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Abstract
The fabrication of advanced radiation detectors is an important subject due to the wide use of radiation sources in scientific 
instruments, medical services, security check, non-destructive inspection, and nuclear industries. However, the manufacture 
of flexible and stretchable radiation detectors remains a challenge. Here, we report the scalable fabrication of super-elastic 
scintillating fibers and fabrics for visual radiation detection by thermal drawing and melt-spinning methods using styrene-
b-(ethylene-co-butylene)-b-styrene, and scintillating  Gd2O2S: Tb (GOS). Microstructure evolution, rheological properties, 
and radiation–composite interaction are studied to reveal the excellent processability, elasticity, and radiation detection 
ability of the fabricated fibers. Benefiting from the physical crosslinking structural features of the polymer matrix and the 
excellent radiation absorption capacities of GOS, the resulting fiber can sustain high strains of 765% with a high content of 
GOS dopants (2 wt.%) and has excellent X-ray detection performance with the limit down to 53  nGyair  s−1. Furthermore, 
stretchable fabrics are constructed, and their applications in various fields, such as radiation warning, and X-ray imaging, 
are demonstrated. Our work not only provides a new type of super-elastic scintillating fibers and fabrics for smart textiles 
but also demonstrates their potential applications in the nuclear field.
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Introduction

Radiation detection has attracted wide attention in recent 
years due to the extensive use of radiation sources in vari-
ous fields, such as scientific instruments, medical services, 

security check, non-destructive inspection, and nuclear 
industries [1–5]. These high-energy radiation sources can 
not only release free electrons and characteristic rays, but 
also trigger physical processes such as photolysis, lumines-
cence, and ionization [6]. On the basis of these physical 
processes, various radiation detectors, such as semiconduc-
tor detectors, scintillation counters, photographic plates, and 
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ionization gauges, have been developed in the past decades 
[7–10]. Generally, radiation detectors can be divided into 
two categories: direct scheme and indirect scheme. Direct 
radiation detectors, such as semiconductor detector, can 
directly generate electrical signals when they are irradi-
ated by high-energy rays, i.e., X-ray and γ-ray [11]. The key 
materials used for direct radiation detectors need to have 
excellent optoelectronic properties (i.e., high carrier mobil-
ity, long carrier lifetime, and low trap density), large atomic 
coefficients, and good radiation resistance. For example, 
amorphous Se,  PbI2,  HgI2, TlBr, CdTe, CdZnTe, and vari-
ous perovskite crystals are widely used in direct radiation 
detectors [12–15]. Indirect radiation detectors, such as a 
scintillator, can convert high-energy radiation into visible 
photons, which are then detected by photoelectric sensors, 
such as photomultiplier tubes and photodiodes [16–18]. The 
scintillators must have high light yield, short lifetime, high 
density, and good stability. The commonly used scintilla-
tors can be divided into inorganic and organic scintillators. 
Inorganic scintillators are usually inorganic crystals, such 
as  Lu1.8Y0.2SiO5: Ce,  SrI2: Eu, NaI: Tl, and ZnS: Ag [19, 
20]. The other is vitreous, such as cerium-activated lithium 
glass [21]. Pure crystals with high density, such as bismuth 
germinate, cadmium tungstate, and barium fluoride, have 
also been developed for radiation detection [22–24]. Organic 
scintillators primarily contain three categories, namely 
organic crystals, organic liquids, and plastic scintillators. 
The commonly used organic scintillators are cyclic hydro-
carbons, such as anthracene, astragalus, naphthalene, and 
p-triphenyl [25, 26]. Different kinds of radiation detectors 
have been developed, and they typically require multiple 
steps to transform the readout signals into useful informa-
tion. In addition, these rigid devices are rarely compatible 
with flexible and wearable devices. Therefore, developing 
flexible and stretchable radiation detectors that can directly 
indicate the radiation information with high sensitivity is of 
great significance.

