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Abstract: Mechanoluminescent (ML) materials emit light by trapping and releasing charge
carriers under mechanical stress. However, previous studies do not fully reveal the relation-
ship between emitting light intensity and mechanical stress, thereby affecting the accuracy
of stress measurement. This study addresses this gap by systematically investigating ML
cylinders with various sizes and loading paths using theoretical analysis and simulations,
focusing on the maximum contact stress, equivalent stress distribution, and the relationship
between the strain energy density and light intensity at the point of maximum contact
stress. In combination with experiments, the mechanical behavior and optical responses of
ML cylinders under normal compressive forces reveal that the luminescence intensity is
closely related to cylinder size and loading path, effectively reflecting stress distributions
in objects of different sizes under complex stress conditions. Particularly, within the elastic
range and under ideal conditions where lateral stress is ignored, the maximum contact
stress is nearly equal to the equivalent stress. The equivalent stress is linearly related to
the light intensity, while the strain energy density at the maximum contact stress point is
proportional to the square root of the light intensity. This work promotes the application of
ML materials in structural health monitoring and stress visualization.

Keywords: mechanoluminescent materials; size effect; loading path; stress distribution;
luminescent response characteristics

1. Introduction

Mechanoluminescent (ML) materials, an emerging sensor candidate, emit light by
trapping and releasing charge carriers under mechanical stress, exhibiting a high potential
for structural health monitoring and dynamic stress visualization applications [1-5]. ML
materials can possess high sensitivity and visual clarity, work without external power,
and respond instantly to small stress changes, thus providing precise stress distribution
images [6-9]. Typically, ML materials are embedded into an optical resin matrix similarly
to skin-encased neurons. Each ML particle acts as a neuron, emitting light under stress
and transmitting stress information [10-15]. This structure provides ML sensors with high
sensitivity and resolution, enabling precise detection of stress distributions and changes.
Therefore, ML materials offer an innovative solution for monitoring large structures such
as bridges and buildings as well as for stress detection in flexible electronics and wearable
devices with a broad application range [16-22].
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Although many researchers have experimentally studied ML materials in cylindrical
or thin-film structures with transparent polymer [2,14,23-32] to establish a relationship
between load and luminescence during compression or stretching, the reported studies
have hardly provided a consistent explanation for the dynamic states reflected by ML
signals. Most studies have focused on relations between the ML intensity and the stress
under specific dynamic conditions, such as constant pressure, constant tensile force, or
constant strain rate. However, in practical applications, stress environments are often
unforeseen with variable stresses and stress-change rates over time. This discrepancy limits
the practical utility of ML materials in real-world dynamic monitoring applications, where
stresses are neither uniform nor predictable.

The choice of cylindrical structures as the research object aligns with most existing
literature [8,23-30], where ML cylinders are used to investigate their luminescent response
under compression. Cylindrical structures exhibit well-characterized stress features that
facilitate a deeper understanding of ML behavior under localized stress. The inherent sym-
metry of cylindrical structures also simplifies the analysis of stress distributions, making
them ideal candidates for understanding the fundamental mechanics of ML behavior. For
instance, in our previous work [24-28], we conducted systematic optimization of CaZnOS
and SrZnSO-based cylinders, achieving multimodal luminescence and efficient red-light
emission through the incorporation of Bi**, Mn?*, and Nd>* ions. We demonstrated sig-
nificant enhancements in signal-noise ratio and saturation thresholds by regulating trap
distributions, enabling superior dynamic response under high-pressure conditions. These
materials were shown to hold great potential in anti-counterfeiting, stress-sensing, and
dynamic monitoring applications. Additionally, Nd** doping effectively reduced afterglow
interference and improved sensitivity to stress variations, offering a novel approach for
high-precision stress monitoring. Similarly, Du et al. [29] examined LiNbO3:Pr3* cylinders,
revealing a strong correlation between luminescence intensity and stress distribution, and
achieved efficient red luminescence by optimizing the Li* /Nb* ratio. Zhang et al. [30]
explored the ML characteristics of CaZnOS:Mn?* cylinders, demonstrating a linear re-
lationship between luminescence intensity and compression load, along with excellent
reproducibility, underscoring its utility in stress visualization. However, despite these
advances, the relationships between ML intensity, stress distribution, and dynamic loading
conditions require further investigation, especially under variable mechanical conditions
and across different cylinder geometries.

