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ABSTRACT 
 
     Over 60% of energy that is generated is lost as waste heat with close to 90% of this waste heat 
being classified as low grade being at temperatures less than 200ºC.  Many technologies such as 
thermoelectrics have been proposed as means for harvesting this lost thermal energy.  Among 
them, that of SMA heat engines appears to be a strong candidate for converting this low grade 
thermal output to useful mechanical work.  Unfortunately, though proposed initially in the late 
60’s and the subject of significant development work in the 70’s, significant technical roadblocks 
have existed preventing this technology from moving from a scientific curiosity to a practical 
reality.  This paper/presentation provides an overview of ongoing work being performed on SMA 
heat engines under the US DOE ARPA-E initiative.  It begins with a review of the previous art, 
covers the identified technical roadblocks to past advancement, presents the solution path being 
taken to remove these roadblocks, and describes significant breakthroughs to date.  The 
presentation concludes with details of the current functioning prototype, which, being able to 
operate in air as well as fluids, dramatically expands the operational envelop and makes 
significant strides towards the ultimate goal of commercial viability. 
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INTRODUCTION 
 
Only approximately 40% of energy is converted to useful work, 60% of energy being 

dissipated as waste heat of which 90% is classified as low grade waste heat, that below 200°C.   
Illustrative of the magnitude, automobiles consume nearly 13 million barrels of oil daily in the 
U.S.  Despite improvements in engine and combustion technology, nearly 50% of the fuel energy 
is expelled as waste heat in the exhaust and coolant streams.  Additionally, approximately 2/3 of 
total energy input for steam-electric power production [1] and combustion engines in general is 
lost in conversion.  However, few thermodynamic cycles can use these low temperature streams 
effectively; particularly when system mass is a consideration, as in the transportation sector.  
     Our objective in this project is to provide a mechanism to capture low grade waste heat for 
power generation that is suitable for use wherever low grade waste heat and naturally occuring 
temperature gradients are present. 
     The technology, which is being developed under an ARPA-E contract, is a new, lightweight, 
high power density shape memory alloy (SMA)-based heat engine that recovers low grade waste 
heat.  This technology leverages recent and continuing breakthroughs in high performance SMAs 
– smart materials that intrinsically convert heat into mechanical work.  Importantly, this advanced 
heat engine technology operates effectively with both air (as seen in the Year 1 demonstration 
unit) and liquid waste heat sources.  The benefits of thermal energy harvesting that it provides 
can be added to other efficiency improving technologies such as hybrid powertrains and 
lightweight structural components in the transportation sector.   
     General Motors LLC is the lead organization with team members HRL Laboratories LLC, 
Dynalloy, Inc., and the University of Michigan.  This team brings together experts in vehicle 
system design and integration, smart material device and material physics, property modeling and 
measurement, and commercialization and fabrication of advanced shape memory materials.   
     The project goal is to develop a shape memory alloy (SMA) heat engine capable of specific 
power output of over 1 W per gram of SMA, which is a significant advancement over the state of 
the art in solid-state thermal energy recovery systems (e.g. a 6-10 times improvement over 
thermoelectrics). SMA heat engines convert thermal energy directly into mechanical work.  The 
alloy functions as a solid-state energy conversion element by recovering strain on the order of 4% 
through a reversible thermal phase transformation.  

Indeed, shape memory alloys are uniquely suited to transduce low-quality heat into 
mechanical work by nature of their phase transformation temperatures and high energy density.  
In this project we leverage recent and continuing breakthroughs in high performance SMA’s.  
Even with these, material limits on stress and strain make rapid thermal cycling the key to 
achieving significant power density.   For broad based applicability, we chose, however, to 
initially exclude the use of liquids for heat exchange and operate with hot and cold forced air 
convection, and conduction. Our program goals are to achieve high power density: 100 mW/g 
SMA in the first year, and 1 W/g SMA in the second.   

