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The research detailed in this paper aims to address the problem of thermal management of 

small-satellite (particularly nano and micro-satellite) platforms by proposing a passive 

Thermal Control System (TCS) that can be integrated onto existing satellite designs. This 

characteristic will be highlighted through discussion of the work undertaken to integrate 

elements of the TCS onto the recently launched Ten-Koh micro-satellite. This integration was 

conducted to allow an in-orbit demonstration of the passive switch component where a highly 

dissipating payload is used as the heat source. Initial laboratory test results of the TCS, which 

is comprised of a heat strap and radiator manufactured from Pyrolitic Graphite Sheet and a 

thermal switch activated by Shape Memory Alloy wire, were presented at ICES 20171. Since 

this conference, significant development of the switch has been undertaken to allow successful 

integration onto the Engineering and Flight Models of the Ten-Koh recently launched by 

JAXA. Details of this development effort, including improving reliability and resistance to the 

dynamic loads associated with launch, physical integration and system-safety compliance 

testing, are presented. The integration of electronic sensors that provide telemetry data in-

orbit will also be discussed. 

Nomenclature 
ABS = Acrylonitrile Butadiene Styrene  

ADC = Analog to Digital Converter 

CFRP = Carbon Fibre Reinforced Polymer 

Dof =  Degrees of Freedom 

EM = Engineering Model 

FM = Flight Model 

FSR = Force Sensing Resistor 

KIT = Kyushu Institute of Technology 

MOSFET = Metal Oxide Semiconductor Field Effect Transistor 

OBC = On Board Computer 

PGS = Pyrolitic Graphite Sheet 

PLA = Polylactic Acid 

PSLV =  Polar Satellite Launch Vehicle 

RMS =  Root Mean Square 

SMA = Shape Memory Alloy 

SME = Shape Memory Effect 

SPI =  Serial Peripheral Interface 

TCS = Thermal Control System 

Tg = Glass Transition Temperature 

UNSW = University of New South Wales 

UTS = University of Technology Sydney 

W/mK = Watts per metre Kelvin 
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I. Introduction 
 HILE thermal management is a significant consideration for most spacecraft and full-scale satellites, several 

key developments are forcing nano and micro-satellite engineers to consider innovative thermal management 

techniques in their satellite designs. Improved solar cell technology, as well as the development of novel deployment 

techniques to increase the surface area of solar cells, has resulted in a dramatic increase in the power available, 

particularly to nano-satellite platforms. In addition, the continued miniaturization of components has increased 

electronic density. These factors have resulted in greater thermal loads that need to be effectively managed all whilst 

complying with the tight mass and dimensional constraints inherent with these platforms. This case-study will discuss 

the integration and qualification of a Passive Thermal Control System for Nano Satellite Applications (Patent), 

specifically designed to address these challenges, for flight on-board the recently launched Ten-Koh satellite.† 

II. A Passive, Modular Thermal Control System for Small Satellites 
The Thermal Control System (TCS) discussed in this paper, and originally presented at ICES 20172, is comprised 

of three separate sub-systems. The first of these transfers heat from a heat generating source to a sink via a flexible, 

thin film thermal strap. The material used for this strap is Pyrolitic Graphite Sheet (PGS). The second sub-system is a 

Shape Memory Alloy (SMA) activated thermal switch. The purpose of this switch is to regulate heat flow in order to 

prevent overcooling of the heat source during eclipse. The final sub-system is the sink. This is a radiator manufactured 

from multi-layered PGS which deploys from an external face of the satellite.  

 
Figure 1. Comparison of maximum source temperature reached by a 3.3W heat source with and without the 

thermal switch and PGS heat strap.  

