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Abstract 

Purpose:  The aim of this study was to compare the biomechanical parameters of runners during 

overground and treadmill running, to assess the significance of these differences for treadmill 

training, and to evaluate their relevance for physiotherapy. 

Methods: Ten professional runners (mean age of 31.2 ± 6.8 years) were evaluated using a 10-

camera Vicon motion capture system and a Phantom V12 high-speed camera. After completing a 

200-meter overground run at a self-selected pace, each athlete entered the calibrated capture 

volume, where their running velocity and kinetic data were recorded. The individual mean 

velocities were then replicated on a treadmill positioned within the same capture space. 

Results: Treadmill running altered lower limb biomechanics compared to over-ground running. 

Median step length was 3% longer and markedly less variable on the treadmill than over-ground 

(p < 0.001). The knee-flexion angle differed by surface and side (p < 0.0001), changes were (1° for 

left, -2° right) but variability narrowed on the treadmill, while the knee-impact angle remained 

unchanged. Relative to over-ground running treadmill running reduced the horizontal distance 

between the center of gravity and foot initial contact; ground-contact time (12%) and heel velocity 

after toe-off by 19 % (p < 0.0001). 

Conclusions:  

Treadmill running alters lower limb biomechanics by reducing ground contact time, heel velocity, 

and variability in movement patterns. The consistent mechanics observed on the treadmill may 

support its use in physiotherapy, particularly for hamstring rehabilitation. However, due to limited 

replication of natural conditions, treadmill training should complement rather than replace 

overground running. 

 

 

Keywords: sports performance, elite athletes, 3D analysis 

 

1. Introduction 

Running is one of the most innate and universally practiced forms of physical activity, 

characterised by a cyclical pattern of movement comprising two main phases: stance and flight. 

The stance phase begins with initial ground contact, involving weight transfer to the supporting 

limb and subsequent propulsion. The flight phase is marked by both feet being simultaneously 

airborne - distinguishing running from walking. This coordinated sequence engages multiple 

muscle groups and demands high levels of neuromuscular control, balance, and stability. As a form 

of exercise, running is highly effective in enhancing cardiovascular health, physical fitness, and 

psychological well-being [12].  

Given running’s biomechanical complexity, the investigation of different modalities, such as 

treadmill and overground running, is essential due to the distinct mechanical and physiological 

demands each imposes. These differences affect movement biomechanics, joint loading, and 

adaptation patterns [12], and understanding them is crucial for improving performance, preventing 

injuries, and informing training and rehabilitation practices. 

Treadmill running typically occurs in a controlled environment, with stable temperature, 

humidity, and no wind resistance. In contrast, outdoor running is subject to ever-changing 

environmental conditions, including terrain variability and wind, which can significantly alter 

running mechanics and impose greater adaptive demands on the musculoskeletal and 

neuromuscular systems [14, 29]. Research consistently shows biomechanical discrepancies 

between treadmill and outdoor running, especially in hip mobility, foot strike angle, and lower-

limb kinematics. Treadmill running is often associated with a flatter foot position at contact and 



 

 

reduced variability in joint motion due to the uniform surface. In contrast, outdoor running requires 

constant adaptation to variable ground surfaces, leading to greater variability in muscle activation 

and joint angles [23, 33]. 

One major advantage of treadmills is their ability to precisely control pace and incline, 

offering a repetitive and consistent training environment. However, outdoor running presents 

natural variability, affecting both kinematic and kinetic parameters. Notably, stride length and foot 

strike mechanics have been shown to differ between these environments, with implications for 

energy expenditure and injury risk [2, 5, 18]. Furthermore, motorised treadmill running introduces 

additional biomechanical differences compared to overground running. These differences are 

partly due to the treadmill belt’s motion, which assists in leg recovery by pulling the stance leg 

backward, reducing the muscular effort needed to advance the body [34].  

Although it is theoretically possible to equate treadmill and outdoor running under certain 

biomechanical models - assuming constant belt speed and negligible air resistance - experimental 

data show that treadmill belts do not maintain perfectly stable speeds. The belt often decelerates 

during foot strike and accelerates during propulsion, subtly altering the natural running cycle [23]. 

