
Composites Part B 180 (2020) 107564

Available online 1 November 2019
1359-8368/© 2019 Elsevier Ltd. All rights reserved.

Study the safeguarding performance of shear thickening gel by the 
mechanoluminescence method 

Shuaishuai Zhang a, Sheng Wang a, Tao Hu a, Shouhu Xuan a,**, Han Jiang b, Xinglong Gong a,* 

a CAS Key Laboratory of Mechanical Behavior and Design of Materials, Department of Modern Mechanics, University of Science and Technology of China (USTC), Hefei, 
Anhui, 230027, PR China 
b Applied Mechanics and Structure Safety Key Laboratory of Sichuan Province, School of Mechanics and Engineering, Southwest Jiaotong University, PR China   

A R T I C L E  I N F O   

Keywords: 
Shear thickening 
Safeguarding 
Mechanoluminescence 
Energy map 
Phase change 
Crack 

A B S T R A C T   

This work reports the potential of a full-field, simple-setup and user-interactive method to study the safeguarding 
property of shear thickening gel (STG) by converting the invisible force/energy information to visible mecha
noluminescence. Both the instantaneous intensity and force signals under impact prove the phase change of STG 
from viscous liquid state to rubbery state. The illumination images, presenting the energy maps, directly visualize 
the remarkably expanded impact area and phase change induced energy absorption, promoting the under
standing of safeguarding mechanisms. The shear thickening property and viscoelastic deformation of STG 
significantly expand the impact area by almost 5 times, spreading and dissipating force/energy significantly. 
Moreover, the phase change accompanied by cracks is observed clearly, which is demonstrated to be beneficial to 
the energy absorption and contributes to the further enlargement of the impact area.   

1. Introduction 

Shear thickening (ST) materials [1,2], whose viscosity or modulus 
increases dramatically with the strain rate, have drawn worldwide 
attention due to the perspective in the safeguarding area [3–5]. For 
real-world applications, the force/energy absorption performance of ST 
based devices is the key focus of the researchers and various test 
methods have been adopted in studying the related phenomenon and 
mechanisms. Employing traditional dynamic methods, shear thickening 
fluid (STF) based devices exhibited outstanding energy absorption per
formance in ballistic [6,7] and impact [8,9] tests. For example, by 
packaging the viscous STF into polyurea shells, the STF capsules 
exhibited enhanced anti-impact performance and reliable practicability 
[10,11]. Avoiding the sedimentation disadvantage of STF, shear thick
ening gel (STG), whose modulus boosts 3–4 orders of magnitude with 
the increase of shear frequency, has drawn more and more attention 
[12]. The split Hopkinson bar tests proved that the energy absorption 
characteristic of STG was responded for the rate-dependent phase 
change, from viscous liquid state to rubbery state and glassy state [13]. 
With help of the acceleration sensor and force sensor, STG based 
nanodevices were proven to disperse impact by expanding the impact 

area with declining the impact force from 1687.37 N to 566.40 N [14]. 
Unfortunately, those methods could only provide spatially accumulated 
information of the detection area and thus were inherently limited in 
full-field stress/energy analysis. Recently, by introducing high-speed 
ultrasound method, Han imaged the three-dimension jamming by 
shear, providing direct proof of stress dispersion under impact [15]. 
However, this method was an indirect visualization and desired 
expensive high-speed ultrasound emission source and detector. There
fore, the development of a method for full-field, simple-setup and 
human-readable force/energy absorption monitoring is appealing for 
both the academic research and safeguarding applications of ST 
materials. 

Mechanoluminescence is the emission of cold light due to mechan
ical excitation sources, such as compression and impact. A great number 
of materials have already been identified to be mechanoluminescent 
[16,17] and excellent research works have been done to study the 
related behaviors [18] and underlying mechanisms [19,20]. For 
example, a mechanoluminescence device, embedding ZnS:Mn and ZnS: 
Cu particles in polydimethylsiloxane (PDMS), emitted significant 
brightness and a range of tunable white colors upon gas flow [21]. 
Avoiding the requirement of an artificial photon- or electron-excitation 
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source, this device was further applied in energy harvesting and envi
ronmentally friendly light resources based on wind motion. By doping 
SiO2 nanoparticles and ZnS:Mn microparticles into soft PDMS, a 
skin-driven device exhibited human-readable responses to lips corner, 
canthus, and cheek muscle movements, paving a way for human social 
interactions [22]. These works provided solid evidence for the prom
ising potential of mechanoluminescence materials in user-interactive 
sensing area [23]. Unfortunately, most studies utilized the mechanolu
minescence property in a simple way ignoring the fundamental physical 
information. Conventionally, the emitted mechanoluminescence in
tensity carries a twofold meaning, namely the instantaneous intensity 
and the accumulated intensity. The former, usually captured by photo
diode, is directly related to stress [24,25] and widely used in dynamic 
pressure sensing [26–28] and energy harvesting [29]. The latter, 
commonly recorded with a long exposure camera, is the integration of 
instantaneous intensity with time and it is proportional to the applied 
energy [30]. Relying on the instantaneous visual response to stress, 
Wang applied ZnS:Mn powders in a user-interactive e-skin, allowing the 
dynamic pressure profile to be both spatially mapped and visually seen 
[27]. Similarly, a real-time pressure mapping device successfully 
tracked the dynamic signing process with a time response of 10 ms and 
spatial-resolution of less than 100 μm (254 dpi) [31]. Kersemans 
reconstructed the three-dimension ultrasonic spatial power field using 
the accumulated illumination images emitted from SrAl2O4:Eu phosphor 
[32]. Thus, by transforming invisible stress or energy information of 
samples into visible luminesce signals, the mechanoluminescence 
method is effective in the monitoring of stress or energy with the merits 
of easy identification, full-field, and real-time response. Therefore, the 
method based on the instantaneous and accumulated 