 

 

Empirical testing of the first two sub-systems (thermal strap and thermal switch) showed that a thermal strap 

manufactured from 20 layers of 0.07mm thick PGS, with a specified thermal conductivity of 1000W/mK and an 

interface contact area of 200mm2, can reduce the maximum temperature of a heat source supplied with 3.3W of power 

by approximately 70°C. A comparison of the heating profile of a ceramic resistor used as the heat source for this test, 

 
 https://pericles.ipaustralia.gov.au/ols/auspat/applicationDetails.do?applicationNo=2018101112 
† The Ten-Koh is a micro-satellite designed and developed by the Kyushu Institute of Technology, Japan and launched 

aboard JAXA flight #40 on 29 Oct 18. The satellite, shown in Figure 7, weighs approximately 22 kg with dimensions 

are 465 mm (H) × 500 mm (W) × 500 mm (D). 
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with and without the thermal switch, is shown in Figure 1.‡  This testing was conducted in ambient conditions using 

an aluminium honeycomb panel as the heat sink. Further detail on the laboratory testing conducted to characterize 

heat flows through PGS was presented at ICES 2017.3 As the development and integration of these two sub-systems 

is discussed extensively throughout this paper, a CAD model has been included in Figure 2 detailing the main 

components referred herein. For the same reason, a brief description of the operation of the thermal switch is included 

below. 

 

 

Figure 2. CAD model of Thermal Switch with key elements highlighted. 

 

The thermal switch regulates heat flow through the thermal strap by increasing the pressure at the PGS / heat source 

interface. This occurs as a result of contraction of the SMA wire on heating. The wire is fixed in a copper crimp at the 

heat source end and locked by a set screw and collar at the free end. Heat is transferred to the wire via direct thermal 

contact between the copper crimp and the heat source.  Bias springs are included to force the slider back to its original 

position as the SMA relaxes on cooling. 

The switch used for the Flight Model (FM) on-board the Ten-Koh, as well as in each of the tests discussed in this 

paper, was operated by 0.25mm Low Hysteresis SMA wire¶ and printed from a mixture of ABS and Formlabs 

Photopolymer Resin. A 12Ω ceramic resistor was used as the heat source and feedback sensors included an Interlink 

Electronics Force Sensing Resistor (FSR) and Analog Devices 590JF  thermistor. 

III. Thermal Switch Reliability Enhancements 
Systems destined for operation in the Space environment must be reliable. The paper presented at ICES 20174 

noted that the prototype thermal switch required further development to ensure reliable and consistent actuation during 

repeated thermal cycling. The subsequent development cycle resulted in several performance enhancing modifications 

being made prior to launch of the FM aboard the Ten-Koh. 

Limited strain is generated by linear SMA wire on heating and, as such, the design modifications focused on 

maintaining design tolerances to prevent any reduction in the available stroke. Specifically, these included maintaining 

dimensional stability of the 3D printed base and preventing slippage of the SMA wire during contraction. Dimensional 

stability of the switch base was improved by selecting materials with successively higher glass transition temperatures 

(Tg). While initial prototypes were printed from PLA, subsequent versions were manufactured from ABS, and then 

Formlabs Photopolymer Resin. This was due to the fact that deformation was evident in the PLA and ABS switch 

bases following repeated thermal cycling. Deformation of the ABS switch base, including melt lines created by the 

heat source and bulging along the surface of the base, can be seen in Figure 3. No visible evidence of deformation 

 
‡ It is expected that some heat flow through the switch mechanism itself will contribute to this temperature reduction. 

Further empirical testing is being conducted to characterise these thermal paths, however, was not complete in time 

for this paper. 
 Testing was conducted in ambient conditions i.e. at atmospheric pressure and without a temperature-controlled sink. 
¶ Low-Hysteresis SMA has a reduced ∆T between the transition temperatures i.e. it relaxes when the temperature 

drops 10-20°C below the activation temperature. Standard SMA requires a ∆T of 30-40°C 
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following repeated thermal cycling was seen in later versions of the thermal switch manufactured from Photopolymer 

Resin. 

The potential for slippage 

of the SMA wire during 

contraction was reduced by 

modifying the attachment 

method at both the thermal 

interface and free ends. Certain 

characteristics of SMA wire 

had to be considered when 

designing reliable locking 

mechanisms, most 

significantly its tendency to 

maintain its volume.5 This 

characteristic means that the 

wire diameter increases during 

contraction which can cause 

soldered or glued joints to 

work loose with repeated 

thermal cycling. As a result, 

attachment via crimping at the thermal interface end and locking with a collar and set screw at the free end was 

selected. While brass crimps were used in early prototypes due to their availability and good thermal conductivity, 

these were replaced with custom-made copper crimps for the EM and FM switches due to copper's higher thermal 

conductivity as well as its vacuum compatibility. These crimps were manufactured by silver soldering two parallel 

0.25mm copper tubes to 0.3mm copper sheet. The SMA wire was then routed through these tubes and the crimp 

compressed to lock the wire in place. 