Several other factors further influence treadmill biomechanics, including the runner's familiarity 

with the device [18], visual focus [19], treadmill belt dimensions [23], perceived exertion and 

motion [31], cushioning differences based on treadmill construction [13, 16], and variation across 

treadmill models [1].  

Despite valuable insights, much of the existing research on running biomechanics has been 

conducted under highly controlled experimental conditions that may limit ecological validity. In 

many studies, runners were confined to short tracks [13, 16, 20], preventing them from reaching a 

steady pace and natural stride, thereby focusing the analysis on acceleration phases rather than 

stable locomotion [28, 33, 34]. Laboratory constraints - such as running distances of only 15 - 20 

meters - often force unnatural technique adaptations [1, 4, 7, 10, 11, 17, 21], which can significantly 

affect biomechanical outcomes, including stride length, joint range of motion, and muscle 

activation patterns [23-26, 29, 30]. Furthermore, several studies did not report the actual distance 

run by participants, limiting the reliability and comparability of the findings [3, 22]. The literature 

review reveals several limitations in previous research on runners. Based on this review, the most 

significant methodological shortcomings were identified, leading to the development of a novel 

measurement approach that enables greater freedom of movement during running by removing 

spatial constraints inherent to laboratory environments. This change removes running restrictions 

and allows runners to achieve their natural running rhythm. As a result, when running into a 

measurement space that is unconstrained, their measured biomechanical parameters are natural 

Therefore, the present study aimed to evaluate the kinematic parameters of professional runners 

during both treadmill and overground running in order to determine the impact of treadmill running 

on running mechanics. Additionally, changes in the runners’ biomechanical parameters were 

assessed with respect to the effects of treadmill training and its potential applications in 

physiotherapy. 

 

 

2. Material and Methods 

2.1. Participants  

Ten runners, each with at least five years of running experience, participated in the study. 

The participants had a mean age of 31.2 ± 6.8 years, a mean height of 179.5 ± 5.67 cm, and a mean 

body weight of 70.4 ± 7.34 kg. The study involved nine male and one female participants. All 

participants trained a minimum of three times per week under the guidance of a personal trainer. 



 

 

They had been injury-free for at least three years and were in good health throughout the study. 

Before participation, each runner was fully briefed on the study's objectives and procedures. The 

study was approved by the University Review Committee (no. SKE01-15/2023) and adhered to the 

ethical guidelines outlined in the Declaration of Helsinki. 

 

2.2. Experimental protocol  

A motion analysis system (Vicon Metrics Ltd., Oxford, UK) operating at 150 Hz, consisting 

of 10 Vantage V5 cameras, was used for the study. To facilitate unrestricted movement during 

running, the system was set up outdoors (Fig. 1A). The cameras were strategically placed on 

specialized tripods surrounding the pavement where the athletes performed their runs. Testing was 

conducted on windless days to minimize environmental interference. Any reflective surfaces on 

the athletes' sportswear, footwear, or surrounding objects were masked to prevent errors in data 

collection. 

At the beginning of the study, participant’s anthropometric data were recorded. A full-body 

plug-in gait marker set, consisting of 36 reflective markers, was then applied to track movement. 

Nexus software v. 2.16 (Vicon Metrics Ltd., Oxford, UK) was used for model fitting, perturbation 

control, and data collection [8].  

Before data collection, each athlete completed a warm-up session, after which the 

measurement markers were applied to their bodies. Static and dynamic calibrations were performed 

to minimize errors due to soft tissue artefacts (Fig. 1B, C).  

Mechanical treadmill testing (Fig. 1D) was conducted on the same day as the outdoor testing 

to avoid the need for reattaching markers. Additionally, a high-speed Phantom V12 camera 

operating at 500 Hz and positioned perpendicular to the measurement area was used during the 

tests. 

 

 

Fig. 1 A) Measurement space; B) Motorcyclist position - standard calibration; C) Dynamic 

calibration; D) Tests on a mechanical treadmill. 

