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ABSTRACT 
 

Running can be performed on different types of surfaces with distinct 
characteristics. These differences between the running sur- faces may affect impact 
accelerations during prolonged  running.  The aim of this study was to compare the 
effect of the type of running surface (motorised treadmill (MT), curved non-
motorised treadmill (cNMT), and overground (OVG)) and prolonged running in 
impact accelerations, spatiotemporal parameters and perceptual variables. In the 
current study, twenty-one recreational runners completed three randomised 
crossover prolonged running test on these surfaces consisting of a 30-minute run at 
80% of the indivi- dual maximal aerobic speed. A two-way repeated-measure 
analysis of  variance, with  the level of  significance  set at p < 0.05, showed   a 
reduction in impact accelerations, such as tibia peak acceleration, when running on 
cNMT vs MT (p = 0.001, ES = 4.2) or OVG  (p = 0.004, ES = 2.9). Running on cNMT 
produced an increase in stride frequency (p = 0.023, ES = 0.9) and higher rating of 
perceived effort (p < 0.001, ES = 8.9) and heart rate (p = 0.001, ES = 2.9) compared to 
OVG, with no differences between treadmills. These findings sug- gest that impact 
accelerations,  spatiotemporal  parameters,  rating of perceived exertion and heart 
rate are different between the surfaces analysed, what should be taken into 
consideration when running on these surfaces. 
 
 
Introduction 

Running has become an important global phenomenon and the sport equipment 
market is constantly evolving and growing trying to satisfy athletes’ demands, 
making motorised treadmills (MT) one of the most relevant tools for sport purposes, 
research, exercise testing, and rehabilitation (Milner et al., 2020). Treadmills present 
some methodological advantages over asphalt, grass or track, i.e., easier 
instrumentation, better control of the environment (temperature, humidity), the 
possibility of maintaining a certain speed and slope requiring less space with high 
test replicability (García-Pérez et al., 2014). 

Although some studies suggest that MT running can be a representative expression 
of overground running (OVG) (Riley et al., 2008; Schache et al., 2001), other studies 
suggest that different running surfaces (e.g., treadmill, asphalt, indoor track or 
outdoor sidewalk) may lead to certain biomechanical variations, such as stride 
frequency (Hunter & Smith, 2007), joint kinematics (Schache et al., 2001; Wank et al., 
1998), impact accelerations (Milner et al., 2020), contact time and plantar pressures 
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(García-Pérez et al., 2013) or energy cost (Pind et al., 2019). 

According to Van Hooren et al. (2019), the differences on these surfaces could be due 
to stiffness, comfort and insufficient treadmill familiarisation, treadmill power, air 
resistance difference or the altered speed perception. Another study (Frishberg, 
1983) assures that these changes exist because the moving treadmill belt requires less 
propul- sion, reducing the energy demands of the runner by bringing the 
supporting leg back under the body during the support phase of running rather 
than the body moving over the supporting leg while running overground. 

New treadmill designs, such as curved non-motorised treadmills (cNMT), allow 
runners to self-select the speed by driving the belt, running on a more ecological 
environment (Schoenmakers & Reed, 2020). The cNMT has been previously 
investigated for biomechanical variables, such as impact accelerations (Encarnación-
Martínez et al., 2021), spatiotemporal kinematics (Bruseghini et al., 2019; Hatchett et 
al., 2018), percep- tual demands (Schoenmakers & Reed, 2020) and physiological 
parameters such as blood lactate, heart rate (HR), maximal oxygen consumption 
(VO2max) and running economy (Edwards et al., 2017; Smoliga et al., 2015). 
Previous studies have shown a reduction in impact accelerations (Encarnación-
Martínez et al., 2021; Milner et al., 2020), higher perceptual and physiological 
variables (i.e., rating of perceived exertion, heart rate or VO2max) (Bruseghini et al., 
2019; Encarnación-Martínez et al., 2021), but no differences in spatiotemporal 
parameters (i.e., stride length and frequency) (Encarnación-Martínez et al., 2021; 
Seneli et al., 2011) while running on cNMT vs MT. Impact accelerations have also 
been studied during OVG vs MT (Aubol et al., 2020; García-Pérez et al., 2014; Milner 
et al., 2020), concrete vs grass (Waite et al., 2020), woodchip trail vs synthetic track 
vs concrete (Boey et al., 2017). 

Impact accelerations are related to an increase in the risk of injury (Pérez-Soriano et 
al., 2018). During the foot contact with the ground while running, the rapid decelera- 
tion is transmitted from the tibia to the head throughout the skeletal system 
(Derrick, 2004; Hines & Mercer, 2004). The energy of this impact acceleration at heel 
strike is absorbed not only by muscles, bones and other structural tissues, but also 
by running shoes and running surface (Boey et al., 2017; Encarnación-Martínez et al., 
2021). Approximately, 600 impacts per kilometre occur while running, which results 
in more than 600,000 impacts per year in training sessions of around 20 km/week 
(Derrick et al., 2002). Accelerometer-based analysis systems have been used 
routinely to continuously assess acceleration peaks during activities such as running 
and human gait, demonstrat- ing excellent validity and reliability (Van den Berghe 
et al., 2019). 

During prolonged running, the cyclical and repetitive nature of running entails great 
demands on the musculoskeletal system, since it has to absorb 1.2 to 4 times the 
runner’s body weight (Lieberman et al., 2010). Therefore, prolonged running 
fatigues reduces the ability of the musculoskeletal system to absorb impact 
accelerations as a result of the accumulated exposure to them, increasing the risk of 
injury (García-Pérez et al., 2014; Mercer et al., 2003). Interestingly, around 42.7% of 
runners around the world get injured each year, most of them due to overuse 
(Francis et al., 2019; van der Worp et al., 2015), finding men, particularly younger 
men (<40 years), to have an increased risk of running- related injuries than women 
(van der Worp et al., 2015). 



 
Two of the most important factors affecting impact accelerations are running surface 
and prolonged running. For example, a reduction in impact accelerations while 
running on MT in comparison with OVG has been observed (García-Pérez et al., 
2014; Milner et al., 2020). Different studies have suggested an increment of fatigue 
while running on MT compared to OVG (Pind et al., 2019) and higher ratings of 
perceived effort (RPE) during running at different speeds on cNMT vs MT 
(Encarnación-Martínez et al., 2021). Also, an increase in impact accelerations caused 
by fatigue has been observed after 30 minutes above the anaerobic threshold 
(Derrick et al., 2002; Mizrahi et al., 2000), what has been shown to be a sufficient 
time to induce general fatigue (Verbitsky et al., 1998). Therefore, the purpose of the 
current study was to compare impact accelerations between treadmill conditions 
(MT and cNMT) and OVG during a prolonged run. Based on the previously 
described factors that could influence tibia and head accelerations, the authors 
hypothesised that runners would experience lower impact accelerations during the 
cNMT running compared to MT and OVG. Second, the authors hypothesised that 
impact accelerations would increase as runners progressed through the test, due to 
prolonged running-related changes. 