Fiber-based devices have promising applications in 
radiation detection due to their unique advantages of high 
flexibility, one-dimensional form, small size, light weight, 
and large aspect ratio [27–29]. It can be used in a special 
environment where it is inaccessible using the conventional 
flat-panel radiation detectors. Furthermore, fiber detectors 
enable remote and real-time detection with high sensitiv-
ity, and they can be easily woven into large-area of fabrics 
or two- and three-dimensional complex structures, which 
have potential applications in various radiation detection 
scenarios. However, the fabrication and development of flex-
ible and stretchable fibers for radiation detection are still 
important tasks.

In this work, we report a series of super-elastic fibers and 
fabrics with visual radiation detection and imaging functions 
through the scalable thermal drawing and melt-spinning 

methods using styrene-b-(ethylene-co-butylene)-b-styrene 
(SEBS) and scintillating GOS. The optimum assemblies of 
scintillating activators and thermoplastic elastomer matrix 
endow the fiber and fabric with excellent stretchability and 
radiation detection ability, which can sustain strains up to 
765% and a low X-ray detection limit of 53  nGyair  s−1. In 
addition, the obtained elastic fiber shows superstability, thus 
being able to withstand 2,000 times of cyclic stretching at 
a 100% elongation. Stretchable fabrics for visual radiation 
detection in computed tomography scan, radiation protec-
tion, and imaging are also demonstrated. These elastic fibers 
and fabrics can be potentially developed into a new type of 
smart textiles, pointing to their promising applications in 
nuclear-related fields.

Experimental Section

Fabrication of Super‑elastic Fibers and Fabrics

Styrene-b-(ethylene-co-butylene)-b-styrene (SEBS, G1657; 
specific gravity 0.91 g/cm3) was purchased from Kraton 
Performance Polymers Inc. Kraton G1657 M is a clear, 
linear triblock copolymer based on styrene and ethylene/
butylene with a polystyrene content of 13%. Polypropylene 
(PP, H39L; specific gravity 0.92 g/cm3) was purchased from 
China National Petroleum Corporation. The scintillators 
 Gd2O2S: Tb were purchased from Shanghai Keyan Opto-
electronics Co., Ltd.

For the preform preparation, SEBS granules and  Gd2O2S: 
Tb were first mixed using an internal mixer for 10 min with a 
temperature of 170 ℃. Then, the composite was hot-pressed 
into preforms under a pressure of 8 MPa for 20 min at 190 
℃ using a Meyer press. All the preforms in this work have 
a width of 16 mm, a length of 20 mm, and a thickness of 
5 mm. Finally, the preform was thermally drawn into fib-
ers in a vertical furnace at a temperature of 250 ℃–280 ℃. 
During the drawing process, the preform feeding speed was 
1 mm  min−1, and the fiber drawing speed was 1.6 m  min−1.

For the fabric fabrication, GOS/SEBS multi-filaments 
and nonwoven samples with and without blending PP were 
produced on a Melten Spinning-Nonwoven Bifunctional 
Equipment HY-2 (Longkou Huada Machinery Engineering 
Co., Ltd., Shandong, China). A single screw extruder with 
a diameter of 25 mm, a length-to-diameter ratio of 30, and 
four-zone control systems was used to melt and pressurize 
polymers, and the screw extrusion temperatures were gradu-
ated between 230 ℃ and 260 ℃. A gear metering pump was 
used to measure the mass flow rate of 25 g/min, and a spin 
pressure of 4.5 MPa was used. The polymer molten fluids 
were extruded through a 60-hole spinneret (diameter of 
0.5 mm for each hole) and then cooled in a cooling system 
with an air temperature of 20 ℃ and a relative humidity of 
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65%–90%. Then, they were rolled onto a roller at a speed of 
80–100 m/min to obtain GOS/SEBS with and without PP 
blending multi-filaments. GOS/SEBS blended nonwovens 
with and without PP samples were prepared with polymer 
molten fluids extruded through the spinneret and then air-
drawn in a chamber with a purified air temperature of 30 ℃ 
and speed of 300 m/min after the webbing and rolling steps. 
A two-stage-drawn unit was used to fulfill the drawn process 
of targeted multi-filaments, and the total drawn ratio (DR) 
varied with the addition ratio of GOS and PP ratio into the 
SEBS matrix. The ratio of GOS to SEBS varied from 2 to 
10% by weight, and the ratio for PP to SEBS was 10%–30% 
by weight.

