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Abstract 

International Journal of Exercise Science 18(7): 1121-1132, 2025. 
https://doi.org/10.70252/JMBI4851 Carbon-fiber shoes feature a stiff yet lightweight curved carbon-fiber 
plate embedded in the sole and a resilient midsole foam. These shoes create spring-like rebounding effect that has 
proven to decrease energy consumption and enhance athletic performance. To date, most biomechanics research 
on carbon-fiber shoes has been laboratory-based. The purpose of our study was to compare running biomechanics 
in competitive runners wearing carbon-fiber shoes or traditional shoes using wearable sensors on an outdoor 
composite track. Ten elite runners (9F, 1M) who consistently ran over 30 miles per week and owned a pair of carbon-
fiber shoes participated. The experiment consisted of three 40-meter run trials in carbon-fiber shoes and three trials 
in traditional running shoes. The self-selected speed was held constant between the two conditions. Two Inertial 
Measurement Units (IMUs) were strapped on subject’s right foot and tibia to measure biomechanical parameters 
including tibial acceleration, eversion velocity, stance time, stride frequency, sagittal plane angular velocity of the 
foot at toe-off, and sagittal plane angular acceleration of the foot during propulsion. A paired sample t test was 
used to compare between shoe conditions. Sagittal plane angular acceleration of the foot during propulsion was 
significantly greater in the carbon-fiber shoes, 8774.4±4348.2	𝑑𝑒𝑔/𝑠𝑒𝑐!, compared to 7492.9±3495.0	𝑑𝑒𝑔/𝑠𝑒𝑐! for 
traditional shoes (P=0.01, Cohen’s d=0.513). Additionally, sagittal plane angular velocity of the foot at toe-off 
approached significance (carbon-fiber: 953.1±227.9deg/sec, traditional: 881.0±216.1deg/sec, P=0.082, Cohen’s 
d=0.326). No other differences were noted. Carbon-fiber shoes create a more efficient toe-off by providing greater 
propulsive acceleration during push-off. 
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Introduction 

In recent years, an increasing number of competitive runners have utilized highly technological 
shoes, often termed “super shoes”1 during racing to improve performance.2 New world records 
in events ranging from 5 km races to the marathon have been achieved by athletes wearing these 
shoes,3 which provide a mechanical advantage that significantly improves running economy,1,2,4 
Various studies have reported more than a 4% gain in running economy when athletes of a range 
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of expertise levels use these shoes.1-7 Although shoe design and materials differ between 
manufacturers, the shoes feature a curved carbon-fiber plate that increases longitudinal bending 
stiffness of the shoe as well as a compliant and resilient foam midsole.8 The mechanisms for the 
efficacy of the shoes are still not well understood. The combination of the carbon-fiber plate and 
midsole foam may act as a spring to provide a rebound effect and propel the runner forward.2,6  

Several research groups have studied the biomechanics associated with increased performance 
in runners wearing the carbon-fiber shoes. Hoogkamer et al6 and Martinez and colleagues1 
reported a smaller peak ankle extensor moment, as well as smaller negative and positive work 
at the ankle in athletes wearing the carbon-fiber shoes. No alterations to hip and knee mechanics 
were noted.6 Additionally, metatarsophalangeal dorsiflexion and negative work was decreased 
in the carbon-fiber shoes.1,6 Healy and Hoogkamer8 compared running biomechanics in intact 
carbon-fiber shoes and similar shoes with mediolateral cuts through the carbon plate to reduce 
its effectiveness. They also reported decreased metatarsophalangeal dorsiflexion, MTP 
dorsiflexion angular velocity, and negative power in the intact carbon-fiber shoes.8 This reduced 
metabolic demand at the ankle and metatarsophalangeal joints likely contributes to the 
improved running economy of runners using the carbon-fiber shoes.1 EMG data are 
inconclusive, as some researchers report increased medial gastrocnemius activation,9 while 
others report decreased activation10 in runners wearing carbon-fiber insoles.  No differences in 
comfort between carbon-fiber and regular insoles have been reported.9  

However, these studies were conducted in indoor laboratory settings and may not truly 
represent outdoor running on a typical running surface.11-15 Inertial Measurement Units (IMUs) 
are small wearable sensors that allow convenient determination of some common biomechanical 
variables outside of the laboratory.16 These devices incorporate a three-dimensional 
accelerometer to assess linear acceleration as well as a 3D gyroscope to measure angular 
velocity.16 Recent studies using IMUs have reported greater axial tibial acceleration at impact in 
outdoor field-testing compared to indoor testing in runners wearing traditional shoes.13,14  
Moon14 reported greater stride frequency of runners on a treadmill compared to on grass, and 
higher eversion velocity on a harder surface, such as a track or asphalt, compared to on a softer 
surface such as grass or treadmill. No research that used IMUs to examine the biomechanical 
adaptations associated with the use of carbon-fiber shoes in an outdoor environment was found 
in the refereed literature.  

