2004 ATP Project Proposal — Technical Discussion

Revolutionary Electronic Vehicle Thermal Management Components

TECHNICAL DISCUSSION

Overview

The goal of this project is to develop and
demonstrate advanced, revolutionary thermal
management components for use on automotive,
commerciad and military vehicles. These
components will be light weight, controllable,
efficient, robust and low cost. If successful, this
will offer a true paradigm shift in thermal
management, which could improve fuel economy,
reliability, serviceability, emissions and life on all
current and future vehicles. The key to this
success will be the development of a unique
electric pump and valve. These components will
not only be extremely novel designs, but will
utilize a new method of actuation not
commercialy available to replace a traditiona
motor and motor controller (see figure 2). They Figure 1. Cooling System circa 1919

will use an ‘Electroactive Polymer Artificial (from US Patent #1,306,000)

Muscle' (EPAM) actuator, which has been demonstrated on several robotic type applications.
The core of the technology is a polymer which is designed to expand or contract when a voltage
is applied. In this proposal, components will be developed and demonstrated on a thermal
management system for a typical automotive sedan. The performance benefits of this system
will be compared to that of the conventional production system on the vehicle. Comparisons will
aso be made to other electronicaly controlled pumps and
valves.

The traditional approach to engine thermal management usually
involves the use of mechanically actuated valves and water
pumps. These types of thermal regulation systems are generally
not very accurate, not controllable, and contribute significantly
to engine parasitic power loss. Performance issues with
mechanically driven pumps were recognized by the engineering
community as early as 1906. Mechanical thermostats, similar to
today’s design, have remained virtually unchanged since before
World War I1.

Figure 2. Typica Brushless Motor

Even today, the mgority of engine cooling systems have a mechanically-driven pump and a
mechanical thermostat. These technologies have remained virtualy unchanged yet modern
engine technology has advanced significantly in ailmost all other areas. Nearly one third of the
fuel energy is lost to this antiquated and inefficient thermal system. Recent testing has shown
that by using fully-controllable components such as thermostats and water pumps, significant
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overall efficiency and emission improvements can be realized. However, vehicle manufacturers
have been hesitant to implement

| Typical Diesel Engine Energy Balance (Light Load) I electric motor-dri vgn thermal
management technologies dueto red
Flywheel or perceived issues with reliability,

Power, 8.6% weight, and cost.

Balance, 14.8%

Accessory .
Loads, 8.2% EMP plans to develop a series of

pumps and valves which are smpler

and more cost-effective  than

anything currently in production or

known to be under development.

Exhaust, 38.6% Properly implemented, fuel savings

of up to 5% could be achieved by

optimal engine therma management

Figure 3. Typical Diesel Engine Energy Balance and reduction of parasitic power

losses. Other benefits include

increased flexibility in vehicle component packaging and improved frontal crash performance,

since the pump need not be located in front of the engine. A single component design could be

used across severa different vehicle lines, reducing parts inventories and improving vehicle
serviceability.

Engine
Cooling, 29.8%

| ssues - Conventional Coolant Systems & Technical Barriers

TRADITIONAL COOLING SYSTEM — Modern vehicle systems are managed by some of the
most advanced computer control systems and sensors found in any industry. Just afew common
examples found on many production vehicles are electronic fuel injection, multi-zone climate
control, traction control,
V8 Gasoline Engine Outlet Temperature Comparison and anti-lock braking

Note: Drive sequences similar, but not synched in time. systems. |r0nica”y’ many
of these same vehicles use
simple thermostats and
mechanical water pumps
for engine  thermal
Hard acceleration | management The cabin
followedbyastop. climate control system
might be capable of
maintaining cabin  air
temperatures to within a
degree or two of the set
point, yet the engine
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— Electronically-Controlled ~ —— Mechanical Thermostat coolant temperature might
vary as much as 6°C at the

150 200 same time (see figure 4).

Time [sec] Since the cabin heater is

tied to the engine cooling
Figure 4. Engine Coolant Temperature Control
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system, the cabin system must work harder to maintain control. The electronic engine control
system must also contend with the varying temperature. Many times, the vehicle calibrator must
make compromises in the engine tuning to deal with these variations, leading to less than optimal
engine calibrations. These compromises may result in lower fuel economy, lower performance,
and higher emissions than might be possible from the engine otherwise. These compromises
may not be necessary if it were possible to maintain tight control over the engine coolant
temperature. The demand for higher fuel economy and tighter emission standards is forcing
vehicle manufacturers to look for new opportunities. Vehicle manufacturers have been known to
expend vast quantities of engineering resources and money on engine programs in an effort to
improve fuel economy by a fraction of a percent. With potential fuel economy gains of up to
5%, automakers could significantly increase the fuel economy of their vehicle lines without
having to resort to complex and expensive aternative powertrain solutions, such as hybrid
electric vehicles.

TRADITIONAL COOLANT PUMP — Typica mechanical water pumps are driven directly from
the engine crankshaft via a belt and pulley system, thus the pump speed is a function of the
engine speed and produces fluid flow rates based on that speed. However, the pump performance
design points are typicaly determined from the most
extreme engine cooling conditions. Consequently, for up
to 95% of engine operating conditions, these pumps
produce much more flow (and sometimes less) than is
required to cool the engine at that given condition. In
addition, the drive mechanism tends to put a considerable
load on the pump bearings. This requires the use of a
stout drive mechanism to maintain structural integrity
which increases weight, decreases life, makes it difficult
to design an optimal pump and creates a serviceability  Figure 5. Mechanical Pump

issue due to tight mounting locations. This leads to pump

designs which are specific to a given engine size, engine manufacturer and sometimes even
engine model year. Finaly, most, if not all, mechanical pumps require the use of seals on the
drive shaft to prevent loss of coolant and damage to the bearings. These seals have historically
exhibited a high failure rate and are one of the leading sources of warranty claims in the
automotive industry.

