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1. Background 

Thermal management of electronic devices is a major concern in spacecraft; indeed, in all 
modern electronic systems [Hengeveld 2010]. Ineffective heat dissipation can lead to 
temperatures that exceed allowable hot or cold limits. And the reliability and predictability of 
passive systems make them the preferred choice over conventional active thermal control 
systems whenever possible. The basic aim of a passive thermal control system is to control heat 
transfer from electronic devices to a radiating exterior surface. Heat may need to be retained 
when the devices generate little heat, and high heat transfer efficiency is required when the 
devices generate excess heat.  
  
Heat switches based on mechanical contact can be achieved in a variety of ways. Paraffin, 
because of the significant volume change when it melts, is used in heat switches. A gap between 
two devices is closed by melting paraffin when the device temperature approaches the high limit. 
Such heat switches have been used a number of applications, including the secondary batteries 
on the Mars Exploration Rover mission [Sunada et al., 2002, Novak et al. 2003]. Differential 
thermal expansion (DTE) uses two materials with different coefficients of thermal expansion 
(CTEs) to control contact between the cold and hot sides of the switch. [Thomson et al. 2007], 
[Paulsen et al. 2000] and [Marland et al. 2000] built and tested a variety of DTE heat switches 
for cryogenic applications. [Milanez & Mantelli 2003] studied a bi-metallic heat switch for space 
applications theoretically and experimentally.  
 
Contact-aided Cellular Compliant Mechanisms (C3M) are cellular structures with novel 
integrated contact mechanisms that provide local stress relief under high loads; when active, 
these contact mechanisms also introduce new thermal conduction pathways. Originally 
developed by Frecker and Lesieutre et al. [Mehta et al. 2008, Bharti et al. 2007, Lesieutre et al. 
2006, Bharti et al. 2006, Ramrakhyani et al. 2005a, Ramrakhyani et al. 2005b] for potential 
application to morphing aircraft, C3M can be used in applications that would benefit from the 
capability to accommodate large strains. Under various thermal conditions, deformations of the 
structures create or break contact or modify the contact pressure, thereby effecting a thermal 
switch or “valve.” This concept stands as a new approach for passive thermal control. 
 
During this research effort, designs of increasing sophistication consistently outstripped the 
ability to fabricate them. Basic questions related to fabrication were addressed simultaneously 
with the thermal-structural design explorations. 

2. Problem Overview 

Electronic modules are a key component of Air Force satellites. These modules are designed to 
operate near room temperature (say 273 K – 293 K) and they can generate significant heat loads 
when operating. They are typically connected to the spacecraft bus structure via a thermal 
baseplate, as illustrated in Figure 1, and are intrinsically multifunctional. The thermal baseplate 
serves a structural function, in that it transfers mechanical loads, and a thermal function, in that it 
transfers heat away from (or insulates) the electronics modules in order to ensure that the 
electronics do not overheat (or become too cold).  
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In some cases, “thermal switches” are used for thermal control. Such switches operate to conduct 
heat when the electronics are working at the higher end of their design operating temperature 
range, and to insulate when the electronics are not generating a lot of heat. Both active and 
passive thermal switches are available, but the passive ones are preferred for reduced power and 
control complexity. Some passive thermal switches are available, based on paraffin blends, for 
example, but these perform better at temperatures that are colder than desired. There is a real 
need for variable thermal conductivity materials that can change passively from low to high 
conductivity around room temperature, while also carrying nominal structural loads. 
 
An ideal variable thermal conductivity structure would have conductivity (k) comparable to that 
of aluminum (247 W/(m·K)) on the high end and, on the low end, at least an order of magnitude 
lower. (Zirconia, a ceramic of potential interest for fabrication, has a thermal conductivity on the 
order of 2 W/(m·K).) The higher the switching ratio (khigh / klow), the less makeup heat must be 
provided to keep the electronics warm when the thermal switch is in its low-conducting state. 
Eliminating the need for makeup heat would significantly reduce the weight of the thermal 
control system, as supplemental batteries, heaters, and control become unnecessary. 
 

 
Figure 1. Typical heat conduction path from the electronics module to the thermal bus until dissipation 

The overarching goal of the research in this report is the development of a variable thermal 
conductivity structure suitable for application to spacecraft thermal control. One potential 
concept of operation is as follows: 
 

1. When the “hot side” of the thermal baseplate is below some threshold temperature, the 
baseplate is in a thermally-insulating state, associated mainly with the ceramic part of the C3M. 
The C3M structure carries nominal mechanical mounting loads as well.  

2. The CTE of the ceramic-metal C3M structure is designed so that as the temperature of the 
“hot side” increases above some threshold value, the structure expands and internal contact is 
made between conducting members, increasing the thermal conductivity of the baseplate— 
dramatically or gradually, depending on the interface. This conductivity is maintained at higher 
temperatures. 
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3. As the baseplate heat load is reduced and its temperature falls, thermal contraction of the 
C3M causes the conductive contact to weaken then break, returning the baseplate to an insulating 
state. If the conductivity is small enough, the base electronics heat load is adequate to maintain 
its temperature at an acceptable point.  
 
Figure 2 shows a potential concept of operation of a C3M device in which the deformation 
driven by the temperature distribution and DTE creates or closes the contact gap. 

 
Figure 2. A thermal switch concept based on the deformation of C3M device 

3. Design and Fabrication Approaches 

This section briefly describes three design approaches that were pursued to achieve the research 
goals, as well as several fabrication approach that were pursued to realize one of the designs.  
 
3.1  T-shaped  contact-aided  cells  
In early research, a structural thermal switch that uses a compliant structural cell with an internal 
contact interface was characterized using a finite element method and subjected to thermal loads 
typical for spacecraft equipment. The thermal contact resistance (TCR) as a function of pressure 
was adopted to model thermal conduction between the two sides of the contact interface. TCR 
depends greatly on the pressure at the interface, which makes the structure less of a discrete step-
change “switch” between modes and more like a continuous thermal “valve.” A 2D T-shaped 
cell consisting of two materials with different CTEs was modeled in ANSYS. Parametric studies 
of different boundary loading combinations were conducted to find optimal geometries. 
 
3.2  Fabrication  of  T-shaped  contact-aided  cells  
During the initial phases of the project, the lost-mold rapid infiltration manufacturing (LM-RIF) 
process developed at Penn State was evaluated as a microfabrication strategy [Antolino, Hayes et 
al., 2008; Hayes 2011]. It was used to prepare the thermal conduction and heat sink material, 
with 316L stainless chosen initially because of the availability of well-defined spherical 
particles. However, the LM-RIF process proved to be unreliable in processing the relatively large 
316L particulates with low edge resolution because of large grains (~100 microns grain size) and 
steel debris in the contact area, shown in Figure 3. Furthermore, evaluation of the stress-strain 
behavior for the tensile specimen indicated an unreliable sintered material with a wide range of 
mechanical property behavior for the materials.  
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Figure 3. 316L SS particles, tensile specimen, and a contact gap made using the LM-RIF process 

 
The LM-RIF experimental fabrication efforts showed that the high resolution contact gap (~10 
microns) was not yet attainable using the metal powders currently available. Therefore, a 
modified strategy was evaluated in which copper nanoparticle synthesis was evaluated (Figure 
4). The Cu nanoparticles dispersed efficiently with a polyvinylpyrrolidone dispersant, but the 
~500 nm diameter particles were composed of agglomerated masses of even finer nanoparticles 
that compromised the high packing density required for the LM-RIF process.  
 
The T-shaped contact-aided cell was fabricated using an alternative method based on 
commercially available sheet materials and mechanical polishing of the metal surfaces at the gap. 
Copper, with a thermal conductivity (k) of 401 W/m-K and a coefficient of thermal expansion 
(CTE) of 16.6 ppm/K and alpha-alumina (α-Al2O3), with k at 30 W/m-K and CTE at 8.1 ppm/K 
were selected for the high thermal conductivity and low thermal conductivity materials in the 
fabricated component, respectively.  
 
3.3  Topology  optimization  using  non-dimensional  models  
In continuing design research, a topology optimization approach was crafted to maximize the 
thermal performance of the structure. Based on a finite element formulation and Solid Isotropic 
Material with Penalization (SIMP) interpolation for material properties, topology optimization 
was used to determine the distribution of multiple materials in C3M cells. The Method of 
Moving Asymptotes (MMA) was used as the scheme for seeking specific values of the design 
variables. The objective function was the global mechanical / thermal compliance of the 
structure. A thermal contact model based on unilateral contact used a Newton’s method to solve 
the governing equation with nonlinear boundary conditions. Rather than aiming to design 
structures with complete detail, the model is intended to highlight possible features that could be 
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included in future C3M designs, hence non-dimensional parameters (not actual physical values) 
were used.  
 