The purpose of our study was to use IMU technology to compare various biomechanical 
properties of running gait outdoor on a composite track between carbon-fiber shoes and 
traditional shoes. These properties included peak tibial acceleration, stance time, stride 
frequency, mean eversion, maximum eversion, maximum sagittal plane angular velocity of the 
foot at toe off and sagittal plane angular acceleration of the foot during propulsion. We 
hypothesized that sagittal plane angular acceleration of the foot during propulsion and 
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maximum angular velocity at toe off would increase with the addition of the carbon-fiber plate 
and that all other variables would remain unchanged by the influence of the carbon-fiber shoes. 

Methods 

Participants 

Ten competitive runners (age: 22.5±5.3 yrs, height: 164.9±5.7cm, mass: 55.6±4.5kg, 9F/1M) who 
reported running at least 30 miles per week (average: 40.8±10.1 miles/week) and who owned a 
pair of carbon-fiber shoes were asked to participate. All subjects were habituated to the shoes 
because they reported running in their traditional and their carbon-fiber shoes for at least 1 
month prior to the study. No subjects reported any lower extremity injuries in the past 6 months 
and no previous cardiopulmonary condition. Eight subjects were NCAA varsity athletes on our 
university’s D1 cross country team. One subject was on our ‘club’ (non-NCAA) cross country 
team, and one was a local marathon runner. Subjects were recruited by advertisement letter or 
verbal recommendation. Participation was voluntary and participants received no additional 
compensation for their time.  

We first conducted an apriori power analysis from the step frequency reported by Hoogamer, 
Kipp, and Kram.6  In that study, step frequency was 2.91 steps/sec when subjects wore carbon-
fiber shoes and 2.96 when traditional shoes were worn. Standard deviation was 0.09 in the 
traditional shoe condition.  The power analysis revealed that 20 subjects would be needed to 
achieve statistical significance of that variable. Furthermore, we wanted to estimate our sample 
size based on the propulsion variables in the current study. Data from the first three participants 
were used for a priori power analysis. Because a primary purpose of using the carbon-fiber shoes 
is to increase propulsion during toe off, we used the sagittal plane angular acceleration of the 
shoe from midstance to toe-off as the variable of interest in our power analysis. The average was 
10617.9 deg/s2 for first three subjects when using the carbon-fiber shoes and 7456.5 deg/s2 when 
in traditional shoes, with a standard deviation of 3118.4 deg/s2. This power analysis estimated 
that 13 participants would be needed to find significance in this variable. However, we were 
only able to identify and recruit 10 subjects who met our inclusion criteria in the timeframe 
allowed for this student project.  

Protocol 

Data were collected at the West Virginia University track and field complex to accurately 
represent athletes using carbon-fiber shoes during track races. Participants were explained the 
procedure and informed about any minimal risk of participation. Subjects were encouraged to 
ask questions or concerns at any time during the briefing or the experiment itself.  Participants 
then provided University-approved informed consent, as well as their age, height, weight, and 
miles run per week. 

Next, two Vicon (Centennial, CO) Blue Trident IMU sensors were placed on the subject’s right 
leg (Figure 1). Each IMU included an accelerometer (± 200g, 1600 Hz) and gyroscope (± 2000 
deg/s, 1125 Hz). One IMU was securely fastened on the back of the heel counter on the subject’s 
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right shoe such that the X-axis of the IMU was aligned with the vertical axis of the shoe, the Y-
axis was aligned with the mediolateral axis of the shoe and the Z-axis was aligned with the 
anteroposterior axis of the shoe. With this alignment, angular velocities were measured as 
follows: X=transverse plane, Y=sagittal plane, and Z=frontal plane. A second IMU was placed 
on the distal tibia such that the X-axis of the IMU was aligned with the anteroposterior axis of 
the tibia, the Y-axis with vertical axis of the tibia and the Z-axis with the mediolateral axis of the 
tibia. Therefore, the acceleration data from the Y-axis of the IMU recorded tibial axial 
(longitudinal) acceleration at impact. Although the tibial-mounted IMU also assessed angular 
velocity, we did not process these data for this experiment. 

