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SUMMER 2026

Dale Brosius

Chairman’s Message:

Dear Composites Division members,

arly March was a busy time in com-
Eposites as both SPE ANTEC and

JEC World occurred in the same
week. The Composites Division, under
the guidance of Alex Kravchenko, con-
ducted two well-attended sessions, con-
taining 12 technical papers on important
topics at ANTEC in Pittsburgh on March
11-12. Concurrently, I and several other
Composites Division members were in
Paris at the annual JEC World event,
which attracted roughly 50,000 visitors to
see the latest and greatest in composites
materials and manufacturing technolo-
gies on display. I came away excited for
the trajectory of the industry, especially
the continued thrust of sustainability.

Your Board of Directors has also evolved
in March. Rich Caruso, a long-time BOD
member and a multiple session chair of
ANTEC as well as other roles, has elected
to resign from the board yet remains very
active in SPE. He also is very active in
SAMPE and will continue to be a liaison
between the two societies. I thank Rich
for his long service. On the flip side, we
have added two board members as of our
March meeting. Creig Bowland, a former
Chair and Councilor of the Composites Di-
vision, has returned to the BOD after a hia-
tus to serve other priorities. Welcome back,
Creig. We also welcome Dr. Sarah Simon of
Netsch as a new board member of the di-
vision. Sarah has been very active in SPE
for years, first as a student member at Uni-
versity of Wisconsin, where she won mul-
tiple ACCE poster awards and SPE schol-
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arships, and now as a professional member.
We are pleased to have her on board.

In October 2025, SPE headquarters an-
nounced a merger of the Society with the
Plastics Industry Association (PIA), the
leading trade association representing plas-
tic materials. In the merger, SPE becomes a
division of PIA, with continuing missions in
education and professional development. In
a recent update, much of the integration of
functional operations has completed, and
we will see over the next months what ben-
efits the merger will have on our division
and our members, Stay tuned.

The next, and 26th edition of the SPE Auto-
motive Composites Conference and Exhi-
bition will be held September 9-10, 2026 at
its traditional home in Novi, Michigan. The
event promises to once again deliver great
content, novel insights, robust discussions
and ample time for networking with fellow
composites enthusiasts. We are currently
accepting abstracts, so I encourage you to
submit your latest innovations or research.
Also, please consider being a sponsor and
exhibitor at the conference. All net pro-
ceeds of the conference go to furtherance
of educational support for students and
professionals. Go to https://speautomotive.
com/acce-conference/ for more informa-
tion on sponsorship and links to submit
abstracts.

Best regards,

Dale Brosius
Chair, SPE Composites Division
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ACCE Award Winning Paper

Multifunctional Composites — Self-Health
Monitoring Technology

Tymon B. Nieduzak, Luke B. Demo, Maria Q. Feng

Columbia University
Venkat Aitharaju
General Motors

Abstract

his paper presents the development

of a multifunctional, self-monitor-

ing fiber-reinforced polymer (FRP)
composite battery enclosure for electric
vehicles (EVs), capable of detecting both
structural damage and lithium-ion bat-
tery (LIB) thermal runaway events. Struc-
tural carbon fiber tows are leveraged to
function as distributed piezoresistive sen-
sors, eliminating the need for additional
sensing elements. Measuring the resis-
tance of these structural components en-
ables in-situ monitoring of strain, impact,
and fatigue over large areas of the enclo-
sure, offering high spatial resolution and
durability without risk of sensor debond-
ing. To enhance thermal runaway safety,
micro-temperature sensors are embedded
during the molding process. These sensors
are lightweight, low-cost, and easily inte-
grated into high-volume manufacturing
workflows, where they serve to detect ear-
ly-stage thermal runaway events, enabling
timely response and system shutdown.

Self-monitoring composite specimens are
designed, fabricated, and tested to dem-
onstrate efficacy. Resistance changes in the
carbon fiber tows during tensile, impact,
and cyclic loading conditions are analyzed
to enable damage detection, localization,
memory, and long-term fatigue moni-
toring. A machine learning (ML) model
trained on this data estimates fatigue life,
enabling predictive maintenance and ex-
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tending the operational life of the enclo-
sure. Thermal experiments and transient
finite element heat transfer simulations
are used to understand heat propagation
through the enclosure when exposed to
various thermal runaway conditions. An
adaptive ML model compensates for sensor
time lag, improving the accuracy of internal
surface temperature predictions under dy-
namic conditions. This integrated sensing
platform, which unifies structural, thermal,
and predictive health monitoring, advances
the design of smart composite enclosures
and supports the transition toward safer,
more reliable, and scalable electrified trans-
portation systems.

Introduction

As the global automotive industry pivots
towards electric vehicles (EVs), the perfor-
mance, safety, and reliability of lithium-
ion battery (LIB) systems have become
increasingly critical [1, 2]. While typically
very safe, LIBs are susceptible to a cata-
strophic failure mode called thermal run-
away, a condition in which exothermic
reactions within the cell lead to uncon-
trollable temperature escalation. The pri-
mary cause of thermal runaway is often
a short-circuit fault triggered by separator
damage. This damage can result from me-
chanical impacts, manufacturing defects,
electrical abuse, or exposure to extreme

continued on page 9...
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Winning Paper continued..

temperatures [3-11]. Various monitoring and detection

systems have been explored, but significant optimiza-
tion is needed to make thermal runaway detection more
effective and commercially viable [12-15].

