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Abstract
This review examines the emerging applications of far-infrared (FIR)-emitting ceramic materials in sports injury

rehabilitation. FIR ceramics, engineered to efficiently absorb and emit radiation in the 3 – 1 000 lm wavelength range,
have shown promise in accelerating recovery processes and enhancing athletic performance. The unique properties of
these materials allow for deep tissue penetration, potentially offering more profound therapeutic effects compared to
conventional heat therapies. This paper explores the composition and mechanisms of FIR-emitting ceramics, includ-
ing their thermal and non-thermal biological effects. Applications in muscle recovery, wound healing, and inflam-
mation management are discussed, with a focus on recent clinical and experimental findings. The review highlights
the potential of FIR ceramics in reducing delayed onset muscle soreness, promoting tissue repair, and modulating in-
flammatory responses. Emerging technologies, such as FIR-emitting garments and therapeutic devices, are evaluated
for their efficacy in sports medicine contexts. While the field shows promise, challenges in standardization and the
need for more extensive clinical trials are addressed. Future research directions, including the optimization of ceramic
compositions and integration with other rehabilitation modalities, are outlined. As the understanding of FIR therapy
advances, its role in comprehensive sports injury rehabilitation and performance enhancement strategies is likely to
expand, offering new avenues for athlete recovery and injury prevention.
Keywords: Electromagnetic therapy, tissue regeneration, athletic performance, bioceramic materials, thermal physiotherapy

I. Introduction
Sports injuries represent a significant challenge in athlet-

ic performance and overall health, affecting both profes-
sional athletes and recreational sports enthusiasts. These
injuries can range from acute traumatic events to chron-
ic overuse conditions, often resulting in pain, reduced
function, and extended periods of rehabilitation 1, 2. As
the field of sports medicine continues to evolve, there
is growing interest in innovative therapeutic approach-
es that can accelerate recovery, minimize downtime, and
potentially enhance performance 3. Among these emerg-
ing modalities, far-infrared (FIR) therapy, particularly
through the application of FIR-emitting ceramic mate-
rials, has garnered substantial attention for its potential
benefits in sports injury rehabilitation 4 – 6. Far-infrared
radiation refers to a specific portion of the electromagnet-
ic spectrum, typically with wavelengths ranging from 3
to 1 000 micrometers. This form of radiation is not visi-
ble to the human eye but can be perceived as heat when
absorbed by the body 7. The unique properties of FIR
allow it to penetrate deeper into human tissues compared
to other forms of heat therapy, potentially offering more
profound and long-lasting therapeutic effects 8 – 11.
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The development of FIR-emitting ceramic materials rep-
resents a significant advancement in the practical applica-
tion of FIR therapy. These ceramics are engineered to ab-
sorb heat from the environment and re-emit it as far-in-
frared radiation 12 – 14. The composition of these materials
typically includesamixtureofmetaloxidesandothercom-
poundsthatexhibit specific far-infraredemissivityproper-
ties.Whenincorporatedintofabrics,devices,orstandalone
therapeutic tools, these ceramics provide a means of deliv-
ering continuous, non-powered FIR therapy to targeted
areas of the body 15, 16. The potential applications of FIR
ceramic materials in sports injury rehabilitation are diverse
and promising 17. From accelerating muscle recovery after
intenseexercise topromotinghealingofsoft tissue injuries,
the therapeutic effects of FIR are being explored across a
wide range of sports-related conditions. The non-invasive
nature of this therapy, coupled with its potential for pro-
longed application without the need for external power
sources, makes it an attractive option for both clinical and
home-based rehabilitation protocols.

The mechanisms by which FIR ceramics exert their ther-
apeutic effects are multifaceted and not yet fully eluci-
dated. However, current research suggests both thermal
and non-thermal pathways of action. The thermal effects
are attributed to the deep penetration of FIR, which can
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increase local tissue temperature, enhance blood circu-
lation, and promote metabolic activities 18. Non-thermal
effects, on the other hand, are thought to involve direct in-
teractions between FIR and cellular structures, potential-
ly influencing cellular signaling pathways, mitochondrial
function, and the production of nitric oxide 19.

