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 A B S T R A C T

Self-reporting microcapsule-based systems are highly valuable for providing information about a composite’s 
health, whether by indicating the location of damage or, in more advanced cases, reflecting the extent 
of damage through intensity of fluorescence. However, measuring such intensity alone is insufficient for 
evaluating the deterioration of a composite’s mechanical properties. Using self-reporting stiff capsules con-
taining tetraphenylethylene (TPE) and hexyl acetate embedded in a soft polymeric matrix, we observe that 
accurately assessing mechanical properties after damage in evaporation-based self-reporting systems requires 
not only measuring fluorescence brightness but also accounting for the time elapsed since the rupture of the 
capsules. While the fluorescence–stiffness correlation can be approximated by a linear fit at any given time, the 
proportionality coefficient gradually evolves, stabilizing only hours after capsule rupture. This study highlights 
the importance of considering the transient nature of fluorescence–stiffness relationships when leveraging 
self-reporting composites for advanced damage evaluation.
1. Introduction

Combining multiple materials into a single composite often pursues 
the aim of enhancing overall mechanical properties, such as stiffness 
or toughness [1]. However, it is also possible to introduce additional 
functionalities via the composite structure. One such functionality is 
self-healing — the material’s ability to repair itself — which is often 
achieved by incorporating vascular networks [2,3] or filled capsules 
within the matrix material [4–6]. In the latter approach, a propagating 
crack in the composite ruptures the capsules along its path, releasing a 
healing agent that reacts with catalysts embedded in the matrix [7,8]. 
This reaction leads to in-situ polymerization, effectively repairing the 
mechanically induced damage [9,10]. Extensive research has investi-
gated various matrix and capsule combinations, demonstrating a wide 
range of mechanical properties and chemical mechanisms that enable 
self-healing functionality [11–15].

Any degree of damage, including regions that have been allegedly 
healed, often results in inferior mechanical properties compared to 
the composite’s original, intact state [9,10,16]. Therefore, identifying 
such damaged regions, whether healed or not, is crucial. Similar to 
self-healing, self-reporting can be achieved by embedding dye-filled 
capsules within the matrix material [17–19]. Upon rupture, the release 
of the capsule’s contents can activate chemical processes that visually 
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distinguish damaged areas from undamaged ones [20–22]. Of partic-
ular interest are self-reporting capsules that indicate damage through 
color changes or fluorescence [17,21,23,24]. Depending on the design 
and the loading conditions, two main scenarios might take place. In the 
case when capsule rupture happens simultaneously with the occurrence 
of damage in the matrix, as in incisions [17], self-reporting informs 
directly about the damage in the matrix. However, the capsules can be 
ruptured even when the matrix is still intact due to achieving locally 
the critical stress level [25]. Here, the visual self-reporting just high-
lights the reaching of some specific strain or stress level and partially 
resembles self-sensing when the overall strain state is acquired [26]. 
For the design of composites containing capsules, special attention 
should be directed to the assessment of the capsule’s contribution to 
the composite’s mechanical properties. The shape [27] and size [28] of 
capsules play a significant role in the overall mechanical behavior of 
the composite before and after their rupture. Depending on the goals, 
capsules can be deliberately designed before incorporation, since the 
existing fabrication processes allow them to be manufactured down 
to the nanometer range [29,30]. If the matrix is not getting damaged 
while some capsules break, one might tune the contrast between the 
stiffness of intact and damaged composites.

The partial recovery of mechanical properties in self-healing mi-
crocapsule composites is relatively slow due to the time required for 
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Fig. 1. (A, B): Micrograph of a single intact and ruptured microcapsule, respectively. (C, D): Fluorescence signal of a single intact and ruptured microcapsule, respectively. (E, F): 
Fluorescence of PDMS specimen with embedded microcapsules before (E) and after (F) rupture.
 

the chemical reactions involved in the healing process [10,31]. To 
prevent the use of materials after partial damage but before heal-
ing is complete, self-reporting systems are expected to respond more 
rapidly [32]. However, depending on the chemical mechanism un-
derlying the reporting system, a delay between capsule rupture and 
damage detection may still occur, and this delay is particularly pro-
nounced in evaporation-based fluorescent reporting systems [21,33,
34]. Among the various mechanisms that rely on evaporation to trigger 
fluorescence, aggregation-induced emission (AIE) is one of the most 
commonly used for damage reporting. Initially, an AIE luminogen, such 
as tetraphenylethylene (TPE), is dispersed in a solvent and remains 
non-fluorescent. Upon rupture of the microcapsule containing the so-
lution, the solvent evaporates, causing the luminogen to aggregate and 
fluoresce under UV light, thereby facilitating damage detection [21,35].