 
Methods 

Experimental approach to the problem 

A randomised crossover study with repeated measures design was carried out in 
order to analyse the differences between MT, cNMT and OVG during a prolonged 
run. Participants ran with their own shoes in all testing conditions to reduce any 
biomecha- nical variability (Jimenez-Perez et al., 2021; Lucas-Cuevas et al., 2018). 
The tests were separated by 1 week and were carried out in three different days at 
the same time of the day (±1 h). 

 
Subjects 

Twenty-one recreational runners: 17 males and 4 females (age 36 ± 9 years, height 
1.76 ± 0.08 m, body mass 69 ± 10 kg, body mass index 22 ± 2 kg/m2, training 
frequency 4 ± 1 sessions/week, running load 41 ± 15 km/week) agreed to 
participate in the study and gave written informed consent. Inclusion criteria 
included to be between 18 and 50 years old, be physically active (considered as 
people who performed at least two trainings per week during the last year), no 
history of lower limb injuries within the last 6 months, a training volume of at least 
20 km per week. Exclusion criteria included surgery, injury or illness within the 
previous 6 months, overweight or obesity (BMI >24.9 kg/m2), suffering of heart 
failure, musculoskeletal or neurological disorders affect- 

ing normal locomotion and to be taking medication that interferes with stability 
during running. Participants usually ran OVG and were used to perform some 
trainings on MT; however, they had no previous experience on cNMT. Based on a 
general linear model (GLM) of two-way Repeated Measures design, a total sample 
size of 18 partici- pants was needed to detect significant differences associated with 
a minimum 

detectable effect size (large) f = 0.50 (α = 0.05, β = 0.05, power = 0.9521) for impact 
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accelerations. The study procedures complied with the Declaration of Helsinki and 
were approved by the University ethics committee (registry number: 1568868). 

 
Procedure 

Firstly, participants performed a submaximal test to determine the individual 
maximum aerobic speed (MAS) 48 hours before testing (Berthon et al., 1997). This 
test consisted the participants to cover the maximum distance running on a 400 m-
track during 5 minutes at a constant speed (Berthon et al., 1997; Chamoux et al., 
1996). Subsequently, participants carried out three running test on different surfaces: 
MT (h/p/cosmos pulsar® 3p, h/p/cosmos sports & medical gmbh. Nußdorf, 
Germany) with 1% incline to replicate the energy cost of outdoor running (Jones & 
Doust, 1996), cNMT (Bodytone ZRO-T, Bodytone International Sport S.L., Molina 
del Segura, Spain) and overground (300 m asphalt circuit). Similarly, on each 
surface, participants warmed-up for 8 min, which also served as familiarisation time 
(Arnold et al., 2019). Then, participants performed a 30-min test at 80% of the 
individual MAS. A completely randomised crossover design protocol throughout R 
Studio (version 5211.4.1103) was used for the surface order selection. 

Impact accelerations, spatiotemporal parameters, RPE and HR were collected during 
minute 1, 5, 10, 15, 20, 25 and 30 of the test, hereafter referred to as T1, T5, T10, T15, 
T20, T25, and T30, respectively, based on previous investigations who also followed 
the protocol used in the current study in order to analyse the effect of fatigue 
(Izquierdo-Renau et al., 2021; Lucas-Cuevas et al., 2015). A total of 5.880 strides on 
each surface were analysed in the study. 

 
Data collection 

Acceleration and spatiotemporal parameters were registered at 120 Hz by two 
lightweight triaxial wireless accelerometers (XSENS DOT, XSENS, Enschede, 
Netherlands; total mass: g; dimensions: 36 _ 30 _ 11 mm, range ±16 g) (Cudejko et 
al., 2022). The accelerometers were placed on the forehead and the anteromedial 
distal portion of the tibia of the dominant leg, which was determined based on Van 
Melick et al. (2017). They were firmly attached to the skin with double-sided 
adhesive tape and secured by elastic neoprene belts, adjusting the pressure up to the 
participants’ comfort limit (Encarnación-Martínez et al., 2018; Lucas-Cuevas et al., 
2017). The vertical axis of the accelerometer was aligned to be parallel to the vertical 
axis of the tibia, since the location of the tibia accelerometer does influence the 
acceleration signal (Lucas-Cuevas et al., 2017). 

Acceleration data was analysed using Matlab (MathWorks, MA, USA). The 
acceleration signal was filtered (Butterworth, second-order, low-pass, cut-off 
frequency = 50 Hz) and stride frequency (time between consecutive leg impact 
peaks, with units of strides per second (Hz)) and stride length (calculated by 
dividing the speed (m·s−1) by stride frequency (Hz)) were calculated as 
spatiotemporal parameters (Mercer et al., 2002; Milgrom et al., 2003). As impact 
accelerations, tibia and head acceleration rate (slope from ground contact to peak 
accelera- tion), tibia and head peak acceleration (maximum value of the acceleration 
signal), tibia and head acceleration magnitude (difference between the positive and 
the negative acceleration peak) and shock attenuation (reduction in impact 



 
acceleration from the tibia to the head) were calculated from the acceleration signal 
(Encarnación-Martínez et al., 2021). A 6–20 Borg (1982) and portable HR belt (Polar 
V800, Polar Electro, Kempele, Finland) were used to register RPE and HR, 
respectively. 

 
 

Statistical analysis 

Statistical analysis was carried out using SPSS.26 statistics software package (SPSS 
Inc., Chicago, IL, USA). The data normality and homoscedasticity were verified 
using the Shapiro—Wilk test and Levene test, respectively. A general linear model 
of two-way repeated-measures design was performed for the 30-min test. Running 
surface (cNMT, MT and OVG) and prolonged running (T1, T5, T10, T15, T20, T25, 
and T30) were considered as within-subject factors. Post hoc comparisons were 
performed applying the Bonferroni correction to identify the location of specific 
differences. The level of significance was set at p < 0.05. For significant pair 
differences, effect size (ES) was assessed using Cohen’s d (0.2, small; 0.5, moderate; 
0.8, large) (Cohen, 1992). 

 

Results 

Data analysis was carried out as homogeneous sample since no statistically 
significant differences (p > 0.05) were found in impact acceleration variables, 
spatiotemporal para- meters, RPE or HR between men and women. 

 
 

Effects of running surface 

Two way repeated measures ANOVA showed significant differences (p < 0.05) 
between running surfaces. Specifically, running on cNMT resulted in higher values 
than MT running in head rate acceleration (p = 0.005, ES = 2.6), head and tibia peak 
acceleration (p < 0.001, ES = 3.3; p = 0.001, ES = 4.2 respectively), head and tibia 
acceleration magni- tude (p < 0.001, ES = 3.6; p < 0.001, ES = 4.5 respectively) and 
attenuation (p = 0.011, ES 

= 2.5); whereas values were statistically higher on OVG surface compared to MT in 
head rate acceleration (p = 0.010, ES = 3.2), tibia peak acceleration (p = 0.004, ES = 
2.9), tibia acceleration magnitude (p < 0.001, ES = 3.5) and attenuation (p < 0.001, ES 
= 4.7). Lastly, running on cNMT resulted in lower values than OVG running in head 
rate acceleration (p < 0.001, ES = 5.6), in head and tibia peak acceleration (p = 0.021, 
ES = 2.5, p < 0.001, ES = 6.8 respectively), in head and tibia acceleration magnitude 
(p = 0.003, ES = 2.9; p < 0.001, ES = 7.8 respectively) and in attenuation (p = 0.011, ES 
= 4.7) (Table 1). 