Material Characterizations

Optical images of the elastic fibers were captured by a 
Leica microscope (DM4000, Germany). Scanning electron 
microscope (SEM) images and elemental mapping were 
performed on a Merlin SEM (30 kV, BSE Zeiss, Germany). 
The stress–strain curve of the fibers was measured by an 
electromechanical universal testing machine (Instron 5967/Z 
100, America) with the tensile mode of a 100 N load cell and 
200 mm/min test rate. Rheological properties, including the 
storage modulus, loss modulus, and complex viscosity of the 
fibers, were measured by a rotational rheometer (Anton Paar 
MCR 302, Germany). Wide-angle X-ray scattering (WAXS) 
measurements were performed by a Rigaku system equipped 
with a Fr-x rotating anode target X-ray source (the maximum 
output power is 2.97 kW, and the focal spot diameter of 
electron beam is 70 μm).

X‑Ray Detection and Imaging Characterization

A Mini-X-OEM Rh target X-ray tube was used as the excita-
tion source in measuring the X-ray detection performance. 
The X-ray source was operated with a constant 40 kV accel-
eration voltage. The X-ray dose rate was controlled by tuning 
the operational current from 0 to 100 μA and calibrated with 
a Radcal ion chamber dosimeter. All the measurements were 
conducted at room temperature.

For X-ray imaging, the radiation detection fabric was 
placed on the surface of the pen embedded with a metallic 
spring. A beam of X-rays produced by the Mini-X-ray tube 
was applied to the pen with different exposure times and 
dosages. The images were recorded by a digital camera. All 
the measurements were conducted at room temperature.

Theoretical Simulation

The Monte Carlo method was used to study the interaction 
between X-ray and the elastic fibers. The radiation mat-
ter interaction on the elastic fiber was investigated using 

GEANT4 software, and the resulting data were analyzed 
using ROOT. C language was used in setting the X-ray 
source and fiber model. The parameters of the X-ray source 
were set in the PrimaryGeneratorAction.cc file. The energy 
of the X-ray source was set at 40 keV, and the size of the 
pencil beam was 1.0 × 1.0  mm2. The composite structure 
of the elastic fiber was simplified as homogeneous, and the 
NIST database was used in defining materials. The fiber size 
was 0.5 × 1  mm2. The energy deposition of the photoelectric 
effect and the Compton effect was investigated using the 
default physics lists, which can be selected in GEANT4 by 
referring to the GEANT4 Physics Reference Manual. The 
event number of high-energy photons was set at  107. The 
data of energy deposition were collected in StepAction.cc 
file and processed by ROOT software in RunAction.cc file.

Results and Discussion

Design and Fabrication of Super‑elastic Fibers

To develop flexible and stretchable fibers with visual radia-
tion detection function, a thermoplastic polymer matrix that 
is compatible with the thermal drawing and melt-spinning 
process needs to be screened first. The tensile modulus of 
commonly used polymers compatible with the melting pro-
cess is shown in Fig. 1a. Among these polymers, SEBS (Tg 
≈ 120 °C, Young’s modulus E = 2.4 MPa), a linear triblock 
copolymer with polystyrene as the terminal segment and 
ethylene–butene copolymer obtained by hydrogenation of 
polybutadiene as the middle elastic block was selected as the 
matrix due to its high stretchability, excellent thermoplastic-
ity, UV stability, and aging resistance [30]. The scintillator 
material GOS was selected as the activator because of its 
excellent radiation absorption capacities and outstanding 
luminescent properties, and it is widely used in X-ray imag-
ing and flat-panel detectors [31, 32]. Moreover, GOS has a 
short luminescence decay time of only 1 ms, which is very 
sensitive for radiation detection and X-ray imaging.