 
Figure 4. (top) Copper nanoparticle dispersion and (bottom)  photomicrograph of 500 w/o PVP sample 

 
3.4  Topology  optimization  using  real  dimensional  models  
Based on results uncovered during the preceding approach, and to simplify the physics, an 
“always-contact” model was proposed such that the entire potential contact surface is assumed to 
always be in contact with the heat sink. The variance of the effective thermal conductivity (TCR) 
then only depends on the contact pressure, which is itself determined by the thermal load 
condition. A one-dimensional analytical solution verified the feasibility and numerical efficiency 
of this simplification. A 2-D topology optimization approach using rectangular finite elements 
was then used to develop a design approach for rectangular C3M cells, using model parameters 
representative of typical spacecraft thermal control situations. Even with these simplification, 
nonlinearity is still present in the governing equations. A novel method of iteratively determining 
the temperatures at the bottom surface nodes was used to address the nonlinear coupled 
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governing equation. And with the objective function defined in a more straightforward way, the 
average temperature of the top surface of the cell can be readily established.  

4. Results and Discussion 

This section summarizes the major results obtained using the methods described. 
 
4.1  T-shaped  contact-aided  cells  
The considered T-shaped contact-aided cell is shown in Figure 5(a). The dark color column in 
the center of the cell is made of low-CTE and low-thermal-conductivity material, while the 
brighter parts are made of high-CTE and high-thermal-conductivity material. When the heat flux 
is relatively low, thermal expansion of the device is not large enough to close the gap, so the heat 
flows through a long, low-conductivity path (having high- and low-conductivity materials in 
series) to provide effective insulation, as shown in Fig. 5(b). When the temperature change is 
sufficiently large, the structure expands to close the gap with some pressure. The heat then flows 
more directly to the contact area through a high-conductivity path, as shown in Fig. 5(c).  
 
4.1.1 Model for thermal contact resistance (TCR)  

One of the major variable aspects of the T-shaped contact-aided cells is the thermal resistance 
between the interfaces at the contact region, also known as the thermal contact resistance (TCR). 
TCR is defined consistent with Fourier’s law of heat conduction, in which the heat flux is 
proportional to a temperature gradient: 

 𝑇𝐶𝑅 =
∆𝑇&'()*+,-)

𝑞  (1) 

where 𝑞 is the heat flux through the contact surface, and ∆𝑇&'()*+,-) is the temperature difference 
across the contact interface, as shown in Figure 6. 
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Figure 5. Design of the T-shaped cell  

In this research, the TCR model developed by Antotelli et al. [Antotelli et al. 2003], based on 
empirical data for metal-to-metal contact, was used to characterize the cells. This model gives a 
general relation for thermal contact conductance (the reciprocal of TCR) as shown below: 
 

 1
𝑇𝐶𝑅 = ℎ- = 4200𝑘5𝑅,67.9:;

𝑃
𝐻

>

 (2) 

 
where 𝑘5 is the harmonic mean of the thermal conductivity of the two material in contact 
[W/(m·K)]; 𝑅, is the average surface roughness (µm); 𝑃 is the normal pressure (Pa); 𝐻 is the 
surface micro-hardness (Pa); and 𝛽 is a coefficient between 0 and 1, usually taken to be 0.95.  

 
Figure 6. Temperature difference across the contact interface 
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This model was chosen for use in this research because it has been shown to be fairly reliable for 
metal interfaces and it is an analytical expression that is relatively easy to incorporate into a 
larger engineering model. It has the additional benefit that it only relies on the average roughness 
of the surface and does not include asperity slope as do other popular models. Finally, most of 
the model parameters are fixed by material selection and surface finish, and the only remaining 
variable is contact pressure. The equation can thus be generalized as: 
 

 
1

𝑇𝐶𝑅(𝑝) = ℎ- 𝑝 = 𝑇𝐶𝐶7𝑃> (3) 

 
4.1.2 Parametric study 

The proposed unit cell and the variables that define its geometry are shown in Figure 7. Table 1 
shows the material properties and the ranges of geometric parameters ranges used in the 
parametric study. Other variables include 𝑇*)+, 𝑇5&'C, 𝑞&', 𝑇𝐶𝐶7 and 𝛽. The shape is studied 
using FEM under quasi-static (steady-state) thermal response in ANSYS. The out-of-plane 
geometry is taken to be unit-depth for all elements, and plane stress is assumed. All 
displacements are in-plane only. Observations from the parametric study are discussed in the 
next section. Further details, results and discussion can be found in [Stavely 2013]. 
 

 
Figure 7. Geometry of the T-shaped cell 
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Table 1. Material and geometric parameters ranges for the T-shape cell 

 
 
4.1.3 Observations to guide future designs 
Guidance for future designs were gleaned from the parametric study as follows: 

•   In a taller cell, the importance of bulk resistance tends to be larger than that of the contact 
resistance. The overall response is less sensitive to TCR than that of a shorter cell.  

•   The reference temperature should be set lower than the switch temperature, in order to 
achieve a better switch to the low-conductivity mode.  

•   If 𝑇𝐶𝐶7 and 𝛽 can be relatively high, then the optimal stress-limited design is a short cell 
with a reference temperature close to the switch temperature. In order to get higher 
effective conductivity values as 𝑇𝐶𝐶7  and 𝛽  are decreased, the cell height must be 
increased and the reference temperature decreased further below the switch temperature.  

•   The contact area has a greater effect on effective conductivity than contact pressure.  
 
4.2  Fabrication  and  characterization  of  T-shaped  contact-aided  cells  
The possibility that a high conductivity structure (in series with a low thermal conductivity 
substrate) would, upon expansion, thermally associate with a lower high thermal conductivity 
metal structure was investigated experimentally (Figure 8). As noted previously, copper and 
alpha-alumina (α-Al2O3) were used as the high thermal conductivity and low thermal 
conductivity materials in the fabricated component, respectively. Both are commercially 
available in sheet prototype form. The as-received sheets (nominally 0.5mm) were cut via 
waterjet and diamond cutoff wheel into the configurations specified. The thermal conduction 
module and heat sink each measured 2.54 cm by 1.27 cm.  
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Figure 8. (left) design from (Stavely 2013); (right) fabricated thermal switch, ‘open’ and ‘closed’  
 
4.2.1 Polishing 

The copper parts were mounted in acrylate to enable automated polishing of the interface 
between the thermal conduction module and heat sink, using 200 micron yttria-stabilized-
zirconia milling media at the polishing surface. [Adair et al., 2016] An unpolished group and 3 
treatment groups were compared (n=3 for each set of samples). Nine samples were polished for 1 
hour using 800 (P-2400) grit silicon carbide paper with 150 rpm plate speed, 150 rpm sample 
rotation, and 6 lbf. Six samples were polished for an additional hour, and three of these samples 
then received an additional polishing step with white label polishing cloth and greenlube at 4 lbf 
for two 2-minute cycles. All the samples were then submerged in an acetone bath for two weeks 
to remove excess acrylate.  
 
4.2.2 De-oxidation 
After mechanical polishing, the copper parts were subjected to a surface de-oxidation process. 
The copper parts were placed into a solution containing 10 grams of NaCl in 60 mL dilute acetic 
acid for 10 seconds before being rinsed with deionized water.  
 
Thermal emissivities were found to be 0.04 and 0.84, for polished copper and copper with a 
copper oxide surface, respectively. For the 8cm2 surface area of the fabricated design, the 
relative radiant conductance (compared to the thermal conductance) was insignificant at <1x10-7 
for both polished and oxidized copper. The copper sheet was polished for various lengths of time 
to evaluate thermal conductance with different surface roughnesses.  
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4.2.3 Characterization 
Prior to assembly, gap interfaces were analyzed to determine surface roughness. Optical 
micrographs of the gap interface edge were taken using an inverted optical microscope, and FE-
SEM was performed to provide a more accurate representation. Each sample was also measured 
using a 3D Optical Profilometer with a 10X objective at 0.5X zoom that had enough resolution 
to view the surface roughness and the edges of the sample while allowing the width of the 
sample to be measured in a single scan. Optical profilometry data was analyzed to determine Sa 
(arithmetic mean of the surface roughness), Sq (geometric mean of the surface roughness, and Sz 
(range between maximum and minimum) data.  
 
