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Abstract

A shape memory alloy (SMA) thermostat is a passive device that functions by leveraging the high stroke of
a two-way shape memory alloy (TWSMA) to open and close a circuit based on a preset temperature. SMA
thermostats do not currently exist as commercially-off-the-shelf (COTS) or as custom components for space
applications. SMA thermostats have the potential to be lower size and weight, improve reliability, operate
at a wider temperature range, and offer a greater dead band compared to the current state of the art
bimetallic disk (BMD) thermostats. The potential disadvantages over BMD thermostats are a slower
response time, TWSMAs are not easily accessible to purchase in the market, and a lower temperature
accuracy due to the hysteresis behavior of the TWSMA for applications that require the same ON/OFF
temperature actuation. This paper focuses on the design, build, and test of an SMA thermostat prototype
that successfully demonstrates functional feasibility for a given space application. The scope involves
keeping the prototype low budget (<$100), no size or mass constraints, no definition of the electrical or
mechanical interfaces and no specific survivability or lifetime requirements.

Introduction

A thermostat is a sensor that receives a temperature stimulus and responds with a binary (True/False)
electrical signal. They are commonly used in industry to safeguard components or systems from getting too
cold or overheating. The goal is to develop a thermostat using an SMA. An SMA is an alloy generally
composed of Nickel and Titanium, also dubbed NiTiNOL, that remembers/recovers its shape and size when
heated to a specific transformation temperature, often referred to as a one-way SMA. A two-way SMA
remembers two shapes; one when cold and one when hot without the need of an applied stress as shown
in Figure 1. An SMA thermostat is a passive device that functions by leveraging the high stroke of a TWSMA
to open and close a circuit based on a preset temperature. SMA thermostats do not currently exist as
commercially-off-the-shelf (COTS) or as custom components for space applications. The authors did not
find any previously published work during the literature review of an SMA component intended to function
as a thermostat for space applications. The current state of the art space thermostats are bimetallic disk
(BMD) thermostats. SMA thermostats have the potential to be lower size and weight due to the greater
actuation energy compared with bimetallic disks [1]. Additionally, SMAs can improve reliability by increasing
the acceptable tolerance range during manufacturing and assembly, which are known to be the main
causes of dithering and “creepage” on BMD thermostats [2]. Other advantages include a wider temperature
range from -114°C to 619°C [1] and a greater dead band, which reduces temperature swings and power
consumption for applications with low temperature precision control. The potential disadvantages over BMD
thermostats are a slower response time, TWSMAs are not easily accessible to purchase in the market, and
a lower temperature accuracy due to the hysteresis behavior of the TWSMA for applications that require
the same ON/OFF temperature actuation. This paper focuses on the design, build, and test of an SMA
thermostat prototype that successfully demonstrates functional feasibility for a given space application. The
thermostat is designed to regulate the temperature of a Li-ion battery pack flying in low earth orbit (LEO).
This paper serves as a proof-of-concept for the use of an SMA as the main actuation mechanism in a
thermostat. The scope of this prototype project is flexible to allow for wider design options over which to
iterate during the development process. The scope involves keeping the prototype low budget (<$100), no
size or mass constraints, no definition of the electrical or mechanical interfaces and no specific survivability
or lifetime requirements. The work is sensor-focused, and the prototype satisfies the functional
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requirements shown in Table 1. It is important to note that it will be passive device. Therefore, in contrast
to other SMA applications, no additional power is required for thermostat operation, such as the use of a
heater or electrical current to heat the SMA.

Two-woy memory

—
F

Figure 1. TWSMA spring phase transformation process, the martensite final (Mf) phase takes place in the
cold state (spring contracts) while the austenite final (Af) phase is in the hot state (spring extends) [3]

Table 1. Functional requirements of SMA thermostat [4]

SMA Selection Process

During the design phase, while pursuing a market survey of COTS TWSMA springs, none were found. A
couple of suppliers that advertised having COTS TWSMA springs did not respond to requests for
information. Some provided a service of transforming a COTS SMA spring to TWSMA at a high cost
(~$1000) which was outside of the budget for this project. Fortunately, one of the suppliers called Kellogg's
Research Laboratory (KRL) gained interest in the project and donated 30 uncharacterized scrap TWSMA
springs. These springs were then quickly tested in a thermal chamber to identify springs that satisfied the
criteria. The criteria are the following: Spring must have a displacement length < -0.41mm (-0.016 inches)
when cooled between 15°C and -5°C and must recover that displacement when heated to a temperature
<50°C. Springs were first heated to a temperature above 80°C to reset their shape. Then the springs were
cooled to a temperature of 15°C, -5°C and heated to 50°C where their length was measured and recorded
at each setpoint with a caliper. Out of 30 springs, one spring satisfied the criteria with a -4.83mm (-0.19
inch) displacement.