In terms of spatiotemporal parameters, running on cNMT showed lower stride 
lengths compared to OVG (p = 0.024, ES = 0.9), and higher stride frequencies on MT 
vs OVG (p = 0.023, ES = 0.9) were observed (Figure 1). Furthermore, higher values 
were found when running on cNMT compared to OVG in terms of RPE and HR 
(RPE: p < 0.001, ES = 8.9; HR: p = 0.001, ES = 2.9), and higher values running on MT 
vs OVG (RPE: p < 0.001, ES = 8.6; HR: p = 0.010, ES = 2.0). In summary, the RPE and 
HR values were lower when running on OVG compared to the cNMT and MT 
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treadmills, however no differences between treadmills (cNMT vs MT) were found 
(Figure 2). 

 
Interaction’s effect between surface and prolonged running 

Prolonged running led to a significant impact acceleration reduction (p < 0.05) 
between the early vs final stage of the test. Specifically, these differences were 
present for head peak acceleration on MT at T5 vs T20 (p = 0.049, ES = 1.1) and on 
cNMT at T5 vs T15 (p = 0.036, ES = 0.9), T5 vs T20 (p = 0.042, ES = 1.3). For head 
acceleration magnitude, the differences were found on cNMT at T1 vs T20 (p = 
0.047, ES = 1.4), T5 vs T15 (p = 0.015, ES = 0.9), T5 vs T20 (p = 0.023, ES = 1.4) (Table 
1). However, prolonged running was not found to cause any significant difference 
(p > 0.05) in stride length, head/tibia rate, tibia peak, tibia magnitude or attenuation. 

An interaction between surface and prolonged running was found in terms of stride 
frequency, where significant differences between the early vs final stage of the test 
were found on cNMT. Specifically, stride frequency decreased during the test, with 
significant differences between T1 vs T10 (p = 0.007, ES = 1.0), T1 vs T15 (p = 0.009, 
ES = 1.1), T1 vs T20 (p = 0.005, ES = 1.3), T1 vs T25 (p < 0.001, ES = 1.6), T5 vs T25 (p 
= 0.010, ES = 1.1), T5 vs T30 (p = 0.020, ES = 0.9), T10 vs T25 (p = 0.047, ES = 0.6); 
while during OVG running stride frequency increased during T10 vs T30 (p = 0.036, 
ES = 0.7). 

RPE and HR increased significantly (p < 0.05) during the run, finding differences 
between the early vs final stage of the test (Figure 2). 

 

Discussion and implication 

The main objective of the present study was to analyse the influence of different 
running surfaces during a prolonged run in impact accelerations, spatiotemporal 
and perceptual parameters. To date, no studies have analysed head and tibia 
accelerations during a prolonged running protocol on cNMT in comparison with 
MT and OVG. Based on the findings, running on cNMT reduces impact 
accelerations and stride length while runners experience higher RPE and HR 
compared to OVG and MT. Also, significant differences were found between the 
early vs final stage of the test in all of the three surfaces, where a decrease in head 
peak, head magnitude and stride frequency was observed, while RPE and HR 
increased during the test. 

Running on a cNMT produced lower impact accelerations compared to MT and 
OVG, where the highest impacts were observed on OVG surface. As previous 
studies have shown, surface stiffness could influence impact accelerations (Dixon et 
al., 2000) while running: MT vs OVG (Aubol et al., 2020; García-Pérez et al., 2014; 
Milner et al., 2020), concrete vs grass (Waite et al., 2020), woodchip trail vs concrete 
vs synthetic running track (Boey et al., 2017). However, other studies (Fu et al., 2015) 
did not find any differences in tibia impact across a wide range of surfaces, such as 
EVA (Ethylene-Vinyl Acetate) treadmill, MT, synthetic track, concrete or natural 
grass. In line with the results of our study, some investigations observed a reduction 
in impact accelerations on cNMT in comparison with MT (Encarnación-Martínez et 
al., 2021) and OVG (Montgomery et al., 2016), finding several factors that could 



 
 
 
 
 
 
 

 
 
 

 
Table 1. Parameters (mean and standard deviation) based on surface and moment of the test. 
 p value 

Parameter Surface T1 T5 T10 T15 T20 T25 T30 (between surfaces) 
Head rate (g/ms) MT 32.12 (14.21) 30.5 (14.5) 33.43 (16.32) 33.62 (16.32) 34.2 (15.83) 34.68 (14.6) 32.47 (12.32) p < 0.001 

 cNMT 33.06 (12.76) 33.57 (13.53) 34.87 (15.29) 34.58 (13.86) 34.21 (13.62) 34.89 (14.78) 33.99 (16.87)  
 OVG 29.48 (13.28) 30.39 (13.51) 30.2 (14.98) 31.7 (15.53) 31.94 (16.34) 33.81 (16.03) 33.1 (16.83)  

Tibial rate (g/ms) MT 163.5 (110.35) 159.36 (116.32) 150.54 (117.38) 152.53 (119.11) 159.88 (93.48) 185.99 (158.11) 184.66 (146.7) N.S. 
 cNMT 195.86 (153) 201.43 (158.86) 217.22 (148.75) 228.97 (168.38) 215.66 (135.26) 212.85 (147.48) 219.18 (145.33)  
 OVG 216.66 (158.25) 206.56 (179.84) 216.14 (172.94) 218.72 (176.88) 226.77 (209.68) 207.42 (169.97) 228.01 (208.75)  

Head peak (g) MT 2.69 (0.29) 2.72 (0.32) 2.67 (0.29) 2.66 (0.32) 2.64 (0.33)b 2.65 (0.29) 2.64 (0.29) p = 0.009 
 cNMT 2.48 (0.31) 2.47 (0.31) 2.44 (0.29) 2.43 (0.27)b 2.4 (0.30)b 2.41 (0.29) 2.45 (0.33)  
 OVG 2.77 (0.48) 2.76 (0.52) 2.75 (0.51) 2.71 (0.51) 2.71 (0.55) 2.66 (0.55) 2.65 (0.58)  