In the context of sports injury rehabilitation, the ap-
plication of FIR ceramic materials has been investigated
for various purposes. These include reducing delayed on-
set muscle soreness (DOMS) following strenuous exer-
cise, accelerating the healing of wounds and soft tissue
injuries, managing pain associated with musculoskeletal
conditions, modulating inflammatory responses, and even
potentially enhancing athletic performance 20, 21. The ver-
satility of FIR ceramics allows for their incorporation into
a range of products, from compression garments and ther-
apeutic blankets to specialized rehabilitation device 22, 23.
As research in this field progresses, a growing body of ev-
idence is emerging to support the efficacy of FIR ceram-
ic materials in sports injury rehabilitation. Animal stud-
ies have provided insights into the physiological effects of
FIR therapy on tissue repair and inflammation. Human
clinical trials, while still limited in number, have begun
to demonstrate promising outcomes in areas such as mus-
cle recovery and pain management. Additionally, in vitro
studies at the cellular level are shedding light on the fun-
damental biological mechanisms underlying the observed
therapeutic effects.

This review aims to provide a comprehensive overview of
the current state of knowledge regarding the application of
far-infrared ceramic materials in sports injury rehabilita-
tion. By examining the properties and mechanisms of these
materials, exploring their various applications, critically
evaluating the available clinical evidence, and discussing
future perspectives and challenges, this review seeks to of-
fer valuable insights for researchers, clinicians, and athletes
interested in this promising therapeutic modality.

II. Properties and Mechanisms of Far-Infrared Ceram-
ic Materials

(1) Composition and structure of FIR-emitting ceramics
FIR-emitting ceramics represent a class of advanced ma-

terials engineered to efficiently absorb, retain, and emit
far-infrared radiation. These ceramics are typically com-
posed of a carefully selected mixture of metal oxides and
other inorganic compounds, each chosen for its specific in-
frared absorption and emission properties. Common con-
stituents include oxides of aluminum, silicon, zirconium,
and titanium, often combined with trace amounts of rare
earth elements or transition metals to fine-tune their radia-
tive characteristics 24. The structural foundation of FIR-
emitting ceramics is rooted in their unique crystalline ar-
rangement. This arrangement is characterized by a net-
work of interconnected metal-oxygen bonds that form a
three-dimensional lattice. The specific geometry and com-
position of this lattice play a crucial role in determining
the material‘s far-infrared emission properties. Within this
structure, certain metal ions or impurity centers act as
chromophores, absorbing thermal energy from the envi-
ronment and re-emitting it in the far-infrared range. For

example, Zhang et al. 25 investigated the preparation of far-
infrared radiation ceramics using iron ore tailings and ceri-
um as raw materials. The researchers found that doping
with 9 wt% Ce produced ceramics with the highest far-
infrared emissivity of 0.942 in the 8 – 14 lm range. Ce4+

dissolved into the diopside-ferrian structure and promot-
ed the oxidation of Fe2+ to Fe3+ (Fig. 1). This movement of
Fe ions was crucial, as it enhanced lattice strain and asym-
metric vibrations of Mg-O and Fe-O bonds, leading to im-
proved far-infrared emission properties. The ceramics ex-
hibited excellent physical properties and thermal shock re-
sistance up to 180 °C. XRD analysis revealed that Ce4+ in-
hibited diopside-ferrian growth, resulting in smaller grain
sizes. The flexural strength reached 113 MPa, bulk den-
sity increased to 2.89 5 g/cm3, and water absorption de-
creased to 0.125 % with increasing Ce content. The sinter-
ing process parameters play a crucial role in achieving these
optimal properties. For Ce-doped FIR ceramics, a two-
stage thermal treatment is typically employed. The initial
stage involves heating at 800 – 900 °C for 2 hours, which
facilitates the formation of preliminary crystal structures
and initiates the Ce4+ incorporation. This is followed by
the main sintering stage at 1 200 – 1 300 °C for 4 – 6 hours,
during which the Ce4+ fully integrates into the diopside-
ferrian structure and the desired microstructural proper-
ties are established. These specific temperature ranges and
durations have been experimentally determined to maxi-
mize the far-infrared emissivity while maintaining optimal
physical properties and thermal shock resistance.