SMA Thermostat Design

The design of the SMA thermostat consists of a TWSMA spring that is sandwiched between two 3D-printed
plates as shown in Figure 2. The bottom plate remains fixed, while the top plate moves with the spring by
sliding on a linear rail or shoulder screw. Each plate holds two Pb-coated contacts that are connected to a
24 awg PTFE-insulated lead wire. When the thermostat is hot, the spring is extended, creating a gap
between the contacts preventing current from passing between the wires (open circuit). When the
thermostat is cooled, the spring contracts, reducing its length, displacing the plate downward due to gravity
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and enabling both contacts to touch, thus closing the circuit. Although the force due to gravity cannot be
relied upon to move the top plate in space, it was selected as our driving force in this prototype to ensure
low degradation of the spring. The fully assembled prototype is shown at the bottom of Figure 2.
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Figure 2. Design overview of the SMA thermostat with important components labeled; the thermostat is in
the open-circuit and closed-circuit configuration on the left and right sides, respectively

Testing

The thermostat was tested inside of a thermal chamber (0.03-m cubed) for 11 days, equivalent to 260
thermal cycles. The data acquired from these cycles will be used to predict the performance of the
thermostat at 3000 cycles. The test setup is shown in Figure 3. The bottom plate of the SMA thermostat
was fixed via a vice and the entire assembly was placed on top of folded wipes that acted as vibration
isolators. The wire leads were taped on the chamber wall at a location that minimized the force on the
thermostat. A very low constant load was applied to the TWSMA spring (~0.12 N) to minimize degradation.
An UNO R3 microcontroller, similar to the standard Arduino UNO, was used with a MAX6675 amplifier and
an SD card reader as the data acquisition system (DAQ). Connected to the DAQ was a K-type thermocouple
that was used to measure the ambient temperature very close to the spring. Additionally, the SMA
thermostat is connected to the internal pull-up resistor input pin of the DAQ to measure the thermostat
state. All measurements were recorded throughout the entire fatigue test at a 1Hz sample rate.

The thermal profile used was optimally selected to minimize time per cycle while ensuring correct
measurements could be taken. The thermal profile as programmed in the chamber controller is shown in
Figure 4a. Starting at a thermostat temperature of 50°C, the chamber starts by ramping down at a 5°C/min
rate and soaks for 7.5 minutes. This allows for the TWSMA spring to reach thermal equilibrium at ~15°C.
The chamber then ramps down again, but at a lower ramp rate of 1°C/min to minimize the temperature lag
of the TWSMA during the expected temperature range of actuation. As shown in Figure 4c, the maximum
temperature lag computed at this temperature was ~2°C assuming a 25 W/m"2*K and worst-case NiTi
properties [5]. The analysis also takes into account the actual ambient temperature of the TWSMA shown
in Figure 4b. Finally, the chamber ramps up to 50°C at a rate of 5°C/min and soaks for 7.5 minutes for the
reasons already stated. No additional ramp rate of 1°C/min was included in the ramp up because of the
extra margin available for the closed actuation temperature requirement. The max temperature lag
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computed between the TWSMA and the ambient temperature was 5°C. The total
duration was 55 minutes per cycle.
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Figure 3. Thermal fatigue test setup
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Figure 4. a) Thermal profile as programmed in the chamber b) Actual thermal profile measured by
ambient thermocouple ¢) Temperature profile of TWSMA analytically computed taking into account a
simplified version of the measured ambient temperature, 25 [W/m”2*K] and worst-case NiTi properties

[5].

