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16 Abstract: This study focuses on sports injury materials in competitive sports and explores the potential of 

17 different types of materials in injury prevention, treatment and rehabilitation. As the level of competition increases 

18 and the intensity of training increases, the risk of injury to athletes increases and the demand for high performance 

19 protective materials increases. The development of new materials should not only meet the requirements of 

20 biomechanical adaptability and histocompatibility, but also have the characteristics of intelligent monitoring, rapid 

21 repair and personalised customisation, in order to enhance the effect of injury protection and accelerate the 

22 rehabilitation process. This paper analyses recent advances in polymer composites, nanomaterials and 3D printed 

23 materials and suggests that future developments should focus on the intelligence, personalisation and sustainability 

24 of materials. In addition, the study highlights the key role of interdisciplinary collaboration in advancing the 

25 application of materials for sports injuries and proposes improvement strategies to optimise the manufacturing 

26 process, enhance data analysis and improve biosafety to drive the field towards greater precision and efficiency.
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28 1. Introductory
29 Competitive sports, characterized by high intensity and rigorous challenges, have 
30 become an integral part of global sports culture[1]. From the Olympic Games to 
31 various world-class competitions, competitive sports continually push athletes to their 
32 limits, setting new records and redefining human potential[2] However, the demands 
33 of high-intensity training and fierce competition have led to an increasing prevalence 
34 of sports injuries[3-5]. Athletes in sprinting, basketball, football, and other disciplines 
35 are highly susceptible to a range of injuries, including muscle strains, joint sprains, 
36 fractures, and soft tissue damage[6-10]. Such injuries not only compromise an 
37 athlete’s physical well-being but can also disrupt training schedules and, in severe 
38 cases, prematurely end professional careers. Consequently, the effective prevention 
39 and treatment of sports injuries have become pivotal issues in the field of sports 
40 medicine.
41 Traditional approaches to managing sports injuries, such as physical therapy, 
42 pharmaceutical interventions, surgical procedures, and rehabilitation training, have 
43 been widely employed in sports medicine[11]. Physical therapy 
44 techniques—including cold and heat therapy, electrical stimulation, ultrasound, and 
45 laser therapy—can provide temporary pain relief and improve blood circulation, but 
46 they often fail to facilitate long-term tissue repair[12]. Pharmaceutical treatments, 
47 such as nonsteroidal anti-inflammatory drugs (NSAIDs), effectively alleviate 
48 inflammation and pain; however, prolonged use may lead to side effects such as 
49 gastrointestinal discomfort and kidney dysfunction, with limited benefits for tissue 
50 regeneration[13]. For severe injuries such as ligament tears or fractures, surgical 
51 interventions—including arthroscopic surgery, ligament reconstruction, and bone 
52 grafting—remain the primary treatment options. Nevertheless, these procedures are 
53 often invasive, involve prolonged recovery periods, and yield varied rehabilitation 
54 outcomes due to individual differences[14]. Additionally, rehabilitation training, such 
55 as functional and progressive load training, plays a critical role in restoring an 
56 athlete’s mobility. However, given the high frequency and intensity of competitive 
57 sports, complete prevention of reinjury remains challenging[16]. Overall, traditional 
58 treatment methods exhibit certain limitations, including restricted applicability, 
59 outcome variability among individuals, extended recovery timelines, and an inability 
60 to meet the demands of elite athletes seeking rapid return to competition. This 
61 underscores the urgent need for more advanced protective and therapeutic strategies 
62 for sports injuries.
63 With rapid advancements in materials science and biomedical technology, 
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64 innovative sports injury materials have emerged as a research hotspot in competitive 
65 sports[16]. Modern polymeric materials, smart materials, and nanomaterials have 
66 been extensively applied in protective gear, rehabilitation equipment, implantable 
67 repair materials, and intelligent monitoring systems[17-20]. These materials not only 
68 enhance physical protection and reduce injury risks but also accelerate tissue repair 
69 and improve rehabilitation efficiency[21]. For instance, nanofiber scaffolds, 
70 biomimetic photothermal nanomaterials, and intelligent hydrogels have demonstrated 
71 significant potential in sports injury treatment and recovery. Investigating the 
72 application of these materials in competitive sports not only helps summarize the 
73 latest technological advancements but also provides a theoretical foundation and 
74 practical guidance for future material innovations. Sports biomaterials can be broadly 
75 classified into preventive materials, which aim to reduce injury risk, and therapeutic 
76 materials, which promote tissue repair and rehabilitation.
77 This paper first categorizes and discusses common sports injuries in competitive 
78 sports, followed by an analysis of the classification and current applications of sports 
79 injury materials. The study then explores recent technological advancements and 
80 innovations in this field. Finally, through a comprehensive review of the application 
81 landscape of sports injury materials in competitive sports, we highlight the strengths 
82 and limitations of existing technologies and provide insights into future 
83 developments. Advancing high-performance sports injury materials is not only 
84 essential for safeguarding athletes health and careers but also plays a crucial role in 
85 the sustainable development of competitive sports and the enhancement of overall 
86 athletic performance.
87 2. Classification and Common Types of Sports Injuries in Competitive 
88 Sports
89 Competitive sports are characterized by high intensity and frequent physical 

90 confrontations, making athletes susceptible to various types of sports injuries during 

91 training and competition[3]. Such injuries not only hinder athletic performance but 

92 may also lead to long-term health complications[4]. Therefore, a comprehensive 

93 understanding of the common types of sports injuries, their underlying mechanisms, 

94 and influencing factors is essential for developing more effective prevention and 

95 rehabilitation strategies.

96 Sports injuries in competitive sports can be classified based on different criteria, 

97 allowing for a better understanding of their occurrence mechanisms, clinical 
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98 manifestations, and corresponding treatment and prevention measures[22]. The two 

99 most common classification approaches are mechanism-based classification and 

100 tissue-type classification.

101 2.1 Mechanism-Based Classification: Acute vs. Chronic Injuries

102 Based on the mechanism of occurrence, sports injuries can be categorized into 

103 acute injuries and chronic injuries[23].Sports injuries can also be classified based on 

104 the type of tissue affected, broadly categorized into soft tissue injuries and bone 

105 injuries[24].

106 Acute Injuries:

107 Acute injuries occur suddenly due to an external force or excessive stretching of 

108 tissues during movement. They are typically characterized by an abrupt onset, intense 

109 pain, and visible tissue damage[25]. These injuries are prevalent in high-impact and 

110 contact sports such as football, basketball, and rugby. Common types of acute injuries 

111 include fractures, dislocations, ligament tears, muscle strains, and joint sprains[26].

112 For instance, in basketball, a player landing improperly after a jump may 

113 excessively twist their ankle, resulting in a sprained ankle or ligament tear. Similarly, 

114 in football, sudden stops and directional changes can cause an anterior cruciate 

115 ligament (ACL) tear[27]. Typical symptoms of acute injuries include severe pain, 

116 swelling, subcutaneous bruising, and restricted movement. Severe cases may require 

117 surgical intervention and long-term rehabilitation[28].

118 The RICE protocol (Rest, Ice, Compression, Elevation) is commonly used for the 

119 immediate management of acute injuries, helping to reduce inflammation and pain. 

120 Further rehabilitation treatment is prescribed based on the severity of the injury[29].

121 Chronic Injuries:

122 Chronic injuries result from prolonged, repetitive, or excessive use of a specific 

123 body part. These injuries develop gradually, often with mild symptoms in the early 

124 stages that worsen over time[30]. Chronic injuries are more common in sports 

125 requiring repetitive movements or sustained high-intensity training, such as 

126 long-distance running, swimming, tennis, and weightlifting.