mechanoluminescence may pave a way in the safeguarding performance 
study of STG by the direct visualization of stress and energy. 

Based on the mechanoluminescence of ZnS:Mn particles, the force/ 
energy absorption behavior of shear thickening gel (STG) is studied and 
the key factors for safeguarding performance are discussed. STG exhibits 
a unique rate-dependent property with the storage modulus rising from 
100 Pa to 0.32 MPa with the increase of shear frequency. Upon impact, 
the STG layer with a thickness of 0.9 mm buffers the impact force by 
24.9%, presenting impressive protective performance. Simultaneously, 
the phase change of STG is evidenced in both the force and instanta
neous intensity signals. The integrated intensity is proportional to 
applied energy with a factor of 112 nJ/J and 1.36 a.u./J, exhibiting a 
good correlation with the theory. Besides, the energy absorption at 
0.735 J impact energy is demonstrated to reach 0.51 J. The visualization 
of energy density maps matches the theory well and provides more 
details of physical foundations, promoting the understanding of the 
safeguarding mechanisms. The significant enlargement of the impact 
area, due to the viscoelastic deformation and shear thickening behavior 
of STG, absorbs impact force and energy forcefully. High strain rate 
induced phase change and cracks contribute to the energy absorption 
and further enlarge the impact area. 

2. Experiment section 

2.1. Materials 

Ethanol and boric acid were purchased from Sinopharm Chemical 
Reagent Co. Ltd., Shanghai, China. Hydroxyl silicone oil (PDMS, 
500 mm2/s, AR degree, from Jining Huakai Resin Co., Ltd) was used to 

Fig. 1. The schematic diagram (a) and picture (inset) of the SAM device. The SEM images of the SAM device (b) and ZnS:Mn particles (inset). The experimental setup 
of impact tests (c). The setup of illumination acquisition system (d). 
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prepare shear thickening gel (STG). Polyethylene terephthalate (PET) 
films with a thickness of 0.1 mm were commercially available products. 
ZnS:Mn powders were purchased from Shanghai Koray Technology Co. 
Ltd., Shanghai, China. 

2.2. Experiments 

By thoroughly stirring, 5 g boric acid and 100 ml hydroxyl silicone 
oil were mixed evenly in a ceramic dish. Then, the mixture was heated at 
180 �C for 1.5 h and was stirred every 15 min to ensure the homoge
neous reaction. The mixture formed cross-linked, sticky and viscous gel 
during the heating process. After cooling to room temperature, the shear 
thickening gel (STG) was obtained [33]. During the fabrication process, 
the hydroxyl silicone oil was successfully cross-linked by chemical 
Si–O–B bonds with the introduction of boric acid. More importantly, the 
physical crosslinks between boron and oxygen atoms from different 
molecules were incorporated, which resulted in the rate-dependent 
property of STG directly [34]. 

ZnS:Mn powders were first ultrasonically dispersed in ethanol, then 
was transferred on a thin polyethylene terephthalate (PET) film with a 
size of 8 cm � 8 cm immediately. The film edges were enclosed with 
double-sided tapes. After gently smoothing and shaving, a flat layer of 
uniform ZnS:Mn particles were deposited on the film. As the ethanol was 
volatilized totally, the film was covered by another piece of PET film and 
was packaged with double-sided tapes. To obtain a better package, the 
stress-activated- mechanoluminescence device (SAM, Fig. 1a inset) was 
compacted tightly under 20 kg weight for 2 days and thus exhibited 
good uniformity. 

