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ABSTRACT 
Background: Head injuries remain a prevalent and serious concern in cycling, often resulting in traumatic brain injuries (TBIs) such as concussions and diffuse axonal injuries. Traditional helmets primarily reduce linear forces but are less effective against rotational acceleration, a key factor in TBIs. 
Objective: This review aims to evaluate the effectiveness of three rotational force mitigation technologies-MIPS (Multi-directional Impact Protection System), WaveCel, and SPIN (Shearing Pad INside)-in preventing TBIs in cyclists. 
Methods: A literature review was conducted using databases including PubMed and Google Scholar. Search terms included: "head injury", "helmet", "MIPS", "WaveCel", "SPIN", and "concussion prevention". Only peer-reviewed studies published from 2015 onward were included to ensure relevance and up-to-date findings. 
Key Results: The three systems vary in design and biomechanical performance. MIPS shows consistent reduction in rotational acceleration across various impact conditions. WaveCel demonstrates strong energy absorption capabilities and protection in angled impacts, while SPIN shows promising results in reducing strain on brain tissue. However, direct comparative clinical outcome data remain limited. 
Conclusions: While all three systems improve protection against rotational forces, current evidence suggests that MIPS and WaveCel offer the greatest potential for reducing TBIs. Further real-world injury data and standardized testing protocols are needed to better assess long-term effectiveness and guide helmet design improvements.

Keywords: head injury, helmet, MIPS, WaveCel, SPIN, concussion prevention 
 
Introduction 
Traumatic brain injuries (TBIs) remain a major concern in sport-related trauma, particularly in cycling, which is one of the most injury-prone recreational and transport activities across Europe. According to the European Road Safety Observatory, approximately 40,000 serious cycling-related injuries occur annually within the EU, with head injuries accounting for nearly 50% of hospitalizations following cycling accidents [1]. In countries with high cycling prevalence such as the Netherlands or Denmark, traumatic brain injury represents a leading cause of cycling-related disability [2]. 
While conventional bicycle helmets have demonstrated effectiveness in reducing the risk of skull fractures and severe head trauma by up to 60–70% [3], they are primarily designed to absorb linear impact forces. However, most real-world accidents involve oblique impacts, which generate rotational forces capable of causing the brain to twist or shear inside the skull. These rotational forces are now recognized as central to the pathophysiology of TBIs, especially in cases of concussion, diffuse axonal injury (DAI), axonal shearing, and subdural hematoma-injuries often occurring in the absence of overt skeletal trauma [4,5]. 




In recent years, several advanced helmet technologies have been developed to specifically address this issue by reducing rotational acceleration during impact. The most prominent of these systems include: the Multi-directional Impact Protection System (MIPS), the WaveCel collapsible cellular liner, and the Shearing Pad INside (SPIN) system. Each employs a different mechanical principle to dissipate rotational forces, aiming to reduce energy transfer to the brain during angled impacts. 
This review aims to evaluate current scientific evidence concerning the biomechanical performance and clinical relevance of MIPS, WaveCel, and SPIN systems in the context of modern cycling helmets. By reviewing laboratory test data, comparative impact studies, and injury outcome research, this paper provides a comprehensive overview of how these systems may improve protection against TBIs in European cyclists. 

Methods 
This narrative review was conducted to evaluate the effectiveness of rotational impact mitigation technologies-MIPS, WaveCel, and SPIN-in modern cycling helmets.  
A comprehensive literature search was performed using PubMed, Scopus, and Google Scholar databases, covering the period from January 2015 to March 2025, with select foundational publications prior to 2015 included when relevant. The search strategy utilized the following keywords in various combinations: “head injury”, “helmet”, “MIPS”, “WaveCel”, “SPIN”, and “concussion prevention”. 
Studies were included if they were peer-reviewed, published in English, and provided full-text access. Eligible publications focused on cycling helmets incorporating any of the three technologies and included laboratory impact testing, biomechanical simulations, clinical outcomes, or systematic reviews related to rotational force mitigation. Studies were excluded if they: (1) focused on helmets used in other sports such as football or skiing, (2) involved exclusively pediatric populations, (3) did not include relevant rotational impact analysis, or
(4) were non-original publications such as opinion articles, conference abstracts, or editorials.
The initial selection was based on titles and abstracts, followed by full-text screening for relevance. Additional studies were identified through citation tracking and reference list screening of key articles. 
In total, 23 articles were deemed eligible and included in this review. 
 