Once the constituent materials have been identified, the 
target elastic fibers can be fabricated by a scalable thermal 
drawing technique, as illustrated in Fig. 1b. This technique 
starts with the construction of a macroscopic preform, 
which can be processed into various architectures, such as 
round and square. Next, the preform was heated in a shaft 
furnace to a temperature higher than the glass transition 
temperature (Tg) of the constituent materials, and it can be 
thermally drawn into kilometer-long fibers under an exter-
nal pull. During the thermal drawing process, the thickness 
of the elastic fiber can be monitored in real time by a laser 
rangefinder, and it ranges from macro- to micro-scale. 
Generally, the thickness of the final fiber can be rationally 
controlled by tuning the drawing temperature, the feeding 
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speed of the preform, the drawing speed of the fiber, and 
the initial diameter of the macroscopic preform. With the 
use of this simple and scalable technique, a single pre-
form can yield extremely long and uniform fibers with the 
same cross-section geometry of the macroscopic preform. 
Moreover, different ratios of GOS/SEBS composite fibers 
can be obtained by the thermal drawing technique, and the 
size of GOS can range from millimeters to nanometers.

As a proof of concept, a series of elastic fibers composed 
of GOS and SEBS matrix was first fabricated by thermal 
drawing. To obtain the bulk composite, a melt-blending 
process was adopted to mix the SEBS and GOS particles, 
and the obtained composite mixture was then hot-pressed 
into a rectangular preform. Next, the preform was thermally 
drawn into long fibers in a fiber drawing tower with a tem-
perature range of 250–270 ℃. The composite preform has 
excellent thermoplasticity during the drawing process even 

Fig. 1  Fabrication and characterization of the elastic fibers. a Ten-
sile modulus of the commonly used polymers, including polymethyl 
methacrylate (PMMA), polycarbonate (PC), polystyrene (PS), SEBS, 
polyethersulfone (PES), polysulfone (PSU), polyetherimide (PEI), 
cycloolefin copolymer (COC), polyurethane (PU), and cyclic olefin 
copolymer elastomer (COCE). b The schematic diagram of the ther-
mal drawing technique. c The images showing the drawn elastic fiber 
rolled up on a PMMA rod, and irradiated by a 254 nm UV light. d, e 

Scanning electron microscope (SEM) images of the cross-section of 
the preform and drawn fiber loaded with 30 wt.%, 50 wt.%, and 70 
wt.% GOS, respectively. f The stress–strain curves of the drawn elas-
tic fibers loaded with different ratio of GOS. Each sample has tested 
for more than three times, and the error of stress is ± 0.2 MPa. g Elas-
tic recovery property of the fiber loaded with 70 wt.% GOS at a 50% 
elongation
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with a high content of GOS dopants (70 wt.%), and this can 
be ascribed to the large plasticity of SEBS. Notably, the high 
ratio of GOS in the SEBS matrix is beneficial for low-dose 
X-ray detection and imaging. The drawn elastic fibers are 
highly flexible and show bright photoluminescence when 
excited by a 254 nm UV light (Fig. 1c). In addition, the 
final fiber preserves the cross-section geometry of the pre-
form due to the stable flow of the SEBS and GOS composite 
(Fig. 1d). The element mapping in fiber is characterized and 
shown in Fig. S1–7, confirming that GOS particles maintain 
their homogeneous distribution during the viscous flow from 
preform to fiber (Fig. 1e).