Tibial peak (g) MT 7.41 (1.65) 7.6 (1.74) 7.71 (1.76) 7.63 (1.66) 7.58 (1.52) 7.6 (1.78) 7.62 (1.89) p < 0.001 
 cNMT 5.78 (1.76) 5.87 (1.70) 5.79 (1.67) 5.96 (1.70) 5.9 (1.63) 5.8 (1.46) 6.09 (1.68)  
 OVG 8.41 (1.69) 8.65 (1.89) 8.78 (1.95) 8.84 (1.89) 8.9 (2.24) 8.86 (2.24) 8.96 (2.23)  

Head magnitude (g) MT 2.99 (0.42) 3.02 (0.44) 2.96 (0.41) 2.96 (0.42) 2.93 (0.43) 2.92 (0.39) 2.92 (0.4) p = 0.001 
 cNMT 2.66 (0.44) 2.66 (0.44) 2.6 (0.41) 2.59 (0.39)b 2.54 (0.4)a,b 2.56 (0.4) 2.62 (0.44)  
 OVG 3.05 (0.58) 3.05 (0.62) 3.03 (0.60) 2.98 (0.62) 2.99 (0.67) 2.92 (0.67) 2.93 (0.68)  
Tibial magnitude (g) MT 8.89 (2.24) 9.24 (2.38) 9.4 (2.52) 9.28 (2.44) 9.13 (2.22) 9.26 (2.65) 9.28 (2.79) p < 0.001 

 cNMT 6.64 (2.07) 6.75 (2.07) 6.62 (2.15) 6.81 (2.17) 6.64 (2.00) 6.6 (2.01) 7.08 (2.26)  
 OVG 10.9 (2.92) 11.09 (2.92) 11.45 (3.00) 11.4 (2.87) 11.47 (3.17) 11.54 (3.06) 11.67 (3.39)  

Attenuation (%) MT 60.34 (8.34) 60.86 (9.25) 62.4 (8.19) 62.54 (7.86) 62.91 (7.77) 62.72 (7.70) 62.59 (8.03) p < 0.001 
 cNMT 54.18 (11.86) 55.71 (10.86) 55.9 (10.50) 56.69 (10.59) 57.14 (10.62) 56.96 (9.70) 57.62 (10.7)  
 OVG 64.68 (8.86) 65.54 (8.71) 66.17 (8.54) 67.22 (8.2) 66.91 (8.86) 68.01 (8.66) 68.21 (8.87)  

MT: motorised treadmill; cNMT: curved non-motorised treadmill; OVG: overground; N.S.: Not significant. adifference with T1 (p < 0.05); bdifference with T5 (p < 0.05). 
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Figure 1. Spatiotemporal parameters (mean and standard deviation) average of all collected times 
based on the surface: a) Stride length (m), b) Stride frequency (Hz). MT: motorised treadmill; cNMT: 
curved non-motorised treadmill; OVG: overground; m: metres; Hz: hertz. *Statistical differences 
between cNMT and OVG (p < 0.05). †Statistical differences between MT and OVG (p < 0.05). 
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explain this reduction:   a) the pronounced forward lean of the concave belt, what 
favours forefoot striking instead of heel/midfoot striking (Montgomery et al., 
2016), b) the altered environment of treadmill running, which force athletes to 
adjust the locomotion in order to reduce the risk of injury or maintain performance 
(Derrick, 2004) and c) the leg stiffness adjustment, which leads to different patterns 
of muscle activity with different neuromuscular control mechanisms and RPE (Baur 
et al., 2007; Montgomery et al., 2016). 

The present study shows statistically significant reductions in stride length (2.9%) 
on cNMT and an increase in stride frequency on MT (1.2%), both compared to OVG 
running. However, and in accordance with Encarnación-Martínez et al. (2021) and 
Seneli et al. (2011), no statistically significant differences were found on 
spatiotemporal parameters between treadmills, although they were expected to 
differ due to belt friction, curvature and dimensions (Bruseghini et al., 2019). 
According to other studies (Caramenti et al., 2018; Reinisch et al., 1991; Riley et al., 
2008), higher stride frequency and lower stride length during MT running vs OVG 
are due to the higher running speed perceptions experienced by runners (Milner et 
al., 2020), and are related to running economy. Therefore, higher stride frequencies 
chosen by experienced runners lead to an optimisation of energy expenditure and 
improvement in running economy (Hunter & Smith, 2007). 

In terms of RPE and HR, cNMT generated significantly higher RPE (17.2%) and HR 
(3.6%) in comparison with OVG, but no differences were found between treadmills. 
In line with these results, previous research has suggested that cNMT increases the 
fatigue perception and generates greater energy expenditure compared to OVG or 
MT, since cNMT requires energy not only to drive the body itself, but also to propel 
the belt, with its own friction and slope, in every single step (Bruseghini et al., 2019; 
Edwards et al., 2017; Schoenmakers & Reed, 2020). Therefore, cNMT may produce a 
similar running pattern to OVG in comparison with MT running in terms of kinetic 
and kinematic parameters (Encarnación-Martínez et al., 2021; Schoenmakers & 
Reed, 2020). On the contrary, MT enables the runner to maintain the speed with less 
propulsive phase and reduces the breaking phase of gait, since the runner do not 
need to move backwards and forwards on the moving belt (Baur et al., 2007; 
García-Pérez et al., 2014; Reinisch et al., 1991). 

Tibia impact accelerations are related to lower limb injuries and the risk for tibia 
stress fracture in distance runners (García-Pérez et al., 2013; Milgrom et al., 2003; 
Milner et al., 2020). Moreover, it has been suggested that a reduction in shock 
attenuation caused by prolonged running, running surface or injuries can damage 
the musculoske- letal system and increase the risk of injury (Mizrahi et al., 2000). 
Hines and Mercer (2004) found a reduction in shock attenuation during MT 
running, what could be the reason of the kinematic differences between MT and 
OVG (McKenna & Riches, 2007; Reinisch et al., 1991). In this study, prolonged 
running led to no changes (p > 0.05) in impact acceleration or shock attenuation, 
except for a decrease in head peak acceleration (MT: 1.9%, cNMT: 1.2%, OVG: 4.3%) 
and head acceleration magnitude (MT: 2.4%, cNMT: 1.5%, OVG: 3.9%) associated to 
prolonged running-related changes as runners progressed through the test (T1 vs 
T30). The absence of differences can be due to an insufficient running intensity or 
duration of the test to provoke body adaptations, being also related to running 
technique changes with more alterations in time-domain analysis (Encarnación-



 
 

Martínez et al., 2020). Thus, prolonged running effect may be better distinguished 
with other type of analysis, such as frequency-domain analysis (Encarnación-
Martínez et al., 2020; Lucas-Cuevas et al., 2017). These findings are consistent with 
previous studies, who also found no differences in tibia acceleration after an 
exhausting run (Abt et al., 2011; Mercer et al., 2003); while other authors describe an 
increase in impact accelerations caused by prolonged running (Derrick et al., 2002; 
Encarnación-Martínez et al., 2020; Mizrahi et al., 2000; Verbitsky et al., 1998). 
Therefore, running surface can affect runners differently and force them to adopt 
different strategies of adaptation to fatigue. 