127 Common chronic injuries include tendinitis (e.g., Achilles tendinitis, tennis 
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128 elbow), stress fractures, arthritis, cartilage wear, and shin splints[31]. For example, 

129 long-distance runners who train excessively without adequate recovery may develop 

130 stress fractures in the tibia, while tennis players frequently using their arms for 

131 swinging motions are prone to tennis elbow (lateral epicondylitis)[32].

132 The primary symptoms of chronic injuries include persistent pain, stiffness, 

133 localized inflammation, and functional limitations. Without timely intervention, these 

134 injuries may become irreversible[33]. Preventative and therapeutic measures for 

135 chronic injuries focus on proper training volume management, strength conditioning, 

136 recovery optimization, and early intervention through physical therapy, training 

137 modifications, and supportive gear[34].

138 2.2 Tissue-Based Classification: Soft Tissue vs. Bone Injuries

139 Soft Tissue Injuries:

140 Soft tissue injuries refer to damage to muscles, tendons, ligaments, skin, blood 

141 vessels, and nerves, often resulting from direct impact, excessive stretching, or 

142 repetitive use. These injuries are common across various competitive 

143 sports[35].Based on the type of damage, soft tissue injuries include contusions, 

144 strains, sprains, tendinitis, and bursitis[36].In football and basketball, muscle 

145 contusions often occur due to direct collisions between players, leading to localized 

146 swelling, subcutaneous bruising, and tenderness.Sprinters may suffer from hamstring 

147 strains due to excessive force exertion at the start of a race, causing muscle fiber tears 

148 and movement restrictions[37].In racket sports such as tennis and badminton, repeated 

149 arm movements increase the risk of tendinitis, which manifests as chronic pain and 

150 localized inflammation.Recovery time for soft tissue injuries varies depending on 

151 severity. Mild injuries can often be managed with the RICE protocol, whereas severe 

152 injuries may require rehabilitation training or medical intervention[29]. Scientific 

153 training, thorough warm-ups, and adequate recovery are crucial for reducing the risk 

154 of soft tissue injuries.

155 Bone Injuries:

156 Bone injuries result from external trauma, overuse, or structural weaknesses in 

157 the skeletal system. The most common types of bone injuries include fractures, stress 
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158 fractures, and periostitis[38].Fractures occur due to high-impact forces, falls, or 

159 excessive torsion. For instance, football players falling during tackles may sustain 

160 clavicle fractures, while basketball players landing improperly might suffer from tibia 

161 fractures[39].Stress fractures develop from prolonged repetitive stress on bones, 

162 commonly seen in endurance athletes like marathon runners. These injuries present as 

163 microcracks in the bone, accompanied by chronic pain.Periostitis, an inflammation of 

164 the periosteum (the tissue surrounding bones), is caused by excessive strain on bones, 

165 such as shin splints in long-distance runners and long jumpers[40].Bone injuries often 

166 result in severe pain, swelling, and functional limitations, with serious cases requiring 

167 surgical fixation. Preventive strategies include scientific training plans, controlled 

168 load management, and adequate nutritional intake (e.g., calcium and vitamin D 

169 supplementation) to enhance bone density and reduce injury risks[41].By 

170 systematically understanding the classification and characteristics of sports injuries in 

171 competitive sports, athletes, coaches, and medical professionals can adopt more 

172 effective injury prevention and treatment strategies, ultimately enhancing athletic 

173 performance and ensuring long-term physical well-being.

174 3. Classification and Application Status of Sports Injury Materials 

175 The application of sports injury materials in competitive sports is crucial, and 

176 they are not only used to prevent sports injuries, but also to assist treatment and 

177 rehabilitation. According to their purpose and functional characteristics, sports injury 

178 materials can be broadly divided into two main categories: (1) preventive materials 

179 and devices, and (2) therapeutic and rehabilitative materials and devices.

180 With the continuous development of materials science, new sports injury 

181 materials are constantly optimised in terms of protection, functionality and comfort, 

182 improving the safety and competitive performance of athletes. According to the use 

183 and function of materials, sports injury materials can be classified into traditional 

184 injury protection materials and modern high-tech sports injury materials(See table 1 

185 for a comparison of the two types of materials).

186 Table 1 Comparison of traditional injury materials and modern high-tech sports injury 

187 materials
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comparison 

dimension

Traditional Sports Injury 

Materials

Modern high-tech materials for 

sports injuries

Material type Cotton, leather, elastic 

bandages, silicone 

Nanomaterials, polymer 

composites, smart materials, 3D 

printing materials 

Protective 

properties 

Primarily provides basic 

cushioning, support, and 

immobilisation but limited 

protection

With high-strength energy 

absorption, intelligent monitoring, 

precise support, and stronger 

protective effect

Comfort Often thicker and heavier, 

with average breathability 

and comfort

Lightweight design, breathable 

and ergonomically optimised 

Adaptability Fixed size, cannot be 

personalised 

Individual adaptations available 

through 3D printing and 

intelligent adjustment

Durability Easy to wear and tear, loss of 

support after prolonged use 

Strong durability, the material can 

maintain stability for a long time 

Rehabilitation 

functions 

Mainly plays a passive 

support and immobilisation 

role 

Can be combined with 

biomaterials, photothermal 

therapy, to promote tissue 

self-repair 

Technological 

intelligence 

No intelligent function, only 

relies on physical support 

With intelligent sensing, pressure 

feedback, data monitoring, 

real-time analysis of the state of 

the movement

Representative 

products 

Traditional protective gear 

(knee pads, wrist pads), ice 

packs, bandages 

Nano Brace, Smart Compression 

Brace, 3D Printed Rehabilitation 

Brace, Graphene Sportswear

Application Suitable for general sports For high-intensity athletics, 
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scenarios protection and basic injury 

treatment

precision protection, smart 

rehabilitation

188 3.1 Traditional Injury Protection Materials and Their Current Applications

189 Traditional sports injury protection materials hold a significant position in 

190 competitive sports. These materials are typically characterized by their simplicity, 

191 convenience, and affordability, making them suitable for most athletes in their daily 

192 training, competitions, and rehabilitation processes [42]. The primary functions of 

193 these materials include injury prevention, pain relief, and accelerated recovery. Over 

194 time, they have been proven effective in supporting athletic performance and reducing 

195 injury risks [43].The most commonly used traditional sports injury materials include 

196 protective gear, cold and hot therapy materials, elastic bandages, and kinesiology 

197 tapes [44].

198 Protective Gear

199 Protective gear is one of the most widely used traditional sports injury materials. 

200 Its main purpose is to support, protect, and stabilize joints, preventing sprains, strains, 

201 or other joint injuries during high-intensity training and competitions [45]. For 

202 example, knee pads, wrist guards, and elbow pads are essential equipment for athletes 

203 in sports such as basketball, soccer, and skiing. These protective gears effectively 

204 reduce joint stress and absorb external impacts, thereby lowering the risk of injury 

205 [46]. In extreme sports, helmets and back protectors play a crucial role in minimizing 

206 the risk of head and spinal injuries.

207 Cold and Hot Therapy Materials

208 Cold and hot therapy materials are classic choices for treating sports injuries, 

209 commonly used for both acute and chronic injury management [47]. Ice packs and 

210 cooling gels are typically applied immediately after an acute injury to reduce 

211 inflammation and control swelling by lowering the temperature of the affected area. 

212 For example, in cases of ankle sprains, cold therapy helps in rapidly relieving 

213 swelling and alleviating pain.

214 Conversely, heat packs and therapeutic heat patches are used during the recovery 
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215 phase of chronic injuries to promote blood circulation, relieve muscle stiffness, and 

216 relax tense muscles. They are commonly used to alleviate issues such as lower back 

217 muscle fatigue and knee arthritis [48].

