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Mechanoluminescence (ML) materials have the ability to emit light under mechanical force, allowing for visible
mechanical force distribution and making them valuable for applications in smart textiles and wearable sensors.
Detecting the force rate is crucial for applications, such as haptic feedback devices and mechanical monitoring,
but visualizing the speed of strain has not been achieved yet. In this study, we have successfully visualized the
strain rate by monitoring the ML tailing lengths of red, green, and blue (RGB) ML materials, including CaFs:
Tm3*, CaFy: Eu®", and GaFy: Tb®" phosphors. These materials exhibit varying ML tailing lengths at identical
rotation speed of friction force, due to their distinct lifetime of the emitting centers. By incorporating these RGB
ML phosphors into a composite film, the discrepancies in ML tailing lengths across different colors become
visible, with these differences becoming more pronounced as the rotation speeds rise. Ultimately, the visuali-
zation of rotational speed in bearings was achieved successfully based on the vivid color changes in the ML

tailing length at different speeds.

1. Introduction

Force rate detection involves the comprehensive analysis and
assessment of an object’s motion characteristics by precisely measuring
the intricate relationship between force and rate, and is widely utilized
in various domains, including sports science [1,2], biomechanical
research [3-5], material testing for strength [6] and durability [7], and
meticulous mechanical safety monitoring [8-10]. Up to now, the force-
rate data could be achieved by attaching the strain gauge to the surface
of the object being measured, which are assisted by signal transmission
and computer analysis. This method allows for the accurate measure-
ment of forces acting on the object and the velocities at which it moves,
providing valuable data for analysis and interpretation [11,12]. In
addition, Digital Image Correlation (DIC) technology is also another
commonly method to realize force-rate measurement, which involves
high-speed camera to capture continuous images of a surface, and then
analyze these images to track the displacement and deformation of the
object [13-15]. However, the complexity of testing setups and high costs

associated with equipment can limit the widespread application of these
methods [16]. Therefore, there is a need for the development of more
efficient and cost-effective measurement techniques in force-rate
detection.

Recently, mechanoluminescence materials have emerged as a novel
solution for converting mechanical stimuli into luminescent signals
[17-20], enabling their application in wearable devices [21-23],
structural stress monitoring [24-26], signal transmission [27-29], and
dynamic stress imaging [30,31]. Integrating ML into force detection
could potentially address the limitations of traditional measurement
methods and enhance the efficiency and cost-effectiveness of the process
[32,33]. Recently, researchers have made remarkable advancements in
the ML functional applications. For instance, Soon Moon Jeong et al.
ingeniously designed a wind-driven ML device to realize the colorful
visualization of gas flow [34]. Rong-Jun Xie et al. innovatively realized
the dual-mode visualization of stress and temperature distribution
through based on the ML materials [35]. Besides, Yixi Zhuang et al.
developed a close-range stress imaging device by combining ML film
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with CMOS technology, thus realizing the visualization of stress distri-
bution [36]. While these studies have significantly progressed in ML
functional applications and successfully visualized stress distribution
[37-40], the visualization of the stress rate parameter remains an un-
explored aspect in current research.

Generally, the duration of the ML signals emitted by ML materials
can be changed by variation in the loading speed, which in turn affects
the length of the ML tail. This is because rapid loading may not allow
sufficient time for the molecular and crystalline structures of the ma-
terial to rearrange and adapt during the deformation process, leading to
stress concentration and energy accumulation, which results in a longer
tail. Conversely, slow loading allows the material structure more time to
adapt to stress changes, reducing the chances of stress concentration and
resulting in a shorter tail. Therefore, it is predicted the variation in
loading speed could be read out by monitoring the ML tail length. Hence,
three types of ML materials, namely CaFy: Eu3+, CaF: Tb3+, and CaFo:
Tm>* phosphors, emitting red, green, and blue (RGB) light respectively,
were constructed. These three ML phosphors exhibit varying ML tailing
lengths at same loading speed, due to the distinct fluorescence lifetimes
of the emitting centers. Consequently, the correlations between the
lifetime of the emitting centers and the ML tailing lengths were metic-
ulously investigated. By mixing these RGB ML phosphors into a com-
posite film, the visualization of strain rate was carried out by observing
the discrepancies in ML tailing lengths to the various emitting centers.
Our findings demonstrate the potential application of the ML composite
film in visually representing force rates in bearings through the vivid
color changes in the ML tailing lengths.

