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Abstract

The Artemis missions have increased the ur-
gency with which new materials and tech-
nologies relevant to Lunar exploration must
be developed. This research addresses the
need for construction materials which allow
for stability, damage sensing, and inclusion of
native filler materials. Damage-sensing is en-
abled by incorporation of carbon nanotubes
(CNTs) into a polymer matrix, and this pa-
per details initial steps in determining if this
potential persists when Lunar regolith sim-
ulant is used as filler. Preliminary damage
sensing results from ASTM D695 samples of
regolith simulant mixed with 1% CNT by
weight PDMS matrix in an 88/12 ratio is dis-
cussed. Sample compression occurred at 1.3
mm/min while an LCR meter passed 10kHz,
2V AC through attached electrodes. Resis-
tance and reactance changes were measured
and correlated with strain and damage iden-
tified by stress-strain relationships. Strain
sensing capability similar to other CNT ma-
terial systems was discovered, though mate-
rial tailoring will need to be carried out to
allow for viable damage sensing. The devel-
opment of the custom UV exposure chamber
necessary to test UV enhancement of dam-
age sensing capabilities is discussed. Finally,
a computational model based on Eshelby’s
equivalent inclusion approach is detailed and
applied to data from previous studies to con-
firm viability.

Introduction

The Artemis program and upcoming crewed
landings at the Lunar South Pole have pro-
vided increased impetus for research and de-

velopment of materials and structures fo-
cused on enhancing safety and decreasing cost
of long-term missions to the Moon1. A pri-
mary method of increasing structural safety
and maintainability is through incorporation
of self-sensing properties into materials ap-
plied to Lunar construction projects2. Use
of in situ resources (ie. Lunar regolith) as a
major component in such structures serves to
decrease the mass, and thus the cost, of mate-
rial transportation to the Moon from Earth3.

Incorporating low mass fractions (1-2%)
of carbon nanotubes (CNTs) into polymer
matrices has been shown to enable strain- and
damage-sensing via monitoring of changes in
resistance and reactance4–7. This method has
been proven in polymer-bonded composites
(PBCs) including those with high mass frac-
tions of mock-energetic6,7 and silicate8 fillers.
The creation of self-sensing potential in high-
silicate composites is especially relevant to
this research, as silica composition of Lunar
highlands regolith sits near 45%9.

Contemporary research into Polymer-
bonded Regolith Composites (PBRCs) em-
phasizes gross mechanical properties (flex-
ural strength, modulus, impact resistance)
relative to regolith weight percentage (typ-
ically JSC-1 simulant). Flexural strengths
of PBRCs tend to increase with binder con-
tent but vary from 5 to 35 MPa depend-
ing on binder type, percentage, and process-
ing10,and composites of epoxy resin and in-
organic fillers (of which Lunar regolith is a
subcategory) have been found to have com-
pressive strengths of between 17-60 MPa with
varying binder contents11, putting both met-
rics on par with common terrestrial build-
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ing materials10,11. While inclusion of CNTs
has been touched upon or recommended12, no
such PBRCs have been created, tested, or an-
alyzed for damage sensing capabilities. This
paper will demonstrate a proof-of-concept
run in fabrication and testing for self-sensing
of a PBRC including CNTs.

The Eshelby Equivalent Inclusion Method
is used to estimate the effect on material
properties of differing shapes and concentra-
tions of ellipsoidal inclusions embedded in a
homogeneous matrix (or effective matrix). As
such, it can estimate the change in elastic
modulus experienced as a material is dam-
aged, where this damage is modeled as an in-
creasing percentage of ellipsoidal voids in the
material13. Through application of an inverse
problem approach14, this method can be used
to estimate the amount of damage within a
sample from the change in modulus experi-
enced during testing. In turn, this can be
correlated with the electrical readings to re-
fine understanding of precision of self-sensing
capabilities of the composites in question.

Inclusion of small amounts of CNTs in
polymer matrices has also been shown to mit-
igate matrix degradation under exposure to
ultra-violet (UV) light (a major environmen-
tal concern on the Lunar surface due to lack
of an insulating atmosphere15) through for-
mation of stable, entangled surface networks
of nanotubes16. Such networks are also re-
sponsible for the previously mentioned self-
sensing capabilities4. Due to the similarity in
conductive potential of these networks, the
main goal of this research is to determine if
UV-instigated CNT networks may enhance
the damage-sensing capability of polymer
composites generally, and polymer-bonded
regolith composites (PBRCs) in particular.