218 Elastic Bandages and Kinesiology Tape

219 Elastic bandages and kinesiology tapes serve as essential stabilization and 

220 support materials, helping in injury prevention and rehabilitation acceleration. Elastic 

221 bandages provide firm compression around injured areas, limiting joint movement to 

222 prevent further damage. They are commonly used in cases of ankle sprains and knee 

223 ligament injuries [49].

224 Kinesiology tape, with its unique elasticity and adherence, not only reduces 

225 muscle fatigue and enhances athletic performance but also offers extra support and 

226 stabilization for muscles and joints during movement. Athletes suffering from tennis 

227 elbow and runner’s knee frequently use kinesiology tape to prevent and mitigate 

228 injuries [50].

229 Due to their practicality, affordability, and effectiveness, these traditional injury 

230 protection materials are widely applied across various sports. Whether for preventive 

231 protection (such as protective gear and bandages) or rehabilitative treatment (such as 

232 cold and hot therapy), they remain an indispensable part of an athlete’s training and 

233 competition regimen.

234 Although modern materials and technologies continue to advance, traditional 

235 sports injury materials remain fundamental and essential. They not only help athletes 

236 extend their careers but also play a crucial role in injury relief and rehabilitation when 

237 injuries occur [42].

238 Illustrating Traditional Injury Protection Materials Through the Chinese 

239 Mythological Figure Sun Wukong

240 To further illustrate the characteristics of traditional injury protection materials, 

241 we analyze the legendary Chinese mythological figure, Sun Wukong (the Monkey 

242 King), and his battle attire (as shown in Fig 1). In traditional martial arts and combat 

243 scenarios, Sun Wukong’s equipment was primarily made from natural materials and 

244 simple craftsmanship, reflecting the features of early injury protection materials.
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245 Golden Headband and Restraints

246 Sun Wukong’s golden headband symbolizes ancient methods of injury protection 

247 through simple restraints, akin to early bandages or wraps. While these restraints 

248 provided some level of stabilization and support, they lacked adjustability and often 

249 restricted blood circulation in localized areas.

250 Beast Hide Armor and Rattan Armor

251 His battle attire, likely crafted from beast hide, hemp cloth, or rattan armor, resembled 

252 early protective gear such as leather knee pads and fabric wrist guards. Although these 

253 materials provided some degree of protection, they lacked sufficient cushioning and 

254 were prone to wear and tear during intense activity.

255 Iron Protective Gear and Weapons

256 Sun Wukong’s Golden Cudgel, made of metal, was highly durable but lacked the 

257 lightweight and high-toughness characteristics of modern alloys. Similarly, ancient 

258 injury protection materials often included iron-based gear, such as iron shin guards 

259 and iron helmets, which provided rigid protection but significantly reduced mobility 

260 due to their weight.

261 Herbal Remedies and Traditional Therapies

262 After sustaining injuries in battle, Sun Wukong relied on elixirs and herbal medicine 

263 to recover. This reflects traditional sports injury treatments such as herbal poultices 

264 and heat therapy, which, although somewhat effective, often required long recovery 

265 times and lacked the precision and controlled effectiveness of modern medical 

266 materials.

267 The limitations of these traditional protective methods have driven the evolution 

268 of modern sports injury protection materials. Today, advancements in material science 

269 and technology provide athletes with lighter, more efficient, and more protective gear. 

270 However, traditional materials remain an integral part of sports injury prevention and 

271 rehabilitation, having laid the foundation for modern sports medicine while 

272 continuing to serve as essential components in athletic training and injury 

273 management [42].
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274

275 Fig 1 Application of traditional sports injury materials

276 3.2 Modern High-Tech Sports Injury Materials and Their Applications

277 With rapid advancements in materials science and technology, modern high-tech 

278 sports injury materials have evolved far beyond basic protection and support 

279 functions. These materials now incorporate features such as intelligence, 

280 personalization, and responsiveness, offering enhanced injury prevention, repair, and 

281 rehabilitation. Innovations in nanotechnology, smart materials, and 3D printing have 

282 revolutionized the field of sports injury protection [51]. The primary categories of 

283 modern high-tech sports injury materials include nanomaterials, polymer composites, 

284 and 3D-printed materials.

285 3.2.1 Nanomaterials in Sports Injury Prevention and Rehabilitation

286 With the development of competitive sports, materials for sports injury 

287 protection and rehabilitation have evolved from traditional materials to modern 

288 high-tech materials, among which nanomaterials have shown great potential for sports 

289 injury monitoring, repair and regeneration. With their unique physical, chemical and 

290 biological properties, nanomaterials are driving the development of sports injury 

291 materials towards intelligence, personalisation and sustainability, and their 
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292 applications cover a wide range of areas including sports monitoring, bone and 

293 cartilage repair, cytoskeletal modulation and energy harvesting.

294 Application of nanomaterials in sports injury repair 

295 Bone and cartilage injuries in sports are extremely common, and traditional 

296 repair methods can have side effects due to large individual differences [11-15]. 

297 Nanomaterials, especially carbon-based nanomaterials, have shown excellent 

298 biocompatibility and mechanical properties in bone, cartilage and osteochondral 

299 repair [52]. Zero-dimensional nanomaterials can promote osteoblast proliferation and 

300 accelerate bone tissue regeneration [53]; one-dimensional carbon nanotubes can be 

301 used to enhance the stability of bone repair scaffolds due to their excellent mechanical 

302 properties [54]; and two-dimensional graphene materials can mimic the natural bone 

303 matrix and improve the regeneration efficiency of bone and cartilage tissue [55]. The 

304 use of these materials not only improves the repair of sports injuries, but also reduces 

305 the risk of post-operative complications, allowing athletes to return to training more 

306 quickly (see C in Fig 2) [56].

307 Carbon nanofibre composites and nanoceramic coatings provide enhanced 

308 impact resistance and are effective in reducing collision-related joint injuries in 

309 high-contact sports (e.g. football, basketball, rugby) [57]. In addition, the nanosilver 

310 coating has antimicrobial and anti-inflammatory properties that can be used to reduce 

311 skin infections caused by prolonged wear of protective equipment and improve athlete 

312 comfort [58]. Sports ligament injuries are caused by overuse, improper training or 

313 external impact and are particularly common in high-impact sports such as basketball 

314 and football; nanofibre scaffolds have been widely investigated for ligament 

315 protection and repair due to their good biocompatibility and mechanical strength [59]. 

316 For example, filipin protein-polycaprolactone nanofibrous membranes have been 

317 experimentally shown to have higher cell adhesion, biocompatibility and ligament 

318 repair ability than conventional materials, which can effectively increase the 

319 load-bearing capacity of ligaments and thus reduce the incidence of sports injuries 

320 [60].

321 Nanomaterials in cytoskeletal regulation 
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322 Recovery from sports injuries involves remodelling of cellular tissues, and the 

323 cytoskeleton plays a key role in this process. Nanomaterials have been shown to be 

324 able to promote repair of damaged tissues by influencing the stability and dynamic 

325 regulation of the cytoskeleton (see B in Fig 2). Magnetic field-responsive and 

326 light-responsive nanomaterials can manipulate the cytoskeleton in a targeted manner, 

327 improving the precision of cell proliferation and tissue regeneration. In addition, 

328 inorganic nanomaterials (e.g. gold, metal oxides, black phosphorus) and organic 

329 nanomaterials (e.g. peptides and proteins) are emerging as a new generation of 

330 cytoskeletal modulation tools, offering the possibility of personalised treatment of 

331 sports injuries [61].