In terms of running duration, stride frequency decreased significantly (p < 0.05) 

during the test on MT when comparing T1 vs T30 (0.4%), however the relationship 
between prolonged running and spatiotemporal parameters is still unclear in the 
literature. Several studies affirm that prolonged running on either surface, MT and 
OVG, leads to an increase in stride length and to a decrease in stride frequency 
(Chan-Roper et al., 2012; García-Pérez et al., 2013), while others suggest the 
opposite (Kyröläinen et al., 2000; Vernillo et al., 2016), or even the absence of 
differences (Derrick et al., 2002; Fourchet et al., 2015). According to Hunter and 
Smith (2007), half of the participants in the study experienced a reduction in stride 
frequency during a 1-h high-intensity treadmill run, being this changes subject 
specific. 

Finally, RPE (MT: 29.5%, cNMT: 33.3%, OVG: 40%) and HR (MT: 7.2%, cNMT: 
8.8%, 

OVG: 9.1%) increased during the run as soon as the test progressed (T1 vs T30). 
Therefore, running on cNMT can provoke greater perceptual demands and 
intensity (Edwards et al., 2017; Schoenmakers & Reed, 2018; Smoliga et al., 2015), 
allowing the athletes to obtain greater physiological benefits associated with 
moderate and vigorous exercise without any substantial increase in effort 
compared to MT (Smoliga et al., 2015). 

There are few limitations in this study. First, participants had no previous 
experience running on a cNMT, which was minimised by running 8 minutes prior 
to the test, where the participants had enough adaptation time to this new 
condition. Second, only the dominant leg was analysed, while the analysis of both 
extremities could provide information on the symmetry of the running cycle. 
Future studies might investigate three-dimensional kinematics and asymmetries in 
lower limbs in order to identify any locomotion alterations that may be present 
between cNMT, MT and OVG conditions. 

 

Conclusions 

In conclusion, findings of this research suggest that not only RPE and HR but also 
impact accelerations and spatiotemporal parameters are different between the 
running surfaces studied. Running on cNMT produced a reduction in impact 
accelerations in comparison with MT and OVG, and MT also decreased these 
parameters significantly compared to OVG. Moreover, lower stride length on 
cNMT vs OVG and higher stride frequency on MT vs OVG were observed. On the 
other hand, prolonged running produced a reduction during the final stage vs the 



 
 

early stage of the test on MT in head peak acceleration, on cNMT in head peak 
acceleration, head acceleration magnitude and stride frequency and OVG in stride 
frequency. Finally, treadmills were considered more exhausting than OVG running, 
producing higher metabolic responses but no differences between them were 
found. 

Author contributions 

Research concept and study design, I.C.-V., A.E.-M. and P.P.-S.; literature review, 
I.C.-V. and P.P.-S.; data collection I.C.-V., and A.E.-M., data analysis and 
interpretation, I.C.-V., A.C.-G and A.E.-M.; statistical analyses, I.C.-V., R.S.-S. and 
P.P.-S.; writing of the manuscript or reviewing/ editing a draft of the manuscript, 
I.C.-V., A.E.-M., A.C.-G., R.S.-S. and P.P.-S. 

Disclosure statement 

No potential conflict of interest was reported by the author(s). 
 
 

Funding 

To Bodytone International Sport S.L. (Molina del Segura, Spain) for ceding the 
curved non- motorized treadmill. The contribution of I.C.-V. was funded with a 
doctoral fellowship by “Ministerio de Ciencia, Innovación y Universidades de 
España” (FPU19/04462). 

 
 

ORCID 

Ignacio  Catalá-Vilaplana  http://orcid.org/0000-0002-3008-3738  

Alberto   Encarnación-Martínez  http://orcid.org/0000-0003-2149-134X  

Andrés Camacho-García http://orcid.org/0000-0001-8542-4264  

Roberto Sanchis-Sanchis http://orcid.org/0000-0003-3392-8764 

Pedro  Pérez-Soriano  http://orcid.org/0000-0002-9825-3801 

 
References 

Abt, J. P., Sell, T. C., Chu, Y., Lovalekar, M., Burdett, R. G., & Lephart, S. M. (2011). Running 
kinematics and shock absorption do not change after brief exhaustive running. The Journal of 
Strength & Conditioning Research, 25(6), 1479. https://doi.org/10.1519/JSC.0b013e3181ddfcf8 

Arnold, B. J. W., Weeks, B. K., & Horan, S. A. (2019). An examination of treadmill running 
familiarisation in barefoot and shod conditions in healthy men. Journal of Sports Sciences, 37(1), 
5–12. https://doi.org/10.1080/02640414.2018.1479533 

Aubol, K. G., Hawkins, J. L., & Milner, C. E. (2020). Tibial acceleration reliability and minimal 
detectable difference during overground and treadmill running. Journal of Applied 
Biomechanics, 36(6), 1–3. https://doi.org/10.1123/jab.2019-0272 

Baur, H., Hirschmüller, A., Mueller, S., Gollhofer, A., & Mayer, F. (2007). Muscular activity in 
treadmill and overground running. Isokinetics and Exercise Science, 15(3), 165–171. https://doi. 
org/10.3233/IES-2007-0262 

Berthon, P., Fellmann, N., Bedu, M., Beaune, B., Dabonneville, M., Coudert, J., & Chamoux, A. 
(1997). A 5-min running field test as a measurement of maximal aerobic velocity. European 
Journal of Applied Physiology, 75(3), 233–238. https://doi.org/10.1007/s004210050153 

http://orcid.org/0000-0002-3008-3738
http://orcid.org/0000-0003-2149-134X
http://orcid.org/0000-0001-8542-4264
http://orcid.org/0000-0003-3392-8764
http://orcid.org/0000-0002-9825-3801
https://doi.org/10.1519/JSC.0b013e3181ddfcf8
https://doi.org/10.1080/02640414.2018.1479533
https://doi.org/10.1123/jab.2019-0272
https://doi.org/10.3233/IES-2007-0262
https://doi.org/10.3233/IES-2007-0262
https://doi.org/10.1007/s004210050153


 
 

Boey, H., Aeles, J., Schütte, K., & Vanwanseele, B. (2017). The effect of three surface conditions, 
speed and running experience on vertical acceleration of the tibia during running. Sports 
Biomechanics, 16(2), 166–176. https://doi.org/10.1080/14763141.2016.1212918 

Borg, G. A. (1982). Psychophysical bases of perceived exertion. Medicine & Science in Sports & 
Exercise, 14(5), 377–381. https://doi.org/10.1249/00005768-198205000-00012 

Bruseghini, P., Tam, E., Monte, A., Capelli, C., & Zamparo, P. (2019). Metabolic and kinematic 
responses while walking and running on a motorised and a curved non-motorised treadmill. 
Journal of Sports Sciences, 37(4), 396–403. https://doi.org/10.1080/02640414.2018.1504605 

Caramenti, M., Lafortuna, C. L., Mugellini, E., Abou Khaled, O., Bresciani, J.-P., & Dubois, A. 
(2018). Matching optical flow to motor speed in virtual reality while running on a treadmill. 
PLos One, 13(4), e0195781. https://doi.org/10.1371/journal.pone.0195781 

Chamoux, A., Berthon, P., & Laubignat, J. F. (1996). Determination of maximum aerobic velocity 
by a five minute test with reference to running world records. A theoretical approach. Archives 
of Physiology and Biochemistry, 104(2), 207–211. https://doi.org/10.1076/apab.104.2.207.12877 

Chan-Roper, M., Hunter, I., Myrer, J., Eggett, D., & Seeley, M. (2012). Kinematic changes during 
a marathon for fast and slow runners. Journal of Sports Science & Medicine, 11(1), 77–82. 