2.3. Characterization 

The morphology of ZnS:Mn particles and the SAM device were 
characterized by field emission scanning electron microscopy (FE-SEM, 
XL30 ESEM). The rheological property of STG was tested by using a 
commercial rheometer (Physica MCR302, Anton Paar Co., Austria). The 
samples, molded into a cylinder shape with a thickness of 1 mm and 
diameter of 20 mm, were tested with a parallel plate (diameter: 20 mm). 
At the frequency sweep tests, the shear frequency increased exponen
tially from 0.1 rad/s to 628 rad/s and the strain was set at 0.1%. At the 
strain sweep tests, the shear frequency was set at 6.28 rad/s and the 
strain increased exponentially from 0.01% to 1%. 

To investigate the safeguarding performance of STG by using the 
SAM device, impact tests (Fig. 1c) were carried out with the drop tower 
machine (ZCJ1302-A, MTS System Co., America). The drop hammer 
(mass: 0.25 kg) with a sphere indenter (diameter: 20 mm) was released 
from different heights and its falling was limited within two paralleling 
vertical rods. An acceleration sensor was equipped on the drop hammer 
to capture the acceleration signals during the impact process. Then, the 
signals passed through the signal-amplifier and finally were recorded in 
the oscilloscope. The acquisition of mechanoluminescence was carried 
out on a home-built system (Fig. 1d). The SAM device was placed on a 
polymethyl methacrylate (PMMA) sheet with a thickness of 5 mm. The 
PMMA sheet was fixed supported on a polylactide frame (diameter: 
30 mm). A flat mirror, right underneath the transparent PMMA sheet at a 
45� angle, was applied to change the mechanoluminescence direction 
and assist the record of emission. The above device was fixed right under 
the drop hammer. Due to the plastic nature of STG at low strain rate, it 
could be easily molded to a thin layer with a thickness of 0.9 mm in a 
metal mold by simply using a roller. As the drop hammer pounded on the 

Fig. 2. The rheological property (a) and the physical state of STG (b). The results of dynamic rebound (c) and static creep (d) tests.  
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SAM device or STG layer covered SAM (STG-SAM) device, ZnS:Mn 
particles could illuminate visible orange light. A photodiode (Beijing 
Lightsensing Technologies Ltd, type: LSSPD) was applied to record the 
space-integrated instantaneous intensity (Ii). A camera (Nikon digital 
camera, type: D7000) was set at 6 s exposure mode to capture the illu
mination images. The time-accumulated illumination intensity (Ia) dis
tribution and impact area were extracted from the above images by 
using Matlab 2018b software. The impact tests were all conducted in a 
dark room to decline the noise as much as possible. 

3. Results and discussion 

3.1. Structure and morphology of SAM device 

Mechanoluminescent ZnS:Mn powders, sandwiched between two 
PET films, could illuminate strong light under appropriate external 
stimulus such as impact (Fig. 1a). Thanks to the outstanding toughness, 
PET films with a thickness of about 100 μm served as cushion layers to 
protect ZnS:Mn powders from concentrated stress. Besides, its high 
transparency benefited the transmission of the illuminated orange light. 
The scanning electron microscopy (SEM) image confirmed the compact 
layered state of ZnS:Mn particles and PET films (Fig. 1b). The size of ZnS: 
Mn particles dispersed in a wide range between 0.5 and 40 μm (Fig. 1b 
inset). Except some large particles, most particles were small 
(0.5–10 μm). Besides, the statistic size results of ZnS:Mn particles before 
and after sandwiched between PET layers were almost identical 
(Fig. S1). The thickness of ZnS:Mn layer exhibited good uniformity 
(about 190 � 15 μm), enable it to be reliable for practical applications. 

3.2. Rheological property of STG 

The impressive energy absorption capability of STG is primarily 
attributed to its unique rate-dependent mechanical property (Fig. 2a). 
When the shear frequency is 0.1 rad/s, the storage modulus (G0) is 
100 Pa, exhibiting a soft and plastic property. Once the frequency rea
ches 628 rad/s, its storage modulus rises to 0.32 MPa, which is 3 orders 
higher than initial G’. The rate-dependent mechanical behavior of STG is 

mainly attributed to the physical crosslinks between boron and oxygen 
atoms from different molecules. Different from those permanently 
connected chemical bonds, the physical crosslinks can undergo rate- 
dependent breaking and reattaching processes [35]. At low strain rate, 
these dynamic crosslinks break and reattach freely and carry almost no 
loads. Therefore, STG is at viscous liquid state and deforms easily. At 
high strain rate, there is no enough time for the attached dynamic 
crosslinks to break. The attached dynamic crosslinks behave like per
manent chemical bonds and restrict the deformation severely [36]. 
Thus, STG transforms into rubbery state, exhibiting a much larger 
modulus. The loss modulus (G00) at first increases with the frequency and 
then decreases at 15.8 rad/s with a peak of 0.16 MPa. In addition, as the 
frequency is kept at 6.28 rad/s, the storage and loss modulus are almost 
irrelevant with the shear strain in a range of 0.01%–1% (Fig. 2a inset). 
The ratio of storage modulus to loss modulus is an important factor to 
evaluate the material state (Fig. 2b). STG is soft and plastic (liquid-like 
state) at low frequency and becomes tough as frequency increases. As 
the frequency is larger than 15.8 rad/s, storage modulus exceeds loss 
modulus, presenting a solid-like property. 