The first phase of the study involved determining the speed at which the athletes ran during 

free-running training. The athletes ran 200 meters along a straight concrete pavement (free of holes 

and irregularities) before entering the measurement area of the Vicon system, which recorded their 

speed and biomechanical parameters. They then continued for an additional 50 meters beyond the 

measurement area to minimize the influence of anticipatory stopping on the results. This extended 

measurement distance allowed the runners to stabilize their movement and maintain their natural 

running cadence before entering the measurement area. Each athlete completed the run six times 

to calculate their average speed. Individual analysis was performed for each runner. The distances 

and rest intervals between trials were carefully selected to minimize the risk of excessive fatigue. 

The participants themselves did not report any feelings of fatigue, which was attributed to the 

relatively short distance compared to their regular training routines. 



 

 

The second phase involved recording biomechanical parameters using the Vicon system. 

Each athlete ran through the measurement area six times, following the protocol from the first 

phase.  

The final stage of the test protocol took place on a mechanical treadmill, which was 

positioned within the measurement field of the Vicon system. The treadmill speed was individually 

calibrated for each runner based on the average speed determined in the first phase of testing. Each 

participant ran on the mechanical treadmill for 5 minutes, with movement being recorded at random 

intervals to prevent any awareness of the measurements, ensuring that natural behaviour was 

captured. Three 15-second measurements were taken for each runner, and six running cycles were 

determined from each measurement. All tests for each participant were conducted on a single day 

to prevent the need for removing and reattaching the markers. 

 

2.3. Parameters and statistical analysis 

First, a self-selected running speed analysis was conducted for each subject across the six 

trials. Medians and quartiles were calculated, and variability was evaluated using the interquartile 

range (IQR), defined as the difference between the first (Q1) and third quartiles (Q3). 

Subsequently, six biomechanical parameters were analysed during both treadmill and overground 

running. Five of these parameters were assessed separately for the right and left lower limbs: (1) 

the distance between the center of gravity and the foot at ground contact, reflecting stability and 

alignment during initial impact; (2) knee flexion angle during the stabilization phase, associated 

with shock absorption; (3) ground contact time; (4) heel strike velocity following heel-off; and (5) 

the impact angle, defined as the angle between the foot’s long axis and the ground at initial contact. 

Step length was included as a general parameter, analysed without differentiating between limbs. 

Statistical analyses were performed using Statistica v. 12 (StatSoft, Tulsa, USA), with the 

significance level set at p < 0.05. The Shapiro-Wilk test assessed normality for all parameters. As 

most variables did not follow a normal distribution, non-parametric tests were employed. The 

Wilcoxon test was used to compare step length between treadmill and overground running. For the 

remaining parameters, the Friedman ANOVA with Dunn-Bonferroni post-hoc correction was 

applied to compare right and left limb performance across both running conditions. To compute 

the effect size for a Wilcoxon test, the following formula was used: 𝑟 =
𝑍

√𝑁
, where Z is the Z-score 

from the test, and N is the total number of observations. In this case, N = 60. The effect size 

interpretation was as follows: r < 0.3 - small effect, 0.3 ≤ r ≤ 0.5 - medium effect, and r > 0.5 - large 

effect [27]. The effect size for the Friedman test was calculated using the following formula: 𝑊 =
12ℵ2

𝑘2(𝑛)(𝑘+1)
, where: ℵ2 is the Chi-square value from the Friedman test, n is the number of subjects, 

and k is the number of conditions. The interpretation follows the same guidelines as for the 

Wilcoxon test. 

 

 

3. Results  

3.1. Self-selected running speed 

The median and quartile analysis of the runners' speeds provides a deeper understanding of 

their performance consistency and central tendency (Table 1). Among all participants, runner R3 

demonstrated the highest median speed at 19.4 km/h, confirming their position as the fastest and 

most consistent high performer. On the other hand, R6 had the lowest median speed at 12.3 km/h, 

indicating either a lower endurance level or a more conservative pace during trials. 



 

 

Runner R8 also showed a high median speed of 17.4 km/h, placing them among the top 

performers. Runners such as R5, R6, and R7 had lower median speeds, ranging from 12.3 km/h to 

13.25 km/h, highlighting a slower performance group. 

