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Thermal management in small satellites, such as CubeSats, is constrained by limited radiative area and strict mass
budgets, necessitating the development of radiator structures that are simultaneously lightweight, thermally conductive,
and mechanically robust. This work presents a topology-optimization and design-space analysis framework for
multifunctional lightweight radiators that achieve high specific stiffness and high effective thermal conductivity
through structural and thermal optimization. Density-based optimization produces hierarchical architectures that
naturally form continuous cavities suitable for high-conductivity channels such as embedded heat pipes. This study
reveals scaling behavior and optimal tradeoffs between mass, stiffness, effective thermal conductivity, and the dynamic
response of the optimized microarchitectures that form the core of the small-satellite radiator. Coupled structural-
thermal analysis shows that prescribed cavities used as thermal channels yield nearly isothermal radiating surfaces,
which confirms efficient lateral and transverse heat flow through the radiator. This integrated design approach
contributes toward the development of thermomechanically optimized radiator panels for small-scale spacecraft,
with the aim of enabling compact, efficient, and lightweight thermal control systems.
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Subscripts

base = radiator base
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I. Introduction

IGHTWEIGHT structures that combine high thermal conduc-

tivity and mechanical stiffness are increasingly important for
spacecraft and satellite applications. In orbit, spacecraft can undergo
repeated and drastic transitions between intense solar irradiation and
eclipse, producing large thermal fluctuations that must be managed
with systems with limited radiative surface area [1]. For small
satellites and microsystems such as CubeSats [2], these constraints
are even more severe: small system size limits the available area for
heat rejection, while ever-increasing onboard power requirements
necessitate greater heat transport from the inside of the spacecraft
bus to outer space [3—6]. Deployable radiator panels—thin, large-
area structures that are usually body-mounted or extendable—are
widely used to increase radiating area and therefore rejected heat
[7-10]. However, these radiators must simultaneously satisfy
demanding mechanical and thermal criteria: they must maintain
structural rigidity while minimizing mass, provide high thermal
conductivity, and limit the coupling into on-orbit mechanical dis-
turbances. Efforts to reduce the density of solid-panel radiators
while maintaining stiffness have produced sandwich composites
with lightweight honeycomb cores [11], where additional compo-
nents, such as heat pipes or vapor chambers, are typically added to
improve lateral heat-spreading capabilities and achieve sufficiently
high thermal conductivity [12-19]. In a typical implementation, the
structural core and heat-transport elements are designed sequen-
tially, where a low-density core may first be selected for mechanical
performance, while heat pipes or other conductive elements are then
integrated to improve thermal spreading. However, this sequential
approach can introduce tradeoffs in the combined structure. Inte-
grating heat pipes into an otherwise optimized core may interrupt
load-bearing pathways and reduce stiftness, while a core primarily
selected for mechanical performance may provide suboptimal lat-
eral heat spreading. Approaches to mechanical and thermal
codesign have explored parameter sweeps within predefined, para-
meterized design spaces, such as truss or lattice cores [20], without
accessing the broader topology-optimization design space to
address the tight size and weight constraints that are inherent to
small-satellite and CubeSat platforms. For CubeSats carrying pre-
cision payloads such as optical imagers or laser communication
terminals, deployed appendages such as radiators can couple
mechanical disturbances into line-of-sight jitter, degrading payload
performance [21-23]. For example, broadband disturbances from
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CubeSat wheel assemblies have been characterized up to 500 Hz
[24], which overlaps with the natural frequencies of CubeSat-sized
radiators and motivates the development of radiator designs with
high specific stiffness and high natural frequencies for improved
pointing stability.

In this work, we introduce a combined topology-optimization
and design-space analysis framework for multifunctional radiator
architectures tailored to small satellites and CubeSat platforms
(Fig. 1). In a systematic analysis, this approach reveals lightweight
structures with high specific stiffness and naturally forming con-
tinuous cavities that could host embedded heat pipes, thereby
enabling high effective thermal conductivity at low density. We
implement this approach using density-based topology optimiza-
tion [25-27] to design microarchitected radiator profiles that
maximize specific stiffness (stiffness normalized by density) while
forming hierarchical “tree-like” motifs that concentrate material
along principal load paths and enhance both mechanical stiffness
and thermal conduction pathways.