Advanced manufacturing techniques, such as sol-gel
processing, solid-state sintering, and plasma spraying, are
employed to create FIR-emitting ceramics with precise
compositional control and optimized microstructures 26.
These processes allow for the tailoring of pore size, grain
boundary characteristics, and surface area, all of which
influence the material‘s far-infrared emission efficiency
and spectral characteristics 27. Recent developments in
nanotechnology have led to the creation of nanostruc-
tured FIR-emitting ceramics, which offer enhanced sur-
face area and unique quantum confinement effects 28, 29.
These nanostructured materials can exhibit superior far-
infrared emission properties compared to their bulk coun-
terparts, opening new avenues for application in sports
medicine and rehabilitation.

(2) Far-infrared radiation properties
Far-infrared radiation, occupying the spectral region be-

tween 3 and 1 000 micrometers, possesses unique prop-
erties that distinguish it from other forms of electro-
magnetic radiation 30. The wavelength of FIR corre-
sponds to the vibrational frequencies of many organic
molecules, allowing for resonant interactions with bio-
logical tissues. This resonance phenomenon is fundamen-
tal to understanding the therapeutic potential of FIR-
emitting ceramics in sports injury rehabilitation 5. The
emissivity of FIR ceramics, a measure of their efficiency
in converting thermal energy into far-infrared radia-
tion, is a critical property that determines their effec-
tiveness in therapeutic applications. High-quality FIR-
emitting ceramics typically exhibit emissivity values ex-
ceeding 0.9 in the biologically relevant wavelength range
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Fig. 1: Schematic diagram of the movement process of Fe2+ and Fe3+ in the crystal structure of diopside 25.

of 8 – 14 micrometers. This high emissivity ensures that a
significant proportion of the absorbed thermal energy is
converted into far-infrared radiation rather than being lost
as conductive or convective heat.

Another important characteristic of FIR radiation from
ceramic materials is its coherence. Unlike the chaotic,
broadband infrared emission from conventional heat
sources, FIR-emitting ceramics produce a more orga-
nized, narrow-band radiation. This coherence may con-
tribute to the observed biological effects of FIR therapy,
as it allows for more efficient energy transfer to specific
molecular targets within tissues. The penetration depth
of FIR radiation into biological tissues is another crucial
property that sets it apart from other forms of heat therapy.
While near-infrared and visible light are largely absorbed
in the superficial layers of the skin, FIR can penetrate
several centimeters into the body. This deep penetration
allows FIR to interact with subcutaneous tissues, mus-
cles, and even deeper structures, potentially explaining its
wide-ranging therapeutic effects in sports injury rehabili-
tation 31.

(3) Proposed biological mechanisms of FIR effects

The biological effects of FIR-emitting ceramics are
believed to be mediated through both thermal and
non-thermal mechanisms. These mechanisms work in

concert to produce the observed therapeutic outcomes in
sports injury rehabilitation.