Most existing literature concludes that the luminescence intensity of ML cylinders is
positively correlated with the applied load; however, the relationships between applied
load, contact stress, internal stress, and luminescence intensity have not been thoroughly
explored. Furthermore, the existing studies often assume a linear correlation between load
and luminescence intensity, which oversimplifies the material’s response under complex
mechanical conditions. Due to the structural complexity of ML cylinders, there is a non-
linear relationship between applied load and stress, making it insufficient to rely solely
on the correlation between load and luminescence intensity to accurately reflect the stress
state. Furthermore, the lack of research on the effect of ML cylinder size on maximum
contact stress and internal equivalent stress distribution results in an unclear relationship
between luminescence and stress, hindering the accurate interpretation of stress states from
luminescence signals. In summary, relying solely on the relationship between applied load
and luminescence data cannot effectively explain the visualization of the stressed object’s
state. These limitations highlight the need for a comprehensive framework that accounts
for the effects of stress distribution, geometric parameters, and dynamic loading paths on
luminescence intensity.
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In this work, we intend to fill the research gap by analyzing the mechanical response
and the luminescence of ML cylinders under different mechanical conditions to achieve a
better understanding of ML properties. By performing theoretical and simulation analyses
of ML cylinders with various sizes, the maximum contact stress between the cylinder and
the crosshead and the internal equivalent stress distribution have been derived. Compres-
sion tests were performed on cylinder samples with various sizes under different loading
paths to measure the luminescence intensity and distribution at the maximum contact stress
point. This study establishes the relationships among ML intensity, stress, cylinder size, and
loading path, providing theoretical and experimental verification of these interdependen-
cies. Furthermore, this study introduces a novel framework to correlate maximum strain
energy density and its dynamic rate of change with ML properties, offering a deeper insight
into the material’s response under variable mechanical conditions. This work uncovers
the impact of the dynamic strain energy-change rate on the luminescent properties of ML
cylinders, providing a novel understanding of their behavior under different mechanical
conditions. The findings provide a theoretical basis and technical guidance for developing
high-precision, high-sensitivity ML sensors.

2. Experimental and Simulation
2.1. Experimental

The fabrication process and luminescence measurements of ML cylinder samples
are described as follows [31]. Bi-doped CaZnOS phosphors with the molar composition
Ca(1-2x%)Zn0S%Bi*, x%Li* (x = 5) were synthesized from AR-grade CaCOj, ZnS, Bi, O3,
and Li;COg (all purchased from Aladdin Reagent Co., Ltd., Shanghai, China) via a high-
temperature solid-state reaction. The raw materials were mixed and ground with ethanol
in an agate mortar, then placed in an alumina crucible, and sintered at 1100 °C for 3 h
under an argon flow in a horizontal tube furnace. After furnace cooling to 25 °C, the
fabricated samples were ground into fine powders, mixed with optical-grade epoxy resin,
vacuum-degassed, and molded into ML cylinders of various sizes. Compression tests
were conducted in a dark room at room temperature using an AGS-X universal testing
machine (Shimadzu Corporation, Kyoto, Japan). The applied loads ranged from 500 to
3000 N, and the crosshead speed varied from 1 to 10 mm/min. To ensure high accuracy
in luminescence measurements, the fabricated ML cylinders were pre-exposed to 365 nm
ultraviolet light for 5 min followed by a 60 min rest to stabilize the luminescent material.
During compression, the luminescence intensity at the maximum contact stress region and
its distribution on the surface were measured and recorded using a fiber-optic spectrometer
(QE-Pro, Ocean Optics, Dunedin, FL, USA) and charge-coupled device camera (Baumer
VLU-12, Frauenfeld, Switzerland). The luminescence response under an external force was
subsequently analyzed through data processing.

2.2. Simulation Procedure

ANSYS Workbench developed by ANSYS, Inc. (Canonsburg, PA, USA), is an in-
tegrated simulation platform for studying structural mechanics, fluid dynamics, heat
transfer, and electromagnetic properties, offering a unified interface from modeling to
post-processing. A two-dimensional (2D) model of a cylinder compressed by crossheads
was created using ANSYS Workbench with a cylinder radius of 10-15 mm and a crosshead
dimension of 30 mm x 10 mm. Material properties were assigned as follows [33]: epoxy
resin with an elastic modulus of 3780 MPa and Poisson’s ratio of 0.35, and stainless steel
with an elastic modulus of 210 GPa and Poisson’s ratio of 0.3. Meshing was applied with a
mesh size of 0.02 mm near the contact area and 0.2 mm elsewhere for accuracy. A 2D plane
stress analysis was performed for a cylinder with a thickness ranging from 10 to 15 mm.
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Frictionless contact was assumed between the cylinder and crossheads, and a normal force
load of 500-3000 N was applied. The selected path was a line segment connecting the
maximum contact stress points between the cylinder and the upper and lower crossheads,
passing through the center of the cylinder end face. This path line segment was divided
into 199 segments to calculate the equivalent stress distribution along the path and calculate
the maximum contact stress in the contact area.

3. Results and Discussion
3.1. ML Cylinder at a Constant Stress Rate

The crosshead applies a normal compression force to one end of an ML cylinder at a
speed of 2 mm/min, with external forces ranging from 500 to 3000 N. The contact between
the cylinder and crosshead is treated as a line between the cylinder and the flat surface
of the crosshead. Because the cylinder remains within the elastic deformation range, the
Hertzian contact theory [34-37] is used to calculate the contact stress under the following
assumptions:

1. Elastic deformation: stress and strain are linearly related following Hooke’s Law.

2. Geometric approximation: the contact surface is small in comparison with the curva-
ture radius, approximating a plane contact.