Our manuscript is organized as follows. First, we systemati-
cally explore the relationship between radiator thickness, volume
fraction, and material type, revealing mass/stiffness/thermal
conductivity Pareto fronts that guide lightweight design for
CubeSat-compatible radiators. Next, we evaluate the optimized
architectures for bending stiffness, vibration response, and heat-
transfer performance. Third, through coupled structural-thermal
analysis, we show that voids formed during optimization can act
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as natural conduits for embedded heat pipes with the potential to
achieve nearly isothermal radiator surfaces with high (>90%)
radiator efficiency. Finally, we compare free-geometry and
constrained-geometry optimizations (where fixed circular cavities
represent standardized heat-pipe profiles) to demonstrate that supe-
rior thermal uniformity can be achieved without compromising the
dynamic response.

II. Radiator Topology Optimization

We begin by using two-dimensional topology optimization to
design radiator geometries that achieve high specific modulus,
defined as Young’s modulus normalized by the effective density
of the structure. The topology optimization used here is motivated
by the extruded geometry of radiator panels and by the fact that the
panel length is a dominant direction for both thermal transport and
mechanical response. Thermally, heat must be transported away
from the spacecraft and distributed along the radiator length before
being rejected from the radiating surface. Mechanically, the lowest-
frequency mode of a slender deployed radiator panel is typically
associated with bending along the same length axis. For the ideal-
ized radiator architectures considered here, in which the material
properties, cross section, and heat-pipe/channel regions are assumed
to be repeated along the extruded direction, optimizing the cross
section thus captures the primary tradeoff between thermally con-
ductive pathways and load-bearing pathways. Figure 2 illustrates

Solar Radiation/

6U CubeSat
Deployable Radiator

Fig. 1 Conceptual illustration of thermal-structural design enabling topology-optimized radiators with high stiffness and thermal conductivity for

small spacecraft, such as the illustrated 6U CubeSat.
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Fig. 2 a) Pareto front of specific compressive modulus versus mass per length. b) Topology-optimization domain. c) Representative optimized half-
geometries (mirror plane at y = 0). d) Enlarged topology patterns showing porosity-dependent morphology.
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the approach taken to design cross-sectional geometries. In this
formulation, a cross section (y-z plane) is optimized to minimize
the functional:

J(0) =A6(0):e(9)d£2 €))

where ¢ and € are the stress and strain tensors, respectively, €2
denotes the system domain, and 6 represents the normalized density,
which is the design variable. The functional J(6) denotes the
compliance, whose minimization corresponds to the maximization
of stiffness. This optimization is subject to the volume constraint
that restricts the fraction of the domain that will be occupied by solid
material:

Osfadfzs;/v @
Q

where 0 denotes the density profile normalized to [0, 1], V is the
domain volume, and y is the volume fraction. We employ the solid
isotropic material with penalization (SIMP) method of topology
optimization implemented in COMSOL Multiphysics [28]. For a
given unit cell, symmetry is enforced across both the horizontal
and vertical axes. We focus on radiator dimensions compatible
with the CubeSat unit length (10 cm). For a fixed radiator width
w = 10 cm, the radiator thickness t = 4, 6, 8, and 10 mm; the
volume fraction constraint y = 0.1, 0.2, 0.4, and 0.6; and the
material is varied (a high-modulus ceramic (boron nitride [29])
and a moderate-modulus but thermally conductive metal alloy
(Al-Li 8090 alloy [30])). These parameter ranges are chosen to
represent the practical design space for lightweight, thin radiators
suitable for small-satellite thermal management. Default optimi-
zation parameters were set as 6, = 1073, 05 = 0.5, and R as the
minimum mesh element size. Additionally, p = 3 and f = 5 were
chosen for an initial optimization over a fixed number of iterations
(N = 100). The top and bottom faces of the unit cell are fixed to
be solid (density @ = 1), while the central region has density from
SIMP [25,31]:

0 =00+ (1—0)0, 3)

where 6, is the minimum allowable density. In the design region, the
corresponding Young’s modulus is scaled, per SIMP, to be
E = Eyja0,, where Eyq is the Young’s modulus of the solid
material. Following the initial optimizations, a continuation study
was conducted to enhance binarization of the material distribution.
Starting from each previously optimized structure, the penalization
parameters p and B were progressively increased through the
sequence (5, 5), (5, 10), and (10, 20). At each step, the solution from
the prior stage was used as the initial starting point. After completing
the continuation study, a binarized topology was extracted using a
threshold-based discretization filter (the filter is applied to the filtered
0 variable). The filter threshold/cutoff was adjusted to the value that
closely preserves the original volume fraction specified at the begin-
ning of each optimization while maintaining the connected topology
of the structure.