Among the integral components of EVs, the battery en-
closure serves the dual purpose of providing structural
support and housing thermal and electrical manage-
ment systems [16, 17]. However, traditional battery en-
closures constructed from steel or aluminum introduce
significant weight penalties and are often incompatible
with integrated thermal runaway sensing technologies.
Consequently, there is growing interest in developing
lightweight enclosures from fiber-reinforced polymer
(FRP) composites that can simultaneously serve struc-
tural, thermal, and sensing functions.

This study introduces a comprehensive, multifunctional
composite battery enclosure capable of self-monitor-
ing both structural and thermal states. The innovation
stems from three main components: the use of carbon
fiber tows as distributed piezoresistive sensors, the
integration of micro-temperature sensors embedded
during manufacturing, and the implementation of ma-
chine learning (ML) algorithms to process sensor data
and predict future system behavior. By embedding
these capabilities into the composite architecture itself,
the resulting system eliminates the need for externally
bonded sensors and creates a robust, scalable, and light-
weight condition monitoring solution. The primary aim
of this paper is to demonstrate the viability of this in-
tegrated sensing platform through experimental valida-
tion, computational modeling, and data-driven predic-
tion, thereby providing a holistic foundation for the next
generation of smart battery enclosures.

Multiple journal and conference papers stemming from
this research have been previously published. This article
provides a cumulative review and integration of these
studies. This summary begins by discussing the structur-
al health monitoring work, detailing the damage detec-
tion, localization, memory, and fatigue monitoring along
with the fatigue life prediction model using ML. This
paper then reviews the temperature monitoring work,

continued on page 10...
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detailing the thermal experiments, simu-
lations, and ML temperature inference
model. Finally, the implications of an inte-
grated battery enclosure combining these
technologies are explained.

Structural Health Monitoring via Piezore-
sistive Carbon Fiber Tows

The structural sensing capability of the
composite enclosure relies on the intrin-
sic piezoresistive properties of carbon
fiber. Carbon fibers exhibit changes in
electrical resistance when subjected to
mechanical strain, thereby enabling their
dual use as both structural reinforcement
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and distributed sensors. In this work, 3k

carbon fiber sensor tows were embedded
within a hybrid composite laminate con-
sisting of 19% carbon and 81% glass fiber
by volume. The fibers were arranged in a
tailored zig-zag stitch pattern across the
surface of the composite using customized
preform fabrication methods. This config-
uration enabled widespread monitoring of
mechanical strains and damage across the
enclosure without introducing additional
weight or bonding agents. A novel contact
method was developed in this study to

continued on page 11...
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ACCE Award Winning Paper continued...

electrically connect to the sensor tow. The

new method, termed silicone over copper
(SOC) terminals, was created to enable
high volume manufacturing, easily ex-
posing in-molded electrical connections
without creating significant stress concen-
trations. Further details regarding SOC
terminals is detailed in the dissertation by
Luke Demo [18]. In this investigation, one
SOC terminal was installed at each end of
the 3k sensor tow, where lead wires were
then attached for resistance monitoring.
Importantly, the contact points were lo-
cated outside of the specimens’ loaded
regions to eliminate variations in the con-
tact resistance during testing.

Structural Damage Detection

The carbon fiber sensor tows were designed
in a zig-zag pattern throughout the battery
enclosure structure for large-area structural
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strain monitoring. To validate the efficacy of
this design, specimens were fabricated and
tested under tensile loads. As shown in Fig-
ure 1, the specimens consists of two stacked
preforms custom-stitched by Coats Group
using tailored fiber placement: (i) a struc-
tural preform; and (ii) a sensor preform. (i)
The structural preform was made of four
unidirectional layers of carbon and glass
fiber with in-layer comingled tows. (i) Ad-
jacent to the structural preform, the sensor
preform was made in a custom zig-zag pat-
tern which has been shown to monitor large
areas with increased accuracy [19]. Each pre-
form had a glass backing for stitching, which
also served as electrical insulation between
the sensor and structural carbon fiber tows.
Hexion EPIKOTE 06150 epoxy resin and
EPIKURE 06150 curing agent were used for
the polymer matrix. The specimens were
molded and cut following the ASTM D3039
standard specifications [20]. The tensile spec-
imens are shown in Figure 1.

Figure 1: a) Diagram of the fatigue specimen
with detailed dimensions, showing the place-

ment of the sensor tow; b) photograph of the
fatigue specimen before testing.
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Figure 2: Stress-strain and resistance-strain behavior from tensile testing of hybrid FRP specimens.

The carbon fiber sensor tow demonstrates damage detection with a sharp rise in resistance at the

Composites

first peak of stress, indicating fiber failure.

Connection

Five tensile tests were conducted to deter-
mine the specimen’s ultimate strength. Tests
were carried out using an Instron 5984 34k
universal testing machine. Each tensile speci-
men was tested to complete failure, defined
as a 70% reduction in the relative load. The
tests were performed under displacement
control with a crosshead speed of 1.0 mm/
min, as suggested by ASTM D3039 [20]. The
tensile test results, shown in Figure 2, re-
vealed the characteristic M-shaped stress-
strain response typical of hybrid carbon-glass
fiber composites. This response featured two
distinct failure peaks corresponding to the
sequential rupture of carbon and glass fibers.
The embedded carbon fiber sensor tow ex-
hibited a nearly linear resistance response up
to approximately 1.25% strain, after which a
nonlinear, asymptotic rise in resistance sig-
naled the onset of progressive carbon fiber
breakage. The resistance approaches infinity
prior to catastrophic failure of the glass fibers,
highlighting the piezoresistive sensor’s capa-
bility to detect early-stage damage.

continued on page 13...
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Structural Damage Localization