Subjects were asked to warm-up until they felt that they were ready to participate. A timing 
system (Dashr 2.0, Lincoln, NE) was used to ensure consistent running speeds between trials. 
Specifically, two timing gates were placed on the track at the 10m and 40m marks. The distance 
was chosen to ensure that at least 10 strides would be captured on the IMU. Subjects were asked 
to run at a comfortable speed during the duration of the experiment (3 on the scale of 1 to 10). 
An initial baseline time was collected with a ±5% tolerance range. Subjects were instructed to 
maintain constant speed throughout the duration of the experiment and trials outside the range 
were repeated. The average speed run by our participants during the testing was 4.6 m/s.  

 

Figure 1.  Frontal and sagittal view of the tibial and shoe-mounted IMUs during testing.  Note:  IMUs are shown 
secured with athletic tape to prevent extraneous movement. 

Next, participants were instructed to complete a total of six 40-meter runs, with three trials in 
the carbon-fiber shoes and three in their everyday running shoes. We did not control for the 
everyday shoe type, although all runners were comfortable in their shoes wearing them on their 
daily runs.  We did not assess the amount of rearfoot control provided by the subjects’ everyday 
running shoes. All trials were conducted on the composite track at our university. Each trial 
time was measured and recorded to ensure it was within the acceptable time range. Subjects 
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were permitted to take breaks between trials to prevent fatigue; however, no subjects reported 
fatigue during the experiment. The order of the shoe condition was randomized, with six 
participants starting with carbon-fiber shoes first and four beginning with traditional shoes. 

All data were extracted from the IMU sensor and processed with MATLAB R2023b (Mathworks, 
Inc., Natick, MA). Data were filtered with a dual-pass 4th order Butterworth filter with a cutoff 
frequency of 70 Hz.13 A custom MATLAB script was used to determine our outcome variables.14 
First, heel strike and toe off were found using the sagittal plane velocity of the foot-mounted 
IMU.14,17-19 Stance time was determined by calculating the time difference between toe-off and 
heel strike in each gait cycle.14,17,19 Stride time was determined as the time between successive 
heel strike events. The reciprocal of the average stride time in a trial was used to calculate stride 
frequency.14 Maximum and average eversion velocities were obtained through the Z-axis 
gyroscope of the foot-mounted IMU.14 Peak tibial acceleration was found as the local maximum 
for each axial acceleration from the shank-mounted IMU.13  

To assess the amount of propulsion provided by the shoes, we assessed two additional variables 
from the Y-axis of our foot-mounted IMU data: sagittal plane angular velocity of the foot at toe-
off and sagittal plane angular acceleration of the foot during propulsion. These are determined 
as shown in Figure 2. Midstance angular velocity was determined through finding the minimum 
angular velocity, which occurred halfway between heel-strike and toe-off. The other component, 
maximum sagittal plane angular velocity at toe-off, was found by determining the maximum 
value during the toe-off phase. Angular acceleration during propulsion was calculated by 
dividing the difference in angular velocity by the time difference between the two components. 
Each trial used ten steps to find average propulsion at mid-stance and average maximum 
angular acceleration at toe-off. 

 
Figure 2. Sagittal plane angular velocity obtained from the shoe mounted IMU. Angular acceleration during 
propulsion was determined as the difference between the maximum angular velocity at toe-off and the minimum 
angular velocity at midstance divided by the time between the two events.  
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Statistical Analysis 

Statistical analyses were performed using IBM SPSS statistical software (v29.0, Armonk, NY). A 
paired sample t-test was performed on each dependent variable to compare between carbon-
fiber and traditional shoes. A Cohen’s d effect size was calculated to determine the effect 
magnitude between shoe conditions (small effect d < 0.2, moderate 0.2 < d < 0.8, and large: d 
>0.8). Dependent variables were stance time, stride frequency, maximum eversion velocity, 
average eversion velocity, tibial acceleration, maximum sagittal plane angular velocity of the 
shoe at toe-off and sagittal plane angular acceleration during propulsion. The alpha level of 
significance was set at 0.05. 