332 In recent years, bionic photothermal nanomaterials have shown great potential in 

333 the prevention and treatment of sports injuries. These materials are based on the 

334 natural bionic principle of converting light energy into heat energy through 

335 photothermal conversion factors, promoting blood circulation in local tissues and 

336 improving the repair ability of damaged tissues [62]. For example, HA-CuS gel 

337 combined with near-infrared photothermal therapy technology can significantly 

338 reduce inflammation and accelerate the recovery of damaged tissue in a short period 

339 of time, providing athletes with a more effective means of injury prevention [63]. 

340 Cartilage damage in the knee is a relatively common injury in competitive sports, 

341 particularly during prolonged running, jumping or rapid turning movements. 

342 Nanostructured materials, such as rosette carbon nanotubes and PLA composite 

343 scaffolds, play a key role in cartilage tissue engineering [64]. Studies have shown that 

344 the scaffold can promote the differentiation of bone marrow mesenchymal stem cells 

345 into chondrocytes and enhance the regenerative capacity of cartilage tissue, thereby 

346 improving joint tolerance and effectively reducing exercise-induced cartilage injury. 

347 Meanwhile, early detection of sports injuries is crucial to prevent further injury [65].

348 Nanomaterials in Motion Monitoring 

349 Traditional motion monitoring devices are often limited to single-point data 

350 collection, making it difficult to achieve real-time detection across the entire body. 

351 The introduction of nanomaterials, on the other hand, allows flexible electronic 
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352 sensors to be combined with smart textiles to form highly sensitive wearable motion 

353 detection systems (see A in Fig 2) [66]. For example, a wireless monitoring kit based 

354 on nanomembranes and laser-induced graphene strain sensors is able to accurately 

355 track an athlete's whole-body motion status and analyse the motion data using deep 

356 learning techniques to predict a variety of motion types, including running, jumping 

357 and push-ups, with an accuracy rate of 95.3%. The combination of such nanomaterial 

358 sensors provides advanced technical support for personalised sports health 

359 management and injury warning. Competitive sports have placed higher demands on 

360 long-term sports monitoring and data collection, while traditional wearable devices 

361 rely on battery power and have problems such as short battery life and inconvenient 

362 charging. To address this challenge, researchers have developed the Curvilinear 

363 Wearable Hybrid Electromagnetic Friction Nanogenerator (WHEM-TENG), a 

364 3D-printed nano-energy harvesting device for efficient energy harvesting during 

365 exercise (see E in Fig 2) [67].The device can continuously power an electronic watch 

366 for 410 seconds after 5 seconds of running; it can also power a self-powered heart rate 

367 sensor for continuous monitoring of the athlete's physiological state. This 

368 technological breakthrough indicates that nanomaterials have a broad application 

369 prospect in wearable energy harvesting, which is expected to promote the 

370 development of self-powered smart sports equipment and make sports monitoring 

371 more convenient and efficient. Relevant researchers on nanomaterial flexible 

372 electrochemical sensors have reviewed various applications in sports monitoring, 

373 environmental monitoring, medical diagnostics, and food quality and safety, while 

374 discussing the challenges and future directions of flexible electrochemical sensing 

375 (see D in Fig 2) [68].

376 Nanomagnetic materials combined with biosensor technology can be used to 

377 construct highly sensitive immunosensors for real-time monitoring of knee, ankle and 

378 tendon injuries in athletes [69]. For example, in the study of medial collateral 

379 ligament injuries in the knee joint of football players, nanomagnetic materials can 

380 detect training load, injury risk and recovery status, and provide personalised training 

381 and rehabilitation advice to athletes, effectively reducing the incidence of injury. The 
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382 speed of recovery from sports injuries directly affects the competitive status of 

383 athletes, and nanomaterials play an important role in rehabilitation medicine [70]. For 

384 example, multifunctional nanomaterial particles can be used as drug carriers to deliver 

385 anti-inflammatory drugs to the injured area, thereby improving therapeutic efficacy 

386 and reducing drug side effects. Experimental studies have shown that the use of 

387 drug-loaded nanomaterial particles to treat sports injuries results in significantly better 

388 recovery than traditional treatments and reduces the risk of injury recurrence. The 

389 application of nanomaterials is driving changes in the field of injury prevention in 

390 competitive sports [71]. From high-performance protective gear, bionic photothermal 

391 materials, nanofibre ligament scaffolds to smart biosensors, nanomaterials not only 

392 provide more advanced injury protection solutions, but also reduce the incidence of 

393 sports injuries and accelerate the recovery process through accurate detection and 

394 efficient treatment.

395 The introduction of nanomaterials has greatly enhanced the intelligence and 

396 precision of sports injury protection materials, showing revolutionary application 

397 value in the fields of sports monitoring, injury repair, cell regulation and self-powered 

398 devices. In the future, with the integration of nanotechnology, biomedical engineering 

399 and artificial intelligence, sports injury protection and rehabilitation materials will be 

400 more efficient, personalised and sustainable, providing athletes with more 

401 comprehensive safety protection and scientific training support.
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E

402 Fig 2 Application of nanomaterials in competitive sports (A Reproduced from ref. 66 

403 with permission from the American Chemical Society, copyright 2025; B Reproduced 

404 from ref. 61 with permission from the American Chemical Society, copyright 2021; C 

405 Reproduced from ref. 56 with permission from Elsevier, copyright 2024; D 

406 Reproduced from ref. 68 with permission from Elsevier, copyright 2025; E 

407 Reproduced from ref. 67 with permission from Elsevier, copyright 2018)

408 3.2.2 Polymer composites 

409 Polymer composites have become an important research direction in the field of 

410 sports injury prevention due to their light weight, high strength, impact resistance and 

411 good biocompatibility [72].

412 Application of Polymer Composites in Sports Injury Repair
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413 Polymer composites are widely used in sports equipment, protective gear, 

414 rehabilitation equipment and biological implants, which can effectively reduce the 

415 incidence of sports injuries and improve the safety and competitive performance of 

416 athletes. Sports protective gear is an important means of reducing injuries in 

417 competitive sports, and the introduction of polymer composites has significantly 

418 improved the durability, cushioning and comfort of protective gear [73]. For example, 

419 Ni-SiC nanocomposites have been used as surface coatings for sports equipment such 

420 as dumbbells to improve their wear resistance through pulsed electrodeposition 

421 technology, thereby reducing the risk of injury to athletes due to wear or breakage of 

422 the equipment during use [74]. In addition, polyetheretherketone composites are used 

423 in orthopaedic implants such as artificial joints and ligament scaffolds due to their 

424 excellent mechanical strength and biocompatibility, which help athletes recover faster 

425 from injuries and reduce post-operative complications; graphene composites show 

426 great potential for sports injury prevention due to their ultra-high strength, excellent 

427 electrical conductivity and lightweight properties. In the study of internal fixation of 

428 ankle fractures in sports, graphene composites are used to enhance the strength, 

429 stability and biocompatibility of the fixation device, which effectively reduces 

430 secondary injuries caused by joint instability in athletes. Meanwhile, graphene-rubber 

431 composites can be used in the soles of high-performance sports shoes to enhance the 

432 cushioning and shock-absorbing effect, thus reducing the impact of prolonged 

433 exercise on the knee and ankle joints [75].In the design of sports shoes, the addition of 

434 hollow glass microspheres to ethylene vinyl acetate foam can significantly improve 

435 the shock absorption capacity and abrasion resistance of the sole, reduce the impact of 

436 running and jumping on the joints, and further optimise the protective effect against 

437 sports injuries [76].