Cohen, J. (1992). Quantitative methods in psychology: A power primer. Psychological Bulletin, 
112(1), 1155–1159. https://doi.org/10.1037/0033-2909.112.1.155 

Cudejko, T., Button, K., & Al-Amri, M. (2022). Validity and reliability of accelerations and 
orientations measured using wearable sensors during functional activities. Scientific Reports, 
12(1), 1–12. https://doi.org/10.1038/s41598-022-18845-x 

Derrick, T. R. (2004). The effects of knee contact angle on impact forces and accelerations. 
Medicine & Science in Sports & Exercise, 36, 832–837. https://doi.org/10.1249/01.MSS. 
0000126779.65353.CB 

Derrick, T. R., Dereu, D., & Mclean, S. P. (2002). Impacts and kinematic adjustments during an 
exhaustive run. Medicine & Science in Sports & Exercise, 34(6), 998–1002. https://doi.org/10. 
1097/00005768-200206000-00015 

Dixon, S. J., Collop, A. C., & Batt, M. E. (2000). Surface effects on ground reaction forces and lower 
extremity kinematics in running. Medicine & Science in Sports & Exercise, 32(11), 1919–1926. 
https://doi.org/10.1097/00005768-200011000-00016 

Edwards, R. B., Tofari, P. J., Cormack, S. J., & Whyte, D. G. (2017). Non-motorized treadmill 
running is associated with higher cardiometabolic demands compared with overground and 
motorized treadmill running. Frontiers in Physiology, 8, 914. https://doi.org/10.3389/fphys.2017. 
00914 

Encarnación-Martínez, A., Catalá-Vilaplana, I., Berenguer-Vidal, R., Sanchis-Sanchis, R., Ochoa- 
Puig, B., & Pérez-Soriano, P. (2021). Treadmill and running speed effects on acceleration 
impacts: Curved non-motorized treadmill vs. conventional motorized treadmill. International 
Journal of Environmental Research and Public Health, 18(10), 5475. https://doi.org/10.3390/ 
ijerph18105475 

Encarnación-Martínez, A., García-Gallart, A., Gallardo, A. M., Sánchez-Sáez, J. A., & Sánchez- 
Sánchez, J. (2018). Effects of structural components of artificial turf on the transmission of 
impacts in football players. Sports Biomechanics, 17(2), 251–260. https://doi.org/10.1080/ 
14763141.2017.1285347 

Encarnación-Martínez, A., Sanchis-Sanchis, R., Pérez-Soriano, P., & García-Gallart, A. (2020). 
Relationship between muscular extensibility, strength and stability and the transmission of 
impacts during fatigued running. Sports Biomechanics / International Society of Biomechanics in 
Sports, 1–17. https://doi.org/10.1080/14763141.2020.1797863 

Fourchet, F., Girard, O., Kelly, L., Horobeanu, C., & Millet, G. P. (2015). Changes in leg spring 
behaviour, plantar loading and foot mobility magnitude induced by an exhaustive treadmill run 
in adolescent middle-distance runners. Journal of Science & Medicine in Sport, 18(2), 199–203. 
https://doi.org/10.1016/j.jsams.2014.01.007 

Francis, P., Whatman, C., Sheerin, K., Hume, P., & Johnson, M. I. (2019). The proportion of lower 
limb running injuries by gender, anatomical location and specific pathology: A systematic 
review. Journal of Sports Science & Medicine, 18(1), 21–31. 

Frishberg, B. A. (1983). An analysis of overground and treadmill sprinting. Medicine & Science in 
Sports & Exercise, 15(6), 478–485. https://doi.org/10.1249/00005768-198315060-00007 

Fu, W., Fang, Y., Liu, D. M. S., Wang, L., Ren, S., & Liu, Y. (2015). Surface effects on in-shoe 

https://doi.org/10.1080/14763141.2016.1212918
https://doi.org/10.1249/00005768-198205000-00012
https://doi.org/10.1080/02640414.2018.1504605
https://doi.org/10.1371/journal.pone.0195781
https://doi.org/10.1076/apab.104.2.207.12877
https://doi.org/10.1037/0033-2909.112.1.155
https://doi.org/10.1038/s41598-022-18845-x
https://doi.org/10.1249/01.MSS.0000126779.65353.CB
https://doi.org/10.1249/01.MSS.0000126779.65353.CB
https://doi.org/10.1097/00005768-200206000-00015
https://doi.org/10.1097/00005768-200206000-00015
https://doi.org/10.1097/00005768-200011000-00016
https://doi.org/10.3389/fphys.2017.00914
https://doi.org/10.3389/fphys.2017.00914
https://doi.org/10.3390/ijerph18105475
https://doi.org/10.3390/ijerph18105475
https://doi.org/10.1080/14763141.2017.1285347
https://doi.org/10.1080/14763141.2017.1285347
https://doi.org/10.1080/14763141.2020.1797863
https://doi.org/10.1016/j.jsams.2014.01.007
https://doi.org/10.1249/00005768-198315060-00007


 
 

plantar pressure and tibial impact during running. Journal of Sport and Health Science, 4(4), 
384–390. https://doi.org/10.1016/j.jshs.2015.09.001 

García-Pérez, J. A., Pérez-Soriano, P., Llana Belloch, S., Lucas-Cuevas, A. G., & Sánchez-Zuriaga, 
D. (2014). Effects of treadmill running and fatigue on impact acceleration in distance running. 
Sports Biomechanics, 13(3), 259–266. https://doi.org/10.1080/14763141.2014.909527 

García-Pérez, J. A., Pérez-Soriano, P., Llana, S., Martínez-Nova, A., & Sánchez-Zuriaga, D. (2013). 
Effect of overground vs treadmill running on plantar pressure: Influence of fatigue. Gait & 
Posture, 38(4), 929–933. https://doi.org/10.1016/j.gaitpost.2013.04.026 

Hatchett, A., Armstrong, K., Parr, B., Crews, M., & Tant, C. (2018). The effect of a curved 
non-motorized treadmill on running gait length, imbalance and stride angle. Sports, 6(3), 58. 
https://doi.org/10.3390/sports6030058 

