilibrium stress-strain is known for every state of the SMA 
[12]. A different approach was used in the present study in 
order to obtain more precise values at the end of each 
transformation. In order to properly integrate the Brinson 
model and find the switch states, the model was split into two 
numerical ODE integrations. Each integration represented a 
half cycle of the SMA (either cooling or heating). The Event 

Location feature in MATLAB’s ODE solver was invoked to 
find the states at which the vehicle velocity crossed zero, 
called an event. When the event was located, the dynamic half 
cycle simulation was ended and the switch state was stored for 
the next half cycle. After implementing both the half cycle 
simulation with the Event Location and the heat transfer ODE, 
the comprehensive model was complete. 

III. RESULTS 
The dynamic model exerted in this paper is a 

reasonable approximation of the forces at play during the in-
situ operation of a shape memory alloy buoyancy heat engine. 
Because of the SMA modeling changes, two cases were 
simulated. Each case represents a different profile for the 
SMA-BHE due to differences in transformation temperatures 
and other variables (shown in Table IV). Fig. 7 shows the load 
path of a high hysteresis case. Note that, at 50% of maximum 
stress, the hot and cold curves are separated by approximately 
13οC. This temperature hysteresis is different, ~10οC, relative 
to the lower hysteresis case shown in Fig. 8. The smaller 
temperature range for transformation in Fig. 7 means that the 
forward and reverse zones in the thermocline are smaller and 
further apart, creating a larger inactive region. A larger 
inactive region allows the AUV to accelerate over a longer 
distance and increase its depth range. The only other 
difference between the two cases is that the higher hysteresis 
case occurs at a lower stress state. The lowered stress state is 
compensated by the addition of more wires. 

Fig. 9 and Fig. 10 describe the performance of an 
AUV using the high hysteresis SMAs. The high hysteresis 
SMAs powered the AUV to operate between 63.3 m and 729 
m at a top speed of 37.8 cm/s. The high hysteresis glider used 
a 0.88% strain loop, shown in Fig. 10. Point A in Fig. 9 and 
Fig. 10 is the starting point at which the AUV is placed in the 
water at the surface. Point B is where the fully compressed 
SMA-BHE begins to expand. At Point C, the SMA-BHE has 

TABLE IV. HIGH AND LOW HYSTERESIS SMA WIRE PARAMETERS 

Wire 
Properties 

Depth Range 
(m) 

Temperature 
Range (οC) 

Maximum 
Speed (cm/s) Period (hrs) Fatigue Life 

(yrs) Strain Loop 

High Hysteresis 63 – 729 6.5 – 24.5 37.8 1.5 169.3 0.88% 
Low Hysteresis 71 - 700 7.2 – 23.0 28.5 1.8 204.8 0.6% 

(7)

(8)

(9)

(10)

(11)



stopped expanding because the velocity has dropped to zero. 
Points D and E describes where the SMA started and stopped 
contracting due to heating. If the SMA-BHE completed a full 
cycle, Points A and E would intersect, but the SMA-BHE only 
fully compresses at the initial point. Fig. 11 shows the results 
of the dynamic simulation using the low hysteresis SMAs. The 
first cycle descends the deepest and fastest. The maximum 
speed is 28.5 cm/s (compare to Slocum’s maximum speed of 
40 cm/s [9]). The maximum depth achieved is 700 m at 7.2οC 
ocean temperature. The results in Fig. 11 show that, if 
properly sized, the SMA-BHE can drive an AUV in a steady 
rise-dive pattern. The strain loop in Fig. 12 shows the SMA 
strain at each temperature in the AUV cycle. Due to the slow 
design speed of the AUV, the SMA-BHE is prevented from 
using the full stroke to drive the cycle. An alternating strain of 
only 0.6% was sufficient to drive the AUV. In both cases, 

gliders achieved their maximum speed during descent.  
The low strain values are significant for two reasons. 