Locking collars were used to fix the free-end of the SMA wire as this method has been adopted successfully in 

other mechanisms where SMA wire has been used as a linear actuator.6 This collar also allowed individual adjustment 

of wire length during switch assembly which increased the consistency of the gap set at the heat source/PGS interface. 

These collars were manufactured from stainless steel with flat locking surfaces and their  performance was tested by 

applying a 14N load for 2 hrs to ensure that the wire remained secure. No slippage was detected following this test. 

The success of these modifications was assessed by cycling the thermal switch over an extended period, the results 

of which are detailed in Figure 4. Three separate tests were conducted, during which a highly dissipating heat source 

was activated automatically for an eight minute period by a PIC microcontroller. The heat source was then allowed to 

cool and re-activated once the temperature dropped to 40°C.  This cycling continued until the force generated by the 

switch decreased to a negligible level. Following each test, the switch was disassembled, inspected for deformation 

and SMA slippage and the gap at the heat source/PGS interface was measured.  

 

 
Figure 3. Evidence of thermal deformation in ABS thermal switch bases 

following repeated thermal cycling. 
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Figure 4. Plots of force generated by thermal switch when activated repeatedly to test consistency of 

performance.⊥ 

 

From the reliability plots in Figure 4, it is evident that a marked improvement in switch reliability was achieved 

between tests I and II. This improvement can be explained by the fact that most of the deformation, or 'bedding-in' of 

the ABS bases occurred during the first test. Specifically, protrusions caused by pressure and melting along the point 

at which the heating resistor interfaces with the switch base were obvious following test I but not test II (Figure 3). 

Further improvements in switch performance during test III, indicated by higher and more consistent maximum force 

readings, were achieved  by manufacturing the switch from Photopolymer Resin. The higher Tg in comparison with 

ABS prevented any deformation during thermal cycling. Witness marks were also placed on the SMA wire where 

they were constrained by the copper crimps and locking collars. No wire slippage was evident at the conclusion of 

each test. 

  

Figure 5. Thermal switch showing witness marks placed at locking collars (left) and copper crimps (right) to 

allow easy identification of slippage following repeated thermal cycling. 

 
⊥ By design, the voltage reading across a FSR will vary significantly as a function of pressure. As pressure varies with 

contact area, the reading will vary in accordance with the angle at which a force is applied to the FSR. While this is 

not ideal, this sensor was selected due to the limited bandwidth available on the Ten-Koh. This limitation is inherent 

to most micro and nano-satellite platforms. As a result, the plots contained in this paper which present a Force variable 

have been normalised rather than providing a discrete force value. 
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While no obvious deformation or wire slippage was visible following test III, the gap at the heat source/PGS 

interface had increased from 0.1 mm to 0.2 mm indicating that an even more dimensionally stable material, such as a 

ceramic, is required for the switch. While this increased gap can partially explain the reduction in generated force, 

hysteresis is another potential cause. Specifically, the rapid, consecutive heating and cooling cycles, as well as a 

maximum ∆T of 52°C, may have influenced the transition temperature and therefore maximum strain achievable 

during the fixed, eight minute heating cycles. This theory is consistent with findings contained in a NASA Contractor 

Report.7 After conducting a series of differential thermal tests, the report concluded that 'both the characteristic 

temperature and magnitude of the heat effects are affected by thermal history' and that 'changes in latent heat occur 

between the temperature range -40°C to 54°C'. Of note,  the switch used in test III was re-tested for several cycles 

once the 'thermal history' had been stable for an approximate 48 hour period. Results of this testing showed a marked 

restoration of performance in comparison to the latter cycles of test III (Figure 6). The reduced maximum force can 

be attributed to the increased gap. Further work will be required to characterise this hysteresis effect for temperature 

extremes and thermal cycle frequencies typically experienced by satellite heat sources. 