Notably, the intensity of the visual signal can be correlated to 
the extent of the damage or the number of ruptured capsules in the 
composite, as demonstrated in studies of localized impacts and in-
cisions [21,34]. Given that fluorescence saturation may take hours, 
whereas the mechanical consequences of the capsules breaking are 
instantaneous [20], it raises the question of how reliably the extent of 
damage can be correlated with the fluorescence brightness at any given 
moment.

In this study, we address this using poly(dimethylsiloxane) (PDMS) 
with embedded poly(urea formaldehyde) (PUF) capsules. The widely 
used silicone-based elastomer PDMS, selected as a matrix material, 
exhibits excellent mechanical properties, including high elasticity and 
durability, while its relatively low viscosity facilitates easy molding and 
precise replication of fine structures [36]. Complementing other studies 
that focus on locally induced damage [10,12,17,25], here we subject 
the specimens to non-local tensile loading, causing capsule rupture 
throughout the entire volume of the specimen. This approach allows 
us to monitor the overall fluorescence brightness as well as mechanical 
properties over several hours following capsule rupture and correlate 
them to each other.

2. Materials and methods

Polyurethane/poly(urea-formaldehyde) (PU/UF)-based core–shell
microcapsules containing a 1 wt% (8.7 mgmL−1, 26 mM) solution of 
TPE in hexyl acetate were prepared using a well-established single-
batch in situ emulsification–condensation method, similar to that de-
scribed in [21,33,37,38]. The capsules had a diameter of 41 ± 17 μm, 
similar to those used in the recently published work by Stamp et al. [39].
These microcapsules, containing the TPE/hexyl acetate solution, are 
colorless under visible light (Fig.  1A) and non-emissive under UV-
A irradiation (𝜆 = 365 nm) (Fig.  1C). When the microcapsule shells 
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are ruptured by mechanical stress, the solution is released, leading 
to evaporation of the hexyl acetate (Fig.  1B). This evaporation causes 
the TPE to aggregate, emitting blue light under UV-A irradiation (Fig. 
1D). After successfully fabricating the microcapsules, tensile spec-
imens were prepared via molding. The specimens were produced 
by incorporating 10 wt% microcapsules into commercially available 
poly(dimethylsiloxane) (PDMS), Sylgard 184 (Dow, Midland, USA). The 
mixture was degassed, then poured into two-piece molds machined 
from poly(methyl methacrylate) (PMMA), and cured in an oven at 
100 ◦C for 30 min. Each fabrication batch produced at least five 
specimens with dimensions closely resembling ISO 37 type 2, along 
with a reference disk-shaped specimen of 20 mm in diameter.

The PDMS-microcapsule composite with intact capsules initially 
exhibits negligible emission in the blue region of the visible spectrum 
(𝜆𝑚𝑎𝑥 = 455 nm) under UV-A irradiation (𝜆 = 365 nm) (Fig.  1E). When 
the shells of the microcapsules in the composite were ruptured by me-
chanical stress (e.g., stretching), fluorescence (𝜆𝑚𝑎𝑥 = 455 nm) became 
observable (Fig.  1F). The intact specimens were then mechanically 
tested using a uniaxial testing machine (ZwickRoell, Ulm, Germany) 
equipped with a 500 N load cell (Fig.  2). To monitor changes in fluores-
cence, the specimens were continuously illuminated with UV-ring light 
(𝜆 = 365–375 nm), and a video was recorded using a CMOS camera 
(IDS UI-3880CP, IDS Imaging Development Systems GmbH, Obersulm, 
Germany) synchronized with the testing machine. A reference disk 
(non-damaged) was included within the video frame, while the entire 
test setup was covered with light-tight fabric to minimize the influence 
of ambient light.