To demonstrate the rate-dependent property of STG in a visible way, 
the dynamic rebound test (high strain rate) and static creep test (low 
strain rate) were carried out. Normally, STG was transparent and 
colorless. For clear observation, minor blue ink was doped in STG. As the 
STG ball with a diameter of about 5 mm was released from 20 cm, it 
collided upon the bottom plate at 0.2 s and bounced back to almost 80% 
the initial height at 0.4 s (Fig. 2c). As STG was placed upon a plate where 
a hole was drilled, it collapsed gradually and flowed out from the hole 
within 1 h (Fig. 2d). In summary, STG behaved an elastic property at 
high strain rate, while it was soft and flowed like liquid at low strain 
rate. 

3.3. Force and Ii responses of SAM and STG-SAM devices under impact 

Due to the unique rate-dependent property of STG, it could buffer 
force under impact and the dynamic process was directly captured by 
acceleration sensor and photodiode (Fig. 3). Applying Newton’s second 
law of motion, the force signals were obtained by multiplying the 

Fig. 3. The force and instantaneous intensity (Ii, captured by photodiode) responses under impact. The force-time and Ii-time relations as the drop hammer pounded 
on the SAM device from different height (a). The force-time and Ii-time relations as the drop hammer pounded on the STG-SAM device from 0.1 m (b), 0.2 m (c) and 
0.3 m (d). The maximum force (e), initial speed and residual speed (inset) versus drop height. The speed of drop hammer during the impact process (f). 
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acceleration data by the mass of drop hammer. Apparently, the force 
signals delayed about 0.15 ms compared with Ii signals, which was 
mainly induced by the propagation of stress wave from the indenter tip 
to the acceleration sensor. As the drop hammer pounded on the SAM 
device directly from 0.1 m (Fig. 3a), force increased linearly at first. 
Simultaneously, the applied impact energy was transferred to the ZnS: 
Mn particles which illuminated strong orange light and Ii of the impact 
zone over time could be expressed as: 

Ii� rðtÞ∝FðtÞ (1)  

where Ii-r is the Ii at the rise stage, t is the time and F is the applied force. 
Correspondingly, Ii increased synchronously with the rise of force, 
consistent with the theory. Then, the force reached a peak value of 
460 N at nearly 0.92 ms. Simultaneously, Ii also attained maximum 
value (33.3 μW). After that, the force decreased gradually. At this pro
cess, the Ii decayed exponentially with time as: 

Ii� d ¼ I0exp½ � ∅ ðt � t0Þ� (2)  

where Ii-d is the Ii at the decay stage, I0 is the peak Ii at t ¼ t0 and ∅  is the 
decay coefficient which could be determined by experiments. Here, ∅  
was about 1805 s� 1 (Fig. S2). Notably, the force signal rose moderately 
again at about 2 ms, which was probably caused by the mismatch of 
deformation between the drop hammer and the SAM device. A corre
sponding fluctuation of Ii also occurred at the same time. Reasonably, 
the drop height behaved a positive influence on force and Ii signals. For 
example, raising drop height from 0.1 m to 0.2 m and 0.3 m, the peak 
force increased from 460 N to 811 N and 1070 N, respectively. Similarly, 

the peak Ii was also enhanced from 33.3 μW to 46.6 μW and 58.9 μW, 
exhibiting a high force sensitivity. Traditionally, the force/stress was 
measured by electric resistance strain gauges [37,38] and piezoelectric 
sensors [39–42], which required complex electric circuits [43]. Here, 
this mechanoluminescence method, enjoying the advantages of 
simple-setup and real-time, also demonstrated great potential in the 
force sensing area. 

As the drop hammer pounded on the STG-SAM device from 0.1 m, 
the force at first increased linearly and then decreased gradually 
(Fig. 3b). However, an immediate lower second peak (brown circles) 
was observed following the first peak (gray circles). The double peaks 
also appeared as the drop height rose to 0.2 m and 0.3 m (Fig. 3c–d). At 
low strain rate, STG was in viscous liquid state and unloaded immedi
ately after the yield point (first peak). However, the expanded contact 
area during the impact process caused the feeble second peak. As the 
drop height was lifted to 0.2 m and 0.3 m, STG transformed from viscous 
liquid state to rubbery state due to the high strain rate [13]. A hardening 
process occurred after the yield point (first peak) and resulted in the 
second rise of force (second peak). Interestingly, the first peak force, 
presenting the yield point of STG, increased from 373 N to 482 N and 
531 N with the drop height, demonstrating a typical shear thickening 
property. The increase of second peak force was much larger, which rose 
significantly from 330 N to 580 N and 909 N. Additionally, the time of 
first force peak shifted forward with the drop height gradually from 
0.80 ms to 0.60 ms and 0.51 ms, which resulted from the increase of 
impact speed. However, the time of the second force peak kept nearly 
constant (~1.25 ms), indicating a longer hardening duration at a higher 