4.2.4 Assembly 

The upper conduction module was glued using a 2-part epoxy to the α-Al2O3 substrate, which in 
turn was glued to a larger α-Al2O3 substrate. The lower thermal heat sink was bonded to the 
lower α-Al2O3 substrate with an alumina spacer to ensure that the two metal surfaces were 
aligned upon thermal expansion. The interface between the thermal conduction module and the 
heat sink were placed into zero-pressure contact before the epoxy hardened.  
 
4.2.5 Thermal Characterization 

Four thermocouples were attached to the copper face of an assembled T-shaped cell using 
Kapton tape. The cell was then sandwiched between two 2-inch square slabs of copper, one 
providing the heat source via a flexible heater rated at 5 W/in2 (0.78 W/cm2) and the other acting 
as a heat sink (Fig. 9a). To ensure contact between the heat source, prototype, and heat sink, 
Kapton tape was used to secure all parts in place. Electrodes were also placed to measure gap 
electrical resistance. Optical micrographs of the gap were also taken at various times (Fig. 9b).  
 
Power was supplied to the heater and the system was allowed to reach a steady state temperature 
(t=50 min). During this time, temperatures at the 4 thermocouple locations were collected, 
electrical resistance across the interface was measured continuously, and optical micrographs 
were taken at t=0, 15, and 50 minutes (Figure 10). Steady state conditions were used to 
determine conductance for each of three fabricated switches as a function of surface roughness in 
the contact area. The measured values were compared to theoretical values as a function of the 
calculated contact pressure. This experimental procedure was repeated three times for one 
representative sample from each of the four polishing treatment groups.  
 

 
Figure 9: a) a b 
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Experimental orientation. b) Data collection setup 
 

Figure 10. Data Collection Schematic for (Left side) temperature (T1 through T4 with T2 and T3 
temperatures used to determine thermal contact conductance) and (Right side) electrical resistance  

 
4.2.6 Surface Roughness vs. Polishing 

The resulting range of interface surface roughness for the copper parts (Ra is shown in Figure 
11) provided a range of values to be tested against design models. Fabrication of thermal 
switches proceeded with four of the polished copper parts, with three devices made for each 
polishing time. The surfaces of four selected samples were examined via optical profilometry 
(Figure 12), Optical microscopy (Figure 13), and FE-SEM (Figure 14). Each of the imaging 
modes underscores the effect of the mechanical polishing on surface roughness. The as-received 
water jet cut copper samples (CMG4-1-6) has a tortuous surface with an Ra = 27.6 ± 3.9 𝜇m in 
contrast to CMG4-1-21, that, after 2 hours of polishing followed by lapping has an Ra = 1.6 ± 
0.5 𝜇m with a dramatically different surface indicated in images in Figures 12, 13, and 14. While 
surface roughness does not overwhelming affect thermal contact conductance, the switching time 
evaluated using electrical resistance measurements across the gap as a function of time and 
temperature indicates a dramatic difference due to surface roughness.  
 
4.2.7 Switching time via electrical resistance 

The only sample without a large switching time was CMG4-1-21 with Ra = 1.6 ± 0.5 𝜇m (Figure 
15). The gap was small at the onset and became smaller with increasing time and temperature, 
the temperature estimated to be about 24 C at the electrode on the heat sink as opposed to the 
temperature at T2 of about 28 C in Figure 16 (bottom). The time required to achieve baseline 
resistance was 60 s. In contrast, the other three samples had poor correlation of thermal response 
with electrical resistance. The as-polished sample, CMG4-1-6, with the highest roughness and 
with a ridge at the edge of the sample did not have a detectable change in electrical resistance 
with increasing temperature. The two intermediate Ra samples, CMG4-1-10 and CMG4-17, gave 
an initial drop to a plateau in time and temperature that resulted in switching times greater than 5 
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minutes. A higher contact pressure (and by association, temperature) would be required to 
achieve the same TCC as a contact zone with a smaller surface roughness. Thus, surface 
roughness not only plays a role in TCC, but also in switching time.  
 

 
Figure 11. Polished copper thermal conduction and heat sink module surface roughness.  

Highlighted samples were used to fabricate thermal switches. 
 

 
Figure 12. Representative optical profilometry images for each of the four selected copper specimens 
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Figure 13. Representative optical photomicrographs of each of the polished copper specimen 

 

 
Figure 14. Field emission scanning electron micrographs of representative samples for each of the 

polished copper specimen 

CMG4-1-6 CMG4-1-10 

CMG4-1-17 CMG4-1-21 
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Sample   Ra (µm)  

Time  for  
Resistance  
Decrease  to  
Baseline(s)*  

CMG4-1-6   27.6  ±  3.9   ND**  
CMG4-1-10  21.7  ±  2.0   300***  
CMG4-1-17   4.3  ±  0.8   1020***  
CMG4-1-21   1.6  ±  0.5   60  
*Upon  application  of  power  to  thermistor  
**  Not  detected  

  ***  Dropped  to  a  plateau  followed  by  drop  to  
near-zero  resistance  

 
Figure 15. Electrical Resistance as a function of time after thermistor start and 

 table of switching time required to reach baseline resistance 
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Figure 16. Temperature as a function of time at four thermocouple sites on experimental thermal switch 

(top) Initial evaluation at large thermistor power and high steady state temperatures  
(bottom) Thermal evaluation of sample CMG4-1-21 

 
4.2.8 Thermal performance based on Thermal Contact Conductance (TCC)  

In the current work, a steady state condition was used to determine experimental thermal contact 
conductance:  

 𝑄 = −𝑘
𝑑𝑇
𝑑𝑥 = −𝑘

Δ 𝑇9 − 𝑇J
Δ 𝑥9 − 𝑥J

 (4) 

 
where Q is the thermal contact conductance in W/m2-K, k is the thermal conductivity (401 W/m-
K for copper) T2-T1 and X2-X1 are the temperatures and distance for T3 and T4 in Figure 15 
(Bottom) for sample CMG4-1-21.  
 
The Antonetti et al. relationship for the theoretical contact conductance, Q, is given by 
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 𝑄 = 4200𝑘5𝑅,67.9:;
𝑃
𝐻

7.K:

 (5) 

 
where ks is thermal conductivity (401 W/m-K for copper), P is contact pressure in MPa and H is 
micro-hardness at approximately 500 MPa for annealed copper. [Poole 1996]  
 
The theoretical TCC in Eq 5 was plotted as a function of contact pressure from 25 MPa to 300 
MPa for the four highlighted samples in Figure 13. Eq 5 was used to analyze the temperature 
change for the four thermal switch samples to determine an experimental thermal contact 
conductance (Figure 17).  
 

 
Experimental	  Thermal	  Contact	  Conductance	  

	  
Average	   240,000	   W/m2-K	  

	  
Standard	  Dev	   27,500	   W/m2-K	  

	   	   	   	   	  
	  

Lower	  Limit	  (-‐‑1sd)	   212,500	   W/m2-K	  

	  
Upper	  Limit	  (+1sd)	   267,500	   W/m2-K	  

 
Figure 17. Theoretical and experimental thermal contact resistance 

 
The theoretical and experimental TCC are relatively consistent, with the lower surface roughness 
materials achieving a higher TCC at lower contact pressures. Since 200 MPa is the approximate 
yield strength for copper, cold welding could occur for copper interfaces above this contact stress 
level. However, the relatively narrow range for the experimental TCC determined for each of the 
three sets of thermal switches indicate that the experimental and theoretical TCC are relatively 
consistent.  
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4.3  Topology  optimization  using  non-dimensional  models  
Topology optimization is suitable for designing cellular structures with reduced mass and 
volume and increased performance. A topology optimization approach based on FEM is 
presented in this section.  
 
4.3.1 SIMP interpolation 

The SIMP approach was used to interpolate material properties within an element based on the 
local design variables, the material densities. The domain is discretized into elements and design 
variables are associated with each element.  
 
The vector of design variables 𝝆𝟎, 𝝆𝟏 control the quantities of each of two materials (and void) in 
the domain. In particular, 𝜌7 is a density variable controlling the presence of void (𝜌7 = 𝜌Q&'~0) 
or material (𝜌7 = 1). 𝜌J	  is not strictly a density variable but regulates the presence of one 
material versus the other: 𝜌J = 1 indicates the presence of material 1 while 𝜌J = 0 indicates the 
presence of material 2. 
 