The mechanical testing procedure included two different types of 
loading, both conducted in displacement-controlled settings. During 
the so-called load cycle, the specimen was stretched to a predefined 
displacement, triggering the partial breaking of the embedded capsules, 
and then unloaded to zero force. While it is almost impossible to 
accurately count the number of broken capsules, their number posi-
tively correlates with the magnitude of the applied deformation. As 
will be shown later, larger applied deformation is associated with more 
pronounced changes in the composite’s behavior. To evaluate Young’s 
modulus, so-called probing cycles were used before (20 cycles) and 
after (880 cycles) the load cycle (Fig.  2B). Each probing cycle consisted 
of stretching up to 2 mm at a rate of 8 mmmin−1, followed by unloading 
to zero force at the same rate and a subsequent hold time of 30 s. Pre-
liminary tests indicated that such a small stretch does not cause capsule 
rupture but allows the assessment of Young’s modulus from force–
displacement data. Stress was calculated from the force by dividing it 
by the initial cross-section in the center of the specimen, while strain 
was obtained by referencing the initial length of the specimen (i.e., the 
distance between fixtures). A correction factor of 0.52, determined by 
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Fig. 2. (A): Test setup. I: Video camera, II: UV ring light (𝜆 = 365–375 nm), III: Cylindrical reference specimen from the same batch as the tensile specimen, IV: Tensile specimen, 
scale bar = 10 mm. (B): Schematic of the testing procedure. Probing cycles are shown with light and dark gray backgrounds, while the load cycle is shown with a blue background. 
Each probing cycle includes a displacement-controlled load up to 2 mm, followed by unloading to zero force and a 30 s hold time. The force output in the load cycle is displayed 
for 30 mm, 20 mm, and 10 mm. Note that this cycle has different 𝑥-axis scaling for the three specimens. (C): Stress–strain curve of a single probing cycle, with the depiction of 
Young’s modulus evaluation as the slope of the loading section. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 
article.)
finite element simulations in COMSOL Multiphysics 6.0 (Comsol AB, 
Stockholm, Sweden), was applied to recalculate the strain occurring in 
the central gauge section, following the methodology described in [36]. 
Young’s modulus was subsequently calculated as the slope of the linear 
section of the curve, as shown in Fig.  2C, and was approximately 30% 
higher for intact specimens as compared to pure PDMS.

To evaluate the fluorescent response due to broken microcapsules 
at each moment in time, the recorded video was analyzed. Pixel values 
were averaged over the central region of the specimen, referenced 
to the brightness of the non-damaged disk captured in each frame, 
and normalized to the initial value. This method demonstrated good 
correlation with spectrographic measurements (see Appendix) while 
offering the advantage of capturing a larger area. Similarly, Diek-
mann et al. demonstrated that CMOS-equipped cameras are suitable 
for fluorescence detection [40]. For each strain level during the loading 
cycle, at least three specimens were tested to ensure statistically robust 
conclusions.

3. Results and discussion

As-fabricated specimens exhibit a certain level of fluorescence, pos-
sibly due to initially broken capsules or damage introduced during 
de-molding. However, the first probing cycles confirm that no fur-
ther capsule rupture occurs during testing (Fig.  3, left). Immediately 
after the loading cycle, the central section of the specimen begins 
to fluoresce, indicating the rupture of some microcapsules within the 
matrix and the subsequent release of their contents (Fig.  3, middle). 
3 
Over time, the fluorescence intensity increases, and after 15 h, the 
specimen appears visibly brighter (Fig.  3, right) compared to its state 
immediately after the loading cycle. This observation highlights the 
transient nature of the self-reporting mechanism.

Fig.  4 illustrates the evolution of Young’s modulus and fluorescence 
response following the loading cycle for specimens subjected to dif-
ferent strain levels. A noticeable increase in fluorescence response is 
observed immediately after the loading cycle, attributed to the release 
of contents from ruptured capsules. This increase is minimal for an 
applied displacement of 5 mm but becomes evident starting at 10 mm, 
with the magnitude of the increase growing as the displacement rises. 
The most pronounced fluorescence response is observed at a displace-
ment of 30 mm (Fig.  4A). Since all other conditions were kept constant, 
we conclude that the increased brightness immediately after the load-
ing cycle at higher strain levels is due to a larger number of broken 
capsules. While a single capsule can provide limited information about 
its state, the presence of multiple capsules significantly enhances the 
reporting capabilities. Under global deformation, such as uniaxial ten-
sion, capsules embedded in a soft matrix do not rupture simultaneously. 
Since directly counting the number of broken capsules is nearly impos-
sible, indirect measures, such as changes in fluorescence or stiffness, 
can serve as proxies. In this case, larger changes correspond to a higher 
number of ruptured capsules, indicating greater achieved stresses and 
more significant damage. A similar approach has been shown to be 
effective even for relatively localized loading in microcapsule-based 
composites [21,34]. Simultaneously, our experiments show that for all 
specimens, the brightness does not remain constant but continues to 
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Fig. 3. Fluorescence of the tensile specimen before start of the test, immediately after loading cycle, and after 15 h (left to right). Reference cylindrical sample is shown as well. 
The brightness has been uniformly enhanced for visualization purposes.
Fig. 4. Normalized brightness (A) and normalized Young’s modulus (B) over time after loading to different displacements, with solid lines representing the mean and shaded areas 
indicating the standard deviation.
increase over the 15-hour period following the loading cycle (Fig.  4A). 
This effect is particularly evident for the 30 mm loading, which exhibits 
a 1.5-fold increase in brightness immediately after capsule rupture, 
with the final brightness recorded after 15 h reaching 2.2 times the 
initial value. The final brightness (after 15 h) follows a trend similar 
to the immediate post-load brightness, being higher for specimens 
subjected to larger displacements. Transient brightness changes after 
the loading cycle and capsule rupture make it difficult to correlate 
absolute brightness with the amount of damage unless sufficient time 
has passed.