Fig. 4. The time-accumulated intensity (Ia) distribution over space which were extracted from the illumination images captured by a camera. The spatial Ia dis
tribution as the drop hammer pounded on the SAM device from 0.1 m (a). The spatial Ia distribution as the drop hammer pounded on STG-SAM device from 0.1 m (b), 
0.2 m (c) and 0.3 m (d). 
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strain rate. Thus, the dynamic strength of STG was enhanced signifi
cantly by the increase of strain rate. 

Ii demonstrated a similar trend according to equations (1) and (2). 
The drop height behaved a positive influence on both peaks of Ii. As the 
drop height rose from 0.1 m to 0.2 m, the first peak Ii increased from 
4.20 μW to 7.52 μW and the second peak Ii increased from 3.15 μW to 
5.51 μW. Differently, at 0.3 m drop height, the second peak Ii rose much 
higher and reached 13.5 μW, exceeding the first peak Ii (12.1 μW). This 
was mainly attributed to the longer hardening time of STG at high strain 
rate. Besides, fluctuations also appeared in the force and Ii signals at the 
decay process. 

The safeguarding performance of STG was evaluated by measuring 
the averaged maximum force of five tests (Fig. 3e). Notably, the 
maximum force increased almost linearly with the drop height. STG 
demonstrated outstanding anti-impact behavior by buffering impact 
force. For example, the maximum force decreased from 461 N to 346 N 
(by 24.9%) at 0.1 m drop height owing to shear thickening behavior of 
STG. As the drop hammer rose to 0.2 m and 0.3 m, the maximum force 
was declined by STG from 804 N and 1103 N to 613 N and 886 N, 
respectively. Notably, the maximum force disparity increased with the 
drop height from 115 N to 193 N and 217 N. At low strain rate, the 
viscoelastic deformation of STG dissipated the impact force. At high 
strain rate, the phase change of STG from viscous liquid state to rubbery 
state further absorbed the impact force, thus enlarged the disparity 
values. 

By integrating the acceleration signals, the speed-time relations of 

drop hammer during the impact process were obtained (Fig. 3f). The 
initial speed values were related to the drop height directly as 

v¼
ffiffiffiffiffiffiffiffi
2gh

p
(3)  

where v is the speed of drop hammer, g is the gravity and h is the drop 
height. As the drop hammer pounded on the SAM device, the speed of 
drop hammer decreased from initial values to zero quickly and the 
duration was the buffer time. Then the speed increased inversely as the 
drop hammer bounced back. Increasing the drop height from 0.1 m to 
0.3 m reduced the buffer time from 1.09 ms to 0.88 ms owing to the 
growing impact force. As the drop height was kept at 0.3 m, the equip
ment of the STG layer lengthened the buffer time from 0.88 ms to 
1.07 ms (by 21.6%). The enlargement of buffer time also contributed to 
the dissipation of impact force. The speed of bouncing back was named 
as residual speed (Fig. 3e inset). The initial speed increased with drop 
height following a power law of 0.5 (black line). The residual speed of 
SAM sample (red line) was smaller due to structure friction and damp
ing. As the STG layer was equipped, the residual speed (blue line) was 
reduced apparently, resulting from the energy absorption characteristic 
of STG. Thanks to the STG phase change induced energy absorption at 
high strain rate, the increase of residual speed was blocked as drop 
height surpassed 0.2 m (orange ellipse in Fig. 3e), similar to the force 
signals. 

The total Ii (Fig. S3a) was obtained by integrating the Ii as 

Fig. 5. The comparison of radial relative Ia distribution with theory curve and the illumination image (middle inset) as the drop hammer pounded on the SAM device 
from 0.1 m (a). The comparison of radial relative Ia distribution with theory curve, the illumination image (middle inset) and image of STG layer after impact (upper 
right inset) as the drop hammer pounded on STG-SAM device from 0.1 m (b), 0.2 m (c) and 0.3 m (d), respectively. In the horizontal axis, a is the impact zone radius 
and r is the local radius. 
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Ii� total¼

Z t0

0
Ii� rdt þ

Z ∞

t0
Ii� ddt (4)  

where Ii-total is the time-integration of Ii. For the SAM sample, Ii-total was 
proportional to the impact energy with a good linearity of 0.998 and a 
slope of 112 nJ/J, which was consistent with the theory [20]: 

Ii� total ∝ E ¼ mgh (5)  

where E is the total applied energy-the gravitational potential energy 
(mgh) and m is the mass of drop hammer. As the STG layer was applied, 
Ii-total was reduced significantly due to the energy absorption behavior of 
STG. For example, as the drop height was 0.2 m where the impact energy 
was calculated to be 0.49 J, Ii-total was declined significantly from 54.7 nJ 
to 11.3 nJ (by 79.3%). The gray zone was the Ii-total reduction owing to 
energy absorption of STG layer (Fig. S3b). The energy absorption 
increased with the applied energy, while the increased speed declined 
gradually. 