Results 

During our experiment, we compared biomechanical running parameters obtained from IMUs 
of participants running on the composite track at our university track and field facility. The 
experiment was conducted under two shoe conditions: carbon-fiber and traditional running 
shoes. Data are shown in Table 1. Use of the carbon-fiber shoes resulted greater propulsion, as 
assessed by a 17% greater (p=0.010, Cohen’s d = 0.513) sagittal plane angular acceleration of the 
foot during propulsion compared to when the athletes wore their traditional shoes. 
Additionally, the maximum sagittal plane angular velocity of the foot at toe-off was 8% greater 
when athletes used the carbon-fiber shoes compared to their traditional everyday shoes, 
however this did not reach statistical significance in our small subject pool (p=0.082, Cohen’s d 
= 0.326). No statistical differences were observed in maximum eversion, mean eversion, stance 
time, stride frequency, and tibial acceleration, and all of their effect sizes were small. 

Table 1. Biomechanical running measures in elite runners wearing carbon-fiber shoes and traditional shoes (mean 
± standard deviation). 

Variable Name Carbon-fiber Shoes Traditional Shoes P-Value Cohen’s d  
Effect Size 

Stance time (sec) 0.19 ± 0.02 	 0.20 ± 0.05 	 0.106 0.310 

Stride frequency (Hz) 1.56 ± 0.11 	 1.54 ± 0.11 	 0.464 0.138 

Axial tibial acceleration (g) 13.8 ± 7.0 	 13.8 ± 7.1 	 0.985 0.004 

Maximum eversion velocity 
(deg/sec) 

879.1 ± 283.6 847.1 ± 213.5 0.619 0.093 

Average eversion velocity 
(deg/sec) 

11.6 ± 66.2 25.1 ± 64.0 	 0.367 0.170 

Max sagittal plane angular 
velocity at toe off (deg/sec) 

953.1 ± 227.9 	 881.0 ± 216.1 0.082 0.326 

Sagittal plane angular 
acceleration during propulsion 
(deg/sec2) 

8774.4 ± 4348.2 7492.9 ± 3495.0 0.010 0.513 

** Data were statistically significant between shoe conditions.  
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Discussion 

The purpose of our study was to use wearable technology to compare biomechanical aspects of 
outdoor running gait between shoes embedded with carbon-fiber plates and traditional running 
shoes. Our dependent variables were tibial acceleration, stance time, stride frequency, mean 
eversion velocity, maximum eversion velocity, maximum sagittal plane angular velocity of the 
foot at toe off and sagittal plane angular acceleration of the foot during propulsion. We 
hypothesized that sagittal plane angular acceleration of the foot during propulsion and 
maximum angular velocity at toe off would increase with the addition of the carbon-fiber plate 
and that all other variables would remain unchanged by the influence of the carbon-fiber shoes.  

Our results support our hypotheses. Sagittal plane angular acceleration of the foot during 
propulsion was significantly greater in the carbon-fiber shoes (8774.4 ± 4348.2 deg/sec2) than in 
traditional shoes (7492.9 ± 3495.0 deg/sec2). Effect size was moderate. This supports a consistent 
line of evidence suggesting that carbon-fiber shoes improve propulsion.1,3,6,8,20 Also, we revealed 
that sagittal plane angular velocity of the foot at toe-off was 8% greater in the carbon-fiber shoes, 
although this was not statistically significant and effect size was small. These differences were 
noted even though we held running speed constant between the two conditions. Biomechanical 
differences between the two shoes conditions in this study were limited to those in the 
propulsive phase of gait.   

This study contributes to prior laboratory-based research on the efficacy of carbon-fiber shoe 
technology. Martinez et al1 report increased peak propulsive ground reaction force in runners 
wearing these shoes. This occurred in conjunction with decreased metatarsophalangeal work, 
decreased ankle negative and positive work, and greater running economy, while running at 
the same speed as in traditional shoes1. Similarly, Hoogkamer et al6 reported a smaller peak 
ankle extensor moment, and negative and positive work at the ankle in the carbon-fiber shoes, 
also while controlling for speed on a motorized treadmill. Our study was conducted outdoor in 
an overground condition, which may have some differences compared to running on a 
treadmill.21  

The properties of stiff carbon-fiber insole in combination with the resilient midsole foam 
facilitates the movement of the ankle and toe up and forward over the toes, aiding in the 
progression of the body.2 Furthermore, another advantage of these shoes is their ability to create 
an efficient toe-off, providing extra boost generating greater power and acceleration.20  