TRADITIONAL THERMOSTAT — Thermostats are simple mechanica valves that use a wax-
based actuator. The wax expands volumetrically with temperature and pushes against a piston,
thereby opening or closing the valve. The valve restricts coolant flow
to the engine radiator by routing it back to the engine through a
bypass, until the coolant temperature has reached a predetermined
temperature corresponding to the melting point of the wax. Their
primary weakness is that they are typically designed to open or close at
a single set point temperature. They aso actuate slowly and lack
temperature control accuracy due to mechanical hysteresis and the
inherent physical characteristics of the wax as it goes through its
Figure 6. Thermostat change in phase. Thermostats typically represent a high flow

restriction in the fluid system, leading to additional parasitic power
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loss. Under certain conditions in cold climates, the thermostat may not allow the engine to reach
the optimal operating temperature.

Opportunity/Solution — Thermal M anagement System Components

ADVANCED THERMAL MANAGEMENT SYSTEMS + Computer-controlled coolant flow
has been a topic of discussion in the automotive engineering community for severa years.
Barriers to implementation have included the lack of sufficient electric power and cost effective,
reliable electrically-driven components. The recent industry movement towards higher voltage
electrical systems and advanced hybrid powertrains will make it easier to add electronically-
controlled devices to vehicles. Several companies, including EMP, are working on highly
efficient controllable pumps and valves which are intended to meet the needs of current and
future vehicles. Now isthe time to develop a complete system for proper thermal management.

The benefits of better thermal management have been documented in several SAE reports over
the last severa years. These reports have shown that by electronically controlling pumps and
valves, thermal control can improve dramatically on both SI and TDI engines. With properly
implemented thermal management technologies, fuel economy improvements as high as 5%
should be achievable. Much of this improvement comes from the ability to tightly control the
engine temperature. Research has shown that raising the average cool ant temperature can lead to
improvements in combustion efficiency by reducing the heat transfer from the combustion
chamber to the coolant and by lowering the viscosity of the lubricating oil, thereby decreasing
the power lost to internal engine friction. As was seen in Figure 4, the average coolant
temperature with the advanced system was amost 15°C higher than with the base system. The
mechanical thermostat in the base system has a lower opening temperature so the maximum
operating temperature is not exceeded when the coolant temperature rises as a result of rapid
acceleration or heavy vehicle load. The electronically-controlled valve can react quickly enough
that the temperature of the coolant does not rise with changesin engine load. Moreover, because
the coolant flow can be tailored to the specific needs of the engine, the power to drive the pump
can be kept to a minimum thereby reducing the parasitic power losses. Improved temperature
control brings improved engine reliability due to reduced thermal fatigue, with a corresponding
reduction in warranty claims due to gasket failure.

To summarize, improvements in the ability to control engine temperature has the following
benefits:

Improved combustion efficiency
Reduced fuel consumption
Reduced exhaust emissions
Lower parasitic power |oss
Increased flexibility in packaging )
Fewer component failures due to thermal stresses Figure 7. Radiator with Integrated Pump
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With these types of potential benefits, the question is “Why hasn't the industry embraced these
technologies faster?” The answer lies in the basic approach used for driving the pumps and
vaves. All known attempts have used electric motors. These motors tend to make the
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components expensive, heavy and in some cases unreliable. They require complex and expensive
electronic controllers. A revolutionary approach is required to finally break this dilemma.

EMP proposes to develop a series of pumps and valves which do not use a motor or motor
controller. Instead, an electroactive polymer (EPAM) actuator will be developed to meet the
specific needs of each product. This material has the potential for a lightweight, cost effective
solution. Itssimplicity and ease of control should also make it easier to convince the OEM' s that
high reliability can be achieved on controllable thermal management components.

ELECTRIC PUMPS - Many tests have been conducted with controlled
coolant pumps demonstrating benefits in aimost all conditions from cold
startup to higher operating regions. Studies have shown that a
conventional pump produces flow rates that match engine thermal
conditions only about 5% of the time. Thisis because mechanical pumps
are designed to provide sufficient coolant flow at the severe-duty design
point of high engine loads and high ambient temperature. Thus, most of
the time mechanical pumps produce more flow than necessary, adding to
the parasitic power load. With eectronic control, the engine would
receive the correct amount of flow in all conditions thus saving a considerable amount of energy.
EMP is developing a series of electric pumps based on a patented flow-through design (see
figure 8). Although many bench tests and vehicle demonstrations have shown this pump design
to improve efficiency and emissions, it has been very difficult to convince the industry to
change. The hesitation by the OEMs is primarily due weight, cost, and reliability concerns.
Another EMP-specific issue is that many competitors world-wide are working on their versions
of motor-driven electric pumps. Many of these competitors are typically large foreign Tier 1
suppliers with established relationships with the OEMs. When the OEMs finally make the
switch to electrified components, it may be difficult for a smaller company like EMP to compete
without a completely new approach.

Figure 8.EMP Electric Pump

To mitigate these problems, EMP plans to leap-frog existing technologies with the proposed
EPAM-actuated pumps and valves. Combining the innovative EPAM technology being
developed by AMI with EMP's pump and system knowledge should prove to be the combination
necessary to drive arevolutionary change in vehicle thermal system management.