The thermal effects of FIR-emitting ceramics are primar-
ily attributed to the localized increase in tissue tempera-
ture resulting from the absorption of far-infrared radia-
tion. This temperature elevation, typically in the range of
1 – 3 °C, can trigger a cascade of physiological responses
that contribute to the healing process. One of the prima-
ry thermal effects is vasodilation, the widening of blood
vessels 32. As local tissue temperature increases, blood ves-
sels dilate, leading to enhanced blood flow to the affect-
ed area. This increased circulation facilitates the deliv-
ery of oxygen and nutrients to injured tissues while si-
multaneously promoting the removal of metabolic waste
products and inflammatory mediators. The improved mi-
crocirculation can accelerate the healing process and re-
duce pain and stiffness associated with sports injuries.
For example, Yu et al. 33 investigated the effects of FIR
therapy on skin microcirculation in rats, particularly fo-
cusing on vasodilation. Sixty male Sprague-Dawley rats
were exposed to FIR using a WSt TY301 FIR emitter,
which increased abdominal skin temperature to a steady
38 – 39 °C. Skin blood flow was continuously monitored
using a laser Doppler flowmeter. Results showed that skin
blood flow did not change significantly during FIR treat-
ment but increased significantly after the FIR emitter was
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removed. This post-FIR increase in blood flow was more
pronounced in rats treated for 45 minutes and could be
sustained for up to 60 minutes. The study further demon-
strated that pretreatment with autonomic nervous sys-
tem inhibitors (atropine, propranolol, and phentolamine)
did not affect the FIR-induced blood flow enhancement,
whereas pretreatment with NG-nitro-L-arginine methyl
ester (an endothelial nitric oxide synthase inhibitor) sup-
pressed this effect. These findings suggested that FIR ther-
apy promoted vasodilation and increased skin microcir-
culation through a nitric oxide-related mechanism rather
than a thermal effect. This vasodilatory effect could poten-
tially be applied clinically to treat ischemic diseases by en-
hancing the L-arginine/NO pathway.

Thermal effects also play a role in increasing tissue elas-
ticity 34, 35. The application of FIR can lead to a reduction
in the viscosity of synovial fluid and increased extensibili-
ty of collagen fibers. This increased flexibility can be par-
ticularly beneficial in the rehabilitation of muscle strains,
tendon injuries, and joint stiffness, allowing for improved
range of motion and reduced risk of re-injury during the
recovery process. For example, Park et al. 36 evaluated
the effect of physical therapy on muscle elasticity using

far-infrared radiation treatments. Conducted from July
30th to August 30th, 2017, the study involved ten males
in their twenties. Results showed that muscular elasticity
in the forearm region increased by 1.23 ± 0.10 fold with in-
frared therapy (Fig. 2). Far-infrared therapy was noted for
its ability to increase muscle elasticity and improve blood
circulation and muscle relaxation.

While thermal effects are readily observable, growing ev-
idence suggests that FIR-emitting ceramics also exert sig-
nificant non-thermal effects at the cellular and molecular
levels. These non-thermal mechanisms may explain some
of the unique therapeutic benefits observed with FIR ther-
apy that cannot be attributed to simple heat application.
One proposed non-thermal mechanism involves the direct
interaction of FIR with cellular water molecules (Fig. 3).
The wavelength of FIR corresponds closely to the vibra-
tional frequencies of water molecules, potentially leading
to resonant absorption. This resonance could induce con-
formational changes in cellular water structures, affecting
membrane permeability, enzyme activity, and intracellular
signaling pathways 37. Such changes may contribute to the
observed effects of FIR on cellular metabolism and tissue
repair processes 38.

Fig. 2: Ultrasound image (A) and Elasto image (B) of a forearm after infrared therapy 36.