3.4. Illumination images of SAM and STG-SAM devices under impact 

To understand the safeguarding mechanisms of STG under impact, 
the accumulated illumination images were recorded by using a camera 
and the spatial Ia distribution was obtained by extracting the gray values 
of photographs with Matlab 2018b software (Fig. 4). For SAM sample, Ia 
maps at different drop heights were similar except for the magnitude 
disparity. Therefore, Ia map at 0.1 m was illustrated here as a typical 

example (Fig. 4a). Due to the sphere shape of the drop hammer indenter, 
Ia map exhibited very regular concentric circles with the peak values at 
the center and zero at the edge. The maximum Ia was 80, and the highest 
1/8 Ia (central red part in Fig. 4a) accounted for nearly 35% impact area. 
In addition, the diameter of the impact region was about 3.1 mm. As the 
STG layer was applied, the Ia map also demonstrated similar regular 
concentric circles (Fig. 4b). While the circles distribution was more 
uniform and the peak Ia was reduced to 24. The diameter of the impact 
area expanded significantly to almost 7.1 mm. According to equation 
(5), Ia map presented the energy distribution directly, thus the impres
sive enlargement of impact area directly induced the declined energy 
density and reduced Ia. As the drop height increased to 0.2 m (Fig. 4c), 
the illumination was declined severely at the center while was not 
influenced at the edge, leading to an obvious Ia platform. Lifting the drop 
height to 0.3 m, a clear Ia valley was observered at the left part (Fig. 4d). 
The highest 1/8 Ia (central red part) in the illumination image only 
accounted for a very small proportion (~12%) of the impact area. 
Additionally, the diameter of the impact area enlarged from 7.1 mm to 
8.3 mm and 9.3 mm with the drop height. 

To clarify the rate-dependent mechanical property and phase change 
induced energy absorption more clearly, the radial relative Ia distribu
tion, illumination images and corresponding STG photographs after 
impact were illustrated in Fig. 5. In the horizontal axis, a is the impact 
zone radius and r is the local radius. As the drop hammer pounded on the 
SAM device directly from 0.1 m (Fig. 5a), the relative Ia was the 
maximum at the center (r/a ¼ 0) and decreased symmetrically to zero at 
the edge (r/a ¼�1). According to the Hertz contact model [44], as an 

Fig. 6. The maximum Ia (a), impact area (b) versus drop height as the drop hammer pounded on the SAM device and STG-SAM device. The normalized Ia sum 
(normalized Ia-total) against the impact energy (c). The energy absorption unit area-Ea/S versus impact energy and the data was obtained from camera and photodiode, 
respectively (d). 
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elastic sphere impacts on an elastic plate, the pressure distribution is: 

pðrÞ ¼ p0
�
1 � r2�a2�0:5 (6)  

where pðrÞ is the pressure at local radius r and p0 is the maximum 
pressure at r/a ¼ 0. Therefore, the impact energy density distribution 
(EðrÞ) was related to the local radius r by: 

EðrÞ¼
pðrÞ2

2Y
¼ p0

2� 1 � r2 � a2�
�

2Y (7)  

where EðrÞ is the impact energy density at local radius r and Y is Young’s 
modulus of ZnS:Mn layer. According to equations (5) and (7), the rela
tive Ia at local radius r was also proportional to ð1 � r2= a2Þ. Moreover, 
the theory (red line) fitted the experiment raw data (blue dots) well. The 
illumination image captured by camera (Fig. 5a inset) was also 
approximately centrosymmetric and exhibited strong orange 
mechanoluminescence. 

As the STG protective layer was equipped, the relative Ia behaved 
similar trend at 0.1 m drop height (Fig. 5b). Differently, the decreasing 
tendency was not in a quadratic manner. As the SAM device was covered 
with STG layer, which acted as a Winkle foundation [44], the contact 
pressure distribution was: 

pðrÞ¼ p’
0

�
1 � r2 � a2� (8)  

where p’
0 is the maximum pressure at r/a ¼ 0. Using (5) and (8), the Ia 

distribution was: 

IaðrÞ∝EðrÞ ¼
pðrÞ2

2Y
¼ p’

0
2� 1 � r2�a2�

2,

2Y (9) 

Notably, the theory curve also fitted well with the raw data. As the 
upper right inset photograph of STG layer depicted, the incompressible 
STG flowed out of the central loading region and bulged upwards, 
forming a sphere indentation fitting the shape of drop hammer. Besides, 
the weak illumination image (middle inset in Fig. 5b) proved that the 
applied impact energy was largely absorbed and spread by the visco
elastic deformation of STG. 