 
TECHNOLOGY R&D PLAN 

 

Technology Approach 
     Shape memory alloy (SMA)-based heat engines are solid-state devices that convert low grade 
thermal energy to mechanical work using SMAs as the working element.  In this project, our 
approach to realizing the untapped heat scavenging potential of SMA heat engine technology is 
through building on recent continuing material developments by team members aimed at 
dramatically improving property consistency, cyclic lifetime, and conversion efficiency.  It is our 
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belief that these advances combined with innovative engine designs will change SMA heat 
recovery devices from a scientific curiosity to a transformational energy technology with wide 
acceptance. 
     Three key innovations, which are detailed in the next three sections, are important elements 
and enablers in the Lightweight Thermal Energy Recovery System LighTERS heat engine 
development effort. 
 
1. Novel heat engine designs utilizing convective cooling 
 

Fig. 1:  Traditional and Novel heat engine designs 

     The basic design approach chosen is a rotary thermal engine based on heating SMA looped 
around pulleys.  In this design, thermal contraction of the SMA creates torque from which power 
may be extracted by a generator.  Our development efforts center around the production of novel 
heat engines engineered to operate robustly independent of the fluid media in which they operate, 
whether air or liquid.  Our multi-loop design, one notional example of which is depicted in Figure 
1, pulls heat from the exhaust and coolant streams without compromising the existing combustion 
engine efficiency. The device will generate power with little added mass due to the high work 
density and frequency response of the SMA elements. Electrical generators will be incorporated 
in applications in which electrical rather than mechanical power output is desired. 

2. Low-cost, narrow hysteresis, million cycles, SMA technology  

Fig. 2: Strain vs. temperature cycles for standard and narrow thermal hysteresis SMA 

     Recent ongoing SMA material developments by our team eliminate many of the issues that 
blocked previous SMA heat engine efforts.   Narrow phase change temperature hysteresis and 
consistent two-way behavior increase capture efficiency 3 times the previous state of the art.  
Significant impact on societal energy issues requires long lifetime devices.  Manufacturing 
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developments have resulted in an estimated cycle life for the SMA active element easily in excess 
of a million cycles. 

3.High frequency embedded SMA structure for rapid thermal transport 

     Capitalizing on the large work density of shape memory alloys requires innovative thermal 
and mechanical design to effect rapid phase transformations and reach high power densities.   In a 
rotating belt design with axial wire contraction we can transform >1 W/g of active material 
(compared to 0.13W/g for thermoelectrics) at an operational frequency of 1 Hz.  The plan is to 
achieve these frequencies using rapid heating / cooling in air and efficient mechanical power 
transmission.  

Efficiency and thermodynamics for thermal recovery 

     Efficiency, as defined here, is a thermodynamic term that describes the proportion of energy 
conversion between thermal and another form (mechanical for SMA, electrical for thermoelectric 
generators.)  Thermal efficiency, can be defined as inQW /=η , where W is the work output and 
Qin the thermal energy input.  There is some debate about SMA and thermoelectric devices, but in 
general the theoretical efficiencies are similar for both technologies and range from 1-7% for 
SMA [2] and 5-7% (corresponding to ZT values of 0.85 to 1.5) for thermoelectrics [3].  One key 
difference in the efficiency calculation is the temperature window over which the calculation is 
performed.  While the efficiency for thermoelectrics is calculated over the entire thermal window 
from heat source temperature to heat rejection temperature, SMA calculations typically involve 
only the temperature difference seen by the material itself. When taking this into consideration, 
SMAs can achieve efficiency near the Carnot limit where the Carnot limit is described as η=1-
TC/TH and TH is the hot temperature and TC is the cold temperature.  While the high SMA 
efficiency occurs only over a narrow band thus limiting the overall efficiency, by combining 
shape memory alloy formulations with different transformation temperatures, the combined 
efficiency of the system can theoretically be much higher.  In the contract study our focus is on a 
single material with a transformation temperature in the range of 70˚ to 80˚C. 
 
Technical Approach 
 
     The technical approach we have established to take this technology concept of a lightweight, 
high power density SMA-based heat engine from its current TRL 2 to TRL 4 is presented in this 
section.   