Following the SIMP model, the material properties are interpolated by a smooth and 
continuous function of the material “densities.” For purposes of determining mechanical and 
thermal response, the effective moduli of elasticity, thermal conductivity, and CTE are 
determined as follows [Sigmund 2001a, Sigmund 2001b]: 
 

𝐸 𝜌7), 𝜌J) = 𝜌7) UV 𝜌J) UW𝐸J + 1 − 𝜌J) UW𝐸9  
 𝑘 𝜌7), 𝜌J) = 𝜌7) UV 𝜌J) UW𝑘J + 1 − 𝜌J) UW𝑘9  (6) 

𝛼 𝜌7), 𝜌J) = 𝜌J) UW𝛼J + 1 − 𝜌J) UW𝛼9 
 
The penalty term 𝑝7 is set equal to 3, since its role is equivalent to the penalty term used in single 
material models. 𝑝J, however, is chosen to be equal to 1 if an element contains material, and the 
material properties of this element are determined by the weighted average of each material 
property, where the weight is given by the value of 𝜌J. 
 
4.3.2 Mechanical contact implementation 

The contact model used in this approach assumes that the contact is frictionless and unilateral. In 
this section, Signorini’s contact condition between a body and a fixed boundary are expressed 
using the approach in [Strömberg & Klarbring 2010] and are smoothed using the formula derived 
by [Facchinei et al. 1999]:  
 
 Ψ 𝜉, 𝜂 = −𝜉 + (𝜉 − 𝜂)] (7) 
 
where 𝜉 represents the contact force, 𝜂 the contact gap between the body and the fixed support, 
and (𝜉 − 𝜂)] is the function defined as: 

 (𝜉 − 𝜂)] =
0 𝑖𝑓	  𝜉 − 𝜂 ≤ 0
𝜉 − 𝜂 𝑖𝑓	  𝜉 − 𝜂 > 0 (8) 
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Following these conditions, the displacement at a point A on the body’s boundary respects the 
inequality 
 𝒅c ∙ 𝒏c − 𝑔c ≤ 0 (9) 
 
where 𝑔c is the distance from node A to the fixed support, 𝒅c is the displacement vector of node 
A, and 𝒏c is the direction vector normal to the fixed support surface. Using a finite element 
formulation, Signorini’s contact conditions described in Equations (7) and (8) can be written as: 
 
 Ψ 𝒅, 𝑃'c = −𝑃'c + 𝑃'c + 𝑟 𝑪'c𝒅 − 𝑔c ]

= 0 (10) 
 
where 𝑃'c represents the contact force at node A, 𝒅 is the displacement vector and 𝑪'c is a vector 
the realizes the scalar product 𝒅c ∙ 𝒏c, and 𝑟 is set to a high value (~10;) for numerical 
purposes. 
 
4.3.3 Thermo-mechanical governing equations 

A two-dimensional, four-node finite element was used to discretize the governing equations. 
Assume the system is stationary and material behavior is linearly elastic, the discretized thermo-
mechanical governing equations take the form 
 

 
𝐾Q𝑑 + 𝐶'j𝑃' − 𝐶(kQ𝑇 − 𝐹Q

Ψ 𝑑, 𝑃'
𝐾(k𝑇 − 𝐹(k

= 0 (11) 

 
where 𝐾Q is the mechanical stiffness matrix,	  𝐶(kQ is the thermal expansion coupling matrix, 𝐹U 
is the mechanical load vector independent from the temperature, 𝐾(k is the thermal conductivity 
(“stiffness”) matrix, and 𝐹(k is the thermal load vector. The detailed derivation for each matrix 
and vector could may be found in [Thurier 2014]. The boundary conditions for a considered 
thermo-mechanical system is shown in Figure 18. 

 
Figure 18. Mechanical and thermal boundary conditions 

4.3.4 Implementation of TCR 

The TCR model introduced in Section 4.1 was also used here. Using the FEM method and 
piecewise uniform distribution as shown in Figure 19, the heat flux at the interface is treated as a 
boundary condition such that, for an element 𝑒 at the boundary with nodes 𝑖 and 𝑖 + 1: 
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 𝑲𝒕𝒉,𝒆 𝝆𝒆 𝑻𝒆 = −
𝑡𝑎
2

𝑞&
𝑞&]J
0
0

 (12) 

 
where 𝑻𝒆 is the element temperature vector, t is the thickness of the elements, and a is the semi-
length of an element. Substituting 𝑞 = j6juvwx

jyz
 into Equation (12), it can be written as 

 

 𝑲𝒕𝒉,𝒆 𝝆𝒆 𝑻𝒆 = −
𝑡𝑎
2

1
𝑇𝐶𝑅(𝑃')

𝑇& − 𝑇5&'C
𝑇&]J − 𝑇5&'C

0
0

 (13) 

 
Finally, the thermal governing equation is obtained by considering all the elements in the contact 
region(s): 
 𝐾(k𝑇 = 𝐹(k (14) 
where 
 

𝐾(k = 𝐾(k,) +
(,

9jyz({w)

1 0 0 0
0 1 0 0
0 0 0 0
0 0 0 0

)  and 𝐹(k = 𝐹(k,) +
(,juvwx
9jyz({w)

1
1
0
0

)  

 
Then, the governing equations can be rewritten as 
 

 𝐻 =
𝐾Q 𝐶'j −𝐶(kQ
𝐶' 1'- 0
0 0 𝐾(k(𝑃')

𝑑
𝑃'
𝑇

−
𝐹Q
𝑔

𝐹(k(𝑃')
= 0 (15) 

 
Clearly, the TCR pressure-conductivity model introduces a non-linearity that suggests an 
iterative method to solving the governing equations. In this approach, the Newton-Armijo 
Method is used to iteratively solve the equations.  
 

 
Figure 19. Piecewise uniform distribution of the heat flux at the interface in FEM 
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4.3.5 Topology optimization algorithm 
This section considers the minimization of the “thermal compliance” of the structure. This 
objective function has the advantage of providing physically interpretable results—that is, not 
inconsistent with intuition—and usually produces a good numerical response from the algorithm. 
The objective function consists of the matrix product of the temperature and the thermal stiffness 
matrix such that 
 𝑐7(𝝆𝟎, 𝝆𝟏) = 𝑻j𝑲𝒕𝒉𝑻 (16) 
 
and the sensitivities are given by 
 

 
𝜕𝑐7
𝜕𝜌&

(𝝆𝟎, 𝝆𝟏) = 𝑻j
𝜕𝑲𝒕𝒉

𝜕𝜌&
(𝝆𝟎, 𝝆𝟏)𝑻 (17) 

 
To address potential checkerboard problems, which involve solutions that contain regions of 
adjacent elements with alternating void and material, the sensitivities are filtered using the 
technique proposed by [Andreassen et al. 2011] 
 

 
𝜕𝑐7
𝜕𝜌7)

𝜌7), 𝜌J) =
1

max	  (𝜌Q&', 𝜌7)) 𝐻&�
&�J

𝐻&

�

&�J

𝜌7&
𝜕𝑐7
𝜕𝜌7&

 (18) 

 
𝜕𝑐7
𝜕𝜌J)

𝜌7), 𝜌J) =
1
𝐻&�

&�J
𝐻&

�

&�J

𝜕𝑐7
𝜕𝜌J&

 (19) 

 
where the convolution operator 𝐻 = max	  (0, 𝑟Q&' − ∆(𝑒, 𝑖)),	  ∆(𝑒, 𝑖) represents the distance 
between a specific element 𝑒 and its neighbor 𝑖, and the parameter 𝑟Q&' defines the size of the 
neighborhood of this element 𝑒.  
 
Figure 20 shows a flowchart of the algorithm, which is summarized as follows: 
 

1. Formulate an initial guess for the design variables (𝝆𝟎, 𝝆𝟏) 
2. Formulate an initial guess for 𝒙 
3. Solve the governing equations using the Newton-Armijo Method 
4. Calculate and filter the sensitivities 
5. Update the design variables using Method of Moving Asymptotes (MMA)  

[Svanberg 1987] 
6. If changes in the design variables are observed, return to step 2  

using the updated design variables. 
 
If the change in all design variables is smaller than some threshold (say 1%), the algorithm 

stops, and the topology is considered to be optimal. 
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Figure 20. Flowchart of the topology optimization algorithm 

4.3.4 Optimization results 
In a first example case, the mechanical behavior of the structure is not considered, and a uniform 
contact pressure is assumed at the interface. The value of the TCR was adjusted to study its 
effect on a thermally-based optimum design. The parameter values used in these simulations are 
given in Table 2 and the boundary conditions are shown in Figure 21(b). 
 