While it is believed that carbon-fiber technology enhances propulsion of athletes, limited data 
of outdoor running are available on that topic. This study presents numerical data from outdoor 
running to support the evidence that carbon-fiber creates increased propulsion and may help to 
explain how runners are able to experience 4% energy reduction while wearing the shoes, 
potentially due to the additional propulsion provided by the shoes.4 Our study reinforces the 
theory that carbon-fiber helps runners gain a better ‘push-off’. The sagittal plane acceleration of 
the foot during propulsion and velocity at toe-off focused on the subject’s final moments on the 
ground. The larger value indicated in the carbon-fiber shoes reflects a stronger push off, enabled 
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by better storage and release of energy from the technological design and materials comprising 
the shoes.20  

Stance time and stride frequency were not different between our shoe conditions. Other studies 
have examined the effect of carbon-fiber technology on spatiotemporal variables. In two 
separate studies, Hoogkamer and colleagues6,8 also reported no difference in stance time in 
athletes wearing carbon-fiber shoes; however, Martinez and colleagues found a decrease in 
contact time and an increased in step length.1 Hoogkamer, Kipp, and Kram6 reported a 
decreased step frequency. It should be noted that running speed was held constant in these 
studies, just as in our study, so that any differences could be attributed to the shoe-type and not 
speed. It is likely that stance time and stride frequency would be altered if the athletes had been 
permitted to run at a (likely increased) speed that felt natural to them in the carbon-fiber shoes.  

We did not observe statistical difference in axial tibial acceleration between carbon-fiber and 
traditional running shoes. Our results indicated that axial tibial loading was virtually identical 
between the two conditions (carbon-fiber shoes: 13.8 ± 7.0g, traditional: 13.8 ± 7.1g). Although 
the use of carbon-fiber technology is shown to modify foot and ankle biomechanics,1,6 its 
influence did not extend up to the tibia to produce a greater tibial axial loading during ground 
contact in our study.  

Because carbon-fiber shoes improve running economy and reduce race times, they are 
revolutionizing the running industry.2,3,7 However, coaches remain apprehensive about 
allowing their athletes to wear the shoes due to concern about stress related running injuries.5,22 
There is a belief that carbon-fiber could potentially induce stress on the skeletal system due to 
altered metatarsophalangeal and ankle joint mechanics.22 Our data do not support an increased 
risk of a tibial stress injury from carbon-fiber technology. It should be noted that speed was held 
constant in this study, which may not reflect real-life, as speed would likely be faster when 
athletes use carbon-fiber technology. This increased speed could alter the biomechanics 
significantly, perhaps resulting in a greater tibial axial load and increased risk of injury. Future 
research is necessary to examine injury risk associated with the use of carbon-fiber shoes. Use of 
new data analysis techniques, such as deep neural network and layer-wise relevance 
propagation23 and/or metaheuristic optimization-based selection24 may provide insight into the 
reasons behind the efficacy of the carbon-fiber shoes in improving race performance and 
changing injury risk. 

We assessed maximum and average eversion velocity to gain insight into the effect of carbon-
fiber shoes on frontal plane foot kinematics compared to traditional shoes. We did not find 
statistical differences between shoe conditions. No other studies have published data on these 
measures in highly technological shoes for comparison with our study. We did not control for 
the motion control capabilities of either pair of the subjects’ shoes. Some researchers assert that 
overpronation is associated with certain running injures such as anterior knee pain25-27 and 
Achilles tendinitis,28,29 although the evidence is inconclusive.30,31 Pronation is a motion that 
occurs between the foot and shank. Our IMU data exclusively examine the eversion velocity of 
the foot with respect to the world and do not include motion of the foot with respect to the 
shank. Therefore, given that we do not have data on the amount of rearfoot control provided by 
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either shoe, and that our data reflect eversion velocity and not pronation range of 
motion/velocity, we do not feel that we can adequately address the effect of carbon-fiber shoes 
on rearfoot motion.   

One limitation of our experiment was the small sample size. Due to the relatively small 
population in our community who met our criteria of running at least 30 miles per week and 
owning a pair of carbon-fiber shoes, finding subjects proved challenging. Despite not meeting 
our recruitment goal of 13 participants, we found increased propulsion in the carbon fiber shoes. 
The majority of our participants were athletes on our university track and field team. Because 
the team includes only female athletes, recruiting male participants posed an additional 
challenge. Therefore, another limitation of our study was the inclusion of only one male 
participant. As carbon-fiber shoes become more widely available to runners, we hope to recruit 
a larger subject population that includes both males and females and that more broadly 
represents running enthusiasts of various skill levels.    