High frequency, high tension engine  

     While many SMA heat engine prototypes have demonstrated the capability to do small 
amounts of mechanical work, the vision of transforming SMA heat engines into high power 
producing devices is now realizable. By integrating new materials utilizing a fundamental 
understanding of their nature and response dependencies as well as enhanced thermal and 
mechanical engineering know-how, our team is rapidly and efficiently investigating new engine 
designs.  Our final design will not only be the result of learning from recent efforts (including 
bending SMA elements about pulleys from Sato [1] and Shaw [4]) but also the result of 
systematic parametric design studies and experimental test cases.   
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Fig. 3: – Critical SMA design elements for optimal thermal performance: the high work and 

strain capacity of shape memory alloys can produce substantial power density output at 
frequencies of 1-2 Hz.  

Thermal Management for Higher Frequency and Power 
     Our design will use rapid thermal cycling to achieve large power density.  SMA fatigue life 
currently bounds our maximum operating stress at about 200 MPa; consequently, increasing 
power means increasing work-cycle speed.  Figure 3 illustrates that operation at high frequencies 
yields a significant increase in power density.  A phase transformation rate of 2 Hz is targeted.  

         Processing Challenges and Solutions 
     The principal processing challenge in forming a composite SMA band working element is in 
SMA-to-SMA joining. 

Technical challenges for SMA heat engine development 

     While theoretically promising, powerful SMA heat engines have not previously been realized 
due to issues with power transmission, thermal management (notably dependence on liquid 
heating & cooling), material immaturity, and system scale-up.  Additional technical challenges 
specifically associated with waste heat energy harvesting in transportation vehicles are system 
weight (power generated per unit mass), and system packaging (compactness and ability to be 
integrated or retro-fitted to existing systems).  Key technical challenges grouped in terms of 
material suitability and harvester device design in this project are as follows: 

Material Challenges Device Challenges 

• Narrow thermal hysteresis at appropriate 
temperature range for utilization of heat source 

• High fatigue life at high stress 

• High transformation strain 

• Forming of SMA, i.e. joining, into a continuous loop 

• Device design and integration with power system 
hardware 

• High rate of heat transfer 

• High frequency of a continuous looping system 

• Power/energy storage and transfer 

• Mechanical tolerances (a function of SMA strain) 

SMA Material, Work Cycle, and Modeling 

SMA Material:  Industry-ready Narrow Hysteresis 

     Dynalloy Inc. has been producing high quality SMA actuator wires for over 20 years, and is 
currently producing millions of meters per year, used in automotive, medical, aerospace, and 
other products. Their SMA actuator wires reach a 108 cycle-life through advancements in 
material manufacturing and best-use design methodology.  
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     Dynalloy’s ongoing material development has produced new alloys with narrow thermal 
hysteresis with high work capacity. These new alloys have vastly reduced cycle times due to the 
smaller temperature difference required for phase transformation and thus activation.  Figure 2 
showed an example of one such material (blue trace) compared to a standard SMA (red).  
Reducing the heating and cooling temperature difference by 15 to 20°C increases material 
efficiency and reduces the thermal energy input and output and thus time required for phase 
transformation.   
  Work Cycle:  SMA work cycle and theoretical conversion efficiency  
     In automotive applications with combustion engines, the greatest overall fuel economy gains 
will be made with material with the best combination of thermal efficiency and power generation 
density.  The thermal efficiency is defined as η = W / Qin, where W is the mechanical work output 
per unit mass per cycle (Figure 4) and Qin is the heat input. Liu [2] reviews different SMA work 
cycles and provides the following work cycle model:  

     W ≈ [σr – 1/2(σ1
M + σ2

A)]( ε2 − ε1)/ρ    (1) 

where σr is the austenite recovery stress, σ1
M is the martensite detwinning stress, σ2

A is the stress 
component of an elastic bias component, ε2 is the pre-strain of the martensite, ε1 is the final strain 
after recovery, and ρ is the mass density of the SMA material. 