 
Figure 6. Comparison of force generated by thermal switch during test III and approximately 48 hrs 

afterwards. 

IV. Launch Survival Verification 
A series of vibration and shock tests were conducted on the thermal switch to qualify it for flight aboard the 

Mitsubishi HII-A rocket. Flight qualification testing of the Engineering Model (EM) and FM was undertaken by 

Kyushu Institute of Technology (KIT) in accordance with JAXA standards.8 The results of these tests were limited to 

confirming continued functionality. Following a structural failure of the EM switch during qualification testing, design 

modifications were made which required re-validation prior to delivery of the FM. This testing was conducted at the 

University of Technology Sydney (UTS). The opportunity was also taken during this test campaign to characterise 

switch performance following exposure to the dynamic loads associated with launch. 
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Figure 7. FM of Ten-Koh satellite with Thermal Switch onboard, being prepared for JAXA vibration and shock 

qualification testing (left) and vibration testing of FM prototype at UTS (right). 

 

Failure of the EM was a result of one of the SMA wires breaking. This break occurred where the wire was locked 

into the collar with a set screw (Figure 8). This area is a high stress point due to the fact that the wires experience both 

a compressive stress from the set screw as well as tensile stress from both the bias springs and the contraction of the 

wire on heating. As a result of this failure, the design was modified to prevent the same failure from occurring on the 

FM. 

The design modifications made to the switch focused 

on reducing vibration-induced resonance by restricting 

movement of the slider to the vertical axis only. Movement 

in the X and Y axes was prevented by using Teflon sleeves 

machined to provide a clearance fit on the posts (Figure 9).  

Teflon was chosen for these sleeves as it prevented any 

risk of cold welding or corrosion which could occur if the 

sleeves and posts were made of like or dissimilar metallic 

materials respectively. Teflon also has a very low co-

efficient of friction of 0.049 (static and dynamic) which is 

important to reduce the risk of stiction and binding of the 

slider on the posts as the SMA wire contracts and 

elongates. A shroud was also incorporated into the switch 

design to prevent hyperextension of the SMA wire which 

may occur when subjected to shock and/or vibration, 

leading to failure. The shroud prevented hyperextension by 

incorporating grub screws which were adjusted so that 

they were in contact with the top of the slider when the 

SMA wire was at full extension (Figure 10). 

 

 
 

Figure 8. Photo of switch base showing location of 

failure following vibration testing. 

SMA failure point 
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Due to limitations of the test apparatus, the vibration 

testing subsequently conducted at UTS was in 

accordance with the Polar Satellite Launch Vehicle 

(PSLV) Random Vibration qualification test levels for 

Micro and Nano satellites, rather than H-IIA test levels. 

This spectrum has a bandwidth of 20 - 2,000Hz and a 

gRMS value of 6.7, rather than 11 for the H-IIA.10 In 

accordance with this specification, each axis was tested 

separately for a two minute period. Functional testing 

was conducted prior to and post testing of each axis to 

characterise changes in performance. Results from the 

baseline performance test, detailed in Figure 11 (top), 

shows that the switch functioned rapidly generating a 

maximum FSR reading of 0.95. This heating response 

was consistent for both test cycles. The performance of 

the switch post testing is detailed in Figure 11 (bottom). 

 

  

Figure 10. Photo of Shroud used to restrict Slider movement to 1 DOF. Grub screws are incorporated to prevent 

hyperextension of SMA wires when exposed to vibration and shock. 

 

 

 

 
 

Figure 9. Top view of slider showing Teflon bushes 

used to minimise stiction during SMA contraction 

and elongation. 
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Figure 11. A comparison of switch performance prior to vibration testing (top) and post vibration testing 

(bottom) shows significant variations in response. Large step changes in force indicating binding of slider in 

shroud are highlighted. 