2. Experiment section
2.1. Synthesis of ML powder

CaFy: Tm>" CaFy: Tb3T, and CaF,: Eu®t phosphors were synthesized
by using the high-temperature solid-state phase method. The raw ma-
terials include CaFy (99.9 %, Aladdi, Tb407(99.9 %, Aladdin),
Tm503(99.9 %, Aladdin) and Eus03(99.9 %, Aladdin). First, the raw
materials were precisely weighed based on the stoichiometric ratio and
subsequently ground in an ethanol-containing agate mortar for 30 min
until complete evaporation of the solvent. The resulting homogeneous
mixture was then transferred into an alumina crucible, followed by
sintering at 1000 °C for 2 h and cooling to room temperature. Finally,
the sintered samples were ground to yield the ML material, ready for
subsequent characterization.

2.2. Fabrication of CaFy-Based ML composites

A uniform mixture was prepared by combining 1.5 g of ML powder
with 2.5 g of polydimethylsiloxane (Sylgard 184 silicone elastomer, Dow
Corning) at a precursor-to-curing agent weight ratio of 10:1. The ho-
mogeneous blend was subsequently poured into a circular mold (d = 4
cm) and cured at 80 °C for 2 h. The fabrication procedures for CaFy: Th®*
@ PU (polyurethane), CaFy: Tb** @ SG (silica gel), and CaFa: Tb®+ @ ER
(epoxy resin) were analogous to those for CaFy: Tb>" @ PDMS (poly-
dimethylsiloxane). All ML films synthesized by incorporating ML phos-
phors with PDMS in this study followed this preparation method (CaFs:
Tm*" @ PDMS, CaF,: Tb®>" @ PDMS, and CaFy: Eu®" @ PDMS). The
weight ratios of base resin, curing agent, and CaFs: Tb3" were 2:2:1,
2:2:1, and 3:1:1 for CaFy: Tb** @ PU, CaFa: Tb*! @ SG, and CaF,: Th>*
@ ER, respectively.

2.3. Material Characterizations

The crystal structure of the prepared powder was investigated via
XRD (DS8ADVANCE/Germany Bruker X-ray diffractometer) using a
Cu-Ka radiation source (1.5418 A, 40 kV, 30 mA). Surface topography
and elemental mapping analyses of CaFy: Tb®" were performed by a
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scanning electron microscope (SEM, JIB-4700) PL, PL excitation, and PL
decay curves were detected by a fluorescence spectrophotometer
(FLS980, Edinburgh Instruments). The valence state of CIaFZ:Tb3+ was
confirmed via XPS (Thermo Fisher Scientific, ESCALAB 250Xi; energy
scanning range of 0-5000 eV, resolution of 0.45 eV). The TL data was
tested by a thermoluminescence meter (FJ-427A1) after irradiation
under ultraviolet light for 15 min. SEL was generated by HC-BZ/F-120
kV high voltage electrostatic generator of Zhaoqing Hechuang Tech-
nology Co., Ltd. The CL spectrum was detected on the modified Mp-
Micro-S instrument attached to the SEM. The triboelectric potential
was measured using the electrostatic measuring probe (SK050, KEY-
ENCE (Japan) Co., Ltd.) at a distance of 10 mm. We derived ML spectra
form optical fibre spectrometer (QE65-pro, Ocean Optics) with multi-
functional material surface property tester (MS-T3001) and get me-
chanics luminescence image by Nikon D7100 camera.