Methodology

Three main research foci have been pursued
relative to planned research goals. Prelim-
inary samples were created to validate the

ability of available facilities and apparatus to
fabricate viable test blanks. A UV exposure
chamber was designed and constructed to al-
low for irradiation of composite specimens in
near-Lunar spectral conditions. Finally, a
computational model was created using the
Eshelby Equivalent Inclusion method17 to al-
low for correlation of results and comparison
to observations. The following section details
the methodology used in pursuit of each of
these research sub-goals.

PBRC Fabrication and Testing
Proof of concept testing and fabrication of
PBRCs utilized Sylgard 184 two-part elas-
tomer, a version of polydimethylsiloxane
(PDMS)18. For samples not including CNTs,
Part A and Part B were mechanically mixed
in manufacturer recommended ratios (Part
A/Part B, 10:1) before LHS-1 Lunar High-
lands Simulant19 was mechanically mixed
with the PDMS binder in a ratio of 88/12
LHS-1/PDMS by weight. This mixture was
then degassed for 15 minutes 90 kPa, after
which it was packed into ASTM D695 com-
pression molds before being degassed again,
then cured on a hotplate for 60 minutes at
135 ◦C.

Figure 1: PDMS/LHS-1/CNT samples with at-
tached electrodes.

Additional steps were necessary for fab-
rication of 1% CNT matrix (by weight)
samples.The appropriate weight of PDMS
part A was thinned with chloroform to al-
low for more even dispersion of CNTs, which
were added to the mixture and mechanically
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stirred beneath a fume hood before being
transferred to a high-shear mixer and mixed
at 2000 RPM for 10 minutes. The beaker
was then moved to a probe sonicator, where
it was run through a 45 minute cycle with a
20 minute pulse at 75% amplitude. Once re-
moved from the sonicator, the mixture was
transferred to an evaporator, where the chlo-
roform was removed. After this process was
completed, PDMS Part B was added and the
fabrication followed the same format as previ-
ously noted. Fully prepared samples, includ-
ing attached electrodes, can be seen in Fig.
1.

Electrodes were attached to the
top and bottom of each cylindrical
compression sample using silver con-
ductive epoxy and conductive paint
to facilitate electrical measurements.

Figure 2: PBRC sample
in Instron uniaxial test-
ing rig. Note electrodes
attached to sample top
and bottom.

Mechanical testing
was performed on
an Instron uniaxial
testing rig with a
crosshead displace-
ment rate of 1.3
mm/min (see Fig. 2).
The steel grips were
insulated with elec-
trical tape and sam-
ples were connected
to an LCR meter
where a 10 kHz fre-
quency at 2 V AC
was applied. Base-
line resistance and re-
actance for preloaded
samples were noted,

and compression tests were carried out con-
current with electrical data recording through
failure of the samples. Results were analyzed
in MatLab.

UV Chamber Development
UV exposure at 1 AU (100-400 nm
wavelength range)20 is estimated at 107

(W/m2)21. Safety, financial, and technical
constraints limit the experimental UV expo-
sure range to above 290 nm with UV emis-
sions from 290-400 nm, which are compa-
rable to spectra used to generate entangled
surface CNT networks16. These wavelengths
have photon energies from 4.97 ∗ 10−19 to
6.85 ∗ 10−19 J22, which may break covalent
bonds with energies of 299-413 kJ/mol. The
selected polymers have bond energies in this
range (318-602 kJ/mol)23–25, making degra-
dation and surface network growth likely. Ef-
fects in epoxy will likely be greater than in
PDMS, as epoxy C-C and C-O backbone
bonds fall within the photon energy range of
the exposure spectrum. Si-O bonds in the
PDMS backbone are unlikely to be affected,
though sidechains (Si-C) may be broken23,26.

The custom UV exposure chamber (Fig.
3) was designed to allow specimen irradiation
at the aforementioned wavelengths. Compact
fluorescent bulbs in parabolic reflectors illu-
minate a center shelf where samples experi-
ence bi-directional exposure.

Figure 3: Custom UV
exposure chamber exte-
rior (top) and interior
with shelf (bottom) and
ASTM D695 compres-
sion samples.

Bulbs were se-
lected based on both
intensity and spectral
similarity to space
UV in the 290-400
nm range21,27. Es-
timated irradiance
at the shelf center
is over 244 W/m2
in this UV band,
and at this inten-
sity the 200 MJ/m2
dosage required for
CNT surface network
formation16 should
be achievable in less
than 10 days.