This geometry is symmetric, and several optima are likely to be close together in the space of 
solutions for the design variables. In such a case, the initial guess could be important. In this 
approach, the initial guess for the design variables is a uniform distribution, in which every 
element contains some “void,” and some “material.” Arc-like structures are obtained in each 
topology presented in Figure 10, with the highly conductive material (in red) placed in the 
center. Also, good contact (𝑇𝐶𝑅 = 1) results in more direct heat-conductive paths between the 
two boundaries than other configurations. This case can be considered “ideal” contact, where the 
temperature boundary condition corresponds to a prescribed temperature 𝑇 ≈ 𝑇𝑠𝑖𝑛𝑘, as the 
temperature profile within the structure suggests (Figure 22(d)). Higher TCR values tend to 
increase the average temperature of the structure and force placement of material near the contact 
boundary (Figures 22(b) & (c) and their temperature profiles in Figure 22(e) & (f) respectively). 
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Figure 21. Mechanical and thermal boundary conditions of the topology optimization problem 

 
 

Table 2. Standard values for the parameters in C3M designs 

Conductivity of material 1 𝑘J   2  
Conductivity of material 2 𝑘9   1  

Reference Temperature 𝑇*)+ 0  
Sink Temperature 𝑇5&'C 10  

Heat flux input 𝑞 1  
Volume fraction of void 1 − 𝑓7 0.6  

Volume fraction of material 1   𝑓7×𝑓J 0.2  
Volume fraction of material 2   𝑓7(1 − 𝑓J) 0.2  

Filter’s radius   𝑟Q&' 1.2  
Mesh Resolution   𝑛�×𝑛� 50×50  

 
 
 
In a second example case, the topologies presented were obtained using a thermo-mechanical 
model with contact. The only mechanical loading on the structure comes from thermal 
expansion. Under hot temperature conditions (above 𝑇*)+ ), the structure generally expands, but 
is constrained within the space defined by the lateral boundary conditions presented in Figure 
21(a). Therefore, contact is made at the bottom boundary. The thermal boundary conditions used 
are given in Figure 21(b), and the values of the parameters used in the simulations are given in 
Table 3. Again, the objective was minimization of the thermal compliance of the structure.  
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Figure 22. Minimum thermal compliance topologies depending on the change in the TCR at the bottom 

boundary and the corresponding temperature distribution within the solid structure 

 
 

Table 3. Standard values for the parameters using a thermos-mechanical model with contact 

Modulus of elasticity of material 1 𝐸J   2  
Modulus of elasticity of material 2 𝐸9   2  

Conductivity of material 1 𝑘J   2  
Conductivity of material 2 𝑘9   1  

CTE of material 1 𝛼J   5×106�  
CTE of material 2   𝛼9 2×106� 

Poisson ratio   𝜈 0.3  
Reference Temperature 𝑇*)+ 0  

Sink Temperature 𝑇5&'C 0  
Heat flux input 𝑞 0.5  

Volume fraction of void 1 − 𝑓7 0.5  
Volume fraction of material 1   𝑓7×𝑓J 0.2  
Volume fraction of material 2   𝑓7(1 − 𝑓J) 0.3  

Filter’s radius   𝑟Q&' 1.2  
Mesh Resolution   𝑛�×𝑛� 30×30  

 
 

DISTRIBUTION A: Distribution approved for public release.



27 
 

Figure 23 shows that for high values of the TCR (or low values for ℎ-7), the high conductivity 
material is placed near the heat flux boundary. The results are similar to those obtained using the 
thermal model in the first case. Also, when the volume fraction of each material is not 
constrained, the material with the higher conductivity tends to be chosen, and the other 
abandoned, even for a high mismatch in the CTEs. This result suggests that the objective 
function is relatively insensitive to the thermal contact condition at the bottom, and therefore 
could be reconsidered. 
 

 
Figure 23. Optimal designs for a thermal compliance optimization problem using different hc0 

4.3.5 Fabrication of optimized cells 
As previously noted, the use of LM-RIF was largely invalidated by the current work. The major 
limitation of LM-RIF is the need to use nanometer scale particles. However, based on the 
relatively forgiving high TCC achieved even with metal contact interfaces exhibiting large 
surface roughness, the use of other additive manufacturing approaches to fabricate thermal 
switches should be considered. In preliminary 3D printing, a two-color PLA was used to mimic 
one of the optimal designs (Figure 24). Future 3-D additive fabrication methods could 
conceivably keep pace with the elegance of the complex material and geometric designs being 
created. Further 3D printing efforts are summarized in an Appendix.  
 

 
Figure 24. Two-material complex design created with a two-color PLA filament 3D printer 
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4.4  Topology  optimization  using  real  dimensional  models  
In this section, realistic parameter values are used in the model to generate optimal topologies for 
structures capable of satisfying project research objectives. As suggested in Section 4.2, the C3M 
structure exhibits less of a discrete step-change (thermal “switch”) between high- and low-
conducting modes and more of a continuous change modulated by contact pressure (thermal 
“valve”). Therefore, an assumption of consistent continuous contact is made for the model 
addressed in this section.  
 
4.4.1 1-D model 

A one-dimensional model was created to assess the validity of the always-contact assumption as 
shown in Figure 25. Another goal of the 1-D model was to determine a suitable difference 
between 𝑇*)+ and 𝑇5&'C, namely 𝑇5&'C − 𝑇*)+. The reference temperature 𝑇*)+ is defined as the 
temperature at which the free thermal strain is zero. In other words, if the whole device has a 
constant temperature 𝑇*)+, the contact pressure is zero. And 𝑇5&'C is defined as the sink 
temperature.  
 
First, the governing equation of the steady-state thermal system can be written as: 
 

 𝑞𝐴 = 𝑘
𝐴
𝐿 ∆𝑇 = 𝑘

𝐴
𝐿 (𝑇(�U − 𝑇��() 

(20) 

 
where 𝑞 is the input heat flux, 𝐴 is the cross sectional area, 𝐿 is the thickness of the cell, 𝑇(�U is 
the temperature at the top boundary, and 𝑇��( is the temperature at the bottom boundary. Then 
𝑇��( can be derived in terms of 𝑇(�U: 

 𝑇��( = 𝑇(�U −
𝑞𝐿
𝑘  (21) 

 
Figure 25. 1-D always-contact model 

Assuming that the system is in a steady state, the heat flux through the contact interface is equal 
to the input heat flux. The temperatures across the contact interface are substantially different. 
Substituting Equation (1) into Equation. (21) yields 
 

 𝑇(�U = 𝑞
𝐿
𝑘 + 𝑇𝐶𝑅 + 𝑇5&'C (22) 
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Now, considering the mechanical system, based on linear thermal expansion, the free thermal 
strain in the cell is:  

 𝜀 = 𝛼
1
2 𝑇(�U + 𝑇��( − 𝑇*)+ = 𝛼 𝑇(�U − 𝑇*)+ −

𝑞𝐿
2𝑘  (23) 

 
where 𝛼 is the thermal expansion coefficient. Since mechanical displacements are restricted at 
the top and bottom, the contact pressure is equal to the thermal stress: 
 

 𝑝 = 𝜎 = 𝐸𝜀 = 	  𝐸𝛼 𝑇(�U − 𝑇*)+ −
𝑞𝐿
2𝑘  (24) 

 
Recalling the TCR model, substituting Equation (24) and (2) into Equation (22) yields an 
ultimate form of the governing equation for the 1-D system 
 

 𝑇(�U −
𝑞𝑅,7.9:;

4200𝑘5 𝐸𝛼 7.K:

	  𝑇(�U − 𝑇*)+ −
𝑞𝐿
2𝑘

𝐻

67.K:

− 𝑇5&'C +
𝑞𝐿
𝑘 = 0 (25) 

 
Using the parameter values shown in Table 4, a parametric study was made by varying the input 
heat flux and sink temperature. The goal was to find a range of values for 𝑇5&'C and to select a 
material such that the top temperature remains in a specific temperature range under various heat 
input (𝛽 from 0.05 to 2). (𝛽 is the heat input factor, q = 5×104W/m2 when 𝛽 = 1. The higher 𝛽, 
the higher heat input.)  
 