Another limitation of the study is the fact that we controlled running speed between conditions. 
Other key studies exploring the efficacy of the carbon-fiber shoe technology have also held 
speed constant between conditions.1,6,8 Carbon-fiber shoes have shown to enhance running 
economy by over 4%, resulting in a 2% decrease in run time.2,3 Since carbon-fiber shoes are made 
to improve running speed, the decision to keep this variable constant likely influenced the 
natural stride of runners wearing them. It would be beneficial to analyze the influence of speed 
on the same variables while wearing carbon-fiber shoes. Subjects could undergo the same 
experiment but be instructed to run a speed that feels most natural to them in that shoe 
condition.  

Another potential area for future research would be to investigate the influence of different 
surfaces. Running races occur on various surfaces including roads, grass, and trails. All could 
influence how the carbon-fiber shoes modify the biomechanical variables. Moon14 reported that 
surface (grass, track, asphalt, and treadmill) significantly alters the variables of stride frequency, 
eversion velocity, and axial tibial acceleration during running, even when speed is held constant. 
Specifically, stride frequency was highest on the treadmill and slowest on grass. Peak tibial 
longitudinal acceleration was greater on the three outdoor surfaces compared to the treadmill. 
Maximum rearfoot eversion velocity was significantly slower when running on grass compared 
to when running on the composite track and asphalt. Thus, research using IMUs to examine 
how surface affects running biomechanics associated with carbon-fiber shoe technology is 
warranted. Additionally, there are specialized carbon-fiber shoes made specifically for trail races 
that would prove to be interesting to compare with track carbon-fiber shoes.  

Since the debut of carbon-fiber shoes, new world records for both men’s and women’s distances 
from 5K to marathon have been achieved. There is no doubt that carbon-fiber shoes are playing 
a major role in helping athletes achieve those remarkable times3. The significance of this study 
lies in providing field-based data that demonstrate increased sagittal plane angular acceleration 
of the foot during propulsion, even when running speed was held constant. This further 
confirms the propulsive advantage of using the carbon-fiber shoes in an outdoor environment.  
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Note:  This research adheres to the ethical standards for scientific discovery in exercise science 
outlined in Navalta et al.32 

References 

1. Martinez EIII, Hoogkamer W, Powell DW, Paquette MR. The influence of "super-shoes" and foot strike pattern 
on metabolic cost and joint mechanics in competitive female runners. Med Sci Sport Exer. 2024;56(7):1337-1344. 
https://doi.org/10.1249/MSS.0000000000003411 

2. Ortega JA, Healey LA, Swinnen W, Hoogkamer W. Energetics and biomechanics of running footwear with 
increased longitudinal bending stiffness: A narrative review. Sports Med. 2021;51(5):873-894. 
https://doi.org/10.1007/s40279-020-01406-5 

3. Muniz-Pardos B, Sutehall S, Angeloudis K, Guppy FM, Bosch A, Pitsiladis Y. Recent improvements in marathon 
run times are likely technological, not physiological. Sports Med. Mar 2021;51(3):371-378. 
https://doi.org/10.1007/s40279-020-01420-7 

4. Hoogkamer W, Kipp S, Frank JH, Farina EM, Luo G, Kram R. A comparison of the energetic cost of running in 
marathon racing shoes. Sports Med. 2018;48(6):1521-1522. https://doi.org/10.1007/s40279-017-0840-x 

5. Hoenig T, Saxena A, Rice HM, Hollander K, Tenforde AS. Navigating the challenges and opportunities with 
'super shoes': Balancing performance gains with injury risk. Brit J Sport Med. 2023;57(23):1472-1473. 
https://doi.org/10.1136/bjsports-2023-106875 

6. Hoogkamer W, Kipp S, Kram R. The biomechanics of competitive male runners in three marathon racing shoes: 
A randomized crossover study. Sports Med. 2019;49(1):133-143. https://doi.org/10.1007/s40279-018-1024-z 

7. Kipp S, Kram R, Hoogkamer W. Extrapolating metabolic savings in running: Implications for performance 
predictions. Front Physiol. 2019;10. https://doi.org/10.3389/fphys.2019.00079 