Fig. 4:  Schematic diagram showing the estimation of the work output of SMA during one 
thermal cycle. The energy conversion device employs the SMA under tension mode. 

     The thermal efficiency of the heat engine is thus expressed as: 

   η  = W/ Qin =   [σr – 1/2(σ1
M + σ2

A)]( ε2 − ε1) / [ Cp (TA – TM) + QM-A] ρ    (2) 

where Cp is the specific heat of the SMA, TA is the upper temperature, TM is the lower 
temperature and QM-A is the enthalpy of transformation from martensite to austenite. The thermal 
efficiency of the engine is relevant because it indicates the effectiveness in converting available 
heat into work. The expression for Qin indicates that the thermal efficiency of the system can be 
maximized by decreasing (TA – TM), thus underscoring the importance of the material 
breakthrough of producing narrow hysteresis high cycle life SMA material. Using the constant 
stress thermal cycling data shown in Figure 2, and assuming a material with a strong two-way 
effect to reduce the elastic bias stress, 200 MPa recovery stress, 4% recovery strain, specific heat 
of 490 J/kgK, mass density of 6450 kg/m3, and transformation enthalpy of 11000 J/kg, we can 
calculate the effective efficiency based on the equation above. The results indicate that the 
theoretical efficiency of the standard Flexinol® materials is ~5% while that of the narrow 
hysteresis Flexinol® material is 8%.     
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Critical Technical Risks and Mitigation Strategy 

     The key technical risks of our approach are: 1) achieving the desired system power density, 
which requires both achieving our target operating frequency range of 0.5 to 2 Hz and the 
efficient mechanical transmission from the SMA wires to the rotating mechanical output and 2) 
creating a reliable large million plus cycle life system, key elements being the use of the narrow 
hysteresis SMA wire and the joining method to form continuous loops. 

Achieving the target operating frequency of 0.5-2 Hz:  The major innovation to obtain high 
frequency operation is the use of narrow hysteresis SMA, produced by Dynalloy, Inc.  Narrow 
hysteresis alloys can cycle between material phases faster than other alloys, which directly 
increases the working frequency of the engine. Forced air convection will be combined with 
conduction to idler pulleys to accelerate cooling.   

Achieving efficient mechanical transmission from the SMA wires to the rotating ring:   
Efficient transmission of mechanical work from the SMA wires to the shaft is critical.  
Alternatives including a “zero slip” belt design have and are being investigated to maximize the 
power output of the device. 

Establishing robust SMA wire joining:  Establishing an effective joining technique for SMA 
materials has been a major impediment to earlier SMA based heat engine designs.  Fabrication of 
strong continuous loops of SMA wire is necessary to maximize the work potential of the SMA 
device.  Traditional welding methods anneal the SMA wire.  New experimental techniques such 
as Nb braising, developed by members of our team, are being investigated and tested. 
  

Program Phases, Schedule and Milestones 

     Our program is divided into two focused development phases.  The key metric driving the 
program is the power output per unit mass of SMA.  Phase 1, the first year of our project, 
centered on the analytical and technical development of a breadboard device with a power 
density output of 100 mW/g SMA.  This Phase 1 demonstrated feasibility (Figures 5 & 6).  Phase 
2, the second year, is devoted to increasing both the specific and total power output of prototype 
devices.  The increased power will result from increases in both operation frequency due to 
refinements in thermal design and in the physical size and volume of active material employed in 
the device.  The targeted specific power output is 1 W/g of SMA.   

   
 

       Fig. 5:  Schematic of Bench-top model    Fig. 6:  Year 1 heat engine demo unit 
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SMA HEAT ENGINE: PHASE 1 BENCH-TOP UNIT DESIGN AND TESTING 
 
The team determined that a rotary engine based on A.D. Johnson’s prior work [5] held the 

most promise for rapid cycling, device scale-up, and practical use.  The early bench-top lab 
versions of the engine consisted of two equal-sized drive pulleys around which the SMA working 
element is engaged (see Figures 4 and 7) [6].  In these early engines the shafts of the drive 
pulleys are fitted with sprockets of different size (radii b1, b2) and tooth count (N1, N2). A 
timing chain forces the drive pulleys to rotate in the same direction but at different speeds, as 
defined by the ‘gear ratio’ (G.R.) of N1:N2, or equivalently the pulley ratio = b1:b2.  The gear 
ratio also defines the strain imposed upon the SMA working element, and consequently the 
material work cycle.   