In terms of variability, the interquartile range (IQR) – the difference between the first quartile 

(Q1) and the third quartile (Q3) – was narrowest for R7 and R5, indicating a high level of 

consistency in their running speeds. Conversely, R3 and R8 had the widest IQRs, suggesting that 

their performance varied more between trials, possibly due to changes in pacing strategy or 

adaptation to the running conditions. 

 

Table 1. Median and quartile analysis (Q1, Q3) of runners' speeds. 

Runner Median speed [km/h] Q1 (25%) Q3 (75%) 
The interquartile 

range (IQR) 

R1 16.00 15.58 16.28 0.7 

R2 16.30 16.05 16.63 0.575 

R3 19.40 18.78 19.95 1.175 

R4 14.20 13.93 14.40 0.475 

R5 13.25 13.20 13.38 0.175 

R6 12.30 11.90 12.48 0.575 

R7 13.20 13.10 13.30 0.2 

R8 17.40 16.68 17.60 0.925 

R9 13.95 13.60 14.00 0.4 

R10 15.50 15.00 16.00 1 

 

3.2. Step length 

The Wilcoxon test for step length showed significant differences between overground and 

treadmill running (p < 0.001). The effect size was moderate, with a value of 0.44. The median step 

length was slightly longer during treadmill running (779.62 mm) than during overground running 

(755.79 mm), indicating a tendency for participants to take longer steps on the treadmill. The first 

quartile (Q1) was also higher on the treadmill (740.15 mm) than during overground running 

(697.21 mm), suggesting that even the shorter steps were generally longer in the treadmill 

condition. However, the third quartile (Q3) was greater in overground running (868.75 mm) than 

on the treadmill (847.92 mm), reflecting a wider range of step lengths and the occurrence of longer 

strides during overground running. Overall, treadmill running appeared to produce more consistent 

and slightly longer step lengths, while overground running allowed for greater variability and 

occasionally longer steps. 

 

3.3. Friedman ANOVA of side-specific kinematic and temporal parameters in running 

This section presents an analysis of five biomechanical parameters measured separately for 

the right and left lower limbs during treadmill and overground running. 

The Friedman ANOVA revealed statistically significant differences in knee flexion angle 

during the stabilization phase (F(N = 60, df = 3) = 40.82, p < 0.001, effect size = 0.6 - large) (Fig. 

2A). The post-hoc analysis identified significant differences (p < 0.05) between the following 

conditions: overground running vs. treadmill running on the left side, overground running on the 

left side vs. treadmill running on the right side, and between treadmill running on the left vs. right 

side. 



 

 

Median knee flexion angles during the stabilization phase showed modest variations across 

conditions and sides. On the left side, the median angle was slightly greater during treadmill 

running (48.1°) than during overground running (47.0°). In contrast, on the right side, the median 

angle was lower during treadmill running (44.0°) than during overground running (46.05°). 

The interquartile range (IQR) also varied between conditions, reflecting differences in the 

consistency of knee flexion. Treadmill running resulted in a narrower range of motion on both 

sides, suggesting more consistent movement patterns. On the left side, the IQR for treadmill 

running was 41.0° to 49.93°, compared to 43.95° to 52.98° during overground running. On the 

right side, the IQR was 40.9° to 47.6° on the treadmill and 43.53° to 48.48° during overground 

running. These findings indicate reduced variability and subtly altered knee flexion patterns during 

treadmill running, particularly on the right side. 

 

For the impact angle, the Friedman ANOVA did not reveal any statistically significant 

differences across the tested conditions (F(N = 60, df = 3) = 4.65, p = 0.1991, effect size = 0.06 - 

small) (Fig. 2B). This suggests that the type of surface (overground vs. treadmill) and the side (left 

vs. right) did not significantly affect the knee angle at the moment of impact. The median impact 

angles were relatively consistent across all conditions, ranging from 97.75° to 99.95°. The highest 

median value was observed during overground running on the right side (99.95°), while the lowest 

was during treadmill running on the right side (98.49°). 

 

 
Fig. 2. Median (black line) and interquartile range (IQR) from Q1 to Q3 for A. Knee flexion angle 

during the stabilization phase and B. The impact angle, * denote statistically significant differences, 

p < 0.05.  