Results and Discussion
This section focuses on three advanced helmet technologies designed to reduce rotational forces and improve protection against traumatic brain injuries in cycling: Multi-directional Impact Protection System (MIPS), WaveCel, and Shearing Pad INside (SPIN). These systems each utilize distinct mechanisms to dissipate rotational forces during angled impacts, a key factor in preventing brain injuries such as concussions and diffuse axonal injury. The available laboratory, clinical, and comparative studies will be evaluated to assess their effectiveness in real-world cycling accidents. 

MIPS 
Biomechanical Laboratory Testing 
The Multi-directional Impact Protection System (MIPS) is designed to address the role of rotational forces in traumatic brain injuries (TBIs), which are a significant concern in cycling. Laboratory studies have demonstrated that MIPS can effectively reduce rotational acceleration during an impact. Research has shown that helmets equipped with MIPS can reduce rotational forces by up to 40% compared to traditional helmets during angular impacts [6][7]. 
The core mechanism of MIPS is a low-friction layer that enables slight rotation of the helmet relative to the head during impact. This design helps redirect rotational forces away from the brain, which is particularly crucial in angled or oblique impacts-common in cycling accidents-compared to direct linear impacts [8].

Clinical Studies and Real-World Data 
Clinical evidence supporting MIPS's effectiveness in reducing TBIs is promising, though still limited. A study by Brolin et al. (2017) found that cyclists wearing MIPS-equipped helmets had fewer concussion-related injuries in real-world cycling accidents compared to those using conventional helmets [9]. However, some research has pointed out that the benefits of MIPS are more evident in accidents involving higher impact angles. 
While MIPS does provide additional protection against rotational forces, it does not completely eliminate the risk of concussion. Cyclists remain susceptible to significant head injuries, particularly in high-velocity collisions. Therefore, MIPS should be viewed as part of a broader strategy for injury prevention rather than a standalone solution [10]. 

Comparison with Conventional Helmets 
MIPS helmets are superior to conventional helmets in protecting against rotational forces, though their performance in mitigating linear impacts remains comparable to that of traditional designs. Conventional helmets are designed to absorb linear forces, which effectively prevent skull fractures in many accidents. However, they do not specifically address rotational forces, which play a crucial role in concussions and other brain injuries [11]. 
In comparison studies, MIPS-equipped helmets showed superior performance in simulations of real-world cycling accidents. For example, Karlsson et al. (2016) reported that MIPS helmets reduced rotational acceleration by 30% compared to non-MIPS helmets during angled impacts [12]. However, both MIPS and conventional helmets performed similarly in linear impact tests.

Limitations and Controversies 
While MIPS provides improved protection against rotational forces, several limitations should be noted. The additional layer inside MIPS helmets increases their cost, which may limit accessibility for some cyclists. Moreover, the added layer can affect the helmet’s fit and comfort, with some users reporting that MIPS helmets feel bulkier or less ventilated compared to standard models. This could impact long-term comfort, especially on extended rides [13]. 
Furthermore, although MIPS has shown benefits in reducing rotational forces, the overall reduction in concussion rates in cycling accidents remains inconclusive. Results across various cycling disciplines and accident types have been mixed, indicating that more research is needed to fully assess the capabilities of MIPS and its impact on real-world cycling environments [14]. 
WaveCel Technology 
Biomechanical Laboratory Testing 
WaveCel is a cellular liner material composed of a collapsible, honeycomb-like structure designed to crumple, flex, and glide upon impact. It is specifically engineered to reduce both linear and rotational acceleration forces associated with traumatic brain injuries (TBIs). In biomechanical impact testing, helmets equipped with WaveCel have shown significantly improved performance over standard EPS (expanded polystyrene) helmets.  
A prominent study published in Accident Analysis & Prevention found that WaveCel-equipped helmets reduced rotational acceleration by up to 73% compared to traditional helmets [15]. 
The technology combines three stages of energy management during an impact: initial flexing of the cells, followed by crumpling to absorb linear energy, and then controlled sliding to reduce rotational forces. This multilayered mechanism allows WaveCel to absorb  a broader range of impact energies than standard helmets or those using MIPS technology alone [16].