First, they shows that a 4% SMA strain is not needed; this 
suggests that a reduction in maximum SMA strain could be 
traded to get a greater spring stiffness (per SMA), thereby 
decreasing the SMA wire weight. Second, research has shown 
that decreasing SMA transformation strain drastically 
increases the fatigue life of SMA elements [3], [7], [13]. 
Experiments at this strain level have shown successful 
operation up to 106 cycles without fatigue failure, and 107 
cycles is usually given as an upper limit.  The simulation gave 
a cycle period of 1.5 hrs and 1.8 hrs for high and low 
hysteresis SMAs, respectively.  The reader should also note 
that the engine scaling parameter was based on the maximum 
buoyancy achieved by the SMA-BHE, 4% in this case. 
Because the SMA-BHE only partially cycles its SMAs, it 
developed a buoyancy change that was substantially less than 
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Fig. 11. Dynamic results for low hysteresis SMA 

 

 
Fig. 12. Strain results for low hysteresis SMA 
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Fig. 9. Dynamic results for high hysteresis SMA 

 

 
Fig. 10. Strain results for high hysteresis SMA 

 



the buoyancy change of Slocum, but was sufficient to propel 
the glider. The results indicate that there is room in the design 
space for further optimization.  

Fig. 13 illustrates the energy stored in the spring due 
to the hydrostatic pressure. The blue curve shows the stress-
strain results from a dynamic simulation that does not act 
against the oceanic hydrostatic pressure. The stress and strain 
are in the SMA wires. The green curve bounding the 
quadrilateral region shows the stress-strain results from when 
the hydrostatic pressure was added to the model. The 
increasing compression of the piston due to depth decreases 
the strain difference in the wire. Additionally, the green curve 
maps out an area in the stress-strain plane, exhibiting 
hysteresis. This hysteresis is due to the hydrostatic pressure 
loading the bias spring and unloading the SMA. At depth, the 
pressure head unloads the SMA wires so they experience less 
stress than they would experience at the surface when loaded 
to the same strain. The SMA stress-strain cycles around the 
green loop counterclockwise from i to iv. The SMA-BHE 
dives, fully compressed, from the surface at i to depth at ii. 
The added hydrostatic pressure compresses the spring and 
unloads the SMA wires. The SMA wires, therefore, shrink and 

strain decreases slightly. The large strain change from ii to iii 
is the forward shape memory transformation. From iii to iv, 
the SMA-BHE rises to the surface and wire strain increases. 
Strain increases because the hydrostatic load decreases and 
more of the load is carried by the wires. The large strain 
decrease from iv to i is reverse shape memory transformation. 
This unloading of the SMA explains the hysteresis in Fig. 13.  

Fig. 14 shows the heat transfer results for the high 
hysteresis SMA model. The water temperature is shown in the 
solid blue line. The temperature of the SMA is plotted as a 
dotted black curve. Overall, the SMA temperature varies little 
from the water temperature. The maximum temperature 
difference is 1.9οC at 5.9 hrs for the high hysteresis SMAs. 
The maximum temperature difference was 1.2οC for the low 
hysteresis SMA. Both of these points of maximum 
temperature difference occurred shortly before the minimum 
depth, and thus, minimum heat transfer. Because the AUV 
rises slower than it dives, the heat transfer is slower on the 
rising side of the cycle. The maximum heat transfer will 
always occur near the surface. 

IV. CLOSING REMARKS 
A dynamic model was designed to simulate 

comprehensive and realistic behavior for oceanic operation of 
a conceptual SMA-BHE. Additionally, SMA wires were 
identified to operate within the temperature range available in 
the thermocline. In order to build this model, certain 
assumptions were made about the behavior of low hysteresis 
SMAs. The Clausius-Clapeyron coefficient was increased to 
model the temperature behavior of low hysteresis SMAs such 
as Cu-Zn-Al. The transformation temperatures used were 
comparable to literature values. The simulations conducted 
herein, however, suggest that the SMA-BHE can be adapted 
for oceanic use and avoid the most general failure modes. 

The results showed that heat transfer had a negligible 
effect on AUV dynamics. However, the depth range of an 
AUV could be extended by adding resistance to heat transfer. 
Such is the purview of future work. The maximum depth 
achieved by the AUV in steady-state oscillation was never 
more than 729 m. Western North Pacific thermocline data 
shows a temperature change of 20οC at a depth of 770 m, with 
minimal temperature change at greater depth. The fact that the 
knee at 770 m bounded the maximum depth of the AUV is 
beneficial to the design of the SMA-BHE. If a greater 
temperature change was needed, the SMA-BHE would be 
exposed to significantly larger hydrostatic pressure due to the 
change in the thermocline slope past 770 m. Additional future 
work concerns achieving a larger volume change per unit 
mass in order to allow for greater payload. A reduction in 
volume change per unit mass could be achieved by nonlinear 
actuation. 