8. Healey LA, Hoogkamer W. Longitudinal bending stiffness does not affect running economy in Nike Vaporfly 
Shoes. J Sport Health Sci. 2022;11(3):285-292. https://doi.org/10.1016/j.jshs.2021.07.002 

9. Ko M, Ma T, Xiong S. Effects of carbon fiber insole on lower-extremity muscle activation and wearing comfort 
during treadmill running. Phys Erg Hum Factors. 2022;63:21-27. https://doi.org/10.54941/ahfe1002592 

10. Hata K, Hamamura Y, Noro H, et al. Plantar flexor muscle activity and fascicle behavior in gastrocnemius 
medialis during running in highly cushioned shoes with carbon-fiber plates. J Appl Biomech. 2024;40(3):192-200. 
https://doi.org/10.1123/jab.2023-0170 

11. Gruber A, Silvernail J, Brueggemann P, Rohr E, Hamill J. Footfall patterns during barefoot running on harder 
and softer surfaces. Footwear Sci. 2013;5(1):39-44. https://doi.org/10.1080/19424280.2012.742141 

12. Hardin EC, Van den Bogert AJ, Hamill J. Kinematic adaptations during running: Effects of footwear, surface, 
and duration. Med Sci Sport Exer. 2004;36(5):838-844. https://doi.org/10.1249/01.MSS.0000126605.65966.40 

13. Milner CE, Hawkins JL, Aubol KG. Tibial acceleration during running is higher in field testing than indoor 
testing. Med Sci Sport Exer. 2020;52(6):1361-1366. https://doi.org/10.1249/MSS.0000000000002261 

14. Moon G. The comparison of treadmill and overground running with the use of inertial measurement units (IMUs). West 
Virginia University; 2021.  

15. Waite N, Goetschius J, Lauver JD. Effect of Grade and Surface Type on Peak Tibial Acceleration in Trained 
Distance Runners. J Appl Biomech. 2021;37(1):2-5. https://doi.org/10.1123/jab.2020-0096 

https://doi.org/10.1249/MSS.0000000000003411
https://doi.org/10.1007/s40279-020-01406-5
https://doi.org/10.1007/s40279-020-01420-7
https://doi.org/10.1007/s40279-017-0840-x
https://doi.org/10.1136/bjsports-2023-106875
https://doi.org/10.1007/s40279-018-1024-z
https://doi.org/10.3389/fphys.2019.00079
https://doi.org/10.1016/j.jshs.2021.07.002
https://doi.org/10.54941/ahfe1002592
https://doi.org/10.1123/jab.2023-0170
https://doi.org/10.1080/19424280.2012.742141
https://doi.org/10.1249/01.MSS.0000126605.65966.40
https://doi.org/10.1249/MSS.0000000000002261
https://doi.org/10.1123/jab.2020-0096


Int J Exerc Sci 18(7): 1121-1132, 2025 
 
 

International Journal of Exercise Science                                                          http://www.intjexersci.com 
1131 

16. Camomilla V, Bergamini E, Fantozzi S, Vannozzi G. Trends supporting the in-field use of wearable inertial 
sensors for sport performance evaluation: A systematic review. Sensors. 2018;18(3). 
https://doi.org/10.3390/s18030873 

17. Falbriard M, Meyer F, Mariani B, Millet GP, Aminian K. Accurate estimation of running temporal parameters 
using foot-worn inertial sensors. Front Physiol. 2018;9. https://doi.org/10.3389/fphys.2018.00610 

18. Zrenner M, Gradl S, Jensen U, Ullrich M, Eskofier BM. Comparison of different algorithms for calculating 
velocity and stride length in running using inertial measurement units. Sensors. 2018;18(12). 
https://doi.org/10.3390/s18124194 

19. Zrenner M, Küderle A, Roth N, Jensen U, Dümler B, Eskofier BM. Does the position of foot-mounted imu sensors 
influence the accuracy of spatio-temporal parameters in endurance running? Sensors. 2020;20(19). 
https://doi.org/10.3390/s20195705 

20. Willwacher S, König M, Potthast W, Brüggemann GP. Does specific footwear facilitate energy storage and return 
at the metatarsophalangeal joint in running? J Appl Biomech. 2013;29(5):583-592. 
https://doi.org/10.1123/jab.29.5.583 