As the drop height increased to 0.2 m (Fig. 5c), the raw data fitted 
well with the theory at the edge of the impact zone (|r/a|>0.4). How
ever, Ia decreased slightly at the central region, leading to the peak loss 

phenomenon (light blue area in Fig. 5c). In the image of STG layer 
(upper right inset in Fig. 5c), besides the viscoelastic smooth deforma
tion at the edge, obvious unsmooth area was observed at the central 
region. This was mainly attributed to the phase change of STG from 
viscous liquid state to rubbery state and occurrence of microcracks at 
high strain rate. A corresponding dark zone also appeared in the illu
mination image. Therefore, the peak loss in the illumination image 
provided visual and solid proof for energy absorption by phase change. 
Additionally, this human-readable output confirmed the user- 
interactive superiority of the mechanoluminescence method. 

Increasing the drop height to 0.3 m, the theory only agreed with the 
raw data at the brink (|r/a|>0.9) and at the most central region, the raw 
data was much lower (Fig. 5d). The peak loss, shown in the light blue 
area, also enlarged significantly. Notably, a low platform occurred in the 
left part, which corresponded to the dark valley in Fig. 4d and the inset 
illumination image (brown circles in Fig. 5d). As the photograph of STG 
layer depicted, the area of phase change and microcracks expanded 
dramatically and accounted for most impact zone. A large crack 
appeared in the left part, which dissipated additional impact energy and 
resulted in the dark valley of the illumination image. In summary, by 
relating the illumination Ia distribution to the energy maps, the direct 
energy absorption of STG under impact was visualized and the under
lying physical bases were discovered. Moreover, this example convinc
ingly demonstrated the unique on-site advantage of 
mechanoluminescence method in the energy visualization for compli
cated real samples, which provided more physical details than theory. 

As the local Ia was related to the local stress directly according to 
equation (9), the maximum gray values were extracted to evaluate the 
force dissipation performance of STG under impact (Fig. 6a). As the drop 
height increased from 0.1 m to 0.2 m, the maximum Ia increased notably 
from 79.6 to 150 owing to the growing impact energy. STG layer 
declined the maximum Ia apparently from 150 to 48.8 at 0.2 m drop 
height, indicating the impact energy was dissipated forcefully by STG. 
Besides, the increased speed of maximum Ia with the drop height was 
impeded severely by STG, demonstrating its outstanding energy dissi
pation performance. 

The enlargement of impact area was also essential for the energy and 
force dissipation, which was an important factor for the safeguarding 
behavior of STG (Fig. 6b). The rose of drop height expanded the impact 
area slightly. Notably, as the STG layer was introduced, the impact area 
almost enlarged 5 times from 7.06 mm2 to 41.3 mm2 at 0.1 m drop 

Fig. 7. The schematic diagram of the safeguarding mechanisms of STG layer, involving force (upper, blue arrows) and normalized Ia maps (below). The drop hammer 
pounded on the SAM device directly from 0.1 m (a). The drop hammer pounded on STG-SAM device from 0.1 m (b), 0.2 m (c) and 0.3 m (d). The inset pictures were 
enlargement of local physical changes of STG layer. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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height. The enlargement of impact area was mainly attributed to the 
viscoelastic deformation of STG, which flowed out the central loading 
region and formed an indentation fitting the shape of drop hammer. 
More importantly, STG at the surrounding area became tough and car
ried impact force due to the unique shear thickening property. This 
marked expanding of impact zone decreased the applied force effec
tively by 24.9% and declined the impact energy density significantly. 
Interestingly, the impact area increment also enlarged as drop height 
exceeded 0.2 m (brown ellipse in Fig. 6b). As STG transformed from 
viscous liquid state to rubbery state, the occurrence of the second force 
peak prolonged the buffer time. Thus, the indentation depth of the drop 
hammer into STG layer was enlarged, which further expanded the 
impact area. Moreover, the accelerated increase of impact area declined 
the impact stress and energy density, demonstrating the superior safe
guarding performance of STG at high strain rate. 