Table 4 Parameter values for the 1-D model 

Input 
Parameters Value Material 

Properties Value Contact 
Parameters Value 

𝑇*)+  295K 𝐸  120GPa 𝑘5  401W/(m·K) 
𝑇5&'C  [285𝐾, 305𝐾] 𝑘  401W/(m·K) 𝑅,  1µm 
𝑞k  5×104W/m2 𝛼  1.65×10-5 𝐻  (𝐸/120GPa)*5GPa 
𝑞  𝑞 = 𝛽𝑞k, 	  

𝛽 ∈ [0.05,2] 
𝐿  0.025m   

 
Figure 26 shows a contour plot for the bottom temperature, top temperature, the temperature 
difference between the contact interface and the contact pressure. The x axis represents the 
temperature difference between 𝑇5&'C and 𝑇*)+, and the y axis represents the heat input factor 𝛽. 
When 𝑇5&'C − 𝑇*)+ > 0, ∆𝑇&'()*+,-) is very small (less than 1K), and 

�∆jvw�������
�>

 is also very 
small. In this 1-D model, 𝑇(�U is the key characteristic of the C3M device. An ideal performance 
of the C3M device is that 𝑇(�U remains constant while the input heat flux is increasing or 
decreasing, which suggests that �j� ¡

�>
 should be designed to be as small as possible.  
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Figure 26. Contour map results from the 1-D model 

As seen in Figure 26, when 𝑇5&'C − 𝑇*)+ < 0, ∆𝑇&'()*+,-) increases as 𝑇5&'C decreases. Also,	  𝑇(�U 
is much lower than that when 𝑇5&'C − 𝑇*)+ > 0, and �j� ¡

�>
 is lower than that when 𝑇5&'C −

𝑇*)+ > 0. Therefore, a reasonable conclusion is that 𝑇5&'C < 𝑇*)+ is suitable for the C3M device 
under the always-contact assumption. And under such a condition, the always-contact 
assumption is feasible to design a passive C3M thermal control device.  
 
Note that 𝑇(�U is always higher than 𝑇5&'C because of the always-contact assumption. Therefore, 
selecting a 𝑇5&'C equal or higher than the minimum allowable temperature of the electronic 
device would guarantee the top surface of the cell never dropping below the cold limit. (This 
might not always be possible in practice.)  
 
4.4.2 2-D model GDE solver 

The 2-D problem addressed here is the same as the one described in Section 4.3 and shown in 
Figure 21. The same 2-D FEM technique was used to discretize the nonlinear thermo-mechanical 
governing equations. However, in this approach, an initial set of bottom nodal temperatures was 
assumed, so that the thermal governing equations 𝐹(k = 𝐾(k 𝑇  can be solved easily. This 
yields a trial solution 𝑇(𝑥, 𝑦)  for the temperature distribution in the cell.  
 
The nodal pressure at the bottom interface, denoted as 𝑝(k, can be determined from the bottom 
nodal temperature and the TCR expression. Substitution of the trial temperature solution into the 
mechanical governing equations yields the full solution of the thermo-mechanical equations. The 
bottom nodal pressure, 𝑝Q, can be also separately determined from the solution of these 
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mechanical governing equations. If the initial “guess” for the bottom interface temperature was 
correct, 𝑝(k should be equal to 𝑝Q. Therefore, solving the nonlinear governing equations is 
equivalent to solving:  
 𝒑𝒕𝒉 𝑻𝒃𝒐𝒕 − 𝒑𝒎 𝑻𝒃𝒐𝒕 = 𝟎 (26) 
 
Define a bottom node index for the thermal discretized governing equations: 
 

𝑖 = 1,2, … , 𝑛𝑒𝑙𝑥 + 1; 𝑗 = 1,2, … , 𝑛𝑒𝑙𝑥 + 1 
 
and a global node index:  
 

𝑘 = 𝑖×(𝑛𝑒𝑙𝑦 + 1); 𝑙 = 𝑗×(𝑛𝑒𝑙𝑦 + 1) 
 
where 𝑛𝑒𝑙𝑥 is the total element number in the 𝑥 direction, and	  𝑛𝑒𝑙𝑦 is the total element number 
in the 𝑦 direction. And the set of all the DOFs is denoted 𝑎𝑙𝑙𝑑𝑜𝑓𝑡ℎ, and the set of free DOFs as 
𝑓𝑟𝑒𝑒𝑑𝑜𝑓𝑡ℎ. For the bottom nodes: 
 

 
𝐹(k 𝑘
2𝑎 =

𝑇 𝑘 − 𝑇5&'C
𝑇𝐶𝑅 =

𝑇 𝑘 − 𝑇5&'C
𝜉𝑝  (27) 

 
where 𝑎 is the semi-length of the element, 𝑝 is the nodal pressure, and 𝜉 = 𝑇𝐶𝐶7 =
4200𝑘5𝑅,67.9:;/𝐻 is a parameter that depends on the condition of the contact surface. Thus, the 
nodal pressure can be expressed as a function of the nodal temperature as follows: 
 

 𝑝(k(𝑖) =
𝐹(k(𝑘)

2𝜉𝑎(𝑇(𝑘) − 𝑇5&'C)
 (28) 

 
The derivative of the nodal stress subject to the nodal temperature is 
 

 𝜕𝑝(k(𝑖)
𝜕𝑇(𝑗)

=
𝜕 𝐹(k(𝑘)
2𝜉𝑎(𝑇(𝑘) − 𝑇5&'C)

𝜕𝑇(𝑙)
=

𝐾(k(𝑘, 𝑙)
2𝜉𝑎(𝑇(𝑘) − 𝑇5&'C)

− 𝛿C®
𝐹(k(𝑘)

2𝜉𝑎(𝑇(𝑘) − 𝑇5&'C)9
 (29) 

 

where 𝛿C® =
0, 𝑖𝑓	  𝑘 ≠ 𝑙
1, 𝑖𝑓	  𝑘 = 𝑙 

 
For the mechanical system, denote the index for the bottom DOF in the y direction:  
 

𝑘𝑘 = 2𝑖×(𝑛𝑒𝑙𝑦 + 1) 
 

The governing equation of the discretized mechanical system is shown in matrix form as: 
 
 𝐹 = 𝐾 𝑑  (30) 
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where 𝐹  is the generalized mechanical force vector, 𝐾  is the elastic stiffness matrix, and 𝑑  
is the displacement vector. Now, denote the set of restrained DOFs as 𝑓𝑖𝑥𝑒𝑑𝑑𝑜𝑓𝑒𝑙, and the set of 
free DOFs as 𝑓𝑟𝑒𝑒𝑑𝑜𝑓𝑒𝑙. Hence, the vertical restrained forces at the bottom nodes are 
 

 𝑅� 𝑖 = 𝐹 𝑘𝑘 = 𝐾(𝑘𝑘,𝑚)𝑑(𝑚)
+*))±�+)®

Q

 (31) 

 
The displacement in terms of the temperature in the matrix form can be described as 
 
 𝐾+*))±�+)® 𝑑+*))±�+)® = 𝐶 𝑇 − {𝐶*)+}𝑇5&'C (32) 
 
where 𝐶  and {𝐶*)+} are the thermo-mechanical coupling matrix. Hence, 
 
 𝑑+*))±�+)® = 𝐾+*))±�+)®

6J 𝐶 𝑇 − 𝐾+*))±�+)®
6J{𝐶*)+}𝑇5&'C (33) 

 
Defining 𝑀 = 𝐾+*))±�+)®

6J 𝐶 , the derivative of the displacement subject to the temperature 
is 
 

 
𝜕𝑑(𝑚)
𝜕𝑇(𝑝) =

𝜕𝑑+*))±�+)®(𝑛)
𝜕𝑇(𝑝) = 𝑀 𝑛, 𝑝  (34) 

 
where 𝑚 = 1,2, … ,2(𝑛𝑒𝑙𝑥 + 1)(𝑛𝑒𝑙𝑦 + 1), 𝑛 ∈ 𝑓𝑟𝑒𝑒𝑑𝑜𝑓𝑒𝑙, 𝑝 ∈ 𝑎𝑙𝑙𝑑𝑜𝑓𝑡ℎ. Define a function 
𝐼𝐷8, such that 𝑛 = 𝐼𝐷8(𝑚). Note that 𝐼𝐷8 𝑘𝑘 = 0. Also the bottom nodal pressure can be 
derived from the mechanical governing equation as: 
 
 𝑝Q(𝑖) = 𝐹(𝑘𝑘)/(2𝑎) (35) 
 
The derivative of the nodal pressure subject to the nodal temperature is (using chain rule) 
 

 
𝜕𝑝𝑚 𝑖
𝜕𝑇 𝑗 =

1
2𝑎
𝜕𝐹 𝑘𝑘
𝜕𝑇 𝑙 =

1
2𝑎 𝐾 𝑘𝑘,𝑚

+*))±�+)®

Q

𝑀(𝐼𝐷8 𝑚 , 𝑝)
𝜕𝑇(𝑝)
𝜕𝑇(𝑙)

,®®±�+(k

U

 (36) 

 
Recalling the thermal governing equation, the Dirichlet boundary conditions has contributions in 
the thermal force vector, which implies that 
 

 
𝜕𝑇(𝑝)
𝜕𝑇(𝑙)

=
𝜕𝑇(𝑝)
𝜕𝐹(k(𝑞)

𝜕𝐹(k(𝑞)
𝜕𝑇(𝑙)

+*))±�+(k

·

= 𝐾(k(𝑝, 𝑞)
𝜕𝐹(k(𝑞)
𝜕𝑇(𝑙)

+*))±�+(k

·

	  𝑖𝑓	  𝑝 ∈ 𝑓𝑟𝑒𝑒𝑑𝑜𝑓𝑡ℎ

𝛿U®	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 (37) 
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Note that the Dirichlet boundary condition 𝑇(𝑙) only contributes to the elements that involve 
Node 𝑙. 