21. Riley PO, Dicharry J, Franz J, Della Croce U, Wilder RP, Kerrigan DC. A kinematics and kinetic comparison of 
overground and treadmill running. Med Sci Sports Exerc. 2008;40(6):1093-100. 
https://doi.org/10.1249/MSS.0b013e3181677530 

22. Tenforde A, Hoenig T, Saxena A, Hollander K. Bone stress injuries in runners using carbon fiber plate footwear. 
Sports Med. 2023;53(8):1499-1505. https://doi.org/10.1007/s40279-023-01818-z 

23. Xu DT, Quan WJ, Zhou HY, Sun D, Baker JS, Gu YD. Explaining the differences of gait patterns between high 
and low-mileage runners with machine learning. Sci Rep. 2022;12(1). https://doi.org/10.1038/s41598-022-07054-1 

24. Xu D, Zhou H, Quan W, et al. A new method proposed for realizing human gait pattern recognition: Inspirations 
for the application of sports and clinical gait analysis. Gait Posture. 2024;107:293-305. 
https://doi.org/10.1016/j.gaitpost.2023.10.019 

25. Rodrigues P, Chang R, TenBroek T, Hamill J. Medially posted insoles consistently influence foot pronation in 
runners with and without anterior knee pain. Gait Posture. 2013;37(4):526-531. 
https://doi.org/10.1016/j.gaitpost.2012.09.027 

26. Rodrigues P, TenBroek T, Hamill J. Runners with anterior knee pain use a greater percentage of their available 
pronation range of motion. J Appl Biomech. 2013;29(2):141-146. https://doi.org/10.1123/jab.29.2.141 

27. Thijs Y, De Clercq D, Roosen P, Witvrouw E. Gait-related intrinsic risk factors for patellofemoral pain in novice 
recreational runners. Br J Sports Med. 2008;42(6):466-471. https://doi.org/10.1136/bjsm.2008.046649 

28. Ryan M, Grau S, Krauss I, Maiwald C, Taunton J, Horstmann T. Kinematic analysis of runners with Achilles 
mid-portion tendinopathy. Foot Ankle Int. 2009;30(12):1190-1195. https://doi.org/10.3113/FAI.2009.1190 

29. Willems TM, Ley C, Goetghebeur E, Theisen D, Malisoux L. Motion-control shoes reduce the risk of pronation-
related pathologies in recreational runners: A secondary analysis of a randomized controlled trial. J Orthop Sports 
Phys Ther. 2021;51(3):135-143. https://doi.org/10.2519/jospt.2021.9710 

30. Dillon S, Burke A, Whyte EF, O'Connor S, Gore S, Moran KA. Running towards injury? A prospective 
investigation of factors associated with running injuries. PLoS One. 2023;18(8):e0288814. 
https://doi.org/10.1371/journal.pone.0288814 

https://doi.org/10.3390/s18030873
https://doi.org/10.3389/fphys.2018.00610
https://doi.org/10.3390/s18124194
https://doi.org/10.3390/s20195705
https://doi.org/10.1123/jab.29.5.583
https://doi.org/10.1249/MSS.0b013e3181677530
https://doi.org/10.1007/s40279-023-01818-z
https://doi.org/10.1038/s41598-022-07054-1
https://doi.org/10.1016/j.gaitpost.2023.10.019
https://doi.org/10.1016/j.gaitpost.2012.09.027
https://doi.org/10.1123/jab.29.2.141
https://doi.org/10.1136/bjsm.2008.046649
https://doi.org/10.3113/FAI.2009.1190
https://doi.org/10.2519/jospt.2021.9710
https://doi.org/10.1371/journal.pone.0288814


Int J Exerc Sci 18(7): 1121-1132, 2025 
 
 

International Journal of Exercise Science                                                          http://www.intjexersci.com 
1132 

31. Messier SP, Martin DF, Mihalko SL, et al. A 2-year prospective cohort study of overuse running injuries the 
runners and injury longitudinal study (TRAILS). Am J Sport Med. 2018;46(9):2211-2221. 
https://doi.org/10.1177/0363546518773755 

32. Navalta J, Stone W, Lyons T. Ethical issues relating to scientific discovery in exercise science. Int J Exerc Sci. 
2019;12(1):1-8. https://doi.org/10.70252/EYCD6235 

Corresponding author: Jean L. McCrory, PhD; jlmccrory@hsc.wvu.edu  

 

https://doi.org/10.1177/0363546518773755
https://doi.org/10.70252/EYCD6235