The stretchability of the drawn fibers loaded with differ-
ent ratio of GOS was then characterized, as illustrated in 
Fig. 1f. The stress–strain curves indicate that the maximum 
strain of the drawn fiber shows a trend of rising and then 
declining with the increase in the GOS content from 0 to 70 
wt.%, and the fiber can sustain strains up to 765% (with 2 
wt.% GOS). These results indicate that the introduction of 
GOS particles into the SEBS does not deteriorate its elas-
ticity (Movie S1–2). Specifically, an appropriate amount 
of GOS is beneficial to improve the elasticity of the SEBS 
matrix, and this condition may be related to the degree of 
crosslinking of the composite, including the density of the 
crosslinking point (Fig. S8). Furthermore, the drawn fiber 
shows excellent elasticity even with a high content of GOS 
(70 wt.%), as illustrated in Fig. 1g. The first stretch cycle 
shows the tensile characteristics with obviously higher 
modulus than the second stretch, which presents the obvious 
elastic behavior of rubber. This condition may be related to 
the rupture of the polystyrene (PS) phase and the formation 
of more elastic consolidation points during the stretch of 
the SEBS matrix. In addition, the composite has good resil-
ience, and the initial modulus is significantly reduced. The 
excellent elastic properties of the drawn fibers are favora-
ble for further construction of flexible fabrics for wearable 
applications.

Physical Mechanism of the Origin 
of Thermoplasticity of Fibers

To explore the origin of thermoplasticity, we first studied the 
rheological properties, including the storage modulus, the loss 
modulus, and the complex viscosity, of the pure SEBS and 
SEBS loaded with GOS, as illustrated in Fig. 2a–c. For both 
the pure SEBS fiber and SEBS fiber loaded with GOS, the 
storage modulus decreases rapidly, while the loss modulus 
and complex viscosity change slowly when the temperature 
exceeds 200 ℃. The rapid decrease of the storage modulus 
is a manifestation of the viscous flow of the SEBS, which 
well explains the excellent thermoplasticity during the ther-
mal drawing process. The loss modulus and complex viscos-
ity changed slowly, which indicates that the intermolecular 

interactions of the SEBS are not drastically decreased by the 
increased temperature, which is crucial for the SEBS to with-
stand the drawing force and avoid the melt fracture. The addi-
tion of GOS can increase the moduli and viscosity, but does 
not affect the variation of the moduli or viscosity with the 
temperature. Specifically, when the GOS content is lower than 
50 wt.%, the GOS particles have little effect on the modulus 
and viscosity of the composite (Fig. 2d–f), whereas the influ-
ence is significant when the GOS content exceeds 50 wt.%.

We further calculated the viscous flow activation energy 
(ΔE) of the SEBS composite loaded with different GOS. 
According to the Arrhenius equation [33], the relation between 
the viscosity (η) and the temperature (T) can be presented as 
follows:

where A and R are constants. From this equation, the acti-
vation energy of the SEBS composite with various GOS is 
calculated, as shown in Table 1. The GOS content has little 
influence on the viscous flow activation energy of the SEBS 
composite. This finding reveals that the addition of GOS 
has a negligible effect on the molecule motion of the SEBS 
composites. Hence, the doping of GOS in the SEBS matrix 
does not deteriorate the thermoplasticity and elasticity of 
the composite, making it suitable for thermal drawing and 
preserving the elasticity after the thermal drawing process.

Physical Mechanism of the Origin of Elasticity 
of Fibers

The microstructure of the pure SEBS and SEBS loaded with 
GOS was characterized by WAXS. As illustrated in Fig. 2g, 
the diffraction patterns show no obvious orientation in the pre-
form, and the drawn fiber (loaded with 0.5 wt.% and 2 wt.% 
GOS) can be observed. This finding indicates that the orien-
tation of the SEBS was already relaxed in the thermal draw-
ing process, which is reasonable considering that the drawing 
speed (1 mm  min−1) utilized in this study is not high and the 
viscous flow of the SEBS is above 200 ℃, as revealed by the 
rheological properties. The diffraction curve of the preform 
and fiber (Fig. 2h–i) indicates that the composition of the 
material is not changed, and the broad peak (q = 1.35 Å−1) and 
the sharp peak belong to the characteristic peak of SEBS and 
GOS, respectively. These results indicate that the composition 
and the structure of the SEBS composite remain unchanged 
after thermal drawing, thus contributing to the excellent elas-
ticity after thermal drawing.