438 Bioactive glass (BG) and hyaluronic acid (HA) nanocomposites (BGHA) have 

439 been shown to be effective in delivering hyaluronic acid to skin and bone (see ① in 

440 Fig 3), providing a new solution for non-invasive treatments such as osteoarthritis, 

441 sports injury treatment and wound healing [77]. Its features include improved 

442 biomimetic synthesis methods to avoid the use of harmful chemicals and improve 
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443 biosafety. The high biocompatibility of the nanoparticles results in skin and bone cell 

444 survival rates of over 70% and cellular uptake rates of 90-100%. The composites can 

445 penetrate the skin barrier and are expected to be used in sports injury repair, eye 

446 drops, dermal fillers, etc. The presence of BG enhances bone tissue regeneration, 

447 further extending the therapeutic applications for sports injuries. In addition, this 

448 nanocomposite can be widely used in cosmeceutical products such as moisturisers, 

449 anti-wrinkle creams and shampoos, and has the same potential for use in skin care 

450 after sports injuries. Three-dimensional bone scaffolds made of polycaprolactone 

451 combined with nanohydroxyapatite and tricalcium phosphate can promote bone 

452 formation, improve the mechanical strength of bones and accelerate the rehabilitation 

453 process of athletes after fractures [78]. Meanwhile, orthodontic coupler devices 

454 combined with polymer composites have demonstrated improved stability and 

455 biomechanical properties in tendon repair, significantly reduced postoperative 

456 complications, and accelerated tendon regeneration [79]. In terms of dental protection 

457 against sports injuries, zirconia-reinforced lithium silicate and titanium-zirconia 

458 composites have better biomechanical properties and pressure distribution ability than 

459 conventional implants, which can effectively reduce the incidence of dental injuries 

460 [80].

461 Application of piezoelectric composites in motion monitoring and injury 

462 warning 

463 Piezoelectric composites (PCs) based on dielectric electrophoresis (DEP) 

464 technology were used to monitor the movement and injury warning of Ba₀. ₈₅Ca₀. 

465 ₁₅Ti₀. ₉Zr₀. ₁O₃ (BCZT) particles decorated with Cu nanoparticles, which greatly 

466 improves the piezoelectric properties of the material (see ② in Fig 3). The features 

467 include an ultra-high piezoelectric voltage constant (g₃₃ = 720 × 10-³ Vm/N), which 

468 far exceeds that of similar materials and improves the sensitivity of motion 

469 monitoring. The prepared flexible sensors can seamlessly fit the human body, 

470 especially for joints, and are as comfortable and stable as a band-aid [81]. The sports 

471 health monitoring system developed in conjunction with this material enables 

472 real-time warning of dangerous movements, correction of incorrect postures, and 
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473 prevention of sports injuries, thus reducing the risk of chronic injuries caused by 

474 improper postures in athletes. The application of this novel composite material makes 

475 injury prevention and rehabilitation monitoring in competitive sports training more 

476 efficient and accurate.

477 Multifunctional Composites in Intelligent Rehabilitation and Therapy

478 With the popularity of smart wearable devices, multifunctional composites that 

479 integrate highly sensitive sensing, rehabilitation therapy and health monitoring are 

480 becoming one of the key technologies for future sports injury prevention. For 

481 example, MXene/PDMS/PDA/PU nanocomposites exhibit excellent flexibility, 

482 breathability and multifunctionality for sports detection and injury treatment (see (iii) 

483 in Fig 3) [82]. Features include excellent flexibility and breathability for prolonged 

484 wear and reduced discomfort for athletes. Photothermal therapy with antimicrobial 

485 activity, which can be applied directly to the site of sports injuries for thermal therapy 

486 to speed up injury recovery and prevent infection. Combined with the wireless smart 

487 insole and cushion, real-time monitoring of gait, sitting posture and other data can be 

488 used to assess the progress of sports injury rehabilitation and provide postural 

489 correction recommendations. The application of this composite material can not only 

490 play a role in the detection and treatment of sports injuries, but also promote the 

491 development of wearable medical devices, providing more opportunities for sports 

492 rehabilitation.

493 Overall, polymer composites are playing an increasingly important role in the 

494 prevention, monitoring and treatment of competitive sports injuries due to their 

495 excellent mechanical properties, light weight, durability and biocompatibility. In the 

496 future, with the deep integration of materials science and intelligent technology, 

497 polymer composites will show greater potential in personalised protection, real-time 

498 monitoring and rapid rehabilitation of sports injuries, thus providing greater support 

499 for the development of competitive sports.

500
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501
502 Fig. 3 Application of polymer composites in competitive sports (① Reproduced from 

503 ref. 77 with permission from Elsevier, copyright 2023; ② Reproduced from ref. 81 

504 with permission from Springer Nature, copyright 2022; ③ Reproduced from ref. 82 

505 with permission from Wiley, copyright 2022)

506 3.2.2 3D Printing Materials 

507 With the development of 3D printing technology, its application in competitive 

508 sports is gradually expanding to the prevention of sports injuries, rehabilitation and 

509 personalised medicine [83]. 3D printing materials have been widely used in sports 

510 protectors, orthopaedic devices, orthopaedic implants and rehabilitation equipment 

511 [84].

512 3D printing in orthopaedic treatment of sports injuries

513 In the field of sports protective equipment, 3D printed polymer materials (e.g. 

514 polyurethane, polylactic acid, polyetheretherketone) can be used to create ergonomic 

515 knee and ankle pads and helmets based on the biomechanical properties of individual 

516 athletes, providing more precise support and protection and reducing joint and tendon 

517 injuries [85]. In addition, 3D-printed finger orthoses based on a new thermoplastic 

518 polyurethane material offer superior stiffness and toughness to ensure that athletes' 

519 fingers are adequately immobilised during the rehabilitation process, and wireless 

520 sensors can be integrated to monitor recovery in real time [86]. For patients with bone 

521 and joint injuries, 3D-printed bone and joint implants and surgical guides can improve 
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522 the accuracy of pre-operative planning, reduce post-operative complications and 

523 improve the efficiency of athletes' post-operative recovery [87]. For example, in the 

524 treatment of tibial plateau fracture deformity, 3D-printed surgical navigation models 

525 can improve the accuracy of osteotomies, reduce intraoperative blood loss and shorten 

526 operative time, significantly improving patients' postoperative functional recovery 

527 [88].

528 3D printing technology also has great potential in the repair of cartilage and 

529 ligament injuries [89]. Due to the weak self-repair ability of cartilage after injury, 

530 scientists have developed 3D-printed scaffolds based on sodium alginate-gelatin 

531 composite hydrogel, which can promote chondrocyte proliferation and improve repair 

532 efficiency [90]. In addition, low-temperature 3D printing of bionic biphasic scaffolds 

533 can be used to produce tissue-engineered scaffolds that mimic the heterogeneity of 

534 natural osteochondral cartilage, thereby accelerating the healing process after 

535 osteoarticular injuries [91]. For knee meniscus injury, researchers have developed 

536 tissue-engineered meniscus with gradient-sized diamond pore microstructure, which 

537 can successfully induce meniscus regeneration and effectively alleviate joint 

538 degeneration in rabbit knee joint experiments [92]. In addition, 3D-printed flexible 

539 electronic devices, such as conductive hydrogel-based smart sensors, can be 

540 seamlessly attached to athletes' joints to achieve sports posture monitoring and injury 

541 warning, providing real-time feedback to athletes to optimise training methods and 

542 reduce injuries caused by incorrect posture [93]. In conclusion, 3D printing 

543 technology has a broad application prospect in the prevention, rehabilitation and 

544 treatment of competitive sports injuries, and its application in the field of sports injury 

545 prevention will become more accurate and efficient in the future with the 

546 development of smart materials, personalised medicine and bionic structure 

547 optimisation.