Clinical Studies and Real-World Data 
While real-world clinical data on WaveCel is still emerging, some preliminary findings suggest that WaveCel helmets may provide superior protection against concussions. 
A study by Bonin et al. (2020) evaluated helmet safety ratings using a STAR (Summation of Tests for the Analysis of Risk) evaluation system and found that WaveCel helmets consistently ranked among the highest-scoring models in terms of concussion reduction potential [17]. 
It is important to note, however, that large-scale longitudinal studies comparing 
WaveCel with other systems (e.g., MIPS) in real-world accident scenarios are still lacking. 
The current clinical data is promising, but further research is needed to substantiate claims about injury prevention in diverse cycling environments.

Comparison with Conventional Helmets and MIPS 
When compared directly with MIPS and traditional EPS helmets, WaveCel has shown higher efficacy in reducing both linear and rotational forces. In a study by Bland et al. (2019), helmets with WaveCel technology showed a significantly lower probability of sustaining  a concussion-inducing impact during simulated bicycle accidents than both MIPS and conventional models [18]. 
Unlike MIPS, which primarily addresses rotational motion through a slip-plane mechanism, WaveCel attempts to address both types of forces through its structural deformation design. This dual-purpose capability could provide a broader protective profile, especially in complex impact scenarios that combine linear and angular forces.

Limitations and Controversies 
Despite its biomechanical advantages, WaveCel helmets are generally more expensive and heavier than their MIPS counterparts. Users have also reported reduced ventilation and slight discomfort during prolonged use, particularly in warm climates. Additionally, there has been some debate over the reproducibility of laboratory results, especially given that many tests have been conducted or funded by manufacturers [19].

Moreover, regulatory approval and widespread adoption of WaveCel technology have been slower due to the need for further independent validation studies. Critics argue that while laboratory data is compelling, the absence of large-scale real-world studies remains  a significant gap in the evidence base. 

SPIN (Shearing Pad INside) Technology
Biomechanical Laboratory Testing 
SPIN (Shearing Pad INside) is a proprietary technology developed by POC Sports, utilizing silicone-injected pads inside the helmet liner. These pads are designed to shear in any direction upon impact, thereby dissipating rotational forces before they reach the brain. 
The underlying principle is similar to MIPS in intent but different in execution-SPIN does not rely on an additional slip-plane layer but integrates force mitigation directly within the padding system. 
Laboratory studies evaluating SPIN-equipped helmets have demonstrated  a measurable reduction in both angular acceleration and rotational velocity during oblique impacts. In a comparative study by Aldman et al. (2020), SPIN helmets showed a 30–40% decrease in rotational acceleration compared to traditional EPS helmets [20]. These findings suggest that SPIN technology offers meaningful biomechanical benefits, particularly in angled impacts typical of cycling accidents.

Clinical Studies and Real-World Data 
While clinical data on SPIN is more limited than for MIPS or WaveCel, preliminary field studies have indicated positive outcomes. A post-market surveillance report by POC in collaboration with Scandinavian trauma centers suggested that SPIN-equipped helmets were associated with a lower incidence of reported concussion symptoms following low-to-moderate speed crashes [21]. However, these findings have not yet been validated through large-scale, peer-reviewed trials. 
Critics have pointed out the lack of third-party research, as most clinical data stems from industry-led evaluations. Nonetheless, helmet models incorporating SPIN technology often receive high safety ratings in consumer safety tests, including those by independent organizations such as Virginia Tech [22].

Comparison with Conventional Helmets and Other Systems 
Compared to conventional helmets, SPIN models provide enhanced rotational energy management while maintaining comparable performance in linear impact scenarios. In terms of rotational force mitigation, SPIN generally performs similarly to MIPS but may offer better comfort and ventilation due to the absence of a slip-layer, which can affect helmet fit [23]. 
When compared to WaveCel, SPIN typically shows less dramatic reductions in rotational acceleration but benefits from a lighter and more compact design. For cyclists prioritizing comfort and multi-directional impact protection without significantly increasing helmet weight, SPIN presents a viable compromise between performance and practicality.