V. ACKNOWLEDGMENT 
The authors gratefully acknowledge the support of The Office 
of Naval Research Navy Undersea Research Program (Grant 
N00014130418 with Dr. Michele Anderson and Maria 
Medeiros as Program Managers). 

170

160

150

140

130

120

110

100

90

S
tr

es
s 

(M
P

a)

0.002
80

0.004 0.006 0.008 0.010 0.012 0.014

i

ii

iii

iv

 
Fig. 13. Energy lost due to hydrostatic pressure 

Fig. 14. Temperatures from high hysteresis results 



REFERENCES 
[1] J. Gould et al, “Argo profiling floats bring new era of in situ ocean 

observatons,” EOS Trans. Am. Geophys. Union, vol. 85, no. 19, pp. 
185–191, 2004. 

[2] Douglas C. Webb, Simonetti, Paul J., and Jones, Clayton P., 
“SLOCUM: An Underwater Glider Propelled by Environmental 
Energy,” IEE J. Ocean. Eng., vol. 26, no. 4, pp. 447–452, Oct. 2001. 

[3] Dimitris C. Lagoudas, Shape Memory Alloys: Modeling and 
Engineering Applications. New York, NY: Springer Science+Business 
Media, 2008. 

[4] A. J. Angilella, F. Gandhi, and T. Miller, “Design and Testing of a 
Shape Memory Alloy Buoyancy Engine for Unmanned Underwater 
Vehicles,” presented at SciTech2015: 23rd AIAA/AHS Adaptive 
Structures Conference, Kissimmee, Florida January 2015. 

[5] Lynne D. Talley, George L. Pickard, William J. Emery, and James H. 
Swift, Descriptive Physical Oceanography: An Introduction, 6th ed. 
Academic Press, 2011. 

[6] D. C. Lagoudas, C. Li, D. A. Miller, and L. Rong, “Thermomechanical 
transformation fatigue of SMA actuators,” in SPIE’s 7th Annual 
International Symposium on Smart Structures and Materials, 2000, pp. 
420–429. 

[7] O. W. Bertacchini, D. C. Lagoudas, and E. Patoor, “Fatigue life 
characterization of shape memory alloys undergoing thermomechanical 
cyclic loading,” in Smart Structures and Materials, 2003, pp. 612–624. 

[8] Y. Liu, J. Laeng, T. V. Chin, and T. Nam, “Partial thermal cycling of 
NiTi,” J. Alloys Compd., vol. 449, no. 1–2, pp. 144–147, Jan. 2008. 

[9] D. L. Rudnick, R. E. Davis, C. C. Eriksen, D. M. Fratantoni, and M. J. 
Perry, “Underwater gliders for ocean research,” Mar. Technol. Soc. J., 
vol. 38, no. 2, pp. 73–84, 2004. 

[10] Darel E. Hodgson, Ming H. Wu, and Robert J. Biermann, “Shape 
Memory Alloys,” ASM Handbook, vol. 2, 23 vols., ASM International, 
1990, pp. 897–902. 

[11] L. C. Brinson, “One-Dimensional Constitutive Behavior of Shape 
Memory Alloys: Thermomechanical Derivation with Non-Constant 
Material Functions and Redefined Martensite Internal Variable,” J. 
Intell. Mater. Syst. Struct., vol. 4, no. 2, pp. 229–242, Apr. 1993. 

[12] J.-H. Chung, J.-S. Heo, and J.-J. Lee, “Implementation strategy for the 
dual transformation region in the Brinson SMA constitutive model,” 
Smart Mater. Struct., vol. 16, no. 1, pp. N1–N5, Feb. 2007. 

[13] D. C. Lagoudas, D. A. Miller, L. Rong, and P. K. Kumar, 
“Thermomechanical fatigue of shape memory alloys,” Smart Mater. 
Struct., vol. 18, no. 8, p. 085021, Aug. 2009. 

[14] Jennifer Bergman, “Density of Ocean Water - Windows to the 
Universe,” Density of Ocean Water, 31-Aug-2001. [Online]. Available: 
http://www.windows2universe.org/earth/Water/density.html. [Accessed: 
23-Jul-2015]. 

 

 


	Return to Main Menu
	Return to Previous View


<<
  /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