3.  Load assumption: the load is perpendicular to the contact surface and the friction is
ignored.

Based on these assumptions, the contact stress can be expressed by following formu-

lae [38]:
Fxr
b= 1
2
o(x) = amux,h—(g) )
1 —V%
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where F is the normal force applied to the contacting bodies, and r is the effective radius
of curvature, which is the radius of the cylinder for the crosshead—cylinder contact. E*
is the effective elastic modulus, and [ is the cylinder length. E; and v; are the elastic
modulus and Poisson’s ratio of the cylinder, while E; and v, are those of the crosshead,
respectively. b is the contact area half-width, and o (x) is the contact stress in the region.
From Equations (1)—(4), the following formula for the maximum contact stress between the
cylinder and crosshead is derived:

Fx E*
Tmax = TTx7*l ®)

According to Johnson’s contact stress theory [38,39], the normal deformation between
a plane and cylinder is represented by o, which is calculated approximately as follows:

F 1—1/%
Tl E1

4
(zm% —1) (6)
Formula (5) indicates that the maximum contact stress is proportional to the square
root of the normal force F and inversely proportional to the square root of the product of
length I and radius r. Figure 1 illustrates the variations in several key parameters of the ML
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cylinder under different normal forces, including the maximum contact stress calculated
based on Hertzian contact theory, and light intensity at the corresponding points measured
experimentally. Figure 1a presents the values of the maximum contact stress (Equation (5))
and normalized light intensity for the applied normal forces ranging from 500 to 3000 N,
showing a strong correlation between these two quantities and indicating that the light
intensity can effectively measure the maximum contact stress. Figure 1b displays the
normal deformation (Equation (6)) and light intensity during compression as functions of
the load. Figure 1c depicts the contact half-width (Equation (1)) and light intensity under
different normal forces. Figure 1d shows the contact stress and normal deformation under
various normal forces. Figure S1 displays the wavelength and normalized light intensity
obtained under different normal forces.
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Figure 1. Parameters obtained at applied normal forces of 500-3000 N: (a) maximum contact stress
and normalized light intensity, (b) normal deformation and normalized light intensity, (c) contact
half-width and normalized light intensity, and (d) maximum contact stress and normal deformation.

Figure 2a compares the maximum contact stress and light intensity at the correspond-
ing location obtained for the ML cylinders with length / = 15 mm and various radii under a
normal load of 2000 N. The theoretical results for the maximum contact stress, calculated
using Equation (5), are represented by the blue line. The simulated results for the maximum
contact stress, derived from finite element analysis are depicted by the green line. The
experimental results shown by the red points represent the light intensity measured at the
position of maximum contact stress. As cylinders radii increases, all results demonstrate
similar variation trends. Figure 2b shows the relationship between the theoretical and
simulated maximum contact stress and experimental light intensity obtained for the ML
cylinders with a radius of 12.5 mm and various lengths under a normal load of 2000 N.
As cylinder length increases, both the maximum contact stress and light intensity results
demonstrate similar variation trends. Figure 2c compares the theoretical and simulated
maximum contact stress and experimental light intensity for the ML cylinders with length
I =15 mm and radius r = 12.5 mm under different normal forces. These results demonstrate
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similar variation trends. Figure 2d displays the theoretical maximum contact stress and
experimental light intensity variations under incremental loading (0-2000 N). As the force
linearly increases, both the maximum contact stress and light intensity results demonstrate
similar variation trends. Notably, the experimental light intensity data can be almost
perfectly scaled to overlap with the theoretical and simulated maximum contact stress
data. At 2000 N, the stress remains constant, whereas the light intensity at the maximum
contact stress point decays rapidly over time. Figure S2 shows the light intensity variations
observed for the ML cylinders of different sizes under loads of 500-3000 N. Figure S2a
depicts the light intensities at the maximum contact stress point for the ML cylinders with
length I = 15 mm and radii of 10-15 mm, while Figure S2b displays the intensity at the
maximum contact stress point for the cylinders with a radius of 12.5 mm and lengths
of 10-15 mm. These results indicate that under the same load, the light intensity at the
maximum contact stress point decreases with increasing cylinder radius and length.
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Figure 2. Maximum contact stress and corresponding light intensity plots constructed for ML
cylinders. (a) Cylinders with various radii under a normal load of 2000 N. (b) Cylinders with
various lengths under a normal load of 2000 N. (¢) Cylinders under different normal loads (fixed:
I =15 mm, r = 12.5 mm). (d) Time-dependent curves obtained under incremental normal loading
(fixed: I = 15 mm, r = 12.5 mm).