(1)� = Ae
ΔE∕RT

,
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Fig. 2  Microstructure and rheological properties of the elastic fiber. 
a–c Storage modulus, loss modulus, and complex viscosity of the 
elastic fiber as a function of temperature, respectively. d–f Storage 
modulus, loss modulus, and complex viscosity of the elastic fiber 

loaded with different GOS at 180 ℃, 200 ℃, and 220 ℃, respectively. 
g WAXS patterns of the elastic preform and the drawn fiber loaded 
with 0.5 and 2 wt.% GOS, respectively. h–i WAXS profiles of the 
preform and the drawn elastic fiber loaded with various ratios of GOS

Table 1  Viscous flow activation 
energy of SEBS composite 
loaded with different GOS

GOS ratio (wt.%) 0 0.5 2 8 30 50 70

ΔE (KJ/mol) 61.68 61.58 60.95 61.17 61.01 64.71 68.56
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Radiation Detection Properties of the Fabricated 
Super‑elastic Fibers

The interaction between the radiation and the elastic fib-
ers was studied. Generally, the radiation detection process 
includes radiation-harvesting and photons’ generation. 
We first studied the radiation-harvesting performance of 
the elastic fiber loaded with various GOS, as illustrated in 
Fig. 3a. On the basis of the photon cross-sectional database, 
we can obtain that the absorption coefficient of the scin-
tillator GOS is much higher than that of the commercial 
single crystal Si and the SEBS matrix over a broad range 
of photon energy from 0.001 MeV to 10 MeV. The detail 
radiation-harvesting process of a single elastic fiber (with 
a width of 1 mm and thickness of 0.5 mm) was theoreti-
cally simulated using Monte Carlo simulation (Fig. 3b). The 

simulated results show that the total energy deposition of 
the elastic fiber shows an increasing trend as the GOS acti-
vator increases from 0 to 99 wt.% (Fig. 3c), demonstrating 
that increasing the GOS content can greatly improve the 
radiation detection efficiency of the elastic fiber. The spe-
cific distribution of the energy deposition in the elastic fiber 
loaded with different GOS is shown in Fig. 3d. The total 
energy deposition of the elastic fiber with 70 wt.% GOS is 
124 times that of the fiber with 0.5 wt.% GOS, confirming 
that the energy deposition increases with the enhancement of 
scintillator content. Thus, SEBS fibers loaded with various 
GOS can be designed for various applications. For exam-
ple, the elastic fiber with high GOS content can be used for 
high-sensitivity, low-dosage X-ray detection, and imaging, 
while the elastic fiber with low GOS content can be used for 
wearable radiation detection.

Fig. 3  Theoretical simulation of the interaction between radiation and 
the elastic fiber. a Absorption coefficients of various components of 
the elastic fiber and the commercial Si as a function of the photon 
energy of X-ray. b Image of a single elastic fiber irradiated by X-ray. 

c Relation of the total energy deposition with the content of the GOS 
scintillator. d Spatial distribution of the deposited energy in a single 
elastic fiber loaded with various GOS contents. The energy of the 
X-ray is 40 kV
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The radioluminescence of the single elastic fiber (load 
with 70 wt.% GOS) was then experimentally evaluated using 
a 40 kV X-ray source. As shown in Fig. 4a, a set of intense 
emission bands can be clearly observed, which correspond 
to 5D4 → 7F3 (622  nm), 5D4 → 7F4 (587  nm), 5D4 → 7F5 
(546 nm), and 5D4 → 7F6 (491 nm) electronic transitions of 
 Tb3+. When the dose rate of the X-ray source is increased, 

the radioluminescence intensity of these elastic fibers can 
be gradually improved. Intriguingly, the radioluminescence 
intensity (such as at 546 nm) exhibits an excellent linear 
relationship with the X-ray dosage (as shown in the inset 
of Fig. 4a), demonstrating its great potential for X-ray dose 
indication. The dynamic response of the radioluminescence 
of the elastic fiber was further studied (Fig. S9). When the 