548 3D printing in sports injury rehabilitation and prosthesis design

549 Athletes are susceptible to orthopaedic injuries such as fractures, osteonecrosis 

550 (ONFH), joint injuries and other injuries during high-intensity training and 

551 competition, and 3D printing technology offers unique advantages in these areas: 
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552 Personalised implants: Unlike traditional hip replacement surgery, 3D printing allows 

553 precise positioning of the necrotic area and creation of a personalised implant, which 

554 is particularly suitable for hip preservation therapy in young athletes [94- 95]. Bone 

555 tissue engineered scaffolds: 3D printed bone tissue scaffolds can mimic the natural 

556 skeletal environment to promote bone regeneration and vascularisation, providing a 

557 new strategy for sports injury repair [96]. Bioactive material coatings: By combining 

558 advanced biomaterials and gradient porous scaffold design, 3D printing can enhance 

559 the biocompatibility of implants, improve implant stability and accelerate recovery 

560 from sports injuries (see A in Fig 4) [97].

561 For athletes with amputations due to serious sports injuries, 3D printing offers 

562 highly personalised and high-performance solutions for prosthetics and rehabilitation 

563 supports, customised prosthetics and supports: traditional prosthetics tend to be fixed 

564 in size and less comfortable to wear, whereas 3D printing technology allows the 

565 customisation of lightweight, high-strength prosthetics and supports according to 

566 athletes' physiological characteristics and athletic needs, providing a more natural 

567 sporting experience [94-96]. Bionic materials and mechanical optimisation: Additive 

568 manufacturing can use advanced materials such as DLC-coated metal alloys CoCrMo 

569 and Ti6Al4V to improve the wear resistance of prostheses and implants, reduce 

570 frictional losses and increase longevity. Optimisation of prosthetic contact surfaces: 

571 3D printed CoCrMo and Ti6Al4V/DLC samples have been found to have low 

572 coefficients of friction (CoF) in bioslip environments, which improves implant 

573 lubrication, reduces frictional discomfort at the prosthesis-tissue interface, and 

574 improves the athlete's experience of using the prosthesis (see C in Fig 4) [98].

575 3D Printing in Smart Sports Monitoring and Injury Prevention

576 In competitive sports, prevention and early intervention of sports injuries are 

577 equally important, and 3D printing combined with smart sensing technology offers 

578 advanced solutions for sports monitoring, injury warning and rehabilitation 

579 assessment [99-101]. Smart wearable devices: 3D printing can be used to produce 

580 customised sports monitoring insoles and protective gear, combined with smart 

581 sensors to provide gait analysis, posture correction and injury warning [102]. 
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582 Patient-centric sensors: By introducing molecular biomarker detection, athletes can be 

583 monitored in real time for biosignals such as muscle fatigue and inflammatory 

584 responses to optimise sports training and prevent sports injuries (see B in Fig 4) [103]. 

585 Personalised rehabilitation devices: 3D printed rehabilitation supports combined with 

586 smart sensors can monitor athletes' joint mobility and muscle recovery in real time 

587 and provide personalised rehabilitation guidance to improve rehabilitation efficiency 

588 [104].

589

590 Fig. 4 3D printing materials in competitive sports (A Reproduced from ref. 97 with 

591 permission from Elsevier, copyright 2025; B Reproduced from ref. 103 with 

592 permission from the American Chemical Society, copyright 2025; C Reproduced 

593 from ref. 98 with permission from Elsevier, copyright 2022)

594 3.2.4 Comparative analysis of modern high-tech sports injury materials

595 With the development of materials science and bioengineering, modern sports 

596 injury materials have made breakthroughs in mechanical properties, intelligence, 

597 bionic repair and personalised fit. To make the advantages of different types of 

598 materials more intuitive, a detailed comparison of different types of modern sports 

599 injury materials is presented below (see Table 2). Characteristics of nanomaterials: 

600 Nanofibre scaffolds, nanoparticle coatings and other materials are high-strength, 

601 lightweight and biocompatible, and can be used for ligament injury repair, 
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602 antimicrobial protective gear, tissue engineering repair and so on. Studies have shown 

603 that nanofibre scaffolds promote ligament cell adhesion and proliferation and improve 

604 repair efficiency (experimental data: cell proliferation rate increased by 40%, P < 

605 0.05). Properties of polymer composites: Polymer materials have good mechanical 

606 properties, durability and can be used in protective equipment, orthopaedic implants, 

607 etc. Clinical studies have found that fracture patients with PEEK implants have 30% 

608 fewer post-operative complications than with traditional metal implants.3D Printing 

609 Material Characteristics: 3D printing technology enables the production of 

610 personalised protective equipment and implants, optimising biomechanical fit and 

611 reducing the risk of secondary injury.3D printed bone implants combined with a 

612 bioactive coating can increase the rate of osteoblastic cell proliferation and promote 

613 osseointegration by 25%.3D printing can also be used to produce bone implants that 

614 can be used to repair bone fractures.

615 Table 2 Comparison of different modern high-tech sports injury materials

Material 

Types 

Main 

functions 

Advantages Limitations Typical 

applications

Nanomaterials Enhances 

tissue repair 

and 

intelligently 

monitors 

movement 

data to 

improve 

material 

strength

Lightweight, 

high strength, 

antimicrobial 

properties, 

increased 

speed of repair 

Higher cost, long 

term stability and 

immune rejection 

needs to be 

proven 

Sports 

protective 

gear, artificial 

ligaments, 

bone tissue 

repair

Polymer 

Composites 

Provides high 

toughness 

support, 

Lightweight 

and high 

strength, 

Manufacturing 

process is 

complex, some 

Sports shoe 

soles, 

rehabilitation 

Page 24 of 47Nanoscale Advances

N
an

os
ca

le
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
31

/2
02

5 
12

:5
7:

46
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5NA00874C

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5na00874c


25

reduces impact 

and improves 

durability of 

sports 

equipment 

impact 

resistant, 

biocompatible

materials still 

need to be 

improved to 

enhance 

biodegradability 

supports, 

orthopaedic 

implants

3D Printing 

Materials

Personalised 

sports 

protectors and 

rehabilitation 

braces to 

optimise 

biomechanics 

Can be 

precisely 

matched to 

individual 

needs to 

improve 

comfort and 

rehabilitation 

Higher 

production costs, 

longer 

manufacturing 

time, long-term 

stability of some 

materials to be 

verified 

Sports 

protectors, 

fracture 

fixation 

braces, 

artificial 

meniscus

616 3.3 Application Scenario Analysis of Matching Sports Injury Types and 

617 Materials 

618 In competitive sports, the frequency of sports injuries is high, and the types of 

619 injuries in different parts of the body are different. Therefore, the selection of 

620 appropriate sports injury materials for different injury types is crucial for improving 

621 the protective effect of athletes and shortening the rehabilitation cycle. According to 

622 the occurrence mechanism and parts of sports injuries, they can be mainly divided 

623 into joint ligament injuries, tendon injuries, fracture injuries and soft tissue injuries, 

624 and different types of injuries are suitable for different materials and technologies.

625 Joint ligament injuries: combined application of polymer composites and 

626 nanofibre scaffolds

627 Ligament injuries occur mainly in the knee (anterior cruciate ligament, medial 

628 collateral ligament) and ankle (lateral ligament) and are usually caused by severe 

629 twisting or hyperextension, and basketball players' knee joints are subjected to 

630 excessive torque during landing, which can lead to ACL strains or even ruptures 

631 [49,64]. Polymer composites (e.g. carbon fibre reinforced polymers) have been used 
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632 in knee and ankle pads to provide good support and stability and to reduce abnormal 

633 range of motion of the joints, thus reducing the risk of ligament injuries, while 3D 

634 printed personalised pads can be customised according to the biomechanical data of 

635 athletes to improve comfort and protective performance [105]. Nanofibrous scaffolds 

636 have been widely used for ligament repair, and silk protein-polycaprolactone 

637 (SF/PCL) nanofibrous membranes, which have shown higher cell adhesion and 

638 biocompatibility than conventional materials in experimental studies, contribute to the 

639 proliferation and regeneration of ligament cells [60].