Eshelby Equivalent Inclusion Model
The Eshelby equiv-
alent inclusion method is used to simu-
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late composites consisting of multiple phases
which may include voids, including those rep-
resenting sustained damage17. Voids decrease
sample stiffness, which can be used to esti-
mate initial void percentage or damage prop-
agation during sample testing. The model
developed assumes three solid, isotropic filler
types, included in roughly the proportions
found in LHS-1: silica (SiO2), alumina
(Al2O3) and calcium oxide (CaO)19. These
inclusions are assumed to be ellipsoidal, with
principal half-axis lengths between 5-100 um
(per LHS-1 particle diameter distributions19).
These solid particles are embedded in the ma-
trix (binder) phase, either PDMS or epoxy.
Initial voids are modeled using disk-shaped
inclusions (thickness/radius = 1/10), as
these likely form during sample creation,
and damage-induced voids are simulated
with similar geometry (thickness/radius =
1/100). Finally, all inclusions, solid and void,
have principal axes oriented to the primary
axes of the test specimen (i.e., compressive
axis of specimen oriented with thickness of
voids and one principal axis of ellipsoids) for
ease of simulation construction and compu-
tational efficiency, though a more comprehen-
sive model may be developed to allow for vari-
ation of orientation (Fig. 4).

Figure 4: Graphical explanation of damage cor-
relation computational model.

The current model can be tailored in sev-
eral ways. Any number of randomly selected
ellipsoidal half-axes within range can be se-

lected, tailoring repeatability and simulation
runtime. The model estimates the initial per-
centage of voids based on a comparison of
experimentally measured modulus with that
expected from a solid sample with void in-
clusions, from which an initial proportion of
nascent voids is determined. This will al-
low model verification through measurement
of voids noted in electron micrographs. Ini-
tial voids can be specified as either spher-
ical or disk-shaped, with disk-shaped voids
giving an initial estimate closer to expected
behavior in compression samples. This es-
timate is applied to the simulated sample
as an empty inclusion, and in addition to
the solid inclusions, is used to correlate the
change of modulus with damage. Secant
moduli are measured from the experimental
data, and these are matched with correspond-
ing expected damage from the computational
model, yielding an estimate of damage prop-
agation over the testing regime. It is antici-
pated that matrix properties can be modified
to account for inclusion of CNTs, as they will
be added in an unoriented form, leading to a
roughly homogeneous mixture affecting bulk
matrix properties.

Results

Preliminary results for the above-mentioned
sub-categories have been obtained. Sam-
ple sets of PDMS-LHS1-CNT compression
blanks were tested to failure while electrical
data was gathered, and this information was
analyzed in MatLab. The UV chamber was
calibrated based on sensor voltages and mea-
sured temperatures, yielding a mapping of
relative irradiation intensities at the sample
shelf. Finally, the Eshelby inclusion model
was tailored to expected sample composition
and results correlated with those from previ-
ously published papers.
PDMS-LHS1-CNT Proof of Concept
Sample fabrication and mechanical and elec-
trical testing were executed for multiple sets
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of 5 samples for both PDMS and epoxy
PBRCs without UV exposure (testing setup
shown in Fig. 2). Collection of electrical
data from epoxy PBRC samples proved diffi-
cult due to composite strength and stiffness
leading to breaching of the insulation cover-
ing the testing rig sample platforms, ground-
ing the electrodes and invalidating electrical
readings.

Figure 5: Mechanical and electrical test results
for PBRC w/o CNTs (top, NEAT) and CNT-
PBRC (bottom).

LHS-1/PDMS/CNT PBRC compression
set results are shown in Fig. 5. Shaded
regions show single standard deviations
from the mean (solid lines) values for
stress, normalized resistance change (∆R/R)
and normalized reactance change (∆X/X).
The NEAT set (top) contains no CNTs,

while the CNT set (bottom) contains 1.3%
CNTs relative to binder weight. Sam-
ples were tested at 12% binder weight
to determine if this composition showed
reasonable material properties and ade-
quate potential for self-sensing capabilities.

Figure 6: Electron mi-
crographs of no CNT
(top) and CNT (bot-
tom) PBRCs showing
void presence.

Electrical data sug-
gests strain sens-
ing via resistance
(consistent decrease),
though damage sens-
ing is inconclusive.
Readings do not
change significantly
with added CNTs,
suggesting insuffi-
cient CNT content
in the applicable
composite. The
stress plateau be-
tween strain values
of 0.15 and 0.3 in
both sets is evidence
of crumbling due to
significant presence
of voids, a fact con-
firmed by SEM imaging (Fig. 6). This void
concentration likely contributes to depressed
mechanical properties as both modulus (81
MPa for NEAT and 26 MPA for CNT) and
max stress (4.1 MPa for NEAT and 1.9 MPA
for CNT) are lower than expected. The lower
values for CNT specimens are likely due to
differences in fabrication method between
specimen types.