An alternative design of the sensor tow
layout was developed to enable structural
damage localization across a large area.
This innovative design connects carbon
fiber sensor tow branches in parallel to
one pair of sensor terminals, thus sig-
nificantly saving manufacturing costs. By
carefully designing the resistance values
of each sensor tow branch, the location
of damage in a specific sensor tow can be
inferred using the change in the overall
circuit resistance [21]. The efficacy of this
low-cost damage detection and localiza-
tion method was experimentally vali-
dated through impact tests. These impact
tests evaluated the system’s ability to de-
tect and localize impact structural dam-
age, simulating real-world events such
as road debris strikes or crash scenarios.
These studies involved high-velocity im-
pact testing on large composite panels
embedded with carbon fiber sensor tows
looped in different orientations. The fabri-
cation followed similar steps as the tensile
specimens, but the sensor tow layout was
modified. The innovative multi-branch
design, as shown in Figure 3a, facilitates
damage localization within a large area

using only one pair of sensor terminals
that minimize manufacturing burden and
cost —See [21] for more details. A calibrated
drop-weight impactor was used to gener-
ate controlled damage at predefined loca-
tions, while the distributed sensing net-
work recorded resistance changes in real
time, illustrated in Figure 3b.

For the damage localization system to
distinguish failure between the various
carbon fiber circuit branches, each branch
must have a unique resistance, intrinsi-
cally produced by carbon fiber tows of
differing lengths (and potentially further
modified using additional in-line resis-
tors which improve the damage detection
resolution). Once the number of branches
required to monitor the desired panel
area is determined, it is possible to estab-
lish the circuit equivalent resistance and
the expected changes in that value caused
by different damage scenarios. The dam-
age localization algorithm determines the
equivalent resistance of the circuit when
all the branches are intact, reads the up-
dated resistance, and determines whether
the updated resistance falls within the

continued on page 14...

Figure 3: a) Impact specimen design with orthogonal red and blue carbon fiber damage localization

circuits; b) Impact experimental setup.

Composites Connection
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ACCE Award Winning Paper continued..

Figure 4: Equivalent resistance of the red three-branch circuit due to various damage scenarios. A

ruptured branch, with resistance approaching infinity, is denoted with a bullseye.

range of the equivalent resistance as-
sociated with the undamaged circuit.
If the measured resistance falls outside
this range, the circuit is considered dam-
aged, and then the methodology looks
for the correct identification of the dam-
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age. With this correspondence, the damage
scenario is determined as each outcome
corresponds to a unique failure scenario.
The metrics error (¢), margin of error (),
and error utilization (¢) are introduced to
qualify the identification accuracy. The
error is determined as the difference be-
tween the predicted damage scenario re-
sistance and the measured resistance. The
aforementioned metrics can be calculated
as absolute values or percentages. Finally,
error utilization (¢) is the ratio of the error
to the margin of error. Good identifications
can be parsed from poor identifications as
a low error utilization denotes a success-
ful damage identification. The calculations
and methodology are further explained in
the study by Demo et al. [21].

The impact locations for three of the seven
damage scenarios are shown in Figure 4.
The drop tower was set with an impactor
height that consistently broke the targeted
sensor tow. Ri (13.87 Q) represents the start-
ing resistance value of the undamaged
three-branch circuit, R1 (32.32 Q) represents
the first branch breaking with the second
and third branches intact, R12 (92.35 Q) rep-
resents the first and second branch break-
ing with the third intact and so on.

continued on page 15...
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Figure 5: Impact test resistance versus time, showing three impacts spliced back-to-back: Impact 1

spans 0-1 s, Impact 2 spans 1-2 s, and Impact 3 spans 2-3 s.

To test the adequacy of the sensor, a three-
impact sequence was selected to target
the system’s more challenging identifica-
tion scenarios. The first impact was near
branch 2 of both red and blue sensors
(damage scenario R2). The second impact
was near branch 3 of the red circuit (dam-
age scenario R23) and branch 1 of the blue
circuit (damage scenario R12). Finally, the
third impact (damage scenario R123) was
near the last remaining branch of each
circuit: branch 1 of the blue circuit and
branch 3 of the red circuit. Resistance ver-
sus time was monitored during the im-
pact and is shown in Figure 5. The three
impact recordings were spliced back-to-
back and combined into one figure.

In Figure 5, the first impact spans the 0 s
and 1 s window, with the impact centered
at 0.5 s. Similarly, the second impact spans
between 1 s and 2 s, while the third and
final impact is between 2 s to 3 s. The mea-
sured resistances demonstrate a high de-
gree of correlation to the predicted values,
indicating that the damage localization
system has the ability to correctly iden-
tify the damaged branch. For example,
in Specimen A, the first impact damaged
branch 2 of the blue circuit, changing the
equivalent resistance from 13.96 Q to 19.05
Q. Using the new resistance value, the lo-
cation can be identified with high confi-
dence, as the 19.05 Q resistance was near
the center of the 19.23 Q identification
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bucket with boundary values of 17.77 Q
and 21.76 Q. In this case, the absolute mea-
surement error is 0.18 Q and the relative
error is 0.96%. Similar error analysis can
be applied to all the impact tests, finding a
mean absolute error of 0.54 Q with a stan-
dard deviation 0.55 Q, and a mean relative
error of 2.95% with a standard deviation
2.20%. Impact 3, which resulted in near-in-
finite resistance, was not used in the mean
error analysis, as it would have mislead-
ingly reduced the mean error. The sharp
increases in resistances were confined
to the affected regions, while unaffected
regions showed negligible changes. The
minimal error in the correlation between
measured resistance values and predicted
damage scenarios affirms the system’s ca-
pability to accurately identify and localize
damage in FRP composites.