An idler pulley mounted on a load cell is included both to increase the cooling length and to 
measure cold-side tension in the SMA as the resultant force component.  Assuming steady state 
operation (i.e. zero angular acceleration), and performing a simple force balance on the SMA 
element and timing chain, we can deduce a simple relationship between the component 
geometries and external work: 

                                                  (3) 

where Me is the external moment, MF represents the frictional losses, a is the pulley diameter, and 
TH and TC the hot- and cold-side tensions, respectively.  This equation allows us to relate all of 
the critical parameters without knowing the exact phase transformation state in the SMA. 

 

 

Fig. 7: Heat engine schematic. Heating zone (bottom) with higher tension and lower stretch-ratio 
than the cooling zone (on top). Idler with load cell. 

 

 The SMA working elements used for all parameter study experiments during year 1 of our 
project are laser-welded helical coil loops formed from Flexinol® wires.   We elected to begin 
with the spring-form for ease of joining into continuous loops and greater compliance, which 
allows us to impose much larger strain conditions than would be possible on a straight wire.   
Bench test setup 
     Testing and measuring performance metrics – work density, operation frequency, and power 
density – required the construction of a special purpose test rig that applies measurable levels of 
input thermal energy and cooling potential.  We recorded the power produced as a function of 
input variables to map the effectiveness of prototype devices. 
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Given that the first several generations of heat engines that were constructed were stand alone 
bench top units, heat sources and sinks had to be provided.  Two separated heat exchangers were 
used as shown in Figure 5: a cylindrical heating chamber through which hot air was passed and 
an open to the environment cooling chamber.  An internal DC motor-driven fan and two AC fans 
were used to direct airflow.  Fan speeds are adjustable and flow rates in both chambers were 
calibrated using Pitot tubes at temperature. 

Testing and Metric Verification 

     Engine performance (defined as power output per mass of active material) was examined as a 
function of heating conditions (temperature, and flow rate), and system geometrical parameters.  
Engine speed was measured using an optical tachometer.  A Magtrol HB2.5-2 hysteresis brake is 
used to apply a calibrated torque to the engine for power calculations.  Both speed and torque are 
measured at the shaft.  Hot-side tension cannot be measured directly (as the cold-side can) due to 
the timing chain; however, using Eq. 1, we can estimate the hot-side tension if all other quantities 
are known.  Sample output data from these experiments is illustrated in Figures 8 and 9 below. 

 
Fig. 8:  Specific power test results varying hot air flow velocities under operation conditions of a 

cooling temperature of ~20°C (uncontrolled ambient), and a heating temperature of 200°C. 

 

 
Fig. 9: Characteristic torque vs. speed curve for the engine configuration described in Figure 7. 
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SUMMARY 

     Already, 1 year into this two year project, we have demonstrated a high power density thermal 
engine as evidenced in the Year 1 demonstration unit, and by project’s end should achieve 1 W/g 
of SMA, this being six times greater than that demonstrated to date for thermoelectrics.  This 
engine embodies the enabling components of the technology, namely a high frequency response 
achieved through an enhanced heat transfer design, and robust, cost-effective high cycle materials 
that can tolerate even automotive requirements. Successful completion will advance the TRL 
level of SMA heat engine technology from TRL 2 to TRL 4, enhancing the confidence in and 
laying the necessary foundation for further development and commercialization of this 
transformational technology which can be applied to both vehicle and non-vehicle heat sources, 
such as domestic and industrial waste heat, and terrestrial heat sources, and which is suitable for 
retrofitting to existing waste heat sources providing immediate benefit.  
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