When the crosshead applies a normal load to the cylinder without a horizontal com-
ponent or sliding, friction can be neglected. To simplify the calculations, this study ignored
both friction and the tangential stress generated by cylinder deformation. At the area of
contact, the stress state is primarily dominated by the normal stress, which reaches its peak
value at the center of the contact area, known as the maximum contact stress. According to
the von Mises stress formula [40,41], when only normal stress is present, the equivalent
stress at the point of maximum contact stress is determined by this normal stress. Therefore,
under these idealized conditions, the maximum contact stress can be approximated to
be equal to the equivalent stress at that location. This equality holds specifically because
the tangential components are negligible, and the stress state is largely controlled by the
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normal load. Thus, in a frictionless contact scenario, the equivalent stress at the maximum
contact point can be approximated using the following formula.

Teq = \/;[(01 —02)* + (03 — 73)* + (03 — 01)7] @)

where 01, 03, and o3 represent the three principal stresses in the contact region: ¢ is the
normal stress at the center of the contact area, which is the maximum principal stress along
the loading direction applied by the crosshead; o is the stress in the radial direction along
the contact surface; and o3 is the stress in the tangential direction along the circumference
of the contact area. Under frictionless conditions at the point of maximum contact stress,
the tangential and transverse stresses are negligible, therefore oy = oyax.

Figure 3 shows the stress contours from finite element simulations of an ML cylinder
with a radius 7 = 12.5 mm and a length [/ = 15 mm obtained under normal compression.
Figure 3a presents the contact-stress distribution contour for loads ranging from 500 to
3000 N, while Figure 3b displays the equivalent stress distribution under the same condi-
tions. Supplementary Figures S3 and 54 further show the finite element simulated stress
contours obtained for the ML cylinders under a load of 2000 N. In particular, Figure S3a,b
display the contact stress and equivalent stress for the cylinders with radius ¥ = 12.5 mm
and lengths I = 10-15 mm, while Figure S4a,b depict the stress distributions obtained for
the cylinders with length [ = 15 mm and radii 7 = 10-15 mm. The simulation contours reveal
the stress distributions under different load conditions and cylinder sizes, indicating that
the maximum contact stress and the equivalent stress are nearly identical under uniaxial
normal loading.

To investigate the stress distribution within the ML cylinder as the contact stress
propagates into its interior, the A~A'! path segment was selected for focused analysis.
Figure 4 shows the equivalent stress and partial light intensity distribution along the A-A!
path for the ML cylinders. Figure 4a presents the simulated equivalent stress distribution
along the A-A! path for the ML cylinder with 7 = 12.5 mm and / = 15 mm obtained under
a normal load of 2000 N, and the experimentally measured light intensity distribution
is also shown, revealing a close correlation between the equivalent stress and the light
intensity. Figure 4b shows the A-A! simulated equivalent stress distributions along the
A-A! path under normal loads ranging from 500 to 3000 N for the same cylinder size under
different loads, which shows that the stress increases with the applied force. Figure 4c
displays the simulated equivalent stress distribution along the A-A! for the ML cylinders
with [ = 15 mm and r = 10-15 mm under a normal load of 2000 N, which shows that the
stress decreases with the increasing radius of the cylinder. Figure 4d shows the simulated
equivalent stress distributions along the A-A! path for the ML cylinders with r = 12.5 mm
and / = 10-15 mm under a normal load of 2000 N, which indicates that the equivalent stress
decreases with the increasing length of the cylinder.

Figure 4a shows the simulated equivalent stress and the experimentally measured
normalized light intensity distribution along section A~A. A close similarity is observed
between the normalized light intensity and the equivalent stress distribution, aligning with
findings from similar experiments in the literature [23]. Within the framework of CaZnOS-
based systems research, recent studies [42] have investigated the stress and light intensity
distributions of ML cylinders with and without defects under various normal loads, re-
vealing a significant similarity between the two. This finding provides critical evidence
for understanding the intrinsic relationship between ML intensity and stress. Addition-
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ally, this relationship has been further validated through our analytical and experimental
investigations, as expressed by the following formula:
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eq k 8)
where 0 is the equivalent stress, and 1/k is the proportionality factor. Because relative
intensities rather than absolute light intensities are typically reported in the literature [1], it
is not reasonable to compare the actual light intensity. Thus, the proportionality factor 1/k
depends on the measurement equipment and testing method.