 
𝜕𝐹(k(𝑞)
𝜕𝑇(𝑙)

=

−𝑘) 4,2 𝑞 = 𝑙 − 𝑛𝑒𝑙𝑦 − 2
−𝑘) 3,1 𝑞 = 𝑙 + 𝑛𝑒𝑙𝑦
−𝑘) 4,1 𝑞 = 𝑙 − 1	  &	  𝑙 = 𝑛𝑒𝑙𝑦 + 1
−𝑘) 3,2 𝑞 = 𝑙 − 1	  &	  𝑙 = (𝑛𝑒𝑙𝑥 + 1)(𝑛𝑒𝑙𝑦 + 1)
−𝑘) 4,1 − 𝑘) 3,2 𝑞 = 𝑙 − 1	  &	  𝑙 ≠ 𝑛𝑒𝑙𝑦 + 1	  &	  𝑙 ≠ (𝑛𝑒𝑙𝑥 + 1)(𝑛𝑒𝑙𝑦 + 1)
0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 (38) 

 
where 𝑘) denotes the element thermal stiffness matrix. Therefore, 
 

 
𝜕𝑝Q 𝑖
𝜕𝑇 𝑗

=

1
2𝑎

𝐾 𝑘𝑘,𝑚
+*))±�+)®

Q

𝑀(𝐼𝐷8 𝑚 , 𝑝)
,®®±�+(k

U

𝐾(k(𝑝, 𝑞)
𝜕𝐹(k(𝑞)
𝜕𝑇(𝑙)

+*))±�+(k

·

𝑖𝑓	  𝑝 ∈ 𝑓𝑟𝑒𝑒𝑑𝑜𝑓𝑡ℎ

1
2𝑎

𝐾 𝑘𝑘,𝑚
+*))±�+)®

Q

𝑀(𝐼𝐷8 𝑚 , 𝑝)
,®®±�+(k

U

𝛿U® 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 (39) 

 
From Equations (28) and (35), the value of 𝒑𝒕𝒉 − 𝒑𝒎 can be obtained. And from Equation (29) 
and (39), the derivative of 𝒑𝒕𝒉 − 𝒑𝒎 subject to 𝑻𝒃𝒐𝒕 can be developed. A Newton method was 
used to solve Equation (26) and, equivalently, the governing equations. 
 
4.4.3 Topology optimization algorithm 
An objective function was defined having a direct relationship to the design goals: namely, 
minimizing the average temperature of the top surface under the maximum heat flux, q = 
5×104W/m2.  

 𝑐7(𝝆𝟎, 𝝆𝟏) =
𝑻𝒕𝒐𝒑

𝑛𝑒𝑙𝑥 + 1 (40) 

 
Assuming that a small change in 𝜌& does not change	  𝑇��( appreciably, the approximate 
sensitivity of 𝑇(�U subject to 𝜌& can be derived directly from the thermal governing equation 
 

 
𝜕 𝑇
𝜕𝜌&

=
𝜕 𝐾(k 6J

𝜕𝜌&
𝐹(k = − 𝐾(k 6J 𝜕 𝐾(k

𝜕𝜌&
𝐾(k 6J 𝐹(k  (41) 

 
Therefore the sensitivity of the objective function can be approximated as 
 

 
𝜕𝑐7
𝜕𝜌&

(𝝆𝟎, 𝝆𝟏) = −
1

𝑛𝑒𝑙𝑥 + 1 𝐾(k 6J 𝜕 𝐾(k
𝜕𝜌&

𝐾(k 6J 𝐹(k
(�U

 (42) 

 
where the subscript 𝑡𝑜𝑝 indicates the index of the top nodes in the FEM formula. 
 
Figure 27 provides a flowchart of the algorithm. If the change in all design variables is less than 
1%, the algorithm stops, and the topology is considered to be an optimum.	  
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4.4.4 Results and discussion 

Table 5 summarizes the parameter values used in the optimization. Three materials, Copper, 
Aluminum and Zirconia, were used in the topology optimization.  
 
 

Table 5. Parameters value for 2D topology optimization 

Modulus of elasticity of Copper 𝐸J   120𝐺𝑃𝑎  
Modulus of elasticity of Aluminum 𝐸9   70𝐺𝑃𝑎  

Modulus of elasticity of Zirconia 𝐸¼ 200𝐺𝑃𝑎  
Conductivity of Copper 𝑘J   401𝑊/(𝑚𝐾)  

Conductivity of Aluminum 𝑘9   167𝑊/(𝑚𝐾)  
Conductivity of Zirconia 𝑘¼ 2.7𝑊/(𝑚𝐾)  

CTE of Copper 𝛼J   16.5×106¾  
CTE of Aluminum   𝛼9 22.2×106¾ 

CTE of Zirconia 𝛼¼   10.1×106¾  
Poisson ratio   𝜈 0.3  

Reference Temperature 𝑇*)+ 290𝐾  
Sink Temperature 𝑇5&'C 275𝐾  

Heat flux input 𝑞 50000𝑊/𝑚9  
Filter’s radius   𝑟Q&' 1.2  

Size of design domain 𝐴×𝐿   75𝑚𝑚×25𝑚𝑚  
Mesh Resolution   𝑛�×𝑛� 30×10  

 
 
 
The first example case is a topology optimization problem based on using a single material, 
Copper. To ensure that the two sides of a conducting interface are always in contact, a bottom 
layer with one element thickness is fixed (non-design) in the optimization. A top layer is also 
fixed to distribute the input heat flux appropriately and decrease any temperature variance on the 
top surface.  
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Figure 27. Flow chart of topology optimization of an “always-contact” model 
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Figure 28 shows an optimal solution topology (black represents material), temperature 
distribution and bottom nodal stress: (a) shows the results with volume fraction 𝜌7 = 0.6, while 
(b) shows the results with 𝜌7 = 0.4. Both topologies look similar to those in Figure 23: material 
is concentrated at the left and right boundaries, with a central void. The bottom stresses are 
concentrated at the corners, which leads to the lowest temperature in the entire design domain.  
 

 
Figure 28. One-material topology optimization with fixed top layer 

 
Figure 29. One-material topology optimization without fixed top layer 
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The second example case is also based on a single material, Copper, with volume fraction 𝜌7 =
0.6. But the fixed top layer is removed, it becomes a free design region. The topology, 
temperature distribution and bottom nodal stress of the optimal results are shown in Figure 29. 
The topology looks somewhat different from that in Figure 28. 
 
The third example case involves the use of two materials, Copper and Aluminum, with volume 
fraction 𝜌7 = 0.6. The topology, temperature distribution and bottom nodal stress of the optimal 
results are shown in Figure 30: (a) shows the results with Copper volume fraction 𝜌7𝜌J = 0.5, 
while (b) shows the results with Copper volume fraction 𝜌7𝜌J = 0.2. Red represents Copper and 
blue represents Aluminum. Note that Figure 30(b) shows features similar to those in Figure 22, 
namely the highly conductive material (in red) placed in the center of the design. 

 
Figure 30. Two-material topology optimization without fixed top layer 

 
Figure 31. Two-material topology optimization with fixed top layer 
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A final example case is again based on two materials, Copper and Zirconia, with the volume 
fraction 𝜌7 = 0.6. A top layer made of Copper is fixed in the design domain. The resolution is 
doubled in each dimension, 60×20. Because of the symmetry of the design domain, to reduce 
computational time only half needs to considered. Therefore, the resolution used is 30×20. The 
semi-topology, temperature distribution and bottom nodal stress of the optimal results are shown 
in Figure 31: the Copper volume fraction is 𝜌7𝜌J = 0.3, while the Zirconia volume fraction is 
𝜌7(1 − 𝜌J) = 0.3.  
 