 

 

Analysis of spatiotemporal parameters using the Friedman ANOVA revealed statistically 

significant differences in several key running metrics. These included the distance between the 

center of gravity and the foot at ground contact, which reflects stability and alignment during initial 

impact (F(N = 60, df = 3) = 145.28, p < 0.001, effect size = 0.9 - large) (Fig. 3A), ground contact 

time (F(N = 60, df = 3) = 55.34, p < 0.001, effect size = 0.8 - large) (Fig. 3B), and heel strike, 



 

 

velocity following heel-off (F(N = 60, df = 3) = 118.24, p < 0.001, effect size = 1.7 - large) (Fig. 

3C). Post-hoc analysis further identified four statistically significant pairwise differences across all 

parameters: between the overground left side and treadmill right side, overground left side and 

treadmill left side, treadmill left side and overground right side, and finally, between the 

overground right side and treadmill right side. These findings suggest that both the running surface 

and the body significantly influence running mechanics, particularly in terms of stability, contact 

dynamics, and movement velocity during key phases of the movement. 

 

 
Fig. 3 Median (black line) and interquartile range (IQR) from Q1 to Q3 for A. The distance between 

the center of gravity and the foot at ground contact, B. Ground contact time and C. Heel strike 

velocity following heel-off, * denote statistically significant differences, p < 0.05.  

 

 

Median values of the distance between the center of gravity and the foot at ground contact 

were notably higher during overground running (137.08 mm left, 140.88 mm right) compared to 

treadmill running (69.27 mm left, 58.65 mm right), indicating a more compact and possibly more 

controlled gait on the treadmill (Fig. 3A). The interquartile ranges (IQRs) further support these 

findings, with values of 117.33 - 181.03 mm for overground left, 57.97 - 77.28 mm for treadmill 

left, 122.04 - 162.78 mm for overground right, and 40.20 - 67.56 mm for treadmill right. These 

ranges indicate that overground running is associated with greater variability and generally longer 

distances between the foot and the center of gravity, potentially reflecting differences in stride 

mechanics and forward momentum. In contrast, the narrower IQRs observed during treadmill 

running suggest a more consistent and repetitive gait pattern. 

 

Median values of foot contact time (Fig. 3B) were slightly longer during overground 

running (0.41 s left, 0.40 s right) than during the treadmill running (0.36 s left, 0.37 s right), 

indicating a modest reduction in ground contact duration on the treadmill. The interquartile ranges 

further support this pattern, showing greater variability in overground running (0.36 - 0.45 s left, 

0.37 - 0.45 s right) and narrower, more consistent ranges on the treadmill (0.34 - 0.40 s left, 0.35 - 



 

 

0.42 s right). These results suggest a more uniform and possibly more efficient contact phase during 

treadmill running. 

 

Median values of heel strike velocity (Fig. 3C) were higher during overground running 

(3.80 m/s left, 3.78 m/s right) compared to treadmill running (3.09 m/s left, 3.11 m/s right), 

indicating a faster heel movement at initial contact in overground conditions. The interquartile 

ranges echoed this trend, with broader and higher ranges in overground running (3.25 - 4.15 m/s 

left, 3.35 - 4.21 m/s right) versus narrower and lower ranges on the treadmill (2.80 - 3.40 m/s left, 

2.76 - 3.53 m/s right). These findings suggest that treadmill running may result in a more controlled 

and consistent heel strike pattern. 

 

 

4. Discussion 

This study aimed to explore the biomechanical differences between overground running 

and treadmill running, with a specific focus on how treadmill conditions influence spatiotemporal 

and kinematic parameters. The goal was to assess the degree to which treadmill data can be 

extrapolated to outdoor running and provide insights into the practical applications of treadmill 

running in training and rehabilitation. 

In order to deepen the interpretation of the obtained results, a comparison was made with 

selected studies from the last 10-15 years, including an analysis of the biomechanics of running on 

a treadmill and in field conditions. Studies [9, 30] and the meta-analysis [32], were incorporated 

into the analysis. Key biomechanical variables under consideration included stride length, ground 

contact time, knee joint kinematics (e.g., peak flexion and extension angles), lower limb segmental 

dynamics, and variability in movement patterns. These parameters were selected due to their 

critical role in understanding locomotor adaptations and assessing the transferability of treadmill 

running to real-world running conditions. 