500 N ~ W e 1000 N [ e 1500 N
1295 ®) 1285
Q 11954 C H 1ies4
E_ 109.58 E_ I 10958
% 99.614 g ™ 98.282114X
89653 -
- -+
80184 110X I 79.691
g ;.73 E = @3
] 59763 = s
g 49307 O s
wn 39346 i [ 9846
_— 28884 o~ [ 29834
z 19923 Z 12923
= 99614 I 99614
= 0 E Q
S N
13946
2000 N A 13946 2500 N 13945 MAX 3000 N
o [ 12 max Q 1205
1954
a 10958 ,:_5._ 109.58
% 99,614 Q 59,614
a 89,653 a 89.653
19681 19691
v @ P
2 sa768 = 59769
5 49307 o 5507
» 39846 »n 29846
— 29884 —~ B 29884
Z 19923 Z 19923
= 99614 i o514
2 9 5) 0
= ™
0
500 N 2 e 1000 N 2 s 1500 N
= 1295 = 15
< 119.54 5 11954
= 10855 j 10956
o 0614 g 98288 1HAX
=] 89,653
=y 2015 114X -+ 19.692
@873 86.73
E 59.769 ;{{) e
8 49807 o) “oB0r
3 19846 w 39846
w 29884 n 283
19923 —_ 19923
99616 saet
= &
S—
el o3|
13946
2000 N »—g 13945 2500 N *g 13945 11AX 3000 N
E' 12121171aX =. 1295
o) 109.58 é 185
=, 90 612 2. e
e} 20653 © e
E_ 19,802 E_ H o953
613 T
w 078 E_{_} H @73
= 49507 = H se
[¢] 39846 QR s
% 22885 % H 39846
18923 y
—_ Bid —~ ] o8
z . "
= - l 9962
= S
N

Figure 3. Finite element simulated stress contours of the ML cylinder (» = 12.5 mm, ] = 15 mm) obtained
under normal loads ranging from 500 to 3000 N. (a) Contact stress contours and (b) equivalent stress
contours.
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Figure 4. Stress—partial light intensity distributions along path A-A! of the ML cylinders. (a) Relation-
ship between the simulated equivalent stress and experimentally measured light intensity along path
A-A! obtained for the ML cylinder with 7 = 12.5 mm and ! = 15 mm under a normal load of 2000 N.
(b) Simulated equivalent stress contours obtained for the ML cylinder with ¥ = 12.5 mm and [ = 15 mm
under normal loads ranging from 500 to 3000 N. (c) Simulated equivalent stress distributions along
path A-A! obtained for the ML cylinders with = 15 mm and r = 10~15 mm under a normal load of

2000 N; (d) Simulated equivalent stress distributions along path A~A! obtained for the ML cylinders
with 7 = 12.5 mm and [ = 10-15 mm under a normal load of 2000 N.

Moreover, we note that this relationship holds under the condition that the measured

luminescence intensity exceeds the material’s minimum sensitivity threshold yet remains
below saturation.

3.2. Effect of Stress Rate

In ML cylinder compression experiments, the stress rate ¢ is directly related to the rate
of change in the applied normal force F. The relationship between the rate of change in the

maximum contact stress 0y, and rate of change in the normal force F is expressed by the
following formula:

_ dmax
Omax = it
d, | FxE*
N E( n*r*l) ©)

1( E* ) 1 dF
2 THT R fdt

This relatlonshlp shows how the maximum contact stress rate 0y,,y relies upon the
normal force rate F. By adjusting F, the maximum contact stress rate of the ML cylinder
can be controlled, influencing its luminescence intensity. Because the light intensity I is
proportional to the equivalent stress oe;, and the maximum contact stress is equal to the
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equivalent stress at that location, the following relationship between the light intensity rate
I and the maximum contact stress rate o can be derived.

- dl d(Komax) :
I = a - a k -Omax (10)

By combining Equations (9) and (10), the following expression is obtained:

dl 1 E* 1 dF

dt - 2 ( n*r*l)'ﬁ'a
(11)
v L 9E
-~ JE dt
Or:
I = M/ L oar
VFE (12)

I = Ig+2M-F

where I represents the initial light intensity. M is a constant related to the cylinder
size, effective modulus, and light-measurement setup. Thus, under the same normal
compression, the light intensity rate Iis proportional to the load rate F. A faster load rate
results in a more significant change in the light intensity. However, at different normal loads,
the same loading rate leads to a slower change in the light-intensity rate with increasing
load force.

By combining Equations (1) and (6), it can be seen that the normal force F and normal
deformation J are approximately linearly related, while the crosshead speed is proportional
to the normal deformation. Therefore, we can assume that the rate of change in applied
force (loading rate) dF /dt is proportional to the crosshead speed v:

dF

E = no (13)

where 7 is a constant related to the material and geometric properties. By combining
Equations (11) and (13), we can further analyze the relationship between the light intensity

I and the crosshead speed v:
dl 4

a (M'”)'ﬁ

To determine the relationship between light intensity I and crosshead speed v, we

(14)

integrate the light intensity rate with respect to time ¢; assuming that the applied force F
eventually stabilizes, F can be approximated as constant, allowing 1/+/F to also be treated
as approximately constant. Under these conditions, the light intensity rate is proportional
to the crosshead speed:

[ x vt (15)

This indicates that, as the applied force stabilizes, the light intensity I is proportional
to the crosshead speed v; thus, a higher crosshead speed results in faster light intensity
accumulation and a greater final light intensity.