Structural Damage Memory

As revealed in the damage detection ten-
sile tests shown previously, when the spec-
imen strain increased to the linear-nonlin-
ear transition value, some sensing carbon
fiber filaments started to break, resulting
in a drastic and irreversible increase in
overall resistance. To further investigate
this phenomenon and explore this perma-
nent resistance increase as damage memo-
ry, impact tests were conducted using the
same drop-weight impactor setup as the

continued on page 16...
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Figure 6: Permanent change in resistance of 3 identical impact specimens with

increasing impact energy.

previous section. These impact tests did
not immediately break the targeted sen-
sor tows, but progressively increased the
impact load, specifically exploring lower
impact energies. In total, three identical
single sensor specimens were built and
tested (C.1, C.2, and C.3), and each was
subjected to seven impact tests with pro-
gressively increased impactor heights. The
first test was conducted with a drop height
of 2 cm, which corresponds to an impact
energy of 0.85 J. Each subsequent test was
2 cm higher than the previous test. Test-
ing was concluded once the specimens
reached total failure and the sensor resis-
tance approached infinity.

Figure 6 plots the post-impact resistance
values (percent change versus the ini-
tial pre-experiment resistance) as a func-
tion of impact energy for the three tested
specimens. All three specimens show a
nearly linear relationship between impact
energy and permanent change in resis-
tance before complete failure. Specimens
C.1 and C.3 failed after the seventh impact
at 5.8 J, and the resistance concurrently
approached infinity. Specimen C.2 saw a

Composites Connection

large increase in the resistance value after
the sixth impact at 4.97 J before similarly
failing afterward.

The progressive impact tests demonstrate
the intrinsic damage memory and early-
warning functionality of the carbon fiber
sensor tow — the specimen’s impact history
is captured by the sensor tow’s resistance
values. Each time the specimen suffered
impact damage, the resistance increased,
which was irreversible, demonstrating that
resistance can be used as the primary vari-
able for damage early warning. As shown
by Li et al. [22] and Kalashnyk et al. [23],
the change in resistance can be expressed
as a function of discontinuous filament
paths, and accordingly, the proportion of
damaged fibers can be extrapolated. This
correlation between electrical resistance
and intact fibers gives a continuous, in situ
assessment of overall composite health.
These findings confirm that the embedded
carbon fiber sensors are capable not only
of detecting and locating damage, but also
remembering damage as it accumulates,
which is crucial for targeted inspection
and repair in practical EV applications.

continued on page 17...
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Figure 7: Fatigue test setup showing the DAQ systems for force, resistance, and strain.

Fatigue Damage Monitoring

The capability of self-sensing carbon fiber
sensors in monitoring structural fatigue
was further investigated. Fatigue tests
were conducted using an MTS Landmark
370.10 universal testing machine under
load-control. Actuator force command
and actuator force response were record-
ed using the onboard MTS universal test-
ing machine load cell and DAQ. Strain
was measured with an MTS dynamic
extensometer, model number 634.12E-24,
which also connected to the onboard MTS
universal testing machine DAQ. Both sys-
tems were set to a write-to-file sampling
rate of 256 Hz. Resistance was monitored
using a custom-built Arduino MKR WiFi
1010 microcontroller which measures re-
sistance at a sampling rate of 256 Hz using
a voltage divider circuit. The fatigue test
setup is shown in Figure 7.

Composites Connection

Fatigue testing was performed on thirteen
specimens under tension-tension loading
across five different normalized stress levels
ranging from 45% to 80% of the material’s
ultimate tensile strength. The fatigue speci-
mens were fabricated identically to the ten-
sile test specimens described earlier. In Fig-
ure 8, one representative specimen is shown
for four of the five stress levels (42.5%, 60%,
70%, and 80%), illustrating the most signifi-
cant variations in measurements.

The observed trends in resistance response
were consistent across stress levels. At
lower stress levels, resistance remained
relatively stable for over 100,000 cycles,
indicating minimal progressive damage.
As the applied stress increased, the resis-
tance began to rise gradually with cycling,

continued on page 18...
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Figure 8: Fatigue test results showing the resistance and stress profiles over time for different stress

levels applied to specimens a) 42.5%, b) 60%, c) 70%, d) 80%. The resistance increases sharply
before failure, indicating sensor effectiveness for damage early warning.

and eventually increased nonlinearly, in
tandem with damage accumulation. At
the highest stress levels, specimens failed
within a few thousand cycles, with resis-
tance signals providing clear precursors
to failure. In several cases, a sharp resis-
tance spike occurred within the final 2%
to 10% of the specimen’s fatigue life, offer-
ing a reliable early warning of imminent
structural failure. These results confirm
that the embedded carbon fiber tow is ca-
pable of long-term, real-time monitoring
of fatigue damage with high sensitivity.

Composites Connection

Machine Learning Fatigue Life

Prediction Model

While raw resistance data provides valu-
able information about the material state,
its full potential for predicting fatigue life
is unlocked through the use of data-driv-
en ML predictive models. A long short-
term memory (LSTM) neural network was
employed to analyze time-series resis-
tance data from the fatigue experiments
and predict the remaining useful life
(RUL) of the specimens. The LSTM archi-
tecture was chosen for its ability to model
temporal dependencies and capture both
transient and cumulative damage signa-
tures present in the resistance signal. The

continued on page 19...
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architecture applied in this work consists

of a sequence input layer, followed by an
LSTM layer with 150 hidden units. This
structure allows the model to capture in-
formation on both past and future states.
The LSTM layer is governed by three gat-
ing mechanisms: the input gate, the for-
get gate, and the output gate. These gates
control the flow of information through
the cell state and hidden state. This allows
the network to decide what information to
keep and discard. The update equations
utilize the sigmoid activation function,
and the sequence of gates collectively de-
termine the updated cell state.