Hines, B., & Mercer, J. A. (2004). Comparison of shock attenuation between overground and 
treadmill running. Medicine & Science in Sports & Exercise, 36, S293–294. https://doi.org/10. 
1249/00005768-200405001-01405 

Hunter, I., & Smith, G. A. (2007). Preferred and optimal stride frequency, stiffness and economy: 
Changes with fatigue during a 1-h high-intensity run. European Journal of Applied Physiology, 
100(6), 653–661. https://doi.org/10.1007/s00421-007-0456-1 

Izquierdo-Renau, M., Queralt, A., Encarnación-Martínez, A., & Pérez-Soriano, P. (2021). Impact 
acceleration during prolonged running while wearing conventional versus minimalist shoes. 
Research Quarterly for Exercise & Sport, 92(1), 182–188. https://doi.org/10.1080/02701367.2020. 
1726271 

Jimenez-Perez, I., Gil-Calvo, M., Aparicio, I., Cibrián Ortiz de Anda, R. M., & Pérez-Soriano, P. 
(2021). Plantar pressure distribution during running with a self-customized foot orthosis in 
a home microwave. Journal of Biomechanics, 129, 110791. https://doi.org/10.1016/j.jbiomech. 
2021.110791 

Jones, A. M., & Doust, J. H. (1996). A 1% treadmill grade most accurately reflects the energetic cost 
of outdoor running. Journal of Sports Sciences, 14(4), 321–327. https://doi.org/10.1080/ 
02640419608727717 

Kyröläinen, H., Pullinen, T., Candau, R., Avela, J., Huttunen, P., & Komi, P. V. (2000). Effects of 
marathon running on running economy and kinematics. European Journal of Applied 
Physiology, 82(4), 297–304. https://doi.org/10.1007/s004210000219 

Lieberman, D. E., Venkadesan, M., Werbel, W. A., Daoud, A. I., D’Andrea, S., Davis, I. S., 
Mang’eni, R. O., & Pitsiladis, Y. (2010). Foot strike patterns and collision forces in habitually 
barefoot versus shod runners. Nature, 463(7280), 531–535. https://doi.org/10.1038/nature08723 

Lucas-Cuevas, A. G., Encarnación-Martínez, A., Camacho-García, A., Llana-Belloch, S., & Pérez- 
Soriano, P. (2017). The location of the tibial accelerometer does influence impact acceleration 
parameters during running. Journal of Sports Sciences, 35(17), 1734–1738. https://doi.org/10. 
1080/02640414.2016.1235792 

Lucas-Cuevas, A. G., Priego-Quesada, J. I., Aparicio, I., Giménez, J. V., Llana-Belloch, S., & Pérez- 
Soriano, P. (2015). Effect of 3 weeks use of compression garments on stride and impact shock 
during a fatiguing run. International Journal of Sports Medicine, 36(10), 826–831. https://doi. 
org/10.1055/s-0035-1548813 

Lucas-Cuevas, A. G., Priego Quesada, J. I., Gooding, J., Lewis, M. G. C., Encarnación-Martínez, A., 
& Perez-Soriano, P. (2018). The effect of visual focus on spatio-temporal and kinematic 
parameters of treadmill running. Gait & Posture, 59, 292–297. https://doi.org/10.1016/j.gait 
post.2017.07.039 

McKenna, M., & Riches, P. E. (2007). A comparison of sprinting kinematics on two types of 
treadmill and over-ground. Scandinavian Journal of Medicine & Science in Sports, 17(6), 
649–655. https://doi.org/10.1111/j.1600-0838.2006.00625.x 

Mercer, J. A., Bates, B. T., Dufek, J. S., & Hreljac, A. (2003). Characteristics of shock attenuation 
during fatigued running. Journal of Sports Sciences, 21(11), 911–919. https://doi.org/10.1080/ 
0264041031000140383 

Mercer, J. A., Vance, J., Hreljac, A., & Hamill, J. (2002). Relationship between shock attenuation 
and stride length during running at different velocities. European Journal of Applied Physiology, 
87(4–5), 403–408. https://doi.org/10.1007/s00421-002-0646-9 

Milgrom, C., Finestone, A., Segev, S., Olin C., Arndt T., Ekenman I. (2003). Are overground or 

https://doi.org/10.1016/j.jshs.2015.09.001
https://doi.org/10.1080/14763141.2014.909527
https://doi.org/10.1016/j.gaitpost.2013.04.026
https://doi.org/10.3390/sports6030058
https://doi.org/10.1249/00005768-200405001-01405
https://doi.org/10.1249/00005768-200405001-01405
https://doi.org/10.1007/s00421-007-0456-1
https://doi.org/10.1080/02701367.2020.1726271
https://doi.org/10.1080/02701367.2020.1726271
https://doi.org/10.1016/j.jbiomech.2021.110791
https://doi.org/10.1016/j.jbiomech.2021.110791
https://doi.org/10.1080/02640419608727717
https://doi.org/10.1080/02640419608727717
https://doi.org/10.1007/s004210000219
https://doi.org/10.1038/nature08723
https://doi.org/10.1080/02640414.2016.1235792
https://doi.org/10.1080/02640414.2016.1235792
https://doi.org/10.1055/s-0035-1548813
https://doi.org/10.1055/s-0035-1548813
https://doi.org/10.1016/j.gaitpost.2017.07.039
https://doi.org/10.1016/j.gaitpost.2017.07.039
https://doi.org/10.1111/j.1600-0838.2006.00625.x
https://doi.org/10.1080/0264041031000140383
https://doi.org/10.1080/0264041031000140383
https://doi.org/10.1007/s00421-002-0646-9


 
 

treadmill runners more likely to sustain tibial stress fracture? British Journal of Sports Medicine, 
37(2), 160–163. https://doi.org/10.1136/bjsm.37.2.160 

Milner, C. E., Hawkins, J. L., & Aubol, K. G. (2020). Tibial acceleration during running is higher in 
field testing than indoor testing. Medicine & Science in Sports & Exercise, 52(6), 1361–1366. 
https://doi.org/10.1249/MSS.0000000000002261 

Mizrahi, J., Verbitsky, O., & Isakov, E. (2000). Fatigue-related loading imbalance on the shank in 
running: A possible factor in stress fractures. Annals of Biomedical Engineering, 28(4), 463–469. 
https://doi.org/10.1114/1.284 

Montgomery, G., Abt, G., Dobson, C., Smith, T., & Ditroilo, M. (2016). Tibial impacts and muscle 
activation during walking, jogging and running when performed overground, and on motorised 
and non-motorised treadmills. Gait & Posture, 49, 120–126. https://doi.org/10.1016/j.gaitpost. 
2016.06.037 

Pérez-Soriano, P., Lucas-Cuevas, A., Priego-Quesada, J., Sanchis R, S., Resta M, C., Belloch S, L., 
Casado FJ, O., & Martinez A, E. (2018). An 8-week running training program modifies impact 
accelerations during running. Journal of Athletic Enhancement, 7(1). https://doi.org/10.4172/ 
2324-9080.1000283 

Pind, R., Mooses, K., Suvi, S., Purge, P., Viru, M., Pehme, A., Kaasik, P., & Mooses, M. (2019). 
Better economy on indoor track compared to treadmill running with 1% inclination. Research 
Quarterly for Exercise & Sport, 90(4), 470–478. https://doi.org/10.1080/02701367.2019.1618784 

Reinisch, M., Schaff, P., Hauser, W., & Rosemeyer, B. (1991). Treadmill versus field trial. 
Movement analysis and pressure distribution in the athletic shoe. Sportverletzung 

Sportschaden, 5(2), 60–73. https://doi.org/10.1055/s-2007-993563 
Riley, P. O., Dicharry, J., Franz, J., CROCE, U. D., WILDER, R. P., & KERRIGAN, D. C. (2008). 