Figure 5 illustrates the dependencies of light intensity, light intensity rate, and various
parameters under different loading paths. An ML cylinder with a radius of 12.5 mm and
length of 15 mm was selected as the research object. Figure 5a displays the relationship
between the crosshead speed and loading duration during normal loading up to 2000 N.
This relationship is derived by combining the normal deformation equation of the cylinder
after contact with the crosshead, as given by Equation (6), with the loading rate. The
crosshead speed represents the rate of movement of the testing machine’s crosshead and
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determines the time needed to reach the specified load. Table S1 lists the specific times
required for different crosshead speeds under varying normal loading forces, also derived
from Equation (6). Figure 5b shows the relationship between the normalized light intensity
and the applied force based on Equation (12). As the applied force increases, the rate of
increase in light intensity declines. Figure 5¢ displays a linear relationship between the
crosshead speed and normalized light intensity per unit of time based on Equation (14),
which indicates that the crosshead speed is positively correlated with the light intensity.
Figure 5d depicts the relationship between the normal load and light intensity rate obtained
at a crosshead speed of 2 mm/min based on Equation (11). The blue curve represents the
dependence of load on loading time, derived from Table S1, while the red line segment
indicates the light intensity rate. As the load increases, the light intensity rate decreases.
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Figure 5. Relationships between the light intensity, the light intensity rate, and various parameters
under different loading paths. (a) Crosshead Speed vs. time up to 2000 N; (b) applied force vs.
normalized light intensity; (c) crosshead speed vs. normalized light intensity per unit of time.
(d) Applied force vs. normalized light intensity rate at a crosshead speed of 2 mm /min.

Figure 6 shows the relationships at different crosshead speeds. Figure 6a depicts
the plot of the applied force versus the loading time calculated at different crosshead
speeds (1-10 mm/min). Note that in this study, the maximum normal force was set to
2000 N, and once it was reached, the crosshead stopped descending, maintaining the load.
Figure 6b shows the plots of the maximum contact stress versus time, calculated under the
same conditions using Equation (5). The results indicate that regardless of the crosshead
speed, the maximum contact stress is the same at 2000 N. Figure 6c shows the plots of the
experimental normalized light intensity versus time with higher crosshead speed resulting
in faster and greater intensity changes. This phenomenon can be explained as follows: as
the loading rate increases, the internal piezoelectric field of the material strengthens [8].
These traps capture and temporarily store charge carriers (electrons and holes). During
stress stimulation, the carriers are rapidly released, recombine, and emit photons. At higher
stress rates, the excitation and release of carriers are accelerated, increasing the number
of electron transitions and luminescence intensity. Thus, a higher loading rate results in a
higher stress rate and a more pronounced luminescence response. In addition, the plots in
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Figure 6b,c are closely similar slopes during the stress increase phase, indicating that the
luminescence intensity is correlated with the pressure per unit area. Once the applied force
reaches its maximum and stabilizes, the light intensity rapidly decreases. Figure 6d shows
the plots of the applied normal force versus the experimental normalized light intensity
constructed at different crosshead speeds, indicating that the intensity depends on both the
loading rate and the magnitude of the applied force. When the crosshead speed is constant,
the rate of increase in light intensity declines as the applied force increases.
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Figure 6. Relationships at different crosshead speeds. (a) Load versus loading time plotted at different
crosshead speeds. (b) Maximum contact stress versus loading time at 2000 N plotted at different
crosshead speeds. (c¢) Loading time versus normalized light intensity at 2000 N plotted at different
crosshead speeds. (d) Applied force versus normalized light intensity plotted at different crosshead
speeds.

3.3. Relationship Between Light Intensity and Strain Energy Density of the ML Cylinder

During compression, the strain energy is stored in the deformed material, which
is absorbed during deformation and released when the stress is removed. For elastic
deformation, the strain energy is fully reversible. For linear elastic materials, the total strain
energy U is calculated by integrating the product stress and strain over the entire volume
of the material [43]. Owing to the complex distributions of both stress and strain in the
ML cylinder, we focus exclusively on the relationship between the strain energy density at
the maximum contact stress point and the corresponding light intensity at that point. The
maximum contact stress 0y is equal to the equivalent stress o, at that location according
to Equation (7) and according to Equation (8) the equivalent stress 0 is proportional to
the light intensity 1. The strain energy density is determined by ¢4y, normal force F, and
geometric parameters of the ML cylinders, and the strain energy density at the maximum
contact stress point U,y is expressed as:

Upax = Ea'max'smax (16)
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where ¢,y is the maximum contact strain. For linear elastic materials, the stress and strain
are correlated via Young’s modulus Ej:

Omax= E1-Emax 17)
Substituting this relationship into the strain energy density formula yields

Ur%zax (].8)

umux = 2E1

Substituting Equation (5) for o,x, we have

F-E*
2E; 7

Upax =

Combining Equations (7), (8), and (18), we obtain

Imux =k V 2E1' umax (19)