Limitations and Controversies 
One notable limitation of SPIN technology is the scarcity of independently funded research validating its clinical effectiveness. Most available data are manufacturer-funded, raising concerns about potential bias. Additionally, unlike WaveCel, SPIN does not address linear and rotational forces through a multi-phase mechanism, which may limit its protective capacity in high-energy impacts. 
Another issue lies in standardization: since SPIN is integrated into POC’s unique helmet architecture, comparisons with helmets from other manufacturers are challenging due to design variability. This has made it harder to establish a consistent performance benchmark across different helmet types and testing protocols.

Discussion
The comparative analysis of MIPS, WaveCel, and SPIN technologies reveals important differences in their biomechanical performance and potential clinical impact in mitigating rotational forces linked to traumatic brain injuries (TBIs) in cyclists. All three systems demonstrate advantages over conventional helmet designs, particularly in angled or oblique impacts, which are more representative of real-world cycling accidents. 
MIPS appears to be the most widely adopted and tested system, with several laboratory studies consistently showing reductions in angular acceleration ranging from 20% to 40% compared to traditional helmets. However, its clinical impact remains modest and context-dependent, especially in low-to-moderate energy crashes. WaveCel offers more comprehensive energy management, combining linear and rotational impact mitigation. Studies suggest that it may outperform MIPS in both lab settings and simulated crash scenarios, though real-world clinical data are sparse. SPIN, while less frequently studied, shows promise through integrated shear pad technology that has yielded comparable reductions in rotational kinematics, though more research is needed to confirm its long-term benefits. 
Each technology comes with trade-offs. MIPS is lightweight and compatible with existing helmet designs but may offer limited comfort due to the internal slip layer. WaveCel, though biomechanically effective, adds significant bulk and weight to the helmet and raises concerns about ventilation. SPIN offers better user comfort, but its proprietary integration into only one helmet brand limits its accessibility and broader evaluation. 
The findings have implications for cyclists seeking enhanced protection and for helmet manufacturers navigating a competitive and increasingly innovation-driven market. Rotational impact mitigation is no longer a niche concern but a critical component of helmet safety design. As consumers become more informed about concussion risks, demand for proven rotational force technologies is expected to grow. 
Despite promising laboratory data, the current body of evidence has several limitations. Clinical research linking helmet technologies directly to reduced rates of concussion or other TBIs remains scarce. Differences in testing protocols, impact angles, and evaluation metrics hinder direct comparison across studies. Moreover, most real-world impact studies rely on self-reported crash data, which introduces bias and reduces reliability.


Future research should focus on standardized rotational impact testing procedures, longitudinal clinical trials, and improved real-world data collection through helmet-integrated sensors. Understanding the relationship between biomechanical performance and clinical outcomes remains crucial for advancing helmet safety and informing regulatory guidelines. 

Conclusions
This review analyzed the biomechanical performance and potential real-world benefits of three rotational force mitigation systems in cycling helmets: MIPS, WaveCel, and SPIN. All three technologies demonstrated a measurable reduction in rotational acceleration during oblique impact simulations compared to conventional helmets. Among them, WaveCel consistently achieved the highest reductions in both linear and rotational forces under laboratory conditions. MIPS, while widely adopted and supported by moderate clinical evidence, appears to be most effective in specific angled impact scenarios. SPIN, though less extensively studied, offers promising results through its use of fluid-filled pads, with  a simpler design compared to its competitors. 
Despite encouraging laboratory outcomes, the translation of these results to real-world injury prevention remains limited by a lack of large-scale epidemiological data. Moreover, methodological heterogeneity across studies complicates direct comparisons between systems. 
To sum up, future research adopts unified, large-scale testing standards and long-term injury tracking, it would enable cyclists to make better-informed decisions about protective equipment based on transparent, comparative data. Rotational impact mitigation technologies should not be seen as a definitive solution but rather as important components in a broader injury prevention strategy that includes education, regulation, and continued helmet innovation.
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