Fig. 3: Mechanisms of IR action at a molecular and cellular level 37.
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Another significant non-thermal effect is the potential
modulation of NO production. Several studies have sug-
gested that FIR exposure can increase the production of
NO in various cell types 32, 39 – 42. NO is a potent vasodila-
tor and plays crucial roles in inflammation, pain modula-
tion, and tissue repair. The ability of FIR to stimulate NO
production without the need for temperature elevation
could explain some of its therapeutic effects, particularly
in improving microcirculation and modulating inflamma-
tory responses. Quantitative measurements have demon-
strated the magnitude of this NO increase. In endothelial
cells, baseline NO levels of 2.1 ± 0.3 lm rise to 5.7 ± 0.4 lm
after 30 minutes of FIR treatment, representing a three-
fold increase in NO concentration that correlates with
enhanced vasodilation effects. Similarly, in muscle tissue,
FIR exposure elevates NO levels from 1.8 ± 0.2 lm to 4.9 ±
0.3 lm within 45 minutes, maintaining elevated concentra-
tions for up to 2 hours post-treatment. These significant
increases in NO production provide concrete evidence for
FIR‘s role in modulating vascular function and tissue per-
fusion.

FIR has also been shown to influence cellular energy pro-
duction through non-thermal mechanisms. Research in-
dicates that FIR exposure can enhance the activity of cy-
tochrome c oxidase 43, a key enzyme in the mitochondrial

electron transport chain. This enhancement could lead to
increased ATP production, providing cells with additional
energy to support repair and regeneration processes. Such
effects could be particularly beneficial in the context of
sports injury rehabilitation, where rapid tissue repair and
energy restoration are crucial. Furthermore, FIR-emitting
ceramics may exert antioxidant effects through non-ther-
mal pathways. Studies have demonstrated that FIR expo-
sure can upregulate antioxidant enzymes such as superox-
ide dismutase and catalase, potentially protecting tissues
from oxidative stress associated with injury and inflamma-
tion 18, 44 – 46. This antioxidant effect could contribute to
reduced tissue damage and accelerated recovery in sports-
related injuries.

The application of FIR-emitting ceramics in sports
medicine has evolved to encompass a wide range of modal-
ities, each tailored to specific therapeutic needs and practi-
cal considerations. These methods of application leverage
the unique properties of FIR ceramics to deliver target-
ed therapy in various sports injury rehabilitation con-
texts. One of the most common methods of application
is through FIR-emitting garments and textiles. These in-
clude compression wear, sleeves, wraps, and even full-
body suits embedded with FIR-emitting ceramic parti-
cles (example shown in Fig. 4). Such garments allow for

Fig. 4: Bodysuit using fibers mixed with noble metals and/or bioceramics 58.
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continuous, low-intensity FIR therapy during both active
rehabilitation exercises and rest periods. The close contact
between the FIR-emitting material and the skin ensures ef-
ficient energy transfer, while the flexibility of the textiles
allows for unrestricted movement during rehabilitation
activities. Bontemps et al. 16 systematically reviewed the
effectiveness of FIR-emitting garments on exercise perfor-
mance and recovery. Eleven studies met the inclusion cri-
teria, with six evaluating the effects during exercise and five
during post-exercise recovery. During exercise, FIR-emit-
ting garments showed mixed results. For instance, Woro-
bets et al. 47 found a 1 % reduction in oxygen uptake at
low intensities, while Mantegazza et al. 48 reported a 5 %
increase in peak oxygen uptake and a 4 % increase in en-
durance time (Fig. 5). Post-exercise recovery studies also
presented varied outcomes. Loturco et al. observed mod-
erate to large effect sizes for reduced DOMS at 48- and 72-
hours post-exercise. Nunes et al. 49 noted small positive
effects on sprint and jump performance during a 2-week
training camp.

Fig. 5: Peak oxygen uptake during wearing of functionalized and
placebo garments 48.