Fig. 4  Radiation detection response of the drawn elastic fibers. a 
Radioluminescence of the elastic fibers when irradiated with the 
X-ray dosage from 53  nGyair  s−1 to 531  nGyair  s−1. The inset is the 
relationship between the radioluminescence intensity (at 546  nm) 
and the X-ray dose rates. b Stability of the elastic fibers under vari-
ous stretching cycles at a 100% elongation. c Schematic of a fabric 

irradiated with the X-ray. d Elastic fabric hand-knitted by the drawn 
elastic fibers. e Radioluminescence of a fabric in bright and dark 
environments with various X-ray dose rates. f–h Relation between the 
radioluminescence intensity of the elastic fabric and the irradiation 
time of X-rays with dosages of 53  nGyair  s−1, 119  nGyair  s−1, and 250 
nGyair  s−1
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X-ray dose rates increase from 53 to 531  nGyair  s−1, the 
luminescence intensity of the elastic fiber increases rapidly, 
whereas it remains essentially unchanged at a fixed X-ray 
dosage, thus confirming the excellent stability and high sen-
sitivity of the drawn elastic fiber. The impact of the repetitive 
deformation on the radioluminescence of the elastic fibers 
was assessed, as illustrated in Fig. 4b. The magnitude of the 
radioluminescence intensity does not show obvious changes 
after 2,000 cycles at a 100% elongation, demonstrating the 
high stability and reliability of the drawn elastic fibers for 
radiation detection.

The outstanding radiation detection properties of the elas-
tic fibers prompted us to explore its applications for wearable 
and visual radiation detection. For this purpose, a piece of 
elastic fabric was hand-knitted using the drawn SEBS elastic 
fiber loaded with 70 wt.% GOS (with a width of ~ 500 μm 
and thickness of ~ 400 μm), as illustrated in Fig. 4c–d. The 
obtained fabric has strong radioluminescence in bright and 
dark environments when irradiated with X-rays with various 
dosages. More importantly, the radioluminescence intensity 
enhances with the increase in the X-ray dose rates (Fig. 4e), 
whereas it remains unchanged with the extension of irradia-
tion time (Fig. 4f–h), thereby demonstrating that the elas-
tic fabric can be used for long-term and stable visual X-ray 
detection and X-ray dose indication.

Fabrication of Large‑Area Elastic Fabric and Its 
Application

A large-area fabric with radiation detection was produced by 
the melt-spinning methods, as shown in Fig. 5a–b. We dem-
onstrated two kinds of fabrics for visual radiation detection, 
including stretchable fabric (the main matrix is SEBS) and 
non-stretchable fabric (the main matrix is crystalline PP). 
These fabrics were manufactured from the obtained stretch-
able yarns and nonwoven fabrics (Figs. 5c–d and S10), and 
they both show bright luminescence in bright and dark envi-
ronments upon irradiation with X-rays (Figs. 5e–f). These 
results indicate that the crystalline structure of the PP has lit-
tle effect on the radioluminescence of the final elastic fabric. 
Notably, the manufactured fabrics have excellent stretching 
ability and washability (Fig. S11), and they can be used for 
wearable and visual radiation detection in various scenes. 
For example, when patients undergo a computed tomogra-
phy scan, the fabrics can be attached to their clothes before 
they enter the examination room. When X-ray is turned on, 
the fabrics can show bright luminescence and detect the 
dosage of the X-rays (Fig. 5g). Another example is that the 
elastic fabrics can be woven into the sleeve of protective gear 
to show the X-ray dosage of the environment (Fig. 5h). Thus, 
these elastic fabrics are believed to have great potential for 
large-area wearable and visual radiation detection.