As a result of topology optimization, tree-like motifs emerge.
These motifs reflect the optimizer’s tendency to concentrate material
along principal load paths, forming hierarchical, branching struc-
tures. When thickness increases, fewer “tree” motifs are produced,
leading to fewer but larger cavities (Fig. 2c). Higher volume frac-
tions (0.4 and 0.6) lead to smaller cavities and less branching of
small features (Fig. 2d). However, as both thickness and volume
fraction vary, these tree motifs are consistently present in the final
structures. Because the resulting cavities are continuous, convex,
and regularly spaced, they can serve as natural channels for embed-
ding heat pipes or other high-conductivity pathways. Therefore, this
optimization approach leads to structures with high specific stiftness
and the capability to incorporate heat pipes to achieve high thermal
conductivity.

III. Thermomechanical Analysis
of Radiator Performance

We next evaluate the performance of the optimized geometries by
examining the relationship between specific compressive modulus
and mass, revealing key tradeoffs across design parameters. Specific
modulus is obtained from the equivalent homogenized modulus of
the optimized cross section divided by the effective density (deter-
mined from the spatially averaged material density profile):

E E A
Espec — ( eff) — eff 1Q (4)
Pett JapdA

Here, p. denotes the effective density and E.; the effective modu-
lus defined as E.i = o./¢€., where 6, and ¢, are the computation-
ally extracted stress and strain from finite element analysis. This
relationship is shown in Fig. 2a and highlights how design variables
influence specific modulus and mass per unit length. At low volume
fractions (0.1-0.2), increasing radiator thickness leads to signifi-
cantly higher specific modulus with little mass penalty. In contrast,
at higher volume fractions (0.4-0.6), radiator thickness has little
impact on stiffness while incurring significant added mass. A
similar trend appears when changing the volume fraction at different
thicknesses: increasing infill at lower thicknesses (4—6 mm) has a
significant positive impact with a small increase in mass; however,
the mass penalty becomes exacerbated when increasing the volume
fraction at higher thicknesses (8—10 mm). These results indicate that
the ability to increase the effective modulus decreases rapidly once
the structure becomes relatively dense, as additional material no
longer contributes meaningfully to load-bearing capacity. We note
that changing the structural properties of the material has little
impact on the optimized topologies or overall trends, suggesting
that geometric design, rather than the intrinsic material modulus,
dominates the stiffness trends in this regime. The results suggest that
the volume fraction is the dominant factor in determining the
specific stiffness of the material. From a design standpoint, these
findings imply that low-to-intermediate radiator thicknesses
(4—-6 mm) combined with moderate volume fractions (0.2-0.4)
achieve an optimal balance between stiffness and mass, offering a
practical guideline for lightweight radiator design.

To investigate how the optimized geometries perform under
bending, we extend our analysis to three-dimensional extrusions
of the radiator cross sections. Figure 3a visualizes the parameters of
interest, which now include varying length (L), alongside thickness
(1), and volume fraction (y). This three-dimensional extrusion allows
us to capture deformation and stiffness characteristics that cannot be
fully represented in a two-dimensional compression analysis. To
analyze the extruded structures in bending, the front face of the
radiator was fixed, with a tip load applied uniformly to the back
face. Thus, the effective bending modulus becomes:

_4FL
eff — 5wt3

&)

where L is the radiator length, w is the radiator width, ¢ is the
radiator thickness, and F and ¢ are the force and displacement
numerically obtained from finite element analysis. The specific
bending stiffness is then calculated as:

E E.V,
Espac — ( eff) — ‘cff Q (6)
Peft Jordv

Figure 3b shows the relationship between specific bending modu-
lus and mass for topology-optimized cross sections extruded to
various lengths. Here, decreasing volume fraction results in both
higher specific modulus and lower mass. This behavior indicates
that high-specific-bending-modulus designs naturally emerge at low
infill levels, where material is distributed primarily along load paths.
This same trend is present with radiator thickness, effectively
removing the tradeoff between stiffness and mass that was present
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Fig. 3 a) Parameter design space for an extruded radiator. b) Specific bending modulus versus mass. c¢) Specific bending modulus versus volume

fraction.

under compression. When two-dimensional topologies optimized
for compressive stiffness are subjected to bending boundary con-
ditions, the solid, thick material becomes the lower-performance
limit (in contrast to the upper limit for uniform compression). This
inversion reflects the geometric inefficiency of solid sections in
bending, where stiffness more strongly depends on the distribution
of material about the neutral axis. The removal of the tradeoff
between mass and specific stiffness renders fabrication constraints
and absolute bending stiffness requirements the limiting factors.
Among these, volume fraction (a common constraint in additive
manufacturing) plays a particularly important role in determining
achievable stiffness. Figure 3c shows a characteristic relationship
between specific bending modulus and volume fraction (here shown
for a 4-mm-thick (), 5-cm-long (L) radiator made of BN). Increasing
the volume fraction from 0.1 to 0.6 results in approximately a 40%
decrease in specific modulus. This trend highlights the penalty of
excessive infill, where added material increases mass without
proportionally improving bending modulus. Low-thickness (4 mm),
low-volume-fraction (0.1) radiator cross sections provide high spe-
cific bending modulus and low mass, enabling longer radiators for
high-power heat rejection.

Next, we analyze the dynamic response of optimized radiator
structures to assess the potential for coupling to mechanical disturb-
ances and on-orbit vibrations. Figure 4a depicts the profiles of the
three lowest vibrational modes of a microarchitected radiator with a
clamped edge. While stiffness is an important design metric for
lightweight deployed structures, natural frequency (eigenfrequency)
considerations are also important because low resonant frequencies
can increase dynamic deflection under reaction-wheel or attitude-
control disturbances. Figure 4b shows the Pareto front between the
fundamental (lowest-mode) eigenfrequency and mass for various
radiator thicknesses, volume fractions, and radiator lengths. Of
these three parameters, we observe that the infill of a cross section
has the least impact on the fundamental-mode frequency. Raising
the volume fraction causes a small decrease in eigenfrequency and,

thus, is undesirable when designing for vibrations. Radiator thickness
has a positive correlation with eigenfrequency, but the benefit is less
pronounced with an increase in mass, highlighting the challenge of
maintaining both low mass and high natural frequency. The most
influential factor affecting the fundamental frequency of an extended
radiator is its length. Figure 4c highlights this impact for the example
of a 4-mm-thick, 10%-infill radiator. Here, the fundamental fre-
quency of a long (30 cm) radiator is almost 100x lower than that of
a short (5 cm) radiator. We note that the fundamental frequency of
a long radiator can be increased by increasing its thickness. How-
ever, this increase in eigenfrequency leads to an additional penalty
in mass. Therefore, optimizing for reduced dynamic compliance
requires a balance between structural geometry and fill fraction,
with length emerging as the dominant design constraint.

We examine the heat transfer potential of the optimized radiator
structures with a heat transfer analysis in which voids between tree-like
motifs are treated as embedded heat pipes, as illustrated in Fig. 5. The
selected voids are spaced to maintain an approximately w /Ny, spaced
separation along the width of the radiator from its center. The analysis
models the upper-right quadrant of the structure, with symmetry
assumed across both the horizontal and vertical axes. Surfaces in
contact with heat pipe cavities are treated as isothermal, with a radiative
boundary at the top face and adiabatic conditions elsewhere. This
assumption of isothermal heat pipe boundaries is a suitable first-
order approximation, given the high effective axial thermal con-
ductance of conventional spacecraft heat pipes relative to the
surrounding microarchitected radiator material [32]. The iso-
thermal assumption is useful because it isolates the role of the
optimized core topology in distributing heat to the radiating
surface, without requiring a detailed thermofluidic model of a
specific heat-pipe implementation. In practice, two-phase-flow
pressure drops and irregular channel shapes could reduce the
effective heat-transport capacity of the embedded channel, pro-
ducing temperature variation along the channel. To evaluate this
effect, the Supplementary Materials include a sensitivity study in
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which the isothermal boundary condition is replaced by finite-
conductivity channel domains with varying effective conductivity.
This analysis quantifies when the predicted radiated-power per-
formance approaches the isothermal-channel limit. Generally, an
efficiency metric 17, can be defined for a radiator as follows:

_ Qr.actual _ fA sT(x, y)4 dA 7
B Qrideal B ( )

"y AeT?

base
where Qigeal = AeoT},,, is the rejected heat if the radiator
surfaces are isothermal at the base temperature T, A is the radiator
area, ¢ is the surface emissivity, and Qyaq e = [ 4€T(x, y)*dA is
the actual rejected heat from the radiator. All radiative heat-transfer

calculations assume a constant hemispherical-total emissivity of unity,
and radiative heat loss is modeled using the Stefan—Boltzmann law
under deep-space thermal sink conditions. The normalized compar-
isons presented in this analysis are insensitive to the specific emissivity
value, as all designs are evaluated under identical surface and envi-
ronmental conditions.

As the number of heat pipes Ny, in the radiator increases, the
temperature distribution along the radiator face becomes more
uniform (Fig. 5a). This behavior reflects improved lateral heat
spreading as additional heat pipes provide efficient conduction
pathways through the structure. Figure 5b compares the radiated
power from the top surface to that of an isothermal surface as a
function of the number of voids (Ny,,) selected as heat pipes. When
the number of embedded heat pipes is low (1-2), conduction
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through the microarchitected lattice strongly influences the amount
of radiated power, and the limited conduction pathways lead to
localized temperature gradients. These temperature gradients are
undesirable due to the thermal stress that may occur. The Supple-
mentary Materials contain a mesh sensitivity study that confirms
the convergence of the temperature solution when localized tem-
perature gradients are present. As the number of heat pipes
increases, conduction through them begins to dominate the
system. Beyond approximately three embedded heat pipes, the
radiator approaches a nearly isothermal condition, marking a
transition from lattice-dominated to heat-pipe-dominated thermal
transport. This shift results in a 25-30% increase in emitted
power as the number of heat pipes increases from one to three.
At higher heat pipe counts (7+), the surface becomes effectively
isothermal, radiating more than 99% of the power of an iso-
thermal blackbody surface at Ny, = 11. Together, these results
demonstrate that selectively utilizing cavities formed during
topology optimization enables multifunctional structures that
combine high mechanical stiffness with nearly uniform thermal
performance and high fin efficiency.

IV. Constrained Topology Design of Radiators with
Cylindrically Shaped Heat Pipes

To compare the previous free-geometry optimization with a more
constrained design strategy, we perform a topology optimization
that incorporates fixed, circular heat pipe cavities at prescribed
locations. We adopt this constrained optimization approach because,
although the convex cavities in Fig. 5 could in principle function as
heat channels, their varying and irregular shapes and sizes could
complicate fabrication standardization. As an alternative approach,
Fig. 6a shows a topology optimization that constrains the geometry

Nhp

by fixing circular cavities at specific positions spaced w/Ny, from
the radiator center to serve as thermal channels/heat pipes. Here,
rather than selecting arbitrary cavities between tree motifs as
thermal channels, conventional circular cavities with 0.2 mm thick-
ness are defined in advance. This modification enables direct control
over the spacing and orientation of the thermal channels while main-
taining a structurally optimized surrounding architecture. Outside the
protected circular cavity regions, where the density variable is fixed,
the microarchitecture is optimized in two dimensions for specific
stiffness. Figure 6b shows the results of the constrained optimization.
We observe that as the number of heat pipe cavities increases, the
specific compressive stiffness of the structure decreases. This reduc-
tion in compressive stiffness is expected because, in essence, prescrib-
ing circular voids removes material that would otherwise contribute to
compressive load paths. As the number of circular cavities increases,
we also observe a substantial increase in radiated power. Similar to the
topologies shown in Fig. 5, a greater number of circular cavities acting
as heat pipes produces an approximately isothermal top surface that
achieves >99% efficiency. However, in this case, the near-isothermal
surface condition is easier to achieve because of the regular spacing
and consistent geometry of the fixed cavity regions.