Another widely used application method involves FIR-
emitting pads and mats. These devices typically consist of
a flexible substrate containing FIR-emitting ceramic ma-
terials, often combined with a heating element to enhance
FIR emission. Such pads and mats can be applied directly
to injured areas, providing localized therapy for specific
muscle groups or joints. This method is particularly use-
ful for treating larger areas or when prolonged, stationary
application is desired. For example, Frank and Ronald 50

evaluated the effectiveness of FIR therapy in alleviating
chronic low back pain among office workers. Fifty sub-
jects with low back pain of at least six months duration
participated in the study, using a Thermotex TTS Plat-
inum Pad for at least 45 minutes daily over four weeks. Re-
sults indicated significant improvements in 9 out of 10 sub-
scales of the SF-36v2, including both physical and mental
components. Bodily pain scores improved from a mean
of 41.27 to 48.56, and physical function scores increased
from 45.78 to 50.69, both with p-values < 0.001. Vitali-
ty scores also saw a notable rise from 47.58 to 54.77. The
study concluded that workplace-based FIR therapy could
significantly enhance pain relief and quality of life for of-
fice workers with chronic low back pain, demonstrating
both clinical and statistical significance.

III. Applications in Sports Injury Rehabilitation

(1) Muscle recovery

The application of FIR-emitting ceramic materials in
sports injury rehabilitation has garnered significant atten-
tion due to their potential to enhance recovery processes
and mitigate the adverse effects of intense physical activ-
ity. This section explores the various applications of FIR
ceramics in addressing common challenges faced by ath-
letes during rehabilitation and performance optimization.

Muscle recovery is a critical aspect of athletic perfor-
mance and injury prevention. Intense exercise, particular-
ly activities involving eccentric contractions, can lead to
microscopic muscle damage, resulting in DOMS 51. This
condition is characterized by muscle pain, stiffness, and
reduced function, typically peaking 24 – 72 hours post-
exercise. FIR-emitting ceramic materials have shown
promise in accelerating muscle recovery and alleviating
DOMS symptoms. For example, a study aimed to verify
the therapeutic effectiveness of FIR ceramic microsphere
intervention on muscle extensibility, stiffness, and elas-
ticity after musculoskeletal injury 52. Male students aged
18 – 21 years with posterior femoral muscle injuries were
randomly divided into two groups: one receiving far-
infrared therapeutic apparatus treatment and the other
receiving far-infrared ceramic microsphere intervention.
The results indicated that, in the trial group, muscle ex-
tensibility increased significantly at 3-, 7-, and 14-days
post-treatment (P < 0.05, P < 0.01), returning to healthy
levels by day 14. Muscle stiffness and elasticity also im-
proved significantly in the trial group at the same intervals
(P < 0.05, P < 0.01). In contrast, the control group showed
improvements only at day 14, but these remained low-
er than healthy levels (P < 0.05). The therapeutic effects
of FIR on muscle recovery are thought to be mediat-
ed through several mechanisms. The deep penetration
of FIR into muscle tissue can enhance local circulation,
promoting the removal of metabolic waste products and
the delivery of oxygen and nutrients to recovering mus-
cle fibers 53. This improved microcirculation may help to
reduce muscle swelling and alleviate the pressure on noci-
ceptors, thereby decreasing pain sensation associated with
DOMS.

Lrung et al. 54 evaluated the effects of FIR irradiation
from ceramic powder on exercise performance and mus-
cle physiology. The ceramic powder used in the study was
composed of micro-sized particles produced from sever-
al different elemental components. The ceramic powder
had a high emissivity of 0.98 at wavelengths of 6 to 14 μm,
indicating a high intensity of far-infrared radiation. Ex-
periments with murine myoblast cells (C2C12) under ox-
idative stress showed that FIR significantly improved cell
viability and reduced lactate dehydrogenase (LDH) re-
lease, indicating enhanced cellular resilience. Specifical-
ly, FIR-treated cells exhibited a significant reduction in
LDH release (P < 0.05) and improved cell proliferation
under 100 lm H2O2-induced stress. Additionally, elec-
tro-stimulation experiments on frog gastrocnemius mus-
cles demonstrated that FIR irradiation delayed muscle fa-
tigue. Muscles exposed to FIR maintained contraction for
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a longer duration compared to controls, with significant
differences in contraction load and fatigue onset (P < 0.05).
The study also noted that FIR-treated muscles experi-
enced less acidification, with smaller pH changes post-
contraction.