UV Chamber Performance
Due to difficulties with absolute calibration
imposed by lack of funding and apparatus,
actual irradiance values were not obtained.
However, relative irradiance at various po-
sitions was gathered via use of UV sensors,
while temperature data at these positions was
obtained through use of thermocouples at-
tached to each sensor mount. Irradiance dis-
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tribution was assumed symmetric about the
vertical plane of the sample exposure shelf.
A temperature-correlated baseline irradiance
distribution (reference temperature 50 °C)
was found for the interior of the chamber at
the estimated exposure distance of samples
(Fig. 7) in terms of the voltage output of each
sensor (minus applicable dark current at that
sensor position).

Figure 7: Irradiance distribution within UV ex-
posure chamber, in terms of sensor voltage. Blue
dots represent the estimated centers of exposed
samples.

A sample location rotation was generated
to allow for +/- 5% variation in irradiance
during the overall exposure cycle. Initial ex-
posures of 288 hrs have been carried out,
with 1/4 rotation after 72 hrs, sample posi-
tions changed after 144 hours, another 1/4
rotation after 216 hours, and completion of
the exposure at 288 hours. UV sensors are
used throughout exposures to monitor cham-
ber performance and detect major drops in
voltage which could signal bulb burnout or
malfunction, allowing for corrective action to
achieve the desired dosage. The irradiance of
applied bulbs was also found to decrease by
4-14% after a full exposure cycle of 288 hours.

Eshelby Model Preliminary Validation
Figure 8 shows a comparison of results from
an example using experimental data from

a previously tested PDMS-LHS-1 specimen
(bottom) with electrical data from previous
tests of 80% filler specimens (top)6. The
lower image is shown to allow comparison be-
tween the estimated damage of the computa-
tional model and expected electrical readings
(in the form or ∆R/R and ∆X/X)typical
of damage sensing present in the top image.
The example model simulated fifteen sizes of
ellipsoidal inclusions embedded in a PDMS
matrix. Estimated initial void content in the
specimen ranged from 18-24%.

Figure 8: Preliminary validation and analysis of
Eshelby damage model.

Three separate simulation runs are repre-
sented by the various percent damage lines
(Fig. 8, bottom, red), which show variation
due to the randomization of ellipsoidal inclu-
sion dimensions. Both the estimated damage
from the bottom chart and the normalized
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electrical data from the top chart show a se-
ries of bumps which may correlate to peri-
ods of rapid damage propagation, as well as
a significant upsweep in these measurements
(noted 17% strain in the damage estimate
and 32% in the illustrated electrical data).
While these two data sets cannot be directly
compared due to differences in composition,
it is hoped that a close correlation will be
identified between the modeled damage es-
timate as the model matures and electrical
data is collected from samples with correlated
compositions.

Conclusions and Future Work

From the aforementioned results, it was con-
cluded that strain and damage sensing in
PBRCs including CNTs is feasible, given sev-
eral modifications. While strain sensing is ap-
parent even at the very high mass loadings
of regolith tested, it will be necessary to in-
crease both the overall binder and CNT con-
tent to allow for adequate conductivity for
reliable damage sensing. Porosity estimates
have been revised to 30% by volume (up from
23%) for loose LHS-1, increasing the amount
of binder necessary to fill these voids to 20%
by weight. The additional adhesion supplied
should remedy the crumbling noted in previ-
ous test runs and increase mechanical proper-
ties. This increased binder composition will
also boost CNT content by at least 50%, al-
lowing for decreased electrical noise and in-
creased sensitivity in CNT samples enabling
sensing of both strain and damage. The fre-
quency of the A/C current applied will be
raised from 10 kHz to 100 kHz, also decreas-
ing noise in sample measurements. The fabri-
cation method has been modified and tested
to allow for a more reliable comparison be-
tween pure and CNT-rich samples. In addi-
tion, rigid aluminum plates layered with in-
sulative material to separate conductive elec-
trodes from metal testing rig grips have been
verified to provide adequate insulation and

strength for testing of both epoxy and PDMS
samples. These methods are increasing the
comparability of both Epoxy and PDMS sam-
ple sets.

While the viability of the custom UV
chamber for execution of long exposures has
been proven, work remains to be done for cor-
relation of CNT network formation relative
to exposure time. Sample labeling and place-
ment methodologies have been refined to al-
low for precise tracking of individual samples
relative to exposure intensities and effects, as
well as minimization of damage to any cre-
ated CNT networks. Due to the drop in bulb
irradiance over the course of a single cycle,
new bulbs will be used for each exposure to
allow for the greatest irradiance possible.

The Eshelby computational model re-
quires refinement and direct application to
PBRC testing data to be fully validated for
this research. While initial results are promis-
ing, geometry, rotations, and volume per-
centages of both void and material inclusions
must be revisited and revised to allow for
closer prediction of experimental results. In
addition, more accurate material properties
for LHS-1 components must be obtained, and
methods of dealing with non-isotropic crys-
talline materials may be considered to in-
crease accuracy.
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