To demonstrate the energy absorption of STG layer, the normalized 
total Ia (Ia-total) was extracted from illumination images (Fig. 6c), cor
responding to Ii-total calculated from photodiode data. As the drop 
hammer pounded on the SAM device directly, the normalized Ia-total was 
proportional to the impact energy, which matched equation (5) well 
with a linearity of 0.997 and a slope of 1.36 a.u./J. For example, as the 
impact energy rose from 0.245 J to 0.735 J, the normalized Ia-total 
increased from 0.34 to 1.00. As the STG protective layer was equipped, 
the normalized Ia-total decreased apparently from 0.34 to 0.079 (by 
76.8%) at 0.1 m drop height. The green area between the two curves was 
the normalized Ia-total reduction induced by the energy absorption of STG 
(Fig. S4). Increasing the impact energy, the energy absorption increased 
while the increased speed reduced gradually. As impact energy 
increased from 0.245 J to 0.490 J, the energy absorption expanded 
quickly from 0.171 J to 0.387 J with an increment of 0.217 J. Further 
increasing the impact energy to 0.735 J, the energy absorption incre
ment reduced to 0.119 J. 

The energy absorption unit area (Ea/S) was also an important factor 
to evaluate the safeguarding performance of STG (Fig. 6d). Ea/S at first 
increased gradually to saturation and then kept constant. As the impact 
energy was 0.245 J, Ea/S was 4.17 � 10� 3 J/mm2. As the impact energy 
rose to 0.490 J, Ea/S reached 7.07 � 10� 3 J/mm2 owing to the enlarged 
viscoelastic deformation and the occurrence of phase change. Because of 
the saturation of phase change area, Ea/S kept about 7.33 � 10� 3 J/mm2 

as the drop height exceeded 0.25 m. The results obtained from photo
diode exhibited a higher accuracy with smaller data errors. Besides, the 
acceptable data errors of the above tests also confirmed the high sensi
tivity and reliability of the mechanoluminescence method. 

3.5. The safeguarding mechanisms of STG at low and high strain rate 

To clarify the mechanism of safeguarding characteristic of STG under 
impact clearly, the detailed schematic diagrams (1/4 section view) are 
demonstrated in Fig. 7. As the drop hammer pounds on the SAM device 
directly from 0.1 m (Fig. 7a), the upper PET layer endures large and 
concentrated concave deformation at the impact center. Simultaneously, 
the ZnS:Mn particles between the PET layers deform severely and illu
minate strong orange light. Away from the impact center, the defor
mation and illumination decrease sharply to zero. In this case, the 
applied force and energy are concentrated at the loading center, leading 
to the intensive illumination image. 

As the drop hammer impacts upon STG-SAM device from 0.1 m, the 
incompressible STG flows out the loading center and bulges upwards 
(Fig. 7b and local enlargement), forming a bowl fitting the sphere shape 
of impact indenter. At the surrounding area, STG transforms into solid 
state due to the shear thickening property and carries partial impact 
force, which expanded impact area forcefully by 5 times with the 
diameter of impact area increasing incredibly from 3.1 mm to 7.1 mm. 
Besides, the viscoelastic deformation of STG absorbs impact energy 
effectively by almost 76.8%. Consequently, more ZnS:Mn particles are 
compressed while the mechanoluminescence intensity is much weaker. 

As the drop height increases to 0.2 m, microcracks accompanied by 
phase change (Fig. 7c and local enlargement) occur in STG at the central 
loading region. Due to the force/energy absorption of the phase change, 
the central force/energy density reduces dramatically, inducing the 
peak loss phenomenon. Besides, the diameter of impact region enlarged 
from 7.1 mm to 8.3 mm. As the drop height rises to 0.3 m (Fig. 7d), the 
area of phase change and microcracks expands notably and almost oc
cupies all the impact zone, leading to the enlargement of loss peak area. 
Furthermore, thanks to the join of surrounding microcracks, a large 
visible crack is formed, which declines local stress noticeably. Due to the 
outstanding energy absorption behavior of the large crack, the local 
illumination is weakened remarkably. 

4. Conclusion 

In conclusion, a full-field, simple-setup and user-interactive mecha
noluminescence method is successfully developed to visualize the force/ 
energy absorption of STG and promote the understanding of safe
guarding mechanisms. The double peaks in force and instantaneous 
intensity signals provide direct proof for force/energy absorption by 
phase change. Furthermore, by converting the illumination images to 
energy maps, the visualization of energy absorption is achieved and the 
underlying physical bases of safeguarding behavior are studied. At low 
strain rate, the unique shear thickening property and viscoelastic 
deformation expand impact area by 5 times and buffer impact force by 
24.9%, providing reliable safeguarding performance. At high strain rate, 
the phase change of STG and accompanied cracks absorb extra energy 
and further increase the impact area. Therefore, this 
mechanoluminescence-based method paves a way for the academic 
research and practical applications of ST materials. More inspiringly, 
this system enables the sensed pressure/energy profile to be visible and 
detectable without the need for sophisticated data acquisition circuits 
and electronic boards, which may find a wide range of applications in 
automotive control panels, interactive input devices, robotics, and 
medical and health monitoring devices. 
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