To train the model, resistance data was pre-
processed to extract five key features that
reflect both short-term fluctuations and
long-term degradation. These included

moving window statistics (mean, max, and
min), moving amplitude of resistance, time-
integrated resistance (representing cumula-
tive damage energy), a cycle-based feature
derived from rainflow counting methods,
and a combined feature created by dividing
the integrated resistance by the log-normal
rainflow cycles. More explicit details of the
model architecture and feature engineer-
ing can be found in the study by Demo et
al. [24]. Combining all five features enables
the model to learn the short-term oscillatory
behavior and the long-term accumulative
fatigue damage. The network was trained
on data from all thirteen fatigue specimens,
with careful alignment and down-sampling
of the signals to accommodate computa-
tional constraints.

continued on page 20...
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In each prediction, the LSTM neural net-

work produces a temporally varying se-
quence and models both the short-term
and long-term temporal dependencies.
Each sequence is fed into a dropout lay-
er with a dropout rate of 0.3, preventing
overfitting by randomly eliminating 30%
of neurons during training. After, a fully
connected layer follows, containing L2
regularization with a weight decay factor
of 0.001. The L2 regularization aids in gen-
eralization by penalizing large weights.
In order to effectively train the model, the
adaptive learning rate optimizer Adam
was used, which modifies the learning
rates based on the first and second mo-
ments of gradients. To facilitate model
convergence, an initial learning rate of
0.002 was used with a scheduled decrease
by a factor of 0.2 after 50 epochs. The mod-

el was trained for 200 epochs with a mini-
batch size of 128. Error was minimized
based on the mean absolute error (MAE)
criteria. MAE was selected over root-
mean-square error due to its improved ca-
pacity for outlier tolerance, which were not
uncommon in the noisy resistance dataset.
The target remaining life used for training
is defined as the complement of cumula-
tive damage. The target remaining fatigue
life helps evaluate the general accuracy of
the prediction model but does not repre-
sent the exact ground truth. Further expla-
nations of the ML parameters and target
remaining life calculations are included in
the study by Demo et al. [24].

continued on page 21...

Figure 9: Fatigue life prediction using the LSTM neural network for 13 specimens. The black line repre-

sents the target remaining fatigue life.
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To validate the prediction model, a k-fold
analysis with five folds was implemented.
In a k-fold analysis, data is divided into
multiple subsets, where the majority of the
data is used for training, and the remain-
ing data is used for testing. For the 13 fa-
tigue testing datasets, between 10 and 11
specimens were used for training, and the
remaining two or three were used for eval-
uation. Figure 9 shows the LSTM neural
network fatigue life prediction results for
all 13 specimens, and the black line repre-
sents the target fatigue life remaining.

The resulting model demonstrated excel-
lent predictive performance, achieving
high R2 values and low MAE, indicat-
ing the model’s robustness across vary-
ing loading conditions. Predictions of
cycles-to-failure for held-out validation
sets showed errors consistently below
7%, with only one outlier (specimen 2)
reaching an error around 10%. This speci-
men was tested at the lowest stress level,
revealing that it becomes more difficult
to extract signal features when the resis-
tance does not demonstrate a clear trend
throughout the duration of the test. How-
ever, this disparity may be a feature of
the damage progression rather than an
error, the difference reflecting the speci-
men’s unique internal mechanics with
the predicted values being a better indi-
cator of true remaining life. Importantly,
the model achieved these results without
requiring stress or strain inputs, relying
solely on resistance data, thereby simpli-
fying sensor instrumentation and broad-
ening the applicability of the system to
a variety of deployment scenarios. This
study demonstrated the effectiveness of a
self-sensing carbon fiber tow powered by
neural networks for real-time fatigue life
prediction in the composites.
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Thermal Monitoring via Embedded
Micro-Sensors

In addition to structural integrity, thermal
safety is a paramount concern in LIB sys-
tems, particularly due to the risk of thermal
runaway. To address this, STS4x digital mi-
cro-temperature sensors were implemented
to monitor temperature changes [25]. FRP
composites facilitate sensor embedment in
sublayers through a one-step molding pro-
cess, removing the need for extra surface
mounting steps or adhesives. Embedding
the sensors also addresses the tight space
constraints of this application and offers
sensor protection. Despite these benefits,
sensor embedment introduces challenges,
including a time lag in detecting internal
surface temperature. Since a layer of com-
posite separates the embedded sensor from
the surface, a time lag in temperature detec-
tion occurs as heat flows through this over-
laid composite layer. Characterizing and
addressing this time delay is crucial for an
effective thermal runaway early warning
system within the enclosure.

A prototype test sample representing a por-
tion of a LIB enclosure was developed to
explore the thermodynamic properties of
a hybrid FRP composite instrumented with
micro-temperature sensors. The sample, a
carbon and glass FRP composite measuring
180 mm by 300 mm, resembled a section of
a LIB enclosure underneath a single battery
module. It comprised 4 layers of 81%/19%
glass-to-carbon material in a 0/90/90/0 ori-
entation. The micro-temperature sensors,
measuring 1.5 by 1.5 by 0.5 mm, were em-
bedded into the composite structure during
fabrication using the same preform place-
ment techniques employed for the carbon
fiber sensor tow.

continued on page 22...
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Figure 10: a) Overhead view of the composite sample showing the locations of the temperature
sensors in the x-y plane along with the total sample dimensions; b) Cross-sectional view of the

composite layers illustrating the placement of the temperature sensors in the z-direction along
with the external oven and ambient sensors.