A kinematics and kinetic comparison of overground and treadmill running. Medicine & Science 
in Sports & Exercise, 40(6), 1093–1100. https://doi.org/10.1249/MSS.0b013e3181677530 

Schache, A. G., Blanch, P. D., Rath, D. A., Wrigley, T. V., Starr, R., & Bennell, K. L. (2001). 
A comparison of overground and treadmill running for measuring the three-dimensional 
kinematics of the lumbo–pelvic–hip complex. Clinical Biomechanics, 16(8), 667–680. https:// 
doi.org/10.1016/S0268-0033(01)00061-4 

Schoenmakers, P. P. J. M., & Reed, K. E. (2018). The physiological and perceptual demands of 
running on a curved non-motorised treadmill: Implications for self-paced training. Journal of 
Science & Medicine in Sport, 21(12), 1293–1297. https://doi.org/10.1016/j.jsams.2018.05.011 

Schoenmakers, P. P. J. M., & Reed, K. E. (2020). Physiological and perceptual demands of running 
on a curved nonmotorized treadmill compared with running on a motorized treadmill set at 
different grades. The Journal of Strength & Conditioning Research, 34(5), 1197–1200. https://doi. 
org/10.1519/JSC.0000000000003571 

Seneli, R. M., Edlbeck, B. P., Myatt, C. J., Reynolds, K. G., & Snyder, A. C. (2011). Comparison of 
step length between motorized and non-motorized treadmills during walking, jogging, or 
running. Medicine & Science in Sports & Exercise, 2528(5), 693. https://doi.org/10.1249/01. 
MSS.0000401920.28660.7b 

Smoliga, J. M., Hegedus, E. J., & Ford, K. R. (2015). Increased physiologic intensity during walking 
and running on a non-motorized, curved treadmill. Physical Therapy in Sport, 16(3), 262–267. 
https://doi.org/10.1016/j.ptsp.2014.09.001 

Van den Berghe, P., Six, J., Gerlo, J., Leman, M., & De Clercq, D. (2019). Validity and reliability of 
peak tibial accelerations as real-time measure of impact loading during over-ground rearfoot 
running at different speeds. Journal of Biomechanics, 86, 238–242. https://doi.org/10.1016/j. 
jbiomech.2019.01.039 

van der Worp, M. P., ten Haaf, D. S. M., van Cingel, R., de Wijer, A., Nijhuis van der 
Sanden, M. W. G., & Staal, J. B. (2015). Injuries in runners; a systematic review on risk factors 
and sex differences. PLos One, 10(2), e0114937. https://doi.org/10.1371/journal.pone.0114937 

Van Hooren, B., Fuller, J. T., Buckley, J. D., Miller, J. R., Sewell, K., Rao, G., Barton, C., Bishop, C., 
& Willy, R. W. (2019). Is motorized treadmill running biomechanically comparable to over- 
ground running? A systematic review and meta-analysis of cross-over studies. Sports Medicine, 
50(4), 785–813. https://doi.org/10.1007/s40279-019-01237-z 

Van Melick, N., Meddeler, B. M., Hoogeboom, T. J., Nijhuis van der Sanden, M. W., & van 
Cingel, R. E. (2017). How to determine leg dominance: The agreement between self-reported 

https://doi.org/10.1136/bjsm.37.2.160
https://doi.org/10.1249/MSS.0000000000002261
https://doi.org/10.1114/1.284
https://doi.org/10.1016/j.gaitpost.2016.06.037
https://doi.org/10.1016/j.gaitpost.2016.06.037
https://doi.org/10.4172/2324-9080.1000283
https://doi.org/10.4172/2324-9080.1000283
https://doi.org/10.1080/02701367.2019.1618784
https://doi.org/10.1055/s-2007-993563
https://doi.org/10.1249/MSS.0b013e3181677530
https://doi.org/10.1016/S0268-0033(01)00061-4
https://doi.org/10.1016/S0268-0033(01)00061-4
https://doi.org/10.1016/j.jsams.2018.05.011
https://doi.org/10.1519/JSC.0000000000003571
https://doi.org/10.1519/JSC.0000000000003571
https://doi.org/10.1249/01.MSS.0000401920.28660.7b
https://doi.org/10.1249/01.MSS.0000401920.28660.7b
https://doi.org/10.1016/j.ptsp.2014.09.001
https://doi.org/10.1016/j.jbiomech.2019.01.039
https://doi.org/10.1016/j.jbiomech.2019.01.039
https://doi.org/10.1371/journal.pone.0114937
https://doi.org/10.1007/s40279-019-01237-z


 
 

and observed performance in healthy adults. PLos One, 12(12), e0189876. https://doi.org/10. 
1371/journal.pone.0189876 

Verbitsky, O., Mizrahi, J., Voloshin, A., Treiger, J., & Isakov, E. (1998). Shock transmission and 
fatigue in human running. Journal of Applied Biomechanics, 14(3), 300–311. https://doi.org/10. 
1123/jab.14.3.300 

Vernillo, G., Savoldelli, A., La Torre, A., Skafidas, S., Bortolan, L., & Schena, F. (2016). Injury and 
illness rates during ultratrail running. International Journal of Sports Medicine, 37(7), 565–569. 
https://doi.org/10.1055/s-0035-1569347 

Waite, N., Goetschius, J., & Lauver, J. D. (2020). Effect of grade and surface type on peak tibial 
acceleration in trained distance runners. Journal of Applied Biomechanics, 37(1), 1–4. https:// 
doi.org/10.1123/jab.2020-0096 

Wank, V., Frick, U., & Schmidtbleicher, D. (1998). Kinematics and electromyography of lower 
limb muscles in overground and treadmill running. International Journal of Sports Medicine, 
19(7), 455–461. https://doi.org/10.1055/s-2007-971944 

https://doi.org/10.1371/journal.pone.0189876
https://doi.org/10.1371/journal.pone.0189876
https://doi.org/10.1123/jab.14.3.300
https://doi.org/10.1123/jab.14.3.300
https://doi.org/10.1055/s-0035-1569347
https://doi.org/10.1123/jab.2020-0096
https://doi.org/10.1123/jab.2020-0096
https://doi.org/10.1055/s-2007-971944