The EMP éelectric pumps are powered by rotary motors. While AMI has demonstrated a rotary
motor powered by EPAM actuators, there may be a better design more suited for the specific
traits of the EPAM materia. EMP plans to build a diaphragm pump that uses the EPAM
material for the diaphragms, replacing the complex mechanical drive assembly used in current
diaphragm pump designs. Because the diaphragm itself provides the motive force in the pump,
the overall size and complexity of the pump will
be significantly reduced and it will inherently be
seal-less.  Also, because the pump can be
electrically controlled, the performance can be
adjusted to the specific flow requirement. AMI
has already built and successfully demonstrated

Figure 9. EPAM-actuated Diaphragm Pump Concept @ tiny diaphragm pump intended for cooling
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electronic components, so this experience will prove to be valuable when developing a pump for
engine cooling. One possible design concept is shown in Figure 9.

ELECTRIC VALVES * As discussed earlier, conventional thermostats do not provide the
precise control needed to meet the needs of future cooling systems. They actuate only at a fixed
coolant temperature value. Much work has been done with computer simulations and testing to
evaluate the benefits of an electrically-controlled valve. Significant improvements have been
found during cold start and cold operating conditions since these valves can completely cut off
flow to the radiator. During cold ambient conditions, an electric valve could be used to raise the
coolant temperature higher than with a conventional thermostat and still satisfy the engine needs
at high thermal load situations. In this manner, the engine can be allowed to operate at higher
temperatures than normal which can enhance combustion along the walls, improve cabin heater
performance, and alow the engine oil to reach an optimum
temperature sooner. Even in more moderate ambient conditions, the
precise temperature control provided by the valve can alow for
higher average coolant temperatures thereby reducing the heat
transferred from the combustion chamber to the coolant. Through
careful design, the control valve will present a lower restriction to
flow than a conventional thermostat, reducing the pump power
reguirements.

Figure 10. Electrically-heated

Several companies have been experimenting with electrically-heated V& Thermosiat

thermostatic valves with some success. These can be best described as a wax-type thermostat
with an additiona electric heating element. This alows some
control of the opening point of the valve by adding hesat to the
wax. While this feature adds a smal improvement in
controllability over unheated thermostats, they still suffer from
high fluid restriction and only offer a two-point temperature
control.

’9 EMP is currently developing a series of motor-driven control
Figure 11. EMP Prototype valves such as that shown in Figure 11. Like the electric pumps,
Electronic Control Valve they have yet to be widely accepted by OEM's due to weight,

cost, and reliability concerns. To address these issues, EMP again
plans to leap-frog existing technologies by
developing a series of valves using EPAM
actuator technology. Shown in Figure 12,
the EPAM material will be used as a
linear actuator to move the valve plug to
the desired position. The controllers are
much simpler, with fewer components,
than the electronic controllers required for
use with electric motors. One useful side _
benefit of the EPAM materia is that its "Flow-Through"”

physical characteristics allow it to be used Body Design
as a position sensor. By taking advantage Fi9ure 12. EMP Control Valve Concept with EPAM Actuator

_\——-“’ Valve Closed

Valve Open
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of this property, it is possible to build a valve with position feedback control, thereby allowing
very precise control of the flow.

Other significant benefits of the EPAM-actuated valve include:

* Low Pressure Loss * No Brackets Required
o Compact (2 ¥4 body for 1 ¥4" hose size) * Install in Hose with Common Clamps
o Scalableto Any Hose Size * No Externa Seals

As shown in Figure 13, the single-acting valves may be used in pairs to regulate the flow of
coolant through the vehicle system. Increased cabin heater performance can be achieved by
modulating the flow of coolant through the bypass, thereby diverting it to the heater core.

Figure 13. EMP Prototype Electronic Control Valvesin Vehicle Thermal Management Circuit

EPAM ACTUATOR - Artificial Muscle, Inc. (AMI), founded by SRI International in 2003 and
funded with venture investments in early in 2004, is developing new products using the
innovative new technology called EPAM™ (electroactive polymer artificial muscle). For the
last 12 years SRI International, one of the premier research organizations in the world, has been a
leader in the development of dielectric elastomer artificial muscle technology for use as actuator
components in a wide variety of applications. Numerous publications have reported on the
advancements in the fundamental capabilities of the technology. With over 6 patents awarded
and over 15 patents pending, the commercia promise of the technology is bright.

The basics of EPAM technology are disarmingly simple. A compliant thin film coating of
conductive material is applied on opposing sides of a planar film made of any of a variety of
elastic polymer films. When a voltage is applied to T
the electrodes, the Maxwellian force from the static
charge on each electrode film compresses the
dielectric elastic polymer. Because the polymer
sandwiched between the electrode films acts as an |t
incompressible fluid, the volume of the film tends to
remain constant when a force is applied in one RS
dimension. As the force from the electrode films &
causes the thin film to get thinner (the z dimension
decreases), the x and y dimensions increases to &
maintain a constant volume. Thus, electrical energy | ;
is converted into mechanical motion. A linear Figure 14. valve Actuator

actuator application is shown in Figure 14. There are

avariety of configuration options by which the EPAM technology can be harnessed to provide
mechanical motion and work as an actuator asillustrated in Figure 15.
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Figure 15. Generic EPAM Actuator Configuration Options

The physica characteristics of the
EPAM materia are best illustrated by
the diagram in Figure 16, which
compares the strain vs. pressure
capability of the materia to other
advanced linear actuator technologies.
EPAM can exert nearly as much force
as a piezoelectric actuator, but with a
much greater range of motion.
Compared to magnetic coil-type
actuators, the range of motion is
comparable, but with up to 100 times
more force. The mass of the actuator
Is aso much lower since the EPAM
actuator does not use heavy copper
windings. The polymer materials can

Figure 16. Physical Characteristics of EPAM Actuators

range from polyurethanes to acrylics to silicones. Depending on the material selection, the
specific properties of the device can be tailored to match a wide performance range.