The embedded sensors were strategically
placed at four locations within the com-
posite specimen: two on the surfaces (top
and bottom) and two within the inner lay-
ers (layer 1 and layer 2). All four sensors
were used to inform and verify the finite
element heat transfer simulation discussed
below. The top surface mounted sensor
and embedded layer 1 sensor were specifi-
cally utilized in the following ML study.
The goal was to investigate the thermal
response time of embedded sensors rela-
tive to surface-mounted versions under
conditions mimicking real-world thermal
runaway events. Physical thermal experi-
ments were conducted using a modified
lab oven, replicating various early ther-
mal runaway propagation conditions. Two
more sensors measured the environmental
temperatures above and below the top and
bottom surfaces (oven and ambient). The
sensor placements are shown in Figure 10.
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Experimental Replication of Thermal
Runaway Conditions

Two types of thermal experiments were
conducted representing different ther-
mal runaway mechanisms: thermal shock
tests in which the instrumented enclo-
sure sample was rapidly exposed to high
oven temperatures, and thermal ramp-up
tests where the temperature was increased
gradually to simulate slower heating sce-
narios. During LIB thermal runaway, heat
transfer occurs unidirectionally through
the enclosure due to the high-temperature
battery failure on the top surface and am-
bient conditions on the bottom surface. To
simulate this, a novel experimental setup
involving a lab oven sealed with an ex-
panded polystyrene foam (EPS) sheet was
devised. The composite sample was sealed
into a void in the middle of the EPS sheet,
which covered the oven opening. This set-
up exposed the sample’s top face to oven
chamber conditions (representing battery
enclosure internal temperatures) while the
bottom face was exposed to ambient room
temperature. Figure 11 presents a diagram
of the experimental setup.

continued on page 23...
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Figure 11: Experimental setup detailing the composite, the EPS sheet ‘oven door’, the lab oven, the

microcontroller, and the computer. a) Experimental setup diagram; b) Experimental setup picture.

Four maximum temperatures were im-
posed for both the thermal shock and
ramp-up scenarios (120°C, 100°C, 80°C,
and 60°C), and the experiments were
replicated three times at each condition
to validate the consistency of the mea-
surements. These tests generated a total
of 24 experimental composite thermal
response datasets.

Finite Element Heat Transfer Simulation

To further characterize the temperature
sensing time delay, a three-dimensional
transient heat transfer model was devel-
oped using the OptiStruct finite element
solver. The composite was modeled at
the meso-scale, incorporating detailed
geometry of carbon and glass fiber tows
embedded in an epoxy matrix. Material
properties for the composite components
were projected from literature sources
and discussions with suppliers, then
calibrated to closely align with the ex-
perimental temperature curves obtained
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from the initial 120°C thermal shock test
[26, 27]. Anisotropic thermal conduction
coefficients were specifically applied to the
carbon fiber tows to account for the fibers’
higher axial conductivity compared to
radial. Experimental temperature curves
from both the oven and ambient sensors
were imposed as convective thermal loads
on the simulated composite sample’s top
and bottom surfaces. The forced convec-
tive heat transfer coefficients for the top
and bottom surfaces were adjusted based
on theoretical assumptions and experi-
mental findings. Three finite element sim-
ulations were conducted for each tempera-
ture condition, utilizing the experimental
ambient and oven temperatures from each
repetition as input thermal loads, generat-
ing a total of 24 simulated composite ther-
mal response datasets. Additional details
regarding the finite element simulation
parameters can be found in the study by
Nieduzak et al. [28].

continued on page 24...
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Temperature trends from both the experi-

ments and simulations for each repetition
of the thermal shock tests at 120°C, 100°C,
80°C, and 60°C are illustrated in Figure 12.
The oven and ambient temperatures (envi-
ronmental conditions) are outlined in Fig-
ure 12a, while the thermal response of the
composite, including the top, layer 1, layer
2, and bottom temperatures, are shown in
Figure 12b. The variation observed across
the three repetitions of each test is shown

by shaded error bars around each curve.
These error bars denote the standard de-
viation derived from the repetitions, with
the mean results of the tests depicted as
lines. Within the finite element model, the
locations of the sensors were pinpointed,
and corresponding nodes were selected to
extract equivalent datasets from the simu-
lations. The simulated results are depicted
as dashed lines while the experimental

continued on page 25...

Figure 12: Thermal shock experimental and simulation results for each repetition at 120°C, 100°C,

80°C, and 60°C. a) Oven and ambient environmental temperature curves; b) Composite response
temperature curves.
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Figure 13: Thermal ramp-up experimental and simulation results for each repetition at 120°C, 100°C,

80°C, and 60°C. a) Oven and ambient environmental temperature curves; b) Composite response

temperature curves.

curves are shown as solid lines. Figure 13
presents the results for the thermal ramp-
up experiments and simulations in the
same manner as Figure 12.

The errors in the heat transfer simula-
tions with respect to the experimental
results were quantified using mean ab-
solute percentage error (MAPE) for both
the thermal shock and thermal ramp-up
datasets. The MAPE values between the
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simulations and experiments were main-
tained below 0.065%, revealing the high
accuracy of the thermal model projec-
tions. These results support that the com-
posite’s thermal response can be accu-
rately estimated by the tuned simulation
if other realistic thermal runaway condi-
tions were imposed.

continued on page 26...
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Machine Learning Temperature

Inference Model

Building on the experimental results and
validated finite element simulations, a
ML model was developed to infer actual
internal surface temperatures from em-
bedded sensor readings experiencing the
time delay. It is not possible to use a simple
analytical, bilinear, or piecewise function
to represent this relationship as these ap-
proaches are not representative of the heat
transfer intricacies induced by different
thermal runaway mechanisms. Therefore,
an adaptive ML approach is implemented
for this application as the relationship be-
tween the surface temperature and em-
bedded layer measurement depends on
the imposed temperature condition.