Results

As discussed in the previous section, thermal fatigue testing was performed on the thermostat while
measuring the signal state output and ambient temperature. A successful thermostat actuation is defined
as a single signal output at the temperatures specified in the functional requirements 1 to 3 in Table 1.
Signal peaks due to chatter that had a peak duration of <0.2 minutes were not taken into account and were
removed from the plots in Figure 2. Out of 260 thermal cycles, results show a 100% success rate. An
example of a successful actuation signal with respect to time and ambient temperature is shown in Figure
5a for cycle 259. As shown, the thermostat starts in the OFF state (open circuit) and turns ON (closes the
circuit) at ~4°C until it is brought up to a temperature of ~20°C. A hysteresis behavior can be observed
during thermal loading and unloading, which explains why the ON and OFF actuation temperatures are
different. Figure 5b is a plot of 260 thermostat actuation cycles overlaid on top of each other as a function
of ambient temperature. The thermostat ON and OFF temperatures are different due to hysteresis of the
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TWSMA spring and therefore are labeled accordingly with brackets. An overview of the performance is
shown in Table 2. Sensor accuracy degradation over cycle amount is shown in Figure 5c. The plot illustrates
both ON and OFF temperatures and how they change as a function of time or cycle number. Linear
regression trend lines of both ON and OFF behavior are overlaid in yellow and purple, respectively. The
slope of 0.0001 is computed for both ON and OFF temperatures with a 3.3°C and 18.7°C y-offset,
respectively. These results indicate a negligible degradation of sensor accuracy over 260 cycles.
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Figure 5. a) Thermostat signal overlaid on top of an ambient thermal profile. b) All thermostat signals
overlaid with each other with respect to ambient temperature. c) Sensor accuracy degradation of both ON
and OFF temperature with respect to cycles and a linear regression trendline overlaid.

Table 2: SMA Thermostat Performance

ON Ambient Temp. [C] | OFF Ambient Temp. [C]
Min. 25 16
Max. 5 325
Mean. 3.7 19.2
Std. Dev. 0.5 1.2

In order to satisfy the thermostat output requirement (No. 4 of Table 1), the design of the SMA thermostat
incorporated 24 awg PTFE wire and an ABS casing. According to MIL-STD-975, the derating criteria for a
24 awg PTFE wire operating at 70°C in vacuum is 3.3A, which satisfies our current output. The voltage
limitation in the design is driven by the breakdown voltage of the material being used and wall thickness.
Given a minimum wall thickness of 1mm and a minimum ABS breakdown voltage of 15.7 kV/mm, the max
voltage output it can withstand without failure is 15.7kV. A direct comparison between functional
requirements and results is shown in Table 3.

Lessons Learned

There were several lessons learned throughout the development of the SMA thermostat. The most
important lessons were that COTS TWSMA actuators are scarce and difficult to find. One way to overcome
this challenge is to do it yourself. Fortunately, there is vast amount of documentation to help tailor a standard
OWSMA to fit your requirements through the use of laboratory equipment, such as [6]. For this effort, a total
of 30 scrap TWSMA springs were donated by Kellogg's Research Laboratory. Additionally, there are no
comprehensive testing standards to fully characterize an SMA, therefore a quick testing method to
determine key thermomechanical parameters was developed and used to identify a TWSMA spring out of
30 scrap springs that satisfied our criteria. During testing of the thermostat, there were issues that occurred
due to the contact resistance being too high and preventing a successful actuation. This problem was
solved by changing the coating of the contacts to a more conductive coating (Pb) and increasing the contact
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load. Finally, another problem observed during testing was signal chatter due to thermally induced motion
causing the thermostat to be unstable in-between states. The most critical improvement proposed to
eliminate signal chatter due to thermally induced motion is adding a magnetic pull-in force to future models.

Table 3: Status of functional SMA Thermostat requirements

Req. Value | Actual
Value

Switch ON (Close) 5 +/-10C 3 +/-4C Satisfied N?minal V3|UT Wllbin:rfy ot
tolerances calculated from Table
Temperature & Accuracy 2 taking into account DAQ (+/-
2C) and a worst-case
temperature lag error (-2C)

Max Switch OFF (Open) 50C 35C Satisfied Worst-case max OFF
temperature acquired from Table

Tempera.ture (due to 2 and taking into account DAQ
hysteresis) error (+2C).
Max. Switch Output 10VDC/3A 15 kV/3.3A Satisfied Max breakdown voltage for ABS

material with a 1mm thickness;
MIL-STD-975 current derating
standard for 24awg PTFE

Cycles to failure >3000 260 cycles Satisfied (According to  No performance or physical

results) g;gidatlon was shown over 260

Conclusion

NiTinol materials have a shape memory effect that can be leveraged in sensors. SMA thermostats do not
currently exist in the market and this paper has proven them to offer a passive control solution in thermal
management for space applications. The goal to design, build and test an SMA thermostat designed to
regulate the temperature of a Li-ion battery pack flying in LEO was successfully completed and all
requirements were satisfied according to the results. Lessons learned throughout the process were
discussed, most importantly a solution was proposed to eliminate signal chatter.
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