3. Results and Discussion

The XRD patterns of CaFo: x%Tb%" (x = 0.1, 0.2, 0.4, 0.6 and 0.8) are
shown in Fig. 1a. The diffraction peaks align perfectly with the standard
card (PDF#35-0816), and no extra impurity peaks are recorded, con-
firming the successful synthesis of the pure phase CaF, phosphor.
Moreover, the XRD refinement of representative sample CaFy: 0.4 %
Tb3* yielded fitting factors of Rwp = 9.8 %, Rp = 6.3 %, providing
further evidence of the successful synthesis of the pure phase material
(Fig. 1b). Fig. 1c reveals the crystal structure of CaF: Tb®*. The CaF,
possesses the typical fluorite structure with a face-centered cubic space
group of Fm-3 m. In this structure, each Ca ion is coordinated to eight
fluoride ions in a cubic arrangement, forming a [CaF8] hexahedron.
Considering the atomic radius and coordination number, it is possible
for Tb®" (r = 1.04 A, CN = 8) to replace the Ca®>* (r = 1.12 A CN = 8) site
in the CaFj; structure. The scanning electron microscopy (SEM) and el-
ements mapping of CaF: 0.4 %Tb>" are given in Fig. S1a, which shows
that the Ca, F and Tb elements are evenly distributed in CaFy: 0.4 %Tb>"
particles. Furthermore, the additional XPS analysis of CaFy: 0.4 %Tb>*
provides further confirmation the successfully introduction of Tb®* in
CaF; (Fig. 1d). The high-resolution XPS spectra of Tb 3d and Tb 4d, as
shown in Fig. S2, confirm the successful incorporation of Tb>* ions into
the CaF, matrix.

To explore the ML performance of CaFy: Tb®", the ML composited
films are fabricated by mixing polydimethylsiloxane (PDMS) and the as-
obtained phosphors. The as-obtained ML films manifest bright green
light under various stress stimuli, such as rubbing, folding, stretching,
and tearing (Fig. 2a), showcasing the ability to emit light in response to
mechanical deformation. This green luminescence is consistent with the
PL in Fig. S3a. With the increasing concentration of Tb>*, the PL in-
tensity increases initially and then decreases, the optimal doping con-
centration is 0.4 %. The optimal luminescence intensity and the
appropriate doping concentration of rare earth ions were determined by
the maximum intensity of the most prominent spectral band. The inset
shows the PL digital picture of CaFs: x%Tb%* (x=0.1, 0.2, 0.4, 0.6, 0.8),
in which the CaFy: 0.4 %Tb>" possesses the strongest PL intensity
(Fig. S3b). The ML spectra and the corresponding photographs of the
CaFs: Tb%* composited films at varying Tb>" concentration are given in
Fig. 2b. These spectra reveal multiple emission peaks at 457 nm, 485
nm, 542 nm, 583 nm and 620 nm which are attributed to the charac-
teristic emission °D4-'F; (i = 6,5,4,3) of Tb3* ions. The ML intensity
gradually increases and reaches its maximum when x = 0.4 %. The inset
highlights that that the CaFa: 0.4 %Tb>" possesses the strongest ML
intensity, consistent well with the recorded ML spectra. The centro-
symmetric structure of CaFy makes it difficult to achieve the desired
ideal-driven ML performance [41]. So, to investigate the ML mechanism
of CaFy: Tb*, the phenomenon and ML spectrum of CaFy: Th>* powder
embedded within polydimethylsiloxane (PDMS), epoxy resin (ER),
polyurethane (PU), and silica gel (SG) are recorded under the same size
of force in Fig. 2¢. The results demonstrate that the ML performance is
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Fig. 1. (a) The XRD patterns of CaFy: X%Tb3t (x = 0.1, 0.2, 0.4, 0.6, and 0.8) phosphors. (b) The Rietveld refinement patterns of representative CaFo: 0.4 %Tb3*
phosphor. (c) The crystal structure of the CaFy: Tb3*. (d) XPS survey curve of CaFy: 0.4 %Tb>+ phosphor.

highly influenced by the polymer matrix. Among them, only CaFs:
Tb%*@ PDMS and CaFs: Tb®*@ SG composites showcase obvious green
ML behaviors. It is anticipated that the presence of specific polymer
matrices together with the CaFy: Tb®" phosphors likely facilitate distinct
interfacial phenomena that contribute to ML emission. Furthermore, the
triboelectric potential measurements of CaF,: Tb>" phosphors and
polymer matrix reveal that only PDMS and SG exhibit opposite the
triboelectric potential to CaFy: Tb®*, inducing the triboelectricity phe-
nomenon. This observation is in line with the ML behaviors depicted in
Fig. 2c. As the same time, the Fig. S4 shows there is no TL peak recorded
after UV irradiation, which excluded the trap-controlled
mechanoluminescence.