A substantial dataset of composite ther-
mal responses is necessary to train and
test a generalized ML model. A flowchart
detailing the input dataset sources and
data processing is shown in Figure 14.
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This dataset was founded on the experi-
mental and simulation results of the prior
work (a total of 48 thermal responses) and
augmented with an additional 24 simula-
tions, imposing thermal shock and ramp-
up thermal loads with added noise. The
added noise introduced variability in the
thermal responses, increasing the dataset
dimension and improving the ML algo-
rithms’ generalization. Next, a set of more
realistic thermal runaway temperature
curves were generated and imposed in the
simulation, based on experimental mea-
surements of real LIB thermal runaway
events in the literature [29]. These represen-
tative temperature curves derived from lit-
erature were implemented in the model as
thermal loads. These simulated composite
responses to more realistic thermal run-
away conditions were extracted and used
in the ML algorithms’ testing set, noted as
‘realistic thermal simulations’ in Figure 14.

continued on page 27...

Figure 14: Flowchart noting
the experimental and simula-

tion dataset sources and
data processing.
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Figure 15: LSTM neural network model architecture, compilation

This configuration formed a supervised
ML regression framework, wherein the
temperature data from embedded layer 1
served as the input feature, and the data
from the surface acted as the target out-
put. By training on paired embedded and
surface sensor data, the model learned to
correct for the time lag and provide real-
time temperature estimates of the enclo-
sure’s interior surface. During the model
training process, a strategy of randomly
selecting data points from each dataset
was employed for validation purposes,
enabling evaluation of the model’s perfor-
mance through the assessment of valida-
tion loss using mean squared error (MSE).
Additionally, the four realistic thermal
simulation results implementing thermal
runaway profiles from literature were re-
served for a representative testing phase,
assessing the model’s performance when
the composite is exposed to varying con-
ditions more closely approximating those
that precede a real thermal runaway event.

Several models were tested, the highest
performance achieved by an LSTM neural
network. This model employed the recti-
fied linear unit (ReLU) as the activation
function, renowned for its effectiveness
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parameters, and training parameters.

in avoiding the vanishing gradient issue.
Adaptive moment estimation (Adam) was
the optimization algorithm utilized, cho-
sen for its efficiency in updating network
weights and handling sparse gradients
[30]. During model exploration, emphasis
was placed on a streamlined neural net-
work architecture. Specifically, only one
hidden LSTM layer was to be incorporated,
leveraging the TensorFlow Keras library.
The model’s architecture, compilation pa-
rameters, and training parameters are de-
picted in Figure 15.

The input consists of a one-dimensional
sequence that captures the temporal dy-
namics within a sliding window of size
10. This design choice facilitated the pro-
cessing of time series data, allowing the
model to effectively learn from sequences
of past data points to predict future val-
ues. The architecture implements a single
hidden LSTM layer equipped with 100
units, providing a substantial capacity to
capture the temporal dependencies in the
data. The culmination of this architecture
is a final dense layer consisting of a single
neuron, reflecting the objective to predict
a single internal surface temperature data

continued on page 28...
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Figure 16: LSTM neural network validation assessment results.

point at each time step. This structure was
chosen to balance the model’s ability to
learn complex temporal patterns without
excessively increasing the computational
burden. This configuration harnessed the
neural network’s potential for capturing
long-term dependencies of the time lag
between surface and embedded layer tem-
perature detection. To avoid overfitting
in the model, an early stopping function

Composites Connection

with a patience value of 20 was adopted.
The finalized hyperparameters include the
implementation of an Adam optimizer, a
learning rate of 0.0001, and a batch size of
12. The study by Nieduzak et al. provides
further details regarding the ML architec-
ture [31].

continued on page 29...
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The ML temperature inference model

proved effective in predicting surface
temperatures based off embedded sensor
readings in real time, producing an MAE
and MAPE around 0.2°C and 0.5% respec-
tively when tested on the four reserved
realistic thermal runaway profiles. The re-
sults are shown in Figure 16, the left side
presenting the real and predicted tem-
perature curves, while the right section
displays the error difference distribution
histograms for each test case. The error
difference distribution is narrowly con-
centrated with a mean close to zero, indi-
cating strong predictive accuracy. This ca-
pability is crucial for the early detection of
thermal runaway, particularly in applica-
tions where direct surface measurements
are not feasible due to space constraints
and sensor vulnerability.

Sensor Integrated Battery

Enclosure Platform

The multifunctional battery enclosure re-
viewed in this study introduces a light-
weight, self-sensing structure capable of
providing decentralized monitoring of
both structural and thermal states in EVs.
Constructed from hybrid carbon and glass
FRP composites, the enclosure achieves
over 30% weight reduction compared to
conventional aluminum housings. This
reduction in mass directly contributes to
improved vehicle efficiency and extended
range which are key performance metrics
for electrified transportation platforms.

Importantly, the sensing architecture is
designed for real-world manufacturability
and system integration. The carbon fiber
sensor tows and embedded micro-tem-
perature sensors are incorporated during
standard composite preform and molding
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operations without the need for secondary
bonding or surface mounting. Electrical
connectivity is achieved through produc-
tion-ready SOC terminals, which simplify
the wiring layout and reduce points of me-
chanical failure. These design choices en-
sure compatibility with high-throughput
automotive manufacturing environments.