Except for visual radiation detection, flexible X-ray imag-
ing is another application of the elastic fabrics. The imag-
ing process is shown in Fig. 6a. Generally, the formation of 
X-ray imaging needs to meet three conditions [34]. First, 
X-ray has a certain penetration ability and can penetrate the 
sample to be tested. Second, due to the difference in den-
sity and thickness of the penetrated sample, the absorbed 
energy of X-ray in the process of penetration is different, 
which is why the energy of X-ray that passes through is 
different. Third, the X-ray penetrating the sample is invis-
ible, and it can stimulate scintillation to produce fluores-
cence. The X-rays with different energy can cause a different 
luminescence intensity, which can be collected by the cam-
era for radiation imaging of the sample. A metallic spring 
encapsulated in a pen was used for X-ray imaging with two 
types of fabrics (Fig. 6b). Figure 6c shows the X-ray images 
recorded using nonwoven PP with different exposure times. 
The profile of the metallic spring can be clearly observed. 
Figure 6d presents the X-ray images recorded by the woven 
SEBS fabric using the drawn elastic fibers. Compared with 
the nonwoven PP, the clear profile of the metallic spring 
has a shorter exposure time (0.2 s), which is ascribed to the 
high GOS content (70 wt.%) in SEBS composite fibers. The 
GOS content in PP fibers is only 2 wt.%. These results dem-
onstrate that the manufactured scintillating fabrics can be 
used for flexible X-ray imaging, thus having great potential 
applications in large-area and flexible X-ray imaging.

Conclusions

In summary, we have described the principles, materials, and 
mechanism leading to the realization of super-elastic fibers 
and fabrics for efficient and visual radiation detection and 
imaging. Specifically, SEBS was selected as matrix due to its 
high stretchability, excellent thermoplasticity, UV stability, 
and aging resistance. The scintillator GOS was selected as 
the activator because of its excellent radiation absorption 
capacities and outstanding luminescent properties. Moreo-
ver, GOS has a short lifetime of only 1 ms, which is very 
sensitive for radiation detection and X-ray imaging.

Once the constituent materials were identified, the elastic 
scintillating fibers and fabrics can be manufactured using 
thermal drawing, melt-spinning, and spun-bond nonwo-
ven technique. The advantages of thermal drawing can be 
summarized as follows: (1) The architectures of the final 
fiber can be rationally designed, which is dependent on the 
structure of the macroscopic preform. (2) A single preform 
can yield extremely long and uniform fibers with the same 
cross-section geometry of the macroscopic preform. (3) The 
diameter or thickness of the fiber can be controlled precisely 
from macro- to micro-scale. (4) Different ratios of GOS/
SEBS composite fibers can be obtained, and the addition of 
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GOS can reach 70 wt.%. The size of GOS can range from 
millimeter to nanometer scale. The advantages of the melt-
spinning technique can be summarized as follows: (1) The 
elastic fibers and fabrics can be produced on an industrial 
scale for wearable applications. (2) The diameter of the final 
fiber can be controlled precisely from macro- to micro-scale. 
The main advantage of the spun-bond nonwoven process 

is that it is easy to realize large-scale production directly 
without environmental pollution.

On the basis of the above rules and considerations, we 
fabricated elastic fibers that can sustain strains up to 765% 
with an X-ray detection limit of as low as 53  nGyair  s−1. 
Microstructure evolution, rheological properties, and 
Monte Carlo simulation results reveal that the drawn 

Fig. 5  Fabrication and visual radiation detection applications of the 
elastic fabrics. a–b Schematic assembly of multi-filament melt-spin-
ning and spun-bonded nonwoven unit. c–d Pictures of stretchable 
SEBS yarns and nonwovens. e–f Pictures of stretchable SEBS yarns 

and nonwovens when they were irradiated by X-rays in bright and 
dark environments, respectively. g–h Two representative application 
scenes of the manufactured scintillating fabrics
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elastic fiber has excellent thermoplasticity, elasticity, and 
radiation detection ability. The large area of stretchable 
fabrics for visual radiation detection and imaging was also 
demonstrated based on the outstanding radiation detec-
tion performance of the single elastic fiber. Furthermore, 
flexible radiation imaging application of the fabricated 
scintillating fabrics was realized. Our work not only pro-
vides super-elastic fibers and fabrics for visual radiation 
detection but also paves the way for the construction of 
next-generation stretchable fibers with multiple functions, 
which have promising applications in smart fabrics, medi-
cal monitoring, and flexible X-ray imaging, among others.
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