To further explore the triboelectric ML furtherly, the CL, SEL and ML
spectra of CaFy: Tb>" were recorded. It is observed that the ML spectrum
exhibits the same profile to SEL spectrum rather that CL spectrum
(Fig. 2e). The spectrum of CL is identified as 5D3—7Fj transition, which is
different from the 5D4-7Fj transition of SEL and ML [41]. This observa-
tion supports the conclusion that mechanoluminescence is not triggered
by electron bombardment, providing solid evidence that its lumines-
cence mechanism is induced by triboelectricity. We further tested the CL
spectra at different concentrations and different voltages, and the results
showed only the change of CL intensity rather than the peak position
(Fig. S8). Additionally, the friction potential values of CaFa: ™ @
PDMS under different forces are displayed in Fig. 2f, which evident that
the intensity of friction potential gradually rise with increasing force.
The friction potential strength of CaFy: Tb>* @ PDMS depends on the
applied force, which supports the view that the ML behavior is closely
related to the constructed friction potential difference. Moreover, Fig. 2g

presents the photoluminescence spectra of CaFa: Tb3" as a function of
voltage. The electrostatic luminescence intensity exhibits a linear
growth pattern with increasing voltage. It is worth noting that by
adjusting the excitation voltage of the SEL device, the difference in the
friction potential can be effectively simulated, so that the relationship
between the friction potential and the resulting ML intensity can be
studied, which further confirms the force-friction potential-induced ML
process. Then, we characterized the ML intensity of CaFa: Tb3* @ PDMS
under different forces (Fig. 2h), demonstrating a linear relationship
between ML intensity and force.

Accordingly, ML mechanism of CaF,: Tb®* @PDMS can be elucidated
as follows (Fig. 2i): i) Initially, the electron clouds of surface atoms of
CaFy: Tb%' particles and PDMS polymer remain non-overlapping,
existing as two distinct potential wells. ii) Upon compounding, the
CaF,: Tb" particles and PDMS polymer come into full contact within
the elastomers, leading to the overlap of their electron clouds and the
establishment of a covalent bond. iii) The overlapping of the individual
potential wells facilitates electron transfer from the CaFj: Tb3* particles
to the PDMS polymer due to a decrease in the energy barrier. iv) When
the CaF,: Tb3* @PDMS elastomer film is subjected to friction, the extent
of electron cloud overlap alters. Consequently, electrons swiftly transfer
back to the holes, instigating ML behavior through the ensuing electron-
hole recombination process [42].

Additionally, we have developed RGB ML materials, including CaFo:
Tm®" and CaFy: Eu®", as well as CaF,: Tb®" (Fig. S1). We measured the
ML spectra of CaFy: Tm3* and CaF»: Eu®" at different concentrations,
and selected the best concentration for subsequent research (Fig. S5).
The emission peaks at 457, 482, 505,681 and 800 nm in Fig. S5a belong
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corresponding photographs of CaFa: x%Tb%" (x = 0.1 %, 0.2 %, 0.4 %, 0.6 %, and 0.8 %) under 2 N stress, the inset shows the ML intensity as a function of Tb3*
concentration. (c) Physical photos and ML spectra of CaFs: TH® @ PDMS, CaF,: Tbh3+ @SG, CaF,: Tbh3+ @ER, and CaFs: Tb3* @PU) under stretching. (d) Friction

potential of CaFy: Tb®" powder and CaF,: Tb®" @ PDMS, CaF,: Tb*" @SG, CaF.:

Tb®" @ER, and CaFy: T
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Friction potential attenuation regulation of CaF,: Tb>"@PDMS under different stress. (g) SEL spectra of CaFy: 0.4 % Tb>" as a function of voltage. (h) ML intensity

variations and physical photos of CaFs:

to the 'Dy-3F4, 'G4-2He, 'Do-°Hs, 3F3-He and °H4-°Hg transition of
Tm3+, respectively and the emission peaks at 317, 236, 608, 624, 655
and 709 nm in Fig. S5b belong to the 5Do — 7FJ J=0,1,2,3,4) transition
of Eu>", respectively. Fig. 3a illustrates that the composites of CaFs:

m>*, CaFy: Eu®*, CaFy: Tb3* exhibit bright RGB ML emissions, and the
ML tailing length gradually increases with the increase of the rotational
speed (Fig. 3b). Moreover, CaFs: Tb3* composite shows longest ML tail
compared with other two doped ion composites, which is may attributed
to the longer lifetime of Tb®*. When the lifetime of the emission centers
is shorter, they transition back to the ground state more quickly,
resulting in a shorter fluorescence duration and tail length. Conversely,
when the fluorescence lifetime of the emission centers is longer, they
stay in the excited state for a longer time, leading to a longer duration of
luminescence events and consequently a longer tail. To demonstrate this
proposed the observed distinct ML tail, the luminescence lifetime of
CaFy: Tm3" is 1.9 pis, CaFy: Eu®* is 1.337 ms and CaFy: Tb®* is 2.6 ms by
fitting calculation (Fig. 3b). Thus, it can be inferred that emission cen-
ters with longer fluorescence lifetimes tend to exhibit longer fluores-
cence tails (Fig. 3c). Fig. S9 and Fig. 3d are lifetime decay curves of the
CaFy: 0.15 %Tm>*, CaFy: 5.0 %Eu®" and CaFa: 0.4 %Tb%* at 298, 323

Tb®* @ PDMS under different stress. (i) ML mechanism of CaFy;: TI

b3+,

and 348 K, respectively. The lifetime of three composites were subjec-
tively decreased by increasing the operation temperature. Subsequently,
the ML tailing length at different temperatures are recorded in Fig. 3e,
we extracted the ML tailing lengths of CaFs: Tm3*, CaFy: Eu®t and CaFy:
Tb3* at different temperatures as shown in Fig. 3f, which manifests that
the ML tailing length decreases as the temperature increases, thereby
confirming the earlier hypothesis. However, the ML tailing length re-
mains constant with the increase in force, with only the luminescence
intensity increasing. The spectrum of the change of the intensity of
mechanical luminescence with the magnitude of the force is shown in
Fig. S6 and Fig. 2b. This confirms that the ML tailing length is inde-
pendent of the applied force (Fig. S7). Therefore, rotational speed can be
visually detected by recording the ML tailing length at different emission
colors.

The observation of a difference in ML tailing lengths at the same
rotation speed is attributed to the diverse fluorescence lifetimes of
various emission centers. Consequently, combining these RGB ML
phosphors into a composite film can effectively be used for visually
detecting rotation speeds through the gap in ML tailing lengths. As
depicted in Fig. 4a, the fabrication of the composite film involves
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temperature (298, 323 and 348 K). (f) The relationship between the ML trailing length and operation temperature.

physically mixing multi-colored ML phosphors with PDMS. Fig. 4b dis-
plays physical photos of the CaFy: 5.0 %Eu®"&CaF,: 0.4 %Tb>" com-
posite film at various mixing ratios under different rotational speeds. By
altering the mixing ratio of CaFs: 5.0 %Eu®" and CaF,: 0.4 %Tb%T, the
color of the mechanics luminescence tailing demonstrates a distinct
variation. Furthermore, with the increase in rotation speed, the ML
tailing length gradually extends, demonstrating its potential for visual
rotation speed detection. Not only that, the physical photos of CaFy:
0.15 % Tm>" and CaFy: 0.4 % Tb>", CaFy: 0.15 % Tm>" and CaFa: 5.0 %
Eut at different speeds also have the same law (Fig. $10). Specifically,
when CaF»: 5.0 %Eu®" and CaFy: 0.4 %Tb%" are mixed in a 6:4 ratio,
noticeable differences in tailing length and color variations can be
observed. Consequently, we selected this ratio for conducting a thor-
ough investigation of the composite film. In Fig. 4¢, separated red and
green ML tailing length are presented, derived from the recorded ML
image. The red and green ML tailing lengths are detailed in Fig. 4d,
demonstrating a gradual extension as the rotation speed increases.
Importantly, there is a notable difference in the rate of extension be-
tween the red and green tails, leading to a conspicuous gap in ML tailing
lengths. Accordingly, the discrepancy in ML tailing lengths between red
and green is summarized in Fig. 4e. As the rotation speed increases, the
discrepancy becomes more pronounced, thereby enhancing the possi-
bility of visually detecting the rotation speed. Furthermore, to enhance
the color variations, CaF,: Tm>t, CaFy: Eu®', and CaFy: Tb®t were
mechanically blended at a ratio of 3:2:1 with PDMS to produce an RGB
composite ML film. In Fig. 4f, the RBG composite ML film exhibits a
multi-color ML tailing gap with the escalating rotation speed of the
friction machine. Within the increase of rotational speed, the ML tailing
gaps with red and green colors are significantly apparent, expanding the
color wavelength range and facilitating visual detection. Subsequently,
the original image was color-separated into blue, red, and green hues,
crease in rotation speed, the tailing lengths of each color more promi-
nent. The alterations in the quantified tailing lengths are depicted in