All sensing outputs are processed in real
time by a compact microcontroller system,
leveraging inexpensive platforms such
as the Arduino MKR series. This embed-
ded system enables onboard signal acqui-
sition, resistance tracking, temperature
measurement, and ML inference without
dependence on external processing infra-
structure. As such, the enclosure serves as
a standalone diagnostic system capable of
integration with vehicle control systems or
wireless telemetry networks. Crucially, the
enclosure’s embedded sensing suite oper-
ates independently from the main battery
management system (BMS). This parallel
functionality provides an added layer of
safety redundancy, offering a self-contained
means of early damage or thermal runaway
detection. Even if the primary BMS be-
comes compromised or disabled during an
adverse event, the enclosure’s independent
monitoring system remains functional,
thereby avoiding a single point of failure.
This decentralization enhances overall sys-
tem robustness and enables more rapid re-
sponses to emergent thermal threats.

The enclosure is not only lighter and
smarter but also modularly scalable, with
the sensing architecture readily adaptable
to different vehicle platforms. The dem-
onstrated technologies are readily trans-
ferrable to various enclosure geometries,

continued on page 30...
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including multi-module pack architec-

tures. Additionally, the sensing algo-
rithms are robust to noise and compo-
nent variance, making them suitable for
high-volume automotive manufacturing.
This integration of materials, sensing,
and intelligent data analytics within the
enclosure structure itself represents a
transformative step forward in EV bat-
tery system design, moving from passive
protection to active condition awareness.

Conclusions

This paper presents a review of the de-
sign, fabrication, and validation of a mul-
tifunctional, self-monitoring FRP battery
enclosure for electric vehicles, capable of
delivering real-time structural and ther-
mal diagnostics. The research unifies ad-
vanced composite materials, embedded
sensing, finite element modeling, and ML
to create a fully integrated, intelligent en-
closure platform.

With respect to structural health, the FRP
composite enclosure uses embedded car-
bon fiber tows to function as distributed
piezoresistive sensors. Tensile, impact,
and fatigue testing confirmed that these
sensor tows provide accurate strain track-
ing, damage detection, and localization of
impact events across large structural ar-
eas. A parallel-branch sensor network en-
abled low-cost damage localization using
only a single terminal pair per sensing
zone, with impact testing demonstrating
localization errors under 3% across mul-
tiple scenarios. In addition to detecting
new damage, the piezoresistive sensors
exhibited progressive resistance increases
that persist after loading, functioning as
a reliable memory of accumulated dam-
age over the composite’s lifetime. This ir-
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reversible resistance shift correlates with
fiber breakage and serves as a non-volatile
record of the structure’s mechanical his-
tory, enabling targeted inspection and re-
pair. For fatigue monitoring, cyclic testing
across multiple stress levels showed con-
sistent resistance growth in the final 2-10%
of life, offering a clear precursor to failure.
An LSTM neural network was trained to
interpret these resistance signals and pre-
dict RUL, successfully generalizing across
test conditions without requiring stress or
strain inputs. The model achieved robust
predictive accuracy, demonstrating the
feasibility of deploying resistance-only
monitoring for long-term prognostics in
EV battery enclosures.

Addressing thermal health, micro-temper-
ature sensors were embedded within the
composite structure during molding to
monitor heat propagation under LIB ther-
mal runaway conditions. Embedment of
the temperature sensors minimizes cost,
improves high-volume manufacturability,
makes surface mounting steps unneces-
sary, accounts for space limitations, and
provides sensor protection, but also in-
troduces a time lag with respect to inter-
nal surface temperature measurement. To
characterize this time lag, transient ther-
mal experiments replicated both rapid
(shock) and gradual (ramp-up) heating sce-
narios, while validated finite element sim-
ulations confirmed the anisotropic thermal
response of the hybrid carbon-glass lami-
nate. The measured and simulated compos-
ite responses showed excellent agreement,
with a MAPE below 0.065% across all test
cases. To compensate for the inherent time
lag inherent to sub-surface temperature
sensor readings, a machine learning tem-
perature inference model was trained on

continued on page 31...
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paired experimental and simulation data.
This LSTM-based model predicted inter-
nal surface temperatures with a MAE of
approximately 0.2°C and a MAPE of 0.5%
when tested on realistic thermal runaway
profiles derived from literature. These re-
sults demonstrate the system’s ability to
deliver accurate early-stage thermal diag-
nostics, even in the absence of direct sur-
face temperature readings, enabling faster
and more reliable thermal event detection
within the battery enclosure.

Together, these sensing elements form a
cohesive monitoring framework, inter-
preted by onboard microcontrollers in real
time. The system requires no external in-
strumentation or surface-bonded sensors,
enabling robust and scalable deployment
across vehicle platforms. Moreover, the
enclosure provides a level of autonomy in
monitoring, functioning independently of
the vehicle’s primary BMS and offering
early thermal runaway detection in criti-
cal failure scenarios.

In total, this work establishes a high-per-
formance, lightweight, and production-
compatible battery enclosure capable of
both structural health monitoring and
thermal anomaly detection. The enclo-
sure advances EV safety standards by ef-
ficiently enabling predictive diagnostics
and facilitating proactive maintenance. As
EV adoption accelerates, such intelligent
composite enclosures will be instrumen-
tal in achieving safe, reliable, and energy-
efficient battery systems. Fully integrated
production scale prototypes are currently
being built for further testing. Future
work may explore the integration of wire-
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less communication modules, the imple-
mentation of more sensor types to detect
other thermal runaway symptoms, and the
adaptation to broader composite applica-
tions within the vehicle chassis. The modu-
lar nature of the sensing systems and em-
bedded design establishes this platform as
a versatile and scalable foundation for the
next generation of smart, safety-oriented
vehicle structures.
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