As depicted in Fig.  4B, the rupture of microcapsules during loading 
significantly affects the composite’s Young’s modulus. Upon capsule 
breaking, we observe an immediate drop in Young’s modulus of over 
30% for larger displacements, such as 25 or 30 mm. At the same time, 
similar to the absence of immediate changes in brightness, there is no 
change in Young’s modulus for specimens loaded only up to 2 mm, 
confirming that no capsules are ruptured in this case. With increasing 
applied displacement, the drop in Young’s modulus becomes more pro-
nounced immediately after the loading cycle. Simultaneously, a slight 
but gradual increase in Young’s modulus is observed for specimens sub-
jected to higher loads. This effect, though much less pronounced than 
the brightness changes, is primarily associated with the evaporation of 
solvent from the ruptured capsules and possible interaction between 
solvent and PDMS matrix. By combining observations of brightness 
and mechanical performance, we can conclude that relying solely on 
increase in brightness to assess damage, without considering time, 
can be misleading. For instance, a 30% increase in brightness might 
correspond to a drop in Young’s modulus to 75% of its initial value 
if measured immediately after loading (Fig.  4, arrow I). However, if 
4 
measurements are taken 15 h later, the same brightness increase may 
correspond to a smaller drop, down to 90% of the initial modulus (Fig. 
4, arrow II).

Since both mechanical properties and fluorescence depend on the 
degree of damage — determined by the applied displacement during 
the loading cycle — it seems possible to establish a correlation by 
factoring in time. When the time after the loading cycle is fixed, 
specimens subjected to higher strains are expected to show greater 
changes in elastic modulus and brighter fluorescence due to the rupture 
of more capsules. To investigate this relationship, we plotted brightness 
against Young’s modulus for individual specimens at three different 
points in time: immediately after loading (Fig.  5A), 5  hours after the 
start (Fig.  5B), and at the end of the observation period (Fig.  5C). 
Simplifying, we took the data from Fig.  4 and sliced for each selected 
time point.

Figs.  5A-C display a linear fit with the corresponding 𝑅2 values, 
while the color represents the applied displacement during the loading 
cycle. Previous studies have suggested that the relationship between 
fluorescence and damage is generally linear, with saturation occurring 
when most capsules have ruptured [34]. This saturation is evident, for 
example, in Fig.  4B, where the properties of samples stretched to 25 mm
and 30 mm are nearly identical. Our experiments further revealed that 
for displacements exceeding 30 mm, the PDMS matrix itself begins to 
fail. For the three selected times shown in Figs.  5A-C, the linear fit 
provides a good approximation of the dependency of Young’s modulus 
on brightness, with 𝑅2 values ranging from 0.9 at 𝑡 = 0 h to 0.88 at 
𝑡 = 15 h. The data clearly shows that larger displacements result in 
brighter specimens and lower relative Young’s modulus after capsule 
rupture. However, our findings also highlight an intrinsic feature of 
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Fig. 5. Normalized brightness and normalized Young’s modulus immediately after loading cycle (A), after 5 h (B), after 15 h (C). (D): Slope of the linear fit (black circles), 
exponential decay fit (blue line) and correlation coefficient 𝑅2 (orange squares) over time.
self-reporting microcapsule composites: while the relationship between 
brightness and Young’s modulus is close to linear, it evolves over time.