Next, we extrude the topologies with fixed circular cavities along the
radiator length, and we analyze the bending stiffness and the dynamic
response. Similar to the trend observed in Fig. 3, the specific bending
stiffness of radiators with circular voids inversely correlates with
thickness and volume fraction (Fig. 6c). As the number of circular
voids increases, the specific bending stiffness increases slightly, sug-
gesting an interplay between mass distribution and bending stiffness in
radiators with circular cavities. This effect arises because the circular
cavities act as stiffening features that preserve load-bearing pathways
in bending, countering the stiffness reduction seen in compression.
Figure 7 shows the general trends in the fundamental frequency for
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radiators with varying lengths, thicknesses, volume fractions, and
numbers of circular cavities. As before, the fundamental frequency
correlates positively with radiator thickness (i.e., thicker radiators have
a higher fundamental-mode resonant frequency) and negatively with
volume fraction and radiator length. Interestingly, the fundamental
frequency does not appear to be very sensitive to the number of circular
cavities, suggesting that the dynamic response is primarily governed
by global geometry and effective properties rather than localized cavity
arrangement. These results collectively indicate that by prescribing
protected circular cavity regions during optimization, it is possible to
achieve superior thermal uniformity without compromising dynamic
stability.

V. Conclusions

This study presents a broad thermomechanical design-space
analysis that leverages topology optimization to explore multi-
functional lightweight radiators for addressing the competing
requirements of stiffness, mass, and thermal conductivity in
small-satellite platforms. Our approach combines coupled struc-
tural and thermal optimization to generate hierarchical micro-
architectures that naturally form continuous cavities suitable for
high-conductivity channels. The parametric investigation revealed
Pareto tradeoffs among mass, stiffness, and thermal performance
while capturing dynamic considerations associated with the vibra-
tional modes of the radiator. Future extensions of this analysis
could incorporate full three-dimensional topology optimization to
account for variations in heat-flow paths, complex stress distri-
butions and heat inputs, and spatially varying heat-pipe or channel
paths. While this study focused on two relevant material examples
(i.e., a high-conductivity and a high-modulus material) to high-
light the dominant trends, it would be relevant to expand this
analysis to include advanced metal alloys and high-performance
composites (for example, those integrating high-conductivity and
high-stiffness boron nitride nanotubes [33-35]). In addition, a
fully coupled thermal-fluid analysis of embedded heat channels/
pipes, incorporating the effects of working-fluid phase change,
would more accurately capture coupled thermofluidic behavior
and its influence on system performance [36,37].

From a manufacturing perspective, the proposed architectures could
be compatible with current additive manufacturing processes [38,39],
with feature sizes governed by typical powder-bed fusion resolution
limits. Future studies can incorporate manufacturability constraints
once they are defined for a specific material system and fabrication
process. For example, future implementations could impose minimum
channel diameter, access pathways for depowdering, and geometric
constraints on enclosed volumes. In addition, because the radiator
geometries considered here are symmetric and extruded, one possible
fabrication route would be to manufacture the structure in two open
halves, remove residual powder from the exposed channels, and then
join the halves by brazing or welding. Other approaches, such as wire
electrical discharge machining (wire EDM), may also be suitable
depending on the final geometry. Similarly, it would be relevant to
use this framework for a matched comparison between topology-
optimized cores and conventional flight-ready honeycomb radiator
panels under consistent mass, thickness, thermal loading, and
dynamic response constraints. Such a comparison could also incor-
porate details such as joining or bonding methods and system-level
heat transport modeling. Future work should also consider integra-
tion with multisegment deployable radiator architectures. For exam-
ple, hinge-less or self-deploying concepts based on shape-memory
alloys may provide compact deployment mechanisms, while
flexible or coiled heat-transport elements could maintain thermal
continuity between deployed segments and the spacecraft bus
[10,40]. The thermal analysis presented here does not take into
account the effects of changing radiative environments on the
performance of radiator panels. However, future work should
explore how incorporating spectrally selective emissivity materials
and coatings may aid in mitigating variable radiative thermal loads
in orbit [41]. Finally, system-level integration studies that link
radiator performance to spacecraft power, thermal, and structural
subsystems would be critical for evaluating these multifunctional
designs for flight-ready thermal control solutions [42,43].
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