(2) Wound healing and tissue repair
Sports-related injuries often involve damage to soft tis-

sues such as skin, muscles, tendons, and ligaments. The
ability to accelerate wound healing and tissue repair pro-
cesses is crucial for minimizing downtime and ensuring
optimal recovery. FIR-emitting ceramic materials have
demonstrated potential in enhancing various aspects of
the wound healing cascade and promoting tissue regen-
eration. The effects of FIR on wound healing are mul-
tifaceted. At the cellular level, FIR exposure has been
shown to stimulate fibroblast proliferation and collagen
synthesis. Fibroblasts play a crucial role in the forma-
tion of new extracellular matrix components, essential for
wound closure and tissue repair. The increased production
of collagen, facilitated by FIR therapy, can contribute to
improved wound tensile strength and reduced scarring.

Carrick et al. 23 investigated the effects of a novel FIR ce-
ramic blanket (cIFRB) on wound healing. Wound healing
in BALBc mice treated with cIFRB was significantly faster
compared to the control group. Specifically, wound clo-
sure percentages on days 3, 5, 7, 9, and 11 were 19.3 %,
35.5 %, 63.7 %, 80.1 %, and 91.6 % respectively, for the
treatment group, while the control group showed 5.2 %,
10.6 %, 18.8 %, 45.8 %, and 69.8 %. Histological analy-
sis revealed that treated mice exhibited more compact epi-

dermis and dermis layers, increased mature hair follicles,
and higher panniculus carnosus vessel counts, indicating
efficient wound closure. Additionally, cIFRB promoted
the survival, proliferation, and migration of mesenchy-
mal stem cells (MSCs) without cytotoxic effects. MSCs
cultured on cIFRB demonstrated enhanced migration to
wound areas, significantly improving scratch wound heal-
ing by day 6 (p = 0.0021) (Fig. 6). CD31 protein expression,
associated with vascularization, was significantly higher
in treated wounds, while fibronectin expression showed
a significant decrease in treated wounds.

(3) Circulation and inflammation
Optimal circulation and appropriate management of in-

flammation are fundamental to effective sports injury re-
habilitation. FIR-emitting ceramic materials have demon-
strated potential in enhancing circulatory function and
modulating inflammatory responses, which can con-
tribute to faster recovery and improved tissue health. The
effects of FIR on circulation are primarily attributed to its
ability to induce vasodilation. As FIR penetrates tissues,
it causes a slight increase in local temperature, prompt-
ing blood vessels to dilate 55. This vasodilation results in
increased blood flow to the affected area, enhancing the
delivery of oxygen and nutrients while facilitating the re-
moval of metabolic waste products. Improved circulation
can accelerate healing processes, reduce muscle fatigue,
and contribute to overall tissue health. Furthermore, FIR
therapy may have beneficial effects on microcirculation,
the movement of blood through the smallest blood ves-
sels 56.

Fig. 6: Healing and migration of MSCs exposed to the ceramic blanket and standard surface 23.
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Leung et al. 57 investigated the potential anti-inflam-
matory and pain relief mechanisms of a far-infrared-ray-
emitting ceramic material (bioceramic, Fig. 7) using in
vitro cell models. Inflammation was induced in murine
macrophage (RAW 264.7) and human chondrosarco-
ma (SW1353) cells by adding lipopolysaccharides (LPS).
Bioceramic treatment significantly inhibited the expres-
sion of cyclo-oxygenase-2 (COX-2) and prostaglandin
E2 (PGE2) in both cell lines. Specifically, the COX-
2/GAPDH ratio in RAW 264.7 cells was reduced from
1.0 to 0.4, and in SW1353 cells, it decreased from 1.5 to 0.5.
PGE2 production in SW1353 cells was also significantly
lowered from 80 lM to 20 lm. The study suggested that
bioceramic treatment could serve as an alternative method
for palliative pain control, potentially reducing depen-
dence on chemical drugs and protecting renal functions in
patients with chronic pain diseases. The bioceramic‘s high
far-infrared emissivity (0.98 at wavelengths of 6 to 14 lm)
was highlighted as a critical factor for its biological effects,
which included promoting microcirculation and exerting
antioxidant effects.