By performing a similar analysis and linear fitting for all available 
times up to 15 h, we observe that the assumption of a near-linear 
dependency between changes in Young’s modulus and fluorescence 
holds true. The orange curve in Fig.  5D shows that the 𝑅2 value for 
the linear fit (orange squares) remains consistently around 0.9 over 
time. The coefficient of proportionality 𝑚 (black circles) increases over 
the course of the experiment, and eventually stabilizes (Fig.  5D). The 
coefficient 𝑚 for brightness–stiffness correlation can be approximated 
as exponential decay function 𝑚 = 𝑚∞ + (𝑚0 − 𝑚∞)𝑒−𝑡∕𝜏 (blue dashed 
line), where 𝑚0, 𝑚∞ and 𝜏 are fitting parameters, well-aligned with the 
kinetics of the evaporation process. Over time, the relationship between 
brightness and Young’s modulus becomes more consistent as transient 
effects diminish and the system reaches equilibrium. This observed 
time-dependent evolution of the fluorescence-mechanics relationship 
may extend to other self-reporting composite systems, emphasizing 
the importance of considering temporal dynamics when interpreting 
damage indications.

4. Conclusions

By tracking and analyzing changes in Young’s modulus and fluores-
cence over 15 h following the rupture of microcapsules embedded in 
PDMS matrix, we observed a clear correlation between fluorescence in-
tensity and residual mechanical properties. However, the transient na-
ture of this relationship must be considered. Fluorescence self-reporting 
occurs immediately after loading in the central section of the specimen, 
provided the applied load is sufficiently high. In this study, stretching 
up to 2 mm did not cause capsule rupture, while already a 5 mm
displacement triggered fluorescence and a drop in Young’s modulus. 
Both the fluorescence intensity and the decrease in Young’s modulus 
were more pronounced for specimens subjected to higher loading, 
reflecting the extent of damage and the amount of ruptured capsules. 
While this behavior is somehow expected [13,34], the visible brightness 
continues to increase long after capsule rupture due to the gradual 
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solvent evaporation process required for fluorescence. This highlights 
the importance of accounting for the time elapsed since the damaging 
event when correlating fluorescence with mechanical properties, as 
the transient nature of this relationship affects its accuracy. While the 
qualitative rule of ‘‘more damage — brighter fluorescence — lower 
stiffness’’ holds true, the exact relationship is time-dependent.

Our results demonstrate that the property–brightness relationship 
in the studied PDMS-microcapsule composite can be approximated as 
linear at any given moment, though the slope of this linear fit evolves 
over time and stabilizes several hours after capsule rupture. This aspect 
may not be critical when self-reporting is primarily used to locate 
damage within the matrix. In such cases, both the capsules and the 
load-bearing matrix material are often damaged simultaneously [14,17,
21], particularly when cracks propagate through the material [9,12,13,
31]. However, self-reporting can also be valuable in scenarios where 
capsule rupture occurs before significant matrix damage, as observed 
in the present study. Here, even after capsule rupture, the specimen 
retains its structural integrity and can withstand a slightly reduced load. 
Potentially, this mechanism enables the release of a self-healing agent 
while the matrix remains intact. Depending on the system’s design, 
fluorescence-based self-reporting can complement self-healing in differ-
ent ways. If the same capsules contain both the reporting and healing 
agents, fluorescence serves not only as a direct indicator of healing 
agent release but also as a measure of damage severity. Additionally, in 
the considered composites, where the elastic matrix remains intact, it 
becomes possible to preemptively release specific functional additives 
before the composite reaches total failure. In this case, fluorescence 
highlights the locations where specific criteria, such as reaching a crit-
ical stress level, have been met, facilitating localized changes through 
an additional chemical process. In general, the fluorescence of a self-
reporting composite can indicate not only the extent of a specimen’s 
property deterioration but also how close it has come to failure during 
previous loading. However, to achieve accurate assessments, we have 
shown that it is important to consider the time-dependent nature of the 
brightness–property relationship.
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Appendix. Comparison of CMOS camera and spectrometer

To validate the use of the camera for fluorescence evaluation, we 
measured the specimens before and after the tests using a blue-wave 
spectrometer (StellarNet Inc., Tampa, FL, USA) and a 365 nm light 
source (Ocean Optics, Orlando, FL, USA). The measurements showed 
strong agreement, with 𝑅2 = 0.97 (Fig.  A.6), confirming the camera’s 
suitability for our purposes.

Fig. A.6. Relative change in brightness between intact specimen and after testing com-
pletion. Comparison between camera-based evaluation and spectrometer measurements, 
with solid points representing the mean and shaded areas indicating the standard 
deviation.

Data availability

Data will be made available on request.
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