Technical Targetsand Key Factors

Table 1. Electronic Control Valve

Key Factor Target Conventional Practice Barriers Innovation
Controllability Full Control Single Point Material Limit Advanced Polymer
. Under 120% of . . : S .
Weight Conventional Up to 1kg with housing Electronics Minimizein design
Pressure Drop | 50% of Conventional 35kPa@3L/sec New design Flow-Thru design
Short actuator stroke
0
Reliability Over 150./0 of 160K kilometers Actuator fatigue Advanced polymer
Conventional .
materials
0,
Cost Under 129/0 of $15 Controller/actuator EPAM
Conventional
“Revolutionary Electronic Vehicle Thermal Management Components” Page 8 of 23
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Table 2. Electric Fluid Pump

Key Factor Target Conventional Practice Barriers Innovation
Controllability Full Control None Flow Range H|gh_ Frequency
Pumping Element
. Under 80% of . Electronics S .
Weight Conventional 5 kg (automotive) Housing Material Minimizein design
0,
Efficiency Over 139/0 of 35% Efficiency None Flow-Thru design
Conventional
Short actuator stroke
0,
Reliability Over 159/0 of 160K kilometers Polymer Fatigue Advanced polymer
Conventional .
materials
0,
Cost Under 120% of $35 Controller/actuator EPAM
Conventional

These numbers are based on EMP' s experience in the market place including customer input and
internal testing.

Benefits/l mpact - Advanced Thermal M anagement Components

The key benefits of optimal therma system control includes decreased parasitic power 10ss,
improved powertrain heat management, decreased exhaust emissions, improved reliability, and
flexibility in component packaging. Peak fuel improvements of over 5% should be achievable
with awell-implemented therma management system.

Reduced Parasitic Power Loss

Parasitic power losses for water pumps, oil pumps and fans are not very well understood. There
are many ways to reduce the power loss during component design and system integration. These
include:

e Packaging flexibility means
fewer compromises must be
made in the component design

e Decrease drive losses by
eliminating mechanical drive
systems

e Decrease pumping losses by
operating pumps a optimal
points (see Figure 17).

e Reduce friction by controlling
the engine temperature at an

optimal level
e Reduce system pressure drop
Figure 17. Water Pump Parasitic Loss by  eliminating restrictive

thermostats and bypass loops
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Improved Thermal Control

Precise thermal control is crucial for operation of an engine at its optimal condition as it allows
for higher combustion temperatures. The benefits include:
e Elimination of overcooling during part load operation by controlling cooling flow
o Eliminate hot soak after shutdown by circulating coolant through the engine
e Allow for quicker engine warm-up by slowing or stopping coolant flow during cold start
e Thermally optimize engine by increasing average combustion temperature
e Increase lubricant life by better oil temperature management

Decreased Engine Emissions

Changes in engine emission regulations are driving engine technology development. A designer
can have the most fuel efficient, compact, and versatile engine in the world, but if it does not
meet the mandated emission requirements, the engine can't be sold. With that understood, here
are some ways an advanced therma management system can help the engine designer meet their
emission goals:

e Increased fuel economy decreases overall quantity of emissions, especially CO,

o Better control of diesel intake air temperature and combustion chamber temperature may

allow optimization of the injector spray pattern to reduce HC and particul ates
e Reduced engine warm-up time decreases hydrocarbon and CO, emissions
e Improved temperature control enables the use of more optimal engine calibration

Increased Engine Life

Some additional benefits of controlled cooling technology can be extended engine life. These
benefits may be difficult to quantify in the short term, but the changes in engine operating
characteristics lend themselves to extended engine life.

Reduce engine wear by running key components at their design points

Reduce thermal stress on engine through tighter temperature control

Limit the thermal stresses on engine components after shutdown by eliminating hot soak
Decrease wear by reducing engine warm-up time

Driving components with electric actuators reduces bearing loads improving component
mechanical life

888881

Increase System Packaqging Flexibility

System flexibility is a major positive attribute of the controlled cooling concept since
electrically-driven components need not be mounted on the front of the engine. Consider the
following reasons that make the system almost universal to all engines.
e Remote mounting of components for easier serviceability
e Commonization of components across engine families and vehicle model years to reduce
parts inventories required to support vehicle fleets
e Decrease overall package size by optimization and configuration flexibility
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Component and System Diagnostics

With electronically controlled components, it is now possible to assess the condition of the
components and system while the engine is operating. Not only is it possible to alert the driver
to a potential concern, but information can aso be gathered by fleet operators to aid in
scheduling vehicle maintenance.

Technical Risks

One of the primary risks of the proposed system is in the application of an advanced material
that, before now, been tested only in laboratory demonstrations and robotic systems. It must be
made to survive in the harsh conditions found in a vehicle thermal management system. Vehicles
are exposed to significant temperature swings, vibration, aggressive chemicals, and a myriad of
environmental hazards. Components are expected to have a long life and a low cost. These
sometimes conflicting requirements will require proper polymer selection for temperature, life
and chemical compatibility, aong with good valve and pump design practices. One of the
strengths of the EPAM design is that a wide range of commercially-available polymers can be
used to tailor the physical and mechanical reguirements to the specific application. AMI and
parent company SRI are experts in material selection and development. Combined with EMP's
component development experience and an understanding of the vehicle needs, confidence is
high that a solution will be found.

Another risk will be the unigue designs of the components. The valve design selected is expected
to be a simple cost effective configuration, but it currently exists only as a computer model.
Actual testing of this configuration will need to be made in order to ensure it is robust and has a
low fluid pressure drop. With the pump, a diaphragm configuration will require an actuator that
can operate at fairly small stroke lengths but at a high frequency. SRI recently demonstrated a
stereo speaker constructed with EPAM material. Since speakers operate at high frequency and
low amplitude, this is evidence that the material is suitable for the task. A check valve
arrangement and detailed pump design will have to be developed to ensure pumping is effective
across the operating range. EMP has considerabl e expertise to resolve these design issues.