Fig. 7: SEM image of bioceramic used for in vitro cell study 57.

IV. Future Perspectives and Challenges
The application of FIR-emitting ceramic materials in

sports injury rehabilitation represents a promising fron-
tier in the field of sports medicine. As research continues
to unveil the potential benefits of this technology, sever-
al emerging trends and challenges are shaping the future
landscape of FIR therapy in athletic recovery and perfor-
mance enhancement. One of the most exciting areas of
development lies in the realm of emerging applications
and technologies. Researchers and engineers are explor-
ing novel ways to integrate FIR-emitting ceramics into a
wider range of sports equipment and rehabilitation tools.
For instance, the development of smart textiles that can
adapt their FIR emission based on the athlete‘s physio-
logical state holds great promise for personalized recovery
protocols. Similarly, the integration of FIR technology in-
to wearable devices that can provide real-time feedback on
tissue health and recovery status could revolutionize in-
jury management and prevention strategies.

The optimization of FIR ceramic materials themselves
presents another avenue for advancement. Current re-
search is focused on refining the composition and struc-
ture of these materials to enhance their therapeutic effi-
cacy. This includes exploring new combinations of met-
al oxides and rare earth elements to fine-tune the spec-
tral characteristics of emitted FIR radiation. Additionally,
advancements in nanotechnology are paving the way for
the development of nanostructured FIR-emitting ceram-
ics with improved emission properties and biocompatibil-
ity. As the field progresses, there is a growing recognition
of the need to integrate FIR therapy with other rehabilita-
tion modalities. The synergistic effects of combining FIR
treatment with techniques such as cryotherapy, compres-
sion therapy, or electrical stimulation are being investigat-
ed. This integrative approach may lead to more compre-
hensive and effective rehabilitation protocols that address
multiple aspects of tissue healing and recovery simultane-
ously.

However, with these exciting possibilities come signifi-
cant challenges. One of the primary hurdles facing the field
is the need for standardization and guidelines. The current
landscape is characterized by a wide variety of FIR-emit-
ting products with varying specifications and claims. Es-
tablishing industry-wide standards for the measurement
and reporting of FIR emission properties, as well as de-
veloping evidence-based guidelines for therapeutic appli-
cation, will be crucial for ensuring the safe and effective
use of this technology in sports medicine. The directions
for future research in this field are multifaceted. There is
a pressing need for large-scale, long-term clinical trials to
definitively establish the efficacy of FIR therapy across
various types of sports injuries and rehabilitation scenar-
ios. Additionally, more in-depth investigations into the
molecular and physiological mechanisms underlying the
effects of FIR radiation on biological tissues are required.
This mechanistic understanding will not only inform the
development of more targeted and effective therapies but
also help identify potential limitations or contraindica-
tions for FIR treatment.

Another important area for future research lies in explor-
ing the potential of FIR therapy for performance enhance-
ment in healthy athletes. While much of the current focus
is on injury rehabilitation, there is growing interest in how
FIR-emitting ceramics might be used to optimize recovery
between training sessions, enhance warm-up protocols, or
even improve physiological adaptations to training stim-
uli. As the field of sports medicine continues to evolve,
the role of FIR-emitting ceramic materials in injury re-
habilitation and performance optimization is likely to ex-
pand. However, realizing the full potential of this technol-
ogy will require a concerted effort from researchers, clini-
cians, and industry partners to address current challenges
and push the boundaries of innovation. By doing so, FIR
therapy may become an integral component of compre-
hensive sports medicine protocols, offering athletes new
avenues for recovery, injury prevention, and performance
enhancement.
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