 

The plots of force vs time recorded post vibration testing in each axis show a marked variation in switch response 

following exposure to vibration. Specifically, the force generated by the switch increased more slowly following the 

X and Y vibration tests and peaked at a lower level. A potential cause of these discrepancies includes vibration induced 

changes to the alignment of the Teflon sleeves and posts resulting in increased stiction and, therefore, delayed 

translation on SMA contraction. A further potential cause is tightening/loosening of the shroud grub screws (Z axis 

adjusters) resulting in tilting of the slider leading to friction between edges of the slider and the inner walls of the 

shroud. Evidence that both or either of these situations occurred as a result of vibration exposure can be seen by the 

step changes in force generated by the switch in Figure 11 (bottom). The likelihood of this situation being replicated 

in the FM is low as, unlike the prototype used during testing, all fasteners were epoxied prior to delivery. In addition, 

enhanced versions of the thermal switch developed since delivery of the FM have replaced the shroud with a single 

arm that makes contact with the top rather than sides of the slider. The arm also prevents movement in the X and Y 

direction through the use of locating screws, thus negating the requirement for the Teflon sleeves. 

V. Integration Challenges and their Solutions 
 

The opportunity to fly the thermal switch aboard the Ten-Koh provided a rare chance to test a prototype of the 

switch in-orbit. The successful integration of the thermal switch as a guest payload onto a satellite being designed, 

developed and tested off-shore, however, presented many challenges. Many of these, including meeting flight 

qualification requirements as well as complying with power, telemetry and dimensional constraints, are common to 

those that would be faced when integrating a TCS onto any nano or micro-satellite. As these were successfully 

overcome, this integration effort was a practical example of the way in which the TCS can be adapted to comply with 

the constraints inherent to small-satellite platforms. Other, more unique challenges included highly restricted sink 

options and an uncertain thermal environment. The latter was largely due to lack of co-location with the satellite team. 

Each of these will be discussed in the following section. 

Step change 



 

International Conference on Environmental Systems 
 

 

10 

While vibration and shock qualification testing has 

already been discussed, another qualification requirement 

that  required consideration included the development of a 

comprehensive safety case for submission to JAXA. This 

covered thermal switch failure modes and mitigation 

measures, out-gassing data for all components (figure 12) 

used and empirical results  of testing conducted to verify heat 

transfer to the surrounding satellite structure. In regards to 

the former, the heating resistor switching circuit was 

designed in an 'active high' configuration, meaning that the 

heat source could only turn on when 5V was supplied to the 

logic pin. Moreover, the power line supplying the switch 

assembly was independently controlled by the electrical 

power sub-system, thus providing a single failure tolerance. 

In regards to the latter, both empirical testing and thermal 

modeling using the ANSYS Steady State Thermal Analysis 

tool were conducted to confirm heat transfer to the satellite 

structure. Results of this testing, detailed in Figure 13, 

showed that the sink temperature increased by 2.2°C when a heating resistor was supplied with 2W for a 10-minute 

period. The thermal path to the structure was limited to the PGS strap by isolating the PCB from the shelf with Teflon 

spacers. As such, in the event that the switch failed to function, thereby denying the thermal path through the PGS 

strap, heat transfer to the structure would be negligible despite the fact that the resistor would reach a higher maximum 

temperature. 

 

  

Figure 13. Confirmation of heat transfer to satellite structure during activation of thermal switch was required 

for the JAXA safety case. Empirical testing was conducted using representative material (left) and modeling 

conducted with ANSYS Steady State Thermal tool (right). 

 

As several other experiments are being flown on the Ten-Koh, a limited power budget of 2W was available for the 

thermal switch payload. While the switch can be 'tuned' to activate at a range of temperatures, thereby enabling it to 

be configured for a range of heat loads, thermal environments and operating temperature limits,4 limited data was 

available during the design phase to characterise the true thermal environment that the switch would experience in-

orbit. As a result, it was designed to function reliably at 20°C in the hope that a longer heating period would be 

permitted if the actual environment was cooler. Additional measures, including applying Kapton tape to the stainless 

steel locking collars to reduce their emissivity and limiting the PGS thickness to 0.35mm to limit heat transfer once 

 
4 This 'tuning' can be achieved by selecting SMA wire with appropriate activation temperatures and diameters. 

 
 

Figure 12. Thermal vacuum testing of Formlabs 

Photopolymer resin to confirm out-gassing 

characteristics for thermal switch safety case. 
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the switch activated, were incorporated to improve the probability of response at lower than expected temperatures. 