A fina risk will be in the system configuration and development work. Once these new
components are available, an on-vehicle demonstration will be required to quantify the
performance improvements. Without solid data supporting the claims, the products will never be
accepted by the market place. EMP has a considerable experience with thermal system
development on other designs and across many vehicle platforms, ranging from passenger cars to
off-highway vehicles to military vehicles.

Technical Competitors

The market can be broken down into two types: those companies that are focused on producing
conventiona pumps and thermostats and those that are attempting to develop electronic versions
of these products. Many of the companies that are supplying conventional products are in a
“technology sustaining® mode, which means they are only making incremental improvements in
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the technology. With conventional pumps and valves, the primary improvements have been to
the useful life of the components, typicaly through better sealing technology, and in cost
reduction by outsourcing production to off-shore countries. As discussed earlier, the performance
of these products is not sufficient to meet the needs of modern day vehicles. Also, the situation is
highly susceptible to erosion of profits as pumps and val ves become commodities.

Several companies, most of which are located in Europe, are developing electronically controlled
pumps and valves. All of the designs known to be under development (including those by EMP)
use electric motors to drive the pumps and valves. Electric motors are very good at enabling
electronic control. Their downfall, however, is that they are heavy, require complex e ectronic
controllers, can be costly, and are prone to limited life, especialy when used in harsh
environments. Because of these issues, OEMs have been hesitant to convert to electrical
components. They are also having a difficult time justifying the significant price increase over
conventional mechanical components. One of the reasons that many companies are using electric
motorsisthat it is awell-understood technology, with roots in countless industrial applications.

EMP's approach is quite revolutionary when compared to the current state of the advanced
components in that it will address the issues mentioned -- without motors. Done correctly, this
will offer alow cost, light weight, robust solution that will truly be a market disrupter. The first
company to achieve this will dominate the market world-wide and create many jobs.

Technical Plan

The overall objective of the program is to define, develop and demonstrate an advanced vehicle
thermal management system that incorporates a revolutionary electronic valve and pump for
automotive, military, and commercia use. The specific objectives of the program are as follows:

Task 1: Define Project, Requirements & Specifications
Task 2: Design Valve & Pump Concept

Task 3: Develop Actuation Systems

Task 4: Build Pump and Valve Prototypes

Task 5: Bench Demonstration of Prototypes

Task 6: System Demonstration on Vehicle

Task 7: Final Report & Recommendations

The anticipated timeframe for this project is about 24 months.

Figure 18. Project Timing Overview
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Task 1: Define Project, Requirements & Specifications + 10 Weeks

Leveraging the EMP knowledge of vehicle cooling systems, a set of requirements and
specifications will be developed. This will include performance criteria, environmental concerns,
market input, reliability, etc.

8888888

Project organization

Establish initial goals and requirements

Vehicle selection for specifications

Generate specifications

Obtain vehicle for review from one of existing programs

Obtain baseline data on vehicle thermal system, components and fuel economy
Report

Task 2: Design Valve & Pump Concepts + 16 Weeks

Using output from Task 1, concept designs can be created. Analysis will be done prior to design
including MATLAB caculations and CFD for both pump and valve.

88888881

Valve concept design and analysis using input from task 1

Pump concept design and analysis using input from task 1

Establish actuator specifications from concept design

Design review including key factors such as weight, cost and performance estimates
Update concept as needed

Detailed drawings

Report

Task 3: Develop Actuators + 26 Weeks

Using actuator specification from Task 2, development of technology can be performed. This
will be the primary task of the subcontractor AMI.

8888883838888

Specification review

Material selection based on specifications
Initial valve actuator design

Initial pump actuator design

Initial controller design

Design review

Adjust design as necessary

Build prototypes of actuators and controllers
Bench tests

Go/No-go decision

Report including initial reliability expectations

Task 4: Build Full Pump & Vave Prototypes + 12 Weeks

Manufacture complete fully functional prototypes for testing on bench and system.

ce
ce
ce
ce

Order components

M anufacture components

Assemble pump and valve

Report on manufacturability including weight and cost updates
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Task 5: Bench Demonstration + 8 Weeks
Test components on EMP test bench which simulates a vehicle cooling system. Tests will
include performance, key targets and initial reliability.

e Setup bench test

e Run performance tests

e Run accelerated reliability test

e Review results and determine if designs are sufficient relative to keys. If not a decision

will be made to go through design again or stop.
e Report. Include comparison to other electrical pumps and valves.

Task 6: System Demonstration + 16 Weeks
The final validation will be to determine how well the pump and valve performs in an actual
vehicle and document the vehicle performance improvements. A vehicle will be selected from
one of EMP stest fleet.
e Install advanced components on vehicle
o Verification of function
e Finetune control algorithms
e Test vehiclein wind tunnel to document performance
(02
(o2

Compare data with baseline datafrom Task 1
Report

Task 7. Report & Recommendations + 6 Weeks
ce Review dternatives for future work
e Review possibilitiesin other applications
e Revisit cost estimates
o Final report

Economic | mpact & Commer cialization Str ategy

The thermal management industry is currently valued at well over $15 billion worldwide. U.S.-
based companies comprise only a small portion of this market. EMP is currently one of the
largest suppliers of engine water pumps and oil pumps in the United States. EMP is developing
many products that will be used in advanced therma management systems including controlled
pumps, valves, controllers and fans. It is our intent to use this program to develop revolutionary
electric pumps and valves to market to automotive, military and commercia industries.
Expanding our market to include these technologies will not only expand our sales, but also help
add U.S. jobs. With a current customer base that includes al the magor U.S. diesel engine
manufactures, the military and some auto companies, EMP is well-positioned to aggressively
attack this market. EMP is also quickly becoming known as aworld leader in thermal system and
component development. EMP has won several awards and published many papers related to this
market.