Equation (19) implies that the light intensity I, at the point of maximum contact
stress is proportional to the square root of strain energy density U. As the strain energy at
the point of maximum contact stress increases, the light intensity at that point increases
proportionally to the square root of the strain energy. This relationship reveals a key
feature of ML materials: the luminescence depends not only on the loading path and
contact conditions, but also on the cylinder size, and energy storage capacity. To verify this
conclusion, compression tests were conducted on ML cylinders under a normal load of
2000 N, focusing on analyzing the maximum contact stress point at the center of the contact
region. Figure 7a shows that for a cylinder with a radius of 12.5 mm, both the strain energy
(calculated using Equation (17)) and light intensity (experimentally measured) decrease
as the cylinder length increases because the maximum contact stress (calculated using
Equation (5)) decreases with increasing length. Figure 7b shows a similar trend observed
for a cylinder with / = 15 mm and different radii: as the radius increases, both the light
intensity and strain energy decrease. Figure 7c,d further illustrate the variations of the
strain energy, ML intensity, and maximum contact stress under different loads.

For ML materials, the rate of change of strain energy is a key parameter for character-
izing internal energy variations over time, which significantly influences the light intensity
according to experimental observations. The rate of change of strain energy density at the
maximum contact stress is expressed as

i(OﬁWX)
dt* 2E;
_ Umax ATmax

Imax . dlmax

T K2E, dt

dIax
p— -I - —_—
Q- Inax dt

where Q is a proportional constant that is related to the elastic modulus of the ML cylinder
and the method used for detecting light intensity.
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Figure 7. Relationships between the strain energy, strain energy rate, and other parameters deter-
mined for the ML cylinders of different sizes under various loading paths. (a) Light intensity as
a function of strain energy plotted for the ML cylinders of different lengths. (b) Light intensity as
a function of strain energy plotted for the ML cylinders of different radii. (c) Light intensity as a
function of strain energy plotted at different applied forces. (d) Maximum contact stress as a function
of strain energy plotted at different forces. (e) Light intensity rate as a function of strain energy
rate plotted at different crosshead speeds. (f) Maximum contact stress as a function of strain energy
plotted at different crosshead speeds.

Equation (20) shows that the strain energy change rate is directly proportional to the
product of the light intensity and rate of change. Thus, by measuring the light intensity and
its rate of change at the contact center region, the strain energy density rate at that region
can be determined. Figure 7e f display the variations of the change rates of strain energy
and the light intensity, the strain energy, and the maximum contact stress as function of
the crosshead speed. A linear relationship is observed between the change rate of strain
energy and the crosshead speed, while the change rate of light intensity increases with
increasing crosshead speed non-linearly. However, both the maximum contact stress and
strain energy remain constant.

As the rate of change of strain energy increases, the strain energy within the epoxy
resin matrix rapidly accumulates and is transferred to the embedded ML material, leading
to greater energy activation of electrons and resulting in stronger light intensity.
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When an ML material is in a static state, the deformation of the cylinder remains
unchanged, and the epoxy resin matrix stops transferring energy to the stress sensor (ML
material). If no new external forces are applied or removed, both stress o and strain ¢
remain constant, thus the strain energy in the material does not change. According to
Equation (19), since the strain energy rate is proportional to the product of the light intensity
rate and light intensity, either the light intensity or its rate of change must be zero. However,
when the external force stops changing, the light intensity does not instantly drop to zero.
As a result, the rate of change of light intensity gradually decreases until it eventually
becomes zero. Thus, without further mechanical energy input, the light intensity initially
remains stable. Nevertheless, due to the afterglow effect, the light intensity of the ML
material gradually decays over time, which is independent of the external force application.
This is a natural process of internal energy release within the material. The energy stored
in the internal trap states is slowly released as photons, causing the material to glow for a
certain time. The electrons in the trap states are gradually released or depleted through
non-radiative recombination, decreasing the light intensity until it becomes imperceptible.
The afterglow can be described using the following formula [44,45]:

I(t) = (Lmax — A1 — A2) + A1 exp(—t/T1) + Az exp(—t/12) (21)
where I(t) is the light intensity at time ¢, and I,y is the maximum intensity. A; and A; are
the fitting coefficients representing the contributions of the two decay processes. 71 and 1,
are the corresponding decay time constants reflecting different decay rates.

When the crosshead compresses an ML cylinder, the phenomena depicted in Figure 8
are observed. Figure 8a shows that without an external force, the charge centers of the
cation and anion coincide. Upon application of a force, the charge centers shift slightly,
generating a dipole moment [25]. The dipole moments of all crystal units in the stressed
region combine to form a macroscopic internal electric field along the stress direction,
inducing a local bandgap change. Figure 8b shows that electrons near the conduction band
are released under stress, enter the conduction band, and then recombine non-radiatively
with holes. The released energy is transferred to Bi** ions, generating blue-green emission
through the 3P; g — 'Sy transition. This phenomenon demonstrates that the conversion of
mechanical energy into light is driven by the dynamic stress, which excites and releases
electrons and holes.
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Figure 8. Schematics of the luminescence process in CaZnOS. (a) Internal electric field generated in
CaZnOS and (b) ML mechanism of Bi** ions in CaZnOS.