Recent telemetry data from the Ten-Koh showing an 'ambient' temperature in the vicinity of the switch of 

approximately 13°C indicates that a considerably longer than expected heating period will be required to activate the 

switch. 

Sensors were integrated into the thermal switch payload to provide telemetry data to confirm the temperature of 

the heating resistor and switch activation. Integration of the thermistor and FSR with the satellite On Board Computer 

(OBC) required the design and development of a separate Printed Circuit Board (PCB). The main components on this 

board included a voltage regulator and Analogue to Digital Converter (ADC) which passed the sensor data via Serial 

Peripheral Interface (SPI) protocol to the OBC. A Metal Oxide Semiconductor Field Effect Transistor (MOSFET) 

was also added to switch the heating resistor on command from the OBC. The PCB components were selected for 

their low power dissipation characteristics and, while they were low cost, off-the-shelf parts, already had a space 

heritage. 

Challenges associated with the mechanical integration of the 

switch included identifying a suitable sink, minimising weight 

and designing the complete system to fit within the dimensional 

envelope allocated to the payload (Figure 14). While the concept 

for the TCS detailed in Section II includes a deployable PGS 

radiator, the inclusion of a deployable structure on the Ten-Koh 

was not feasible. Alternate sink solutions that were considered 

included attaching the PGS strap to the inside of one of the CFRP 

panels used for the satellite body, or using the 8mm aluminium 

shelf that the switch was mounted on. Ultimately the shelf was 

selected, as attaching the PGS to a body panel would have 

required high-strength epoxy leading to difficulties during 

assembly and disassembly of the EM and FM. Also, the length of 

PGS required to reach the CFRP panels may have increased 

susceptibility of the strap to tears during launch. Weight was kept 

to a minimum by using 3D printed resin for the main components, 

aluminium for the posts and the minimum amount of material to 

meet strength and dimensional stability requirements. In regards 

to the thermal strap, apart from its excellent thermal conductivity, 

the other key characteristic of PGS which makes it highly suited 

to small satellite applications is its light weight. With a density of 

1.1 g/cm3, its contribution to the total system mass of 470g was 

negligible.11 The height limitation of 41mm presented some 

challenges as, in accordance with Hooke's Law, the force 

generated by the SMA wire is proportional to its displacement. As the maximum strain that could be achieved in the 

switch configuration is approximately 2.1%, the length of wire required to generate sufficient pressure at the thermal 

interface was approximately 15mm. This required modifications to the shroud to minimise wall thickness and 

mounting the electronics PCB below the shelf (Figure 15).  

 

  
Figure 15. Photo showing final configuration of FM with aluminium shelf used as sink for PGS strap (left) and 

electronics PCB mounted beneath shelf to provide maximum height for switch (right). 

 
Figure 14. Photo showing thermal switch 

fitted to FM of Ten-Koh. 
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VI. In-Orbit Results 
While initial data from in-orbit testing of the thermal switch have been received from KIT, the heating time was 

insufficient to elevate the temperature of the SMA to the level required for activation. Further in-orbit testing has 

unfortunately not occurred since due to technical difficulties with the satellite OBC. In the event that the problem is 

resolved, and additional testing occurs, the results will be published in a future paper. 

VII. Conclusion 
Innovative thermal management techniques are required to manage the increasing thermal loads that small 

satellites are being subjected to. This paper presented a system which, with further development, may offer a solution 

to this problem. Specifically, it presented a case-study related to the successful integration of an SMA thermal switch, 

PGS strap and feedback sensors aboard the Japanese Ten-Koh satellite. This system complies with the constraints 

inherent in micro & nano satellite platforms and has successfully met JAXA flight qualification and acceptance 

requirements. 

The thermal switch component of the TCS, initially presented at ICES 2017, has been extensively modified to 

improve the consistency of its performance when subjected to repeated thermal loads as well as vibration and shock 

spectra. Future work will include the implementation of design modifications discussed in this paper to further improve 

these characteristics. These include manufacturing the switch base from ceramic to increase dimensional stability 

under thermal loads, as well as replacing the shroud with an arm to eliminate binding following exposure to launch 

related vibration. 
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