The global market for new vehicles of all types is about 50 million units per year, with each
vehicle having at least one pump and thermostat. Even vehicles equipped with alternative
powertrains require pumps and valves, such as fuel cell or hybrid electric vehicles. The potential
market value for these components is estimated at over $3 billion per year. Conservatively
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assuming that each of these vehicles is driven 10,000 miles/year and achieves 20 miles/gallon,
the annual fuel savings would exceed 250 million gallons with only a 1% overall reduction in
fuel consumption. Based on analysis to date the potential is 5% fuel economy improvement over
existing systems. Along with these benefits will be emission out improvements related mainly to
HC and CO2. Other benefits were described in detail earlier in the technical proposal.

EMP is one of the largest manufacturers of water pumps in the U.S. and one of the leaders in
therma management development. EMP is continually under market pressure from companies
which produce parts in countries that have alow labor cost, especially on conventional products.
Paradigm shift technologies such as these electric products will allow EMP to grow. Most of the
known companies developing electronically controlled thermal management components are
located in Europe and Asia. Since EMP is a relatively small company, it is important that it
develops technologies that truly are revolutionary to compete. The ATP funding will make it
feasible to take ariskier approach to help achieve this. Without this funding, EMP will be forced
to focus its current resources on the development of motor-driven components. The risk to this,
as mentioned earlier, is that many foreign competitors are taking a similar approach and thus
competition could quickly be very stiff.

The initial market for these products will be where fuel economy and emissions are the most
critical. Two of the initialy-targeted areas will include the automotive market in Europe, where
fuel prices are very high, and the Over-The-Road truck market in the United States which are
driven many miles per year. In Europe, fuel prices are typically 3 times higher than they are in
the U.S. Because of this there has been a huge push for improved fuel efficiency. Diesel engines
comprise about 50% of the European car purchases because they are considerably more efficient
than Sl engines. EMP has had programs with several European manufacturers including Jaguar,
Volvo, Mercedes, Audi and BMW. They are very interested in cost-effective, robust
technologies that can save fuel. Leveraging the data generated by this program, EMP will revisit
these companies to initiate vehicle demonstration programs. The OTR market is another fuel
and emissions-sensitive area. Most trucking firms are working on very slim profit margins. The
cost of ownership of atruck is 70% operational, with fuel comprising the majority of the cost.
They typicaly accumulate between 100,000 and 150,000 miles every year. Any improvement to
fuel economy can have a huge impact on the company's ability to survive. Even a 1%
Improvement gets their attention. This market, however, is aso very sensitive to the robustness
of the products they use and therefore it is critical that the valve and pump be able to withstand
the stress in this application. EMP has current programs with all the primary truck engine and
vehicle manufacturers in the United States. Larger versions of the pump and valve devel oped
under this program will be produced for demonstration on these trucks.

Timing for these products is very good. The entire industry, but especially companies in Europe
and the United States, continues to develop new engines and vehicles to meet the tougher
emission standards. To take full advantage of this opportunity, this program will be executed in
under two years to hasten vehicle demonstrations with vehicle OEMs. Timing is critical because
the next major phase of EPA emissions regulations start in 2010. This is a great time to
introduce new technologies, especialy those that can decrease emissions and improve fuel
economy at a reasonable cost. The pump and valve developed under this program will help meet
the needs for 2010 at atime that is matched well for the industry needs.

“Revolutionary Electronic Vehicle Thermal Management Components” Page 15 of 23
Engineered Machined Products, Inc. - April 13, 2004



2004 ATP Project Proposal + Technical Discussion

EMP - Experience & Personnedl

Engineered Machined Products, Inc. (EMP) is one of the leading US suppliers of engine
components, and a recognized |leader in the development and advancement of fluid management
technologies. EMP is QS9000 certified and currently serves diesel engine manufacturers for both
on and off highway vehicles including commercial and military applications. As one of the
fastest growing manufacturing companies in the state of Michigan, EMP has employment of
about 600 and sales of $300 M/yr. EMP adheres to al Federa and State of Michigan
environmental and safety laws.

EMP has a dedicated research and development facility with labs specificaly designed for
developing advanced pumps, oil management technologies, electric motors/controls sensors and
therma systems. EMP has state-of-the-art rapid development capabilities including 3D solid
modeling, finite element analysis, computational fluid dynamics, rapid prototyping, CNC
machining, engine simulation modeling, metallurgical analysis and specialty testers.

EMP's development team is comprised of some of the best engineering talent in the industry
with a tremendous amount of engine and component design experience. Disciplines include
Mechanical, Aerospace, Electrica and Metalurgica Engineering with both graduate and
undergraduate degrees. These engineers have developed engines and engine components for
power trains from 10 horsepower to over 2000 horsepower.

Partial List of Available Resources

EMP-developed therma management system devel opment equipment & software
(9) water/oil pump testers for component and bench system tests
Pro/Engineer 3D modeling & design software

Pro/Mechanica structural analysis software

CFX & Fuent computational fluid dynamics software packages
Ansoft motor design software

PCAD controls software

Thermal System Test Stand for heat exchanger and fan analysis
Shaker table for vibration testing

Cold test chamber with remote capability

Matlab/MathCAD internally devel oped programs

Imagine AMESIm thermal system simulation software

National Instruments SCX|I data acquisition hardware

National Instruments LabVIEW data acquisition software

8888833838383 838888

David Allen, Vice President Product Development (EMP - Executive Sponsor)

David joined EMP in 1994. David has a BSE in Aerospace Engineering and Mechanical
Engineering as well as a MSE in Aerospace Engineering focused on fluid flow and heat transfer,
al from the University of Michigan. David came to EMP from Weirton Steel where he was
Manager of Process Development. Dave's last assignment at Weirton Steel included a $17
million government funded program on advanced scheduling and identification systems where
he served as the Technical Manager. In his 10-year career at EMP, Dave has helped design over
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twenty (25) engine pumps many of which are currently being used on OEM diesal engines.
Dave's current assignment is Vice President for Product Development where he oversees al
research & development projects including both conventional and advanced programs. David
holds four patents on various pumping devices and several pending and has co-authored an SAE
paper on thermal management. David was a primary member of the off-highway thermal
management group for the Department of Energy and won the Design News award for a unique
electronic water pump.