Once the normal pressure is stabilized, the deformation of the cylinder reaches a
static state, and the stress and strain of the material stop changing, halting the further
energy conversion into light and ceasing the electron excitation. Although some excited-
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state electrons will transit and emit light, it fades as the afterglow effect diminishes and
ultimately ceases. This indicates that under static stress, ML materials cannot sustain
emission, and the light intensity becomes zero. When the compressive force is released,
the elastic recovery of the ML cylinder releases the stored strain energy, and the resulting
dynamic stress triggers another burst of light similar to the second energy release, causing
light emission by the ML cylinder.

4. Conclusions

We conducted a comprehensive study on mechanoluminescent (ML) cylinders under
normal loading, investigating the interplay among stress distribution, luminescence behav-
ior, and strain energy. By integrating theoretical derivations, finite element simulations,
and experimental validations, we established a near-proportional relationship between
the maximum contact stress and luminescence intensity during elastic deformation. This
study demonstrated that the equivalent stress at the contact center is a reliable indicator
of light emission. A more accurate representation of ML behavior under complex stress
conditions is provided. Notably, the dimensions of ML cylinders, including length and
radius, significantly influence internal stress distribution and luminescence signals. Com-
pared to the findings in previous literature, this study further quantifies the impact of
geometric parameters on stress and light intensity. This approach provides a viable method
for indirectly estimating an object’s geometry through optical measurements. Furthermore,
our investigation clarified the role of dynamic strain energy accumulation in governing
the real-time luminescent response, particularly at various loading rates. We observed that
higher rates of strain energy change result in higher luminescence intensity, whereas static
or equilibrium conditions lead to nonluminescent or fading signals. Additionally, we intro-
duced a novel model linking strain energy density and its rate of change to luminescence
intensity. This model offers a theoretical framework to explain why ML materials remain
nonluminescent under static conditions yet emit light during dynamic loading. These
insights elucidate the dynamic mechanisms driving luminescence, offering an alternative
explanation for the static non-luminescent or luminescence decay phenomena reported in
previous literature.

In this study, by integrating strain energy dynamics and geometric effects, a more
comprehensive explanation for ML behavior across various loading paths with different
object sizes and stress scenarios is established.

In future work, efforts could focus on investigating the relationship between lumines-
cence thresholds, maximum saturation intensity, applied load, and stress in mechanolumi-
nescent (ML) materials under dynamic loading conditions, aiming to optimize performance
and expand potential applications.

Innovations and Highlights

1.  Stress and light intensity correlation: This study systematically investigates for
the first time the maximum contact stress and light intensity at the corresponding
location for ML cylinders under normal loading, discovering that these distributions
show good similarity under different normal forces. In combination with theoretical
and simulated stress analysis, along with light-intensity experiments under different
sample sizes and loading paths, it establishes the stress-light intensity relationship to
deepen our understanding of ML material properties under complex conditions.

2. Dynamic and static conditions: The luminescent responses of the Ca(1-2x%)ZnOS%Bi**,
x%Li* (x = 5) ML material under both the dynamic and static stresses are systematically
studied, which establishes a foundation for their applications in various stress environments.

3.  Geometry and luminescent response: This study systematically analyzes for the first
time the impact of geometric dimensions (such as length and radius) on the stress
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distribution and luminescence intensity of ML cylinders, revealing the significant
role of geometric parameters in the optical response of ML materials. Based on the
analysis of ML luminescence response, it is theoretically possible to infer the geometric
dimensions of the measured object, enabling indirect measurement of its shape and
structural features.

4.  Strain Energy and Luminescent Response: This study establishes, for the first time,
a model linking strain energy density and its rate of change to light intensity and
its variation rate, clarifying why ML materials remain non-luminescent under static
loads yet emit light under dynamic loads. Additionally, it reveals that elastic recovery
following unloading can induce secondary luminescence, offering theoretical support
for the application of ML materials in dynamic stress monitoring.

5. Broad application range: This study provides a theoretical support for the develop-
ment of high-precision and high-sensitivity sensors based upon ML materials and
used, for instance, in structural health monitoring, flexible electronics, and smart
Sensors.
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stress location obtained for the ML cylinders of different sizes under normal forces of 500-3000 N.
Figure S3. Finite element simulated stress contours of the ML cylinders of different sizes under a
normal load of 2000 N. Figure S4. Finite element simulated stress contours of the ML cylinders of
different sizes under a normal load of 2000 N. Table S1. Loading times required for the ML cylinders
with different loading paths.
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