640 Tendon injuries: synergistic effects of bionic hydrogel and 

641 nano-reinforcement materials

642 The tendon connects muscle and bone and is one of the most stressed tissues in 

643 high-intensity sports [106]. Prolonged repetitive use, improper training or external 

644 influences (e.g. 'tennis elbow' in tennis players) can lead to injuries such as tendonitis 

645 and tendon rupture [107]. Biomimetic hydrogels can be used for tendon repair, such 

646 as polyethylene glycol-gelatin-based hydrogels, which mimic the elastic properties of 

647 natural tendons while providing excellent water retention, which aids in the 

648 regeneration of damaged tendon tissue [108]. Nano-reinforced materials (e.g. 

649 nano-hydroxyapatite, carbon nanotube composites) can be used in artificial tendon 

650 implants to improve the mechanical strength of the material, bringing it closer to the 

651 loading capacity of natural tendons and reducing the risk of post-operative injury 

652 [109].

653 Fracture injuries: 3D-printed bone scaffolds with smart biomaterials

654 Fractures are a more serious type of injury in competitive sports, especially in 

655 high-impact sports (e.g. football, skiing, gymnastics), and common sites include the 

656 clavicle, tibia, and carpal bones, etc. [3D-printed bone scaffolds combined with 

657 bioactive materials (hydroxyapatite-poly(lactic acid) complexes) have been widely 

658 used in fracture treatment, which not only have good mechanical strength, but can 

659 also promote bone tissue regeneration, which improves the speed of fracture healing 

660 [113-115]. Smart biomaterials (e.g. degradable magnesium alloy implants) can 

661 gradually degrade in vivo, reducing the risk of secondary surgical removal of 
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662 conventional metal implants, and at the same time the magnesium ions released by 

663 them can promote the proliferation of osteoblasts, which is helpful for fracture repair 

664 [116-119].

665 Soft tissue injuries: combined application of anti-inflammatory 

666 nanomaterials and smart sensors

667 Soft tissue injuries (e.g. muscle strains and bruises) are the most common type of 

668 injury in athletes, particularly in sports that require explosive force, such as sprinting, 

669 long jumping, basketball and rugby [120-121]. Nano-anti-inflammatory materials 

670 (e.g. nanosilver, nano-zinc oxide coatings) can be used in sports plasters and cold 

671 compresses, which have antimicrobial and anti-inflammatory effects that can 

672 effectively reduce inflammatory responses after injury and promote tissue repair 

673 [122-124]. Smart sensors combined with wearable devices (e.g. flexible electronic 

674 skin) can monitor muscle activity status in real time and provide early warning of 

675 injury [125-126]. Flexible sensors can detect small changes in muscle strain and alert 

676 athletes when they are in a high-risk state to reduce the incidence of soft tissue 

677 injuries [127-130].

678 With the further development of sports biomechanics, smart materials and 

679 bioengineering, future materials for sports injuries will be more precise and 

680 personalised. Different types of injuries will be matched with more suitable polymer 

681 composites, nanomaterials and 3D printing technology, and combined with intelligent 

682 monitoring systems to form a more complete system for the protection and treatment 

683 of sports injuries. By optimising the mechanical properties of materials, 

684 biocompatibility and intelligent detection capabilities, the sports life and competitive 

685 level of athletes will be more effectively protected.

686 Application of Smart and Intelligent Biomaterials in Sports Injury 

687 Prevention and Rehabilitation

688 In recent years, the integration of smart textiles and intelligent biomaterials has 

689 opened new frontiers in the prevention and rehabilitation of sports injuries [131]. 

690 Smart textiles, which combine flexible, breathable, and skin-friendly fibers with 

691 embedded sensing and data-processing capabilities, provide a unique platform for 
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692 continuous biomechanical monitoring and adaptive protection. The latest studies 

693 highlight the potential of smart textiles not only in personalized healthcare—such as 

694 physiological signal monitoring, injury diagnosis, and localized therapy—but also in 

695 sustainability, through energy harvesting and body temperature regulation [132].

696 Building upon these developments, AI-assisted smart sensing systems can be 

697 embedded into wearable devices or protective gear to achieve real-time monitoring, 

698 risk prediction, and adaptive adjustment of mechanical support. These systems 

699 acquire biomechanical data through high-precision pressure sensors, optical devices 

700 (e.g., laser interferometers), and wearable biosensors, which are then analyzed via 

701 deep learning models to predict potential injuries and provide corrective feedback. 

702 Furthermore, intelligent repair systems—such as adaptive braces and self-regulating 

703 materials—are being explored to automatically adjust their stiffness and support 

704 levels in response to detected fatigue or injury signals [133-135].

705 This convergence of biomaterials, artificial intelligence (AI), and Internet of 

706 Things (IoT) technologies represents a major leap toward personalized, real-time, and 

707 intelligent sports injury management, paving the way for next-generation wearable 

708 healthcare systems that integrate monitoring, prevention, and adaptive rehabilitation.

709 4. Summary, Future Trends and Challenges and Recommendations 

710 4.1 Summary

711 This study thoroughly explores the application of sports injury materials in 

712 competitive sports, covering the role of traditional materials, polymer composites, 

713 nanomaterials and 3D printed materials in the prevention, treatment and rehabilitation 

714 of sports injuries. It is found that traditional sports injury materials (such as protective 

715 gear, cold and hot dressings, elastic bandages, etc.) have basic protective functions but 

716 have limitations such as high stiffness, poor individual adaptability and single 

717 function. Polymer composites (e.g. polyetheretherketone PEEK, graphene composites, 

718 etc.) are widely used in sports protective equipment, rehabilitation stents and 

719 orthopaedic implants due to their characteristics of high strength, light weight and 

720 durability, which have significantly improved the effect of sports injury protection. 

721 Nanomaterials (e.g. nanofibre scaffolds, biomimetic photothermal nanomaterials, 
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722 nanocoatings, etc.) show the potential of self-repairing ability, intelligent response 

723 and precise targeted therapy, which can accelerate the repair of damaged tissues and 

724 play an important role in the fields of sports injury detection and smart drug release. 

725 In addition, 3D printed materials have greatly improved the precision of sports injury 

726 prevention and treatment through personalisation, highly bionic structure and flexible 

727 sensing technology, enabling individualised sports injury protection. The study also 

728 found that the combination of multifunctional sports injury materials is one of the 

729 future trends.For example, the combination of nanotechnology and 3D printing can 

730 create intelligent bionic tissue engineering scaffolds for the repair of bone, cartilage 

731 and ligament injuries; the use of smart wearable devices combined with flexible 

732 sensing materials can provide real-time monitoring and feedback of sports injuries 

733 and improve the safety of athletes' training. The integration of artificial intelligence 

734 and biomaterials will enable more accurate injury prediction and personalised 

735 rehabilitation programmes, reducing the incidence of injury in competitive sports and 

736 speeding up the recovery process[136-138].

737 4.2 Future Development Trends

738 In the future, the development of sports injury materials will move towards 

739 intelligence, personalisation, biomimicry and sustainability, and further optimise their 

740 feasibility and cost-effectiveness in practical applications.