Mark Bader, Manager Advanced Product Development (EMP - Program Manager)

Mark joined EMP in June 1998. Mark has a BSME from the University of Michigan and came
to EMP from Victory Motorcycles (a division of Polaris Industries). At Victory, Mark was
Manager of Design and Chief Engine Designer on the V92C motorcycle. The V92C won Cycle
World'stop award of ‘Cruiser of the Year' initsfirst year on the market. Prior to Victory, Mark
spent nine years at Kohler Company designing small hp industrial engines. His last program at
Kohler, the OHC 18 hp, concentrated on utilizing lost foam casting technologies. Although
completed in 1995, the OHC 18 was nominated and won the Society of Professional Engineers
award of Top new product for 1998 (1997 winner was the Boeing 777). Mark is responsible for
leading the advanced development team and providing technical support to the product
development engineers. Mark holds four patents on engine systems and components and has
others pending.

Michael Lasecki PE, Senior Product Development Engineer (EMP — System Support)
Mikejoined EMP in May, 1999. Mike has BSME from Michigan Technological University. He
spent six years at Navistar's Engine Division working in the performance and emission
development of their in-line diesel engine products. During this time, he was responsible for
combustion chamber, fuel system, and air handling system with both mechanical and electronic
engine controls. He also spent four years at Navistar's Truck Division working in the Advanced
Powertrain Group. His projects included integration of alternative fuel engines and support
systemsincluding CNG, LNG, and LPG into field evaluation vehicles. The advanced powertrain
experience included the development and construction of afleet of hybrid diesel-electric vehicles
for field demonstration and evaluation. Mike's current responsibilities include design and
specification of pumps based on heat transfer requirements, system level analysis and
integration. Mike holds two patents and has severa others applied for. He has coauthored
several SAE papers including parasitic loss reduction and thermal management. His current
assignment includes developing electric pumps and valves for a medium duty tactical vehicle
and aclass 8 OTR truck.

Robert Page, Senior Product Development Engineer (EMP — Technical Leader)

Robert holds an Associate of Science degree from Northwestern Michigan College, and BSME
and MSME degrees from Michigan Technological University. The advanced degrees focused on
the study of heat transfer and fluid flow as applied to internal combustion engines. After
graduation, Robert joined Ford Motor Company in the Scientific Research Laboratory where he
held a number of positions in the Powertrain & Vehicle Research Lab. Key assignments include
a 2 year stint as a design team member for the 1.2L DIATA Diesal engine used in the Ford
P2000 hybrid electric vehicle and as the lead project engineer in the development of a $1.2M
engine air flow testing laboratory used for the development of cylinder heads and manifolds.
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After nearly 12 years at Ford, Bob joined EMP in August 2001 where he is involved in the
evaluation and development of advanced technologies for use in vehicle thermal management
systems. Robert holds one US patent and has co-authored a number of technical papers.

Jeremy Carlson, Product Development Engineer (EMP - Computer Modeling)

Jeremy joined EMP in December, 1998. He has a BSME and MSME from Michigan
Technologica University. His Masters thesis was based on the development of a fuel injection
system for small spark ignition engines. Jeremy is the resident Computational Fluid Dynamics
(CFD) expert and is responsible for the design and analysis of impellers, volutes, and diffusers
using CFD software commercially available as well as software he developed in-house. Jeremy
Is aso involved in developing control algorithms for EMP's controllable water pump and has
additional patentsin process.

Subcontractor — Experience & Personnel

Artificial Muscle, Inc. (AMI), founded by SRI International in 2003 and funded with venture
investments in early in 2004, is developing new products using the innovative new technology
caled EPAM™ or Electroactive Polymer Artificial Muscle. For the last 12 years SRI
International, one of the premier research organizations in the world, has been a leader in the
development of dielectric elastomer artificial muscles technology for use as actuator components
Inawide variety of applications.

Neville Bonwit, Manager, EPAM Technology (AMI Inc.)
Examples of Product Development and Technology Devel opment Projects:
e Roll Actuators—Designed and demonstrated devices that used electroactive polymer
spring rolls to exert axial forces and travel mm-scal e displacements at various frequencies
o Diaphragm Actuator—Designed and demonstrated a device which used an electroactive
polymer diaphragm to exert a uniform force over a multi-inch square area
e Micro Air Vehicle Development—Performed motor, battery, and servo testing and
selection
e Blood Pressure Waveform Device—Designed and demonstrated radial, brachial and
carotid artery sensor-holders for a new, more comfortable, blood pressure sensor
e Medica Diagnostic Device—Designed and demonstrated a device which used magnetic
beads as a transport mechanism for DNA in a biological reaction; technologies shown
included magnetic bead movement between liquid-filled wells and bead spinning within a
well
e Bloodless Glucometer—Designed and tested various devices to collect interstitial fluid
from human skin; two devices were selected for possible incorporation into a handheld
bloodless glucometer for diabetics
e Hazardous Duty Robot—Debugged and increased reliability of a commercialy available
bomb disposal robot, converted by SRI into a semiautonomous vehicle; tasks included
fixing hardware and electrical system, upgrading onboard computing and debugging code
Academic Background:
e B.A.in Mechanical/Electrical Engineering (2000) from Dartmouth College;
e B.E. in Mechanical/Electrical Engineering (2000) from Thayer School of Engineering;
Minor in Computer Science
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Marcus Rosenthal, Manager, EPAM Technology (AMI Inc.)
Examples of Product Development and Technology Devel opment Projects:
e Development of MER actuators with 2 and 3 degrees of freedom (DOF) and >45e¢
bending
o Design, development, and operation of MERbot, a six-legged robot using 2-DOF
artificial muscles for jointless walking
Development of electroactive polymer devices
Design and fabriction of circuit for EPAM activation from low-voltage photovoltaic cells
Analysis of additives to change the properties of electroactive polymer
Academic Background:
e B.S. in mechanical engineering (2002), University of California, Berkeley;
e Businessfor Arts Science and Engineering (BASE) (2001)
e Summer pre-MBA program at Haas School of Business, University of California,
Berkeley