One weakness of the method is that the bottom nodal stress distribution can occasionally indicate 
negative normal stresses at the contact interface, indicating violation of the “always-contact” 
assumption. (Alternatively, it might indicate a negative TCR which also violates basic physics 
principles.) Furthermore, if too small a volume fraction 𝜌7, is considered, convergence might not 
be achieved. These conditions indicate that the algorithm, while generally effective, lacks certain 
robustness. This could perhaps be improved in future research.  

5. Conclusions 

Thermal management of electronic “black boxes” is a major concern in spacecraft systems. 
Passive thermal control is preferred over active control because of high reliability and the 
potential for reduced overall weight. In this research, the C3M concept was adopted and pursued 
to passively control heat transfer from source electronics to a radiating exterior surface. These 
C3M structures employ thermally-driven deformation to create or break contact or to modify the 
contact pressure and thereby control heat conduction through the contact interface. This 
represents a novel approach to passive thermal control.  
 
In early research, a proposed bi-material T-shaped cell was modeled using the finite element 
method and subjected to thermal loads representative of those experienced by typical spacecraft 
equipment. A TCR model was adopted to study thermal conduction across a contact interface. 
The interface TCR depends strongly on the normal pressure acting at the interface, which makes 
the contact system exhibit a more gradual change between insulating and fully-conducting 
modes, unlike conventional thermal switches. Simulation results obtained using ANSYS showed 
that the cell was able to meet a high-conductivity goal under high thermal loading and change to 
a low conductivity (less than 1/20th of the high-conductivity value) under low thermal loading.  
 
In continuing design research, a topology optimization approach was developed to optimize the 
thermal performance of a C3M contact structure. Based on a 2D finite element formulation and 
Solid Isotropic Material with Penalization (SIMP) interpolation for material properties, the 
topology optimization method was used to determine the distribution of two distinct materials in 
the C3M cells. The Method of Moving Asymptotes (MMA) was used as the optimization scheme 
for determining the design variables. The objective function used was the global mechanical / 
thermal compliance of the structure. A thermal contact model based on unilateral contact used a 
Newton method to solve the nonlinear governing equations. Results for one-material and two-
material models showed the ability of the design algorithm to generate patterns and features that 
could be used in a future system. A structure with arc-like features was obtained in each optimal 
topology presented, with a void placed in the center of the a repeating cell. The higher the 
nominal TCR, the larger the curvature of the arc-shaped boundary.  
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Based on observations of high-performing designs, a simpler computational model was pursued, 
namely one that assumed that the two sides of a conducting interface are always in contact, 
although possibly with zero normal pressure. Then, given fixed material properties, the effective 
thermal conductivity depends only on the contact pressure, which is in turn determined by the 
thermo-mechanical loading. A one-dimensional analytical solution verified the feasibility and 
desirability of this modeling simplification. A topology optimization approach based on a 2D 
finite element formulation was developed and used as a design tool for rectangular C3M cells. A 
novel iterative method was developed to address the inherent nonlinearity of the problem. An 
objective function with a direct relationship to the design goals was defined to ensure that the 
average temperature of the top surface of the cell did not exceed the hot limit for high heat loads 
or drop below the cold limit for low heat loads. Several examples of one-material and two-
material designs with good performance under realistic heat loads were generated.  
 
The bi-material T-shaped thermal switch design was reproduced in experimental prototypes. The 
thermal properties of the design were also validated with comparable TCC achieved; one sample 
having the lowest surface roughness of any tested yielded particularly promising performance. 
Moreover, the switching times assessed via electrical resistance across the gap, a limitation in 
DTE thermal switches, were small, in the vicinity of 60 s. The contact pressures evaluated using 
a theoretical TCC model were also consistent, based on comparison of experimental and 
theoretical TCC.  
 
The use of the LM-RIF fabrication process was largely invalidated by the current work, with its 
major limitation the need to use nanometer-scale particles. The use of composite materials 
should be examined, as they create the possibility that other additive manufacturing approaches 
can be used to fabricate more sophisticated thermal switches. In preliminary 3D printing, a two 
color PLA was used to produce a geometrically-complex two-material design. Future 3-D 
additive fabrication methods could conceivably produce the elegant but complex material and 
geometric designs contemplated.  
 
This investigation into C3M passive thermal control structures improved understanding of the 
problems involved in passive thermal control for spacecraft, and yielded new design procedures 
and optimization methods. Continued research is required to improve the robustness of the 
optimization scheme, as well as to experimentally verify the thermal performance of the resulting 
designs in practice.  
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Appendix: 3-D Printing of Thermal Switches 

In recent years, technological and design advancements have led to the need for new fabrication 
methods that can produce parts in a rapid manner while not sacrificing resolution or cost 
effectiveness. The models designed in this report require such a fabrication technique (Figure 1). 

Figure 1. Multi-material optimized heat switches 
 
To reproduce the multi-material designs with relatively small feature sizes rapid prototyping 
technology, specifically 3D printing, was implemented. Initially, models were fabricated using a 
Sonoplot GIX Microplotter II (Figure 2). However, this machine was limited due to its innate 
design for printing simple, single layer patterns of solutions containing conductive material or 
cells via a fragile, glass pipette.  
 

Figure 2. T-shaped cell printed with synthesized nanoscale copper paste 
 
Nanoscale copper particles were synthesized at 14 weight percent and passivated by 
polyvinylpyrrolidone in a 70:30 Ethanol:water solution which provided a stable copper paste for 
over 8 months. To simplify the fabrication process future iterations will use a commercially 
available copper ink (Dupont CB200) printed with a retrofitted MakerGear M2 3D printer to 
allow for paste extrusion from a Structur3D Discov3ry (Figure 3).  

DISTRIBUTION A: Distribution approved for public release.



44 
 

Figure 3. 3D printer setup with paste extruder modification 
 
Resolution tests were designed to maximize spatial resolution for 3D printing of polymeric 
filament and paste extrusion by varying print speeds (Figure 4). The long term objective for 
optimizing printing capabilities is to be able to successfully fabricate the complex features shown 
in Figure 1 with a dual head paste extruder for high and low thermal conductivity inks.  

Figure 4. Resolution test development 
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Resolution in the X and Y direction in addition to simple shape accuracy were compared as a 
function of print speed. Using the design outlined in iteration 4, X and Y resolution were 
analyzed by printing the pattern shown in Figure 5.b at varying speeds. Figure 5.a depicts the 
print head path and print settings for each set of 10 traces with 9 troughs (3 at .3 mm, 3 at .2 mm, 
and 3 at .1 mm). The experiment was designed with the goal of being able to differentiate one 
.42 mm trace from another at a given separation distance (trough width). Figure 5.c shows 
optical profilometry data collected to quantitatively analyze surface roughness in addition to 
visualizing separation distance and overall print quality. CAD files were rotated for y spatial 
resolution testing with all other parameters remaining constant.  

Figure 5. a) Print head and print settings. b) CAD model for x and y spatial resolution  
c) Optical profilometry scan example for x resolution 

 
Data was collected and compared to expected values for trace height (.1 mm), trace width (.42 
mm), trough width (.3, .2, or .1 mm), and trace length (5 mm) for both x and y resolution (Table 
1 and Table 2 respectively). Expected values defined by CAD file.  
 
 

Table 1: X resolution Data 
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Table 2: Y resolution Data 

 

 
 
 
An average percent error was calculated by taking the mean of percent errors for the four 
measurements. The average percent area was then plotted against print speed to determine the 
minimum, ideal printing speed for both x and y spatial resolution (200 and 150 mm/min 
respectively) (Figure 6).  

Figure 6. X and Y spatial resolution for minimized average percent error 
 
 
This parameter was averaged to a print speed of 175 mm/min for all future tests and printed 
parts. Preliminary work on determining the effect of print speed on shape accuracy has begun, 
but requires additional work for statistical analysis (Figure 7). In addition, future studies 
conducted will analyze the effects of nozzle diameter, print bed temperature, extruder 
temperature, and different materials (polymeric filaments and pastes) on spatial resolution and 
shape accuracy. 
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Figure 7. Preliminary data collection setup for shape resolution experimentation 
 
From the information gained through the optimization process for 3D printing, attempts have 
been made to print multi-material polymeric heat switches following the design in Figure 1, in 
addition to copper paste extrusion printed T-shape cells (Figure 8). Further testing is needed to 
continue the optimization process and move towards a multi-material paste extrusion system that 
can use a copper and zirconia paste to accurately represent the functionality of the heat switches.  
 

Figure 8. 3D printed parts of optimized designs 
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