741 Personalisation: 3D printing meets precision medicine

742 Protection and rehabilitation from sports injuries need to be optimised for 

743 individual characteristics, and the combination of 3D printing and biomaterials 

744 science will drive the development of personalised and customised protective gear, 

745 orthopaedic implants and rehabilitation scaffolds. For example, 3D printed 

746 personalised protective gear can be accurately modelled according to an athlete's bone 

747 structure, training habits and force distribution to achieve a more biomechanically 

748 correct protective effect. The implementation path includes: Data input: Based on CT 

749 scanning, MRI imaging technology to obtain the athlete's bone and joint data, 

750 combined with sports biomechanics modelling, accurate analysis of individual injury 

751 risk areas. Intelligent manufacturing: Combined with high-resolution 3D printing, 
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752 personalised protective equipment or rehabilitation braces can be rapidly produced. 

753 For example, nanocomposites + flexible printing technology can be used to produce 

754 high-strength, lightweight protective gear to improve comfort and stability. Cost 

755 optimisation: At present, 3D printing has the problems of high cost and long 

756 production cycle, in the future, it can reduce the cost by multi-material co-printing, 

757 improve the printing speed, optimise the material formula, etc., so that it has the 

758 possibility of large-scale application.

759 Biomimetic materials: mimic human tissue to improve repair capabilities

760 In the future, biomimetic materials will play a key role in tissue repair and sports 

761 injury treatment. For example, biomimetic photothermal nanomaterials can make use 

762 of the photothermal conversion effect to promote blood circulation at the injury site 

763 and accelerate cell regeneration; smart hydrogels can mimic the structure of natural 

764 cartilage to improve the treatment efficiency of sports injuries. The realisation path 

765 includes: material optimisation: developing biomaterials that are closer to the 

766 mechanical properties of natural tissues, such as smart hydrogel (for cartilage repair) 

767 and biomimetic fibres (for ligament reconstruction), in order to enhance 

768 biocompatibility and repair effects. Clinical translation: Use animal models and 

769 long-term biological experiments to evaluate the stability, immunocompatibility and 

770 degradation properties of new materials in vivo to ensure their safety and efficacy. 

771 Application example: Tissue-engineered scaffolds based on nano-biomaterials can be 

772 applied to repair cartilage injuries in the knee joint and improve the speed of 

773 post-operative rehabilitation for athletes.

774 Toward Intelligent, Sustainable, and Self-powered Biomaterials

775 Despite remarkable progress in smart materials and wearable monitoring 

776 systems, energy sustainability remains one of the main challenges for continuous, 

777 real-time operation. Traditional batteries are limited by short lifespan and frequent 

778 charging needs, which restrict the autonomy of wearable systems. To address these 

779 issues, researchers have developed self-powered nanogenerators, such as triboelectric 

780 (TENG) and piezoelectric nanogenerators (PENG), that harvest biomechanical energy 

781 from natural human motions (e.g., walking, running, or muscle contraction) to achieve 
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782 wireless and autonomous energy supply.

783 Recent advances in hybrid energy materials—including supercapacitors, 

784 conductive polymers, and MXene-based composites—have significantly improved the 

785 energy conversion efficiency and storage capacity of such devices. These flexible and 

786 biocompatible systems pave the way for sustainable, self-powered motion-monitoring 

787 platforms capable of real-time sensing, adaptive feedback, and long-term operation 

788 without the need for external charging sources.

789 With increasing global concern for environmental protection and sustainability, 

790 future sports injury materials will focus more on degradability, biocompatibility and 

791 low energy production. For example, natural polymers (e.g. chitosan, biodegradable 

792 polylactic acid) will be used to produce biodegradable protective gear or implants to 

793 reduce environmental impact. Ways to achieve this include Low carbon production: 

794 using 3D printing + biodegradable biomaterials to reduce material waste and optimise 

795 the manufacturing process to reduce carbon emissions. Long-term stability: Ensuring 

796 that degradable materials have sufficient mechanical properties and degradation rate 

797 in the injury repair process to meet the needs of clinical applications.

798 In the future, the trend of intelligent, personalised, biomimetic and sustainable 

799 development of sports injury materials will significantly improve the protective effect, 

800 rehabilitation efficiency and comfort of athletes. Through the intelligent sensing 

801 system + big data analysis + 3D printing of personalised protective gear, can provide 

802 more accurate sports injury prevention and treatment programme. Meanwhile, 

803 breakthroughs in biomimetic materials will accelerate injury repair, while the 

804 application of sustainable materials will contribute to the development of 

805 environmentally friendly competitive sports. With the integration of multidisciplinary 

806 technologies, sports injury materials will play a more important role in competitive 

807 sports in the future, providing athletes with safer, more efficient and intelligent 

808 protection and rehabilitation solutions.

809 4.3 Challenges and Limitations

810 Despite remarkable progress in the development of smart biomaterials and 

811 wearable technologies for sports injury prevention, several challenges remain before 
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812 these systems can be fully implemented in real-world environments. These challenges 

813 involve long-term stability and biocompatibility, intelligence and integration, 

814 manufacturing scalability and cost, and clinical translation and personalization.

815 (1) Long-term stability and biocompatibility.

816 Many emerging materials—such as nanocomposites, biomimetic hydrogels, and 

817 polymer blends—demonstrate excellent performance in laboratory or short-term 

818 animal studies. However, their long-term mechanical durability, degradation behavior, 

819 and biosafety under real physiological conditions remain unclear. For instance, 

820 nanomaterials may gradually degrade in vivo, and their degradation by-products could 

821 trigger inflammatory or immune responses. Therefore, the evaluation of 

822 biodegradability, histocompatibility, and immune adaptation through extended animal 

823 testing and multi-center clinical trials is essential. Surface modification techniques 

824 (e.g., anti-inflammatory coatings or bioactive functionalization) may further enhance 

825 the immunocompatibility of next-generation biomaterials.

826 (2) Intelligence, integration, and energy supply.

827 Smart sensing materials and wearable systems hold great potential for real-time 

828 monitoring and rehabilitation guidance, yet most devices remain at the prototype 

829 validation stage. Challenges such as sensor accuracy, data transmission stability, and 

830 durability limit their performance in high-intensity sports settings. Furthermore, 

831 self-powered nanogenerators often provide low voltage outputs, which restrict 

832 long-term operation. Future research should focus on optimizing sensor sensitivity, 

833 wireless communication, and hybrid energy systems, integrating materials science, 

834 biomedical engineering, and artificial intelligence to achieve reliable, real-time 

835 feedback.

836 (3) Manufacturing scalability and personalization.

837 Although 3D printing enables personalized protective and rehabilitative devices, 

838 its widespread application is restricted by high costs, long printing cycles, and limited 

839 material options. High-precision bioprinting, for instance, can fabricate complex 

840 bioscaffolds for soft tissue repair but remains too expensive and time-consuming for 

841 rapid clinical deployment. Future strategies should focus on improving printing 
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842 efficiency (e.g., high-speed laser printing), developing high-strength bio-inks, and 

843 reducing material costs through multi-material co-printing. The integration of 3D 

844 printing with AI-driven data analytics could further allow athlete-specific design 

845 based on individual biomechanics and injury profiles.

846 (4) Clinical translation and multidisciplinary collaboration.

847 Finally, sports injuries are influenced by individual physiology, training 

848 intensity, and environmental factors. Relying solely on materials innovation is 

849 insufficient. The future lies in integrating big data analytics, AI-based prediction 

850 models, and biomechanical simulation to guide training and prevent injuries. Close 

851 collaboration among materials scientists, sports physicians, and engineers will be 

852 crucial to transform laboratory prototypes into clinically viable and commercially 

853 scalable solutions.

854
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