8 8 8

Jon Heim, Director, Product Development (AMI Inc.)
Examples of Product Development and Technology Devel opment Projects:
e Designed and built diamagnetic levitation turbine gas flowmeter based on SRI principles
e Designed packaging and installation hardware for computersinstalled in military battle
tanks
e Designed and built GPS antenna structures for computerized instrumented range system
installed in military battle tanks
e Designed and built seven-degree-of-freedom robotic manipulator arms for a telepresence
surgery system
e Designed and built adiamagnetic levitation system for a hard disk manufacturing system.
Established aworld record for the most mass to be diamagnetically levitated.
e Designed and built EPAM (artificial muscle) speakers, actuators, and motors.
Academic Background:
e B.S. in mechanical engineering (1987) School of Engineering, California Polytechnic
State University, San Luis Obispo: senior project: electronic valve control and actuation
mechanism for an internal combustion engine

Alex N. Beavers, Jr., Ph.D., Chief Executive Officer (AMI Inc.)
As a founder of this venture-backed start-up company, am leading a team of engineers to
establish the first new high technology actuator company in decades. The patented technology
was developed by SRI International and is based on the use of electro-active polymers and
pliable electrodes to create the first solid state actuator product line in history. These actuator
products are a replacement for existing electro-magnetic actuators and are the best solution for
many new micro-pump and linear actuator applications.
Academic Background:

e M.B.A., financia management, Boston University, 1976

@ Ph.D., electrical and systems engineering, University of Houston, 1973

® M.S, dectrical and systems engineering, University of Houston, 1972

@ B.S, dectrical and systems engineering, Vanderbilt University, 1970
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5,458,096 @Hydraulically Operated Electronic Engine Temperature Control Valve®

5,463,986, 2Hydraulically Operated Restrictor/Shutoff Flow Control VaveP

5,467,745, 2System for determining the appropriate state of Flow Control Valve and

Controlling its state®

5,503,118, 2Integral Water Pump/Engine Block Bypass Cooling System®

5,505,164, 2Temperature Control System utilizing an Electronic Engine Temperature

Control Valve®

e 5,507,251, @System for determining the Load Condition of an engine for maintaining
Optimum Engine Oil temperature®

e 5,552,350, @System for Dithering Solenoids of Hydraulically Operated Valves after

Engine Ignition Shut-Off°
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e 5,551,384, a@System for Heating Temperature Control Fluid using the Engine Exhaust
Manifold®

e 5,638,775, aSystem for Actuating Flow Control Valvesin a Temperature Control
System®

@ 5,655,506, @System for Preheating Intake Air for an Internal Combustion Engine®

e 5,657,722, 2System for Maintaining Engine Oil at a Desired Temperature®

e 5,669,335, @System for controlling the State of a Flow Control Valve®

e 5,699,759, 2Free-Flow Buoyancy Check Valve for Controlling Flow of Temperature
Control Fluid from an Overflow Bottle®

e 5,724,931, aSystem for Controlling the Heating of Temperature Control Fluid using the
Engine Exhaust Manifol d®

e 5,742,920, aDisplay for a Temperature Control System°

e 6,044,808, 2Electronically Assisted Thermostat for Controlling Engine Temperature®
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e 6,056,518, 2Fluid Pump®

@ 6,135,098, 2Flow-Through Controllable Air Charger®

® 6,244,294, 2Radiator Pressure Release Vave for a Temperature Control SystemP

® 6,435,143, @Three Way Solenoid Valve for Actuating Flow Control Valvesin a
Temperature Control System®

e 6,443,006, 2Device which measures Oil Level and Dielectric Strength with a
Capacitance Based Sensor using a Ratio Metric Algorithme

e 6,499,442, 2Integral Water Pump/Electronic Engine Temperature Control Valve®

e 6,659,737, 2Electronic Fluid Pump with an Encapsulated Stator Assembly®
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6,343,129, 2Elastomeric Dielectric Polymer Film Sonic Actuator,® issued 29Jan02.
6,376,971, 2Electroactive Polymer Electrodes,® issued 23Apr02.

6,543,110, 2Electroactive Polymer Fabrication,® issued 8Apr03.

6,545,384, 2Electroactive Polymer Devices,® issued 8Apr03.

6,586,859 2Electroactive Polymer Animated Devices,® issued 1Jul03

6,583,533 2Electroactive Polymer Electrodes,® issued 24Jun03
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Table of Abbreviations

EMP + Engineered Machined Products, Inc.
AMI £ Artificial Muscle, Inc.

SRI £ SRI International

EPAM = Electroactive polymer artificial muscle
Sl + Spark Ignition

TDI + Turbocharged Direct Injection

OEM = Origina Equipment Manufacturer

OTR % Over-the-Road truck. Class 7/8
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