Fig. 4g. With the increase of rotational speed, not only the ML tailing
length increases, but also the tailing difference of the three colors
gradually grows. The vivid color changes in the trailing colors at
different speeds offer us a novel and innovative strategy to visually
represent the rotational speed.

By detecting the differences of the tailing length of multicolor ML
film, a visual detection of rotational speed can be achieved. Therefore,
we propose to utilize the developed ML multicolor film for detecting the
rotational speed of bearings. In this study, ML multicolor composite
films, CaF:Tm>*, CaFy:Eu®t, CaF5:Tb®" @ PDMS, were fabricated and
then attached to the inner wall of acrylic tubes. The internal structure of
the bearing was simulated using MS-T3001, as shown in Fig. 5a, to
measure the rotational speed of the bearing by minoring the ML tailing
colors on the surface of the composite film. We use the camera to record
the real test process in the support video, and we can clearly see the
process of tailing length change. The detailed tailing length can be ob-
tained by frame-by-frame analysis. Detailed tailings length can be ob-
tained by frame-by-frame analysis. Under different loading rates, ML
tailing photos of the composite film were recorded using a camera
(Fig. 5b). Subsequently, Adobe Photoshop 2020 software was employed
to separate the hue of the original images, extracting the blue, red, and
Detailed length values are provided in Fig. 5¢. Therefore, by calculating
the differences between them, we achieved a visual detection of rota-
tional speed. This method provides a new innovative way for rate
visualization, reflecting the changes in rotation speed through color
variation, offering a clearer description for mechanical structure
detection and quantitative analysis.

4. Conclusion

In conclusion, force-friction potential-induced RGB ML materials,
including CaFo: Tm>", CaFy: Eu®', and CaF,: Tb>' phosphors, were
synthesized. The study revealed that an increase in rotational speed led
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Fig. 4. (a) Schematic illustration of the preparation process for the multi-color ML film and the corresponding setup for the rotating friction experiment. (b) Physical
photos of the CaFy: 5.0 %Eu®&CaF,: 0.4 %Tb>" composited film at various mixing ratios under different rotational speeds. (c) Photos of the CaFy: 5.0 %Eu>" and
CaF,: 0.4 %Tb3* composite PDMS film with a ratio of 6:4, including (i) ML color images (ii) and separated red (iii) and green ML images. (d) Relationship between
the red and green ML tailing lengths of the composite film and rotational speeds of RG composite film. (e) Difference in ML tailing lengths between red and green. (f)
Physical photos of the CaFy: 0.15 %Tm>", CaFy: 5.0 %Eu®", and CaFy: 0.4 %Tb+ composited films at different rotational speeds, (i) ML color images (ii) and
separated blue (iii), red (iv) and green ML images. (g) Relationship between the RGB ML tailing lengths and rotational speeds of RGB composited film. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

to longer ML tailing lengths in the same ML film, indicating the suc-
cessful readout of stress rate through monitoring these changes.
Furthermore, the distinct fluorescence lifetimes of the emitting centers
resulted in varying ML tailing lengths at identical loading speeds.
Accordingly, by incorporating these RGB ML phosphors into a flexible
film, the observation of the gap in ML tailing lengths among different
colors at the same rotation speed can be visible, with the gap becoming
more pronounced as the strain rate increases. Finally, we demonstrated
that this technology allows for the visual detection of stress rates in
bearings through the length and color changes in ML tailing.
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Fig. 5. (a) Visual detection of rotational speed in bearings based on RGB ML film. (b) Photographs of the ML image of RGB ML film, and RGB separated images after
hue extraction. (c) Quantitative analysis data of the ML tailing varying with rotational speed.
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