In the current study, a 3% increase in step length was observed during treadmill running, 

along with reduced intertrial variability compared to overground running. This finding aligns with 

Dejong Lempke, et al. [9], who reported an average increase of 0.20 meters in step length on the 

treadmill. However, Van Hooren, et al. [32] found no significant differences in mean step length, 

though they did note substantial inter-study variability. In contrast, Sinclair, et al. [30] reported 

only a modest increase in step length under treadmill conditions. These collective findings suggest 

that the consistent belt speed and mechanical feedback inherent to treadmill running may encourage 

a slightly longer and more uniform stride. 

The present study also demonstrated a 12% reduction in ground contact time during treadmill 

running, which may reflect enhanced running efficiency and neuromuscular coordination. This 

contrasts with the findings of Dejong Lempke, et al. [9] and Van Hooren, et al. [32], who both 

reported a slight increase in contact time on the treadmill (+8 ms and +5 ms, respectively). 

Meanwhile, Sinclair, et al. [30] reported no statistically significant difference between running 

surfaces. The reduction observed in this study may reflect greater technical proficiency and surface-

specific adaptation among professional athletes. Minor differences (±1–2°) in maximum knee 

flexion were noted in the present study, accompanied by lower variability across trials. Van 

Hooren, et al. [32] reported a greater increase in knee flexion during treadmill running (+6.3°), 

whereas Sinclair, et al. [30] found only a marginal change. The reduced variability in our findings 

may indicate greater motor control and joint stability among the tested athletes. 

Regarding foot biomechanics, no significant differences in pronation were observed between 

treadmill and overground conditions. In contrast, Dejong Lempke, et al. [9] reported increased 



 

 

pronation velocity (+138°/s), while both Van Hooren, et al. [32] and Sinclair, et al. [30] noted 

trends toward greater pronation angles during treadmill running. The absence of significant 

changes in the current data suggests that highly trained runners may effectively modulate their 

movement strategies, maintaining consistent foot strike mechanics across different surfaces. 

A convergence of findings is evident in the case of step length, which was greater during 

treadmill running both in our study and in the work of Dejong Lempke, et al. [9]. A similar effect 

is also confirmed by Sinclair, et al. [30], supporting the notion that treadmill conditions may 

promote longer stride patterns. However, discrepancies arise regarding ground contact time—our 

study showed a decrease, whereas prior studies [9, 32] reported an increase under treadmill 

conditions. This divergence may be attributed to the higher technical proficiency and movement 

optimization observed in professional athletes. 

Reduced variability in biomechanical parameters was observed during treadmill running in 

our study, suggesting greater consistency and stability in movement patterns among trained runners 

when operating in controlled, repetitive conditions. Additionally, heel velocity following toe-off 

was found to be lower on the treadmill, aligning with existing hypotheses regarding reduced 

loading on the ischiofemoral musculature. This observation supports the potential use of treadmill 

running in physiotherapeutic contexts, particularly in the management or prevention of posterior 

chain injuries. 

Significant reductions in knee flexion during the stabilization phase were observed during 

treadmill running (48.1° left, 44.0° right) compared to overground running (47.0° left, 46.05° 

right), reflecting altered knee mechanics (Fig. 2A). This could be due to the treadmill's consistent, 

flat surface, which reduces the need for dynamic shock absorption. The consistency of knee flexion 

was also evident in the narrower interquartile ranges (IQRs) observed during treadmill running, 

particularly on the right side (40.9° to 47.6°) compared to overground running (43.53° to 48.48°). 

These findings reinforce the idea that treadmill running may result in a more predictable, less 

variable running pattern. This finding aligns with the work of Van Hooren, et al. [32], who reported 

a reduced knee flexion range of motion during the stance phase, along with a slight increase in knee 

flexion at foot strike, though the latter was of trivial magnitude. 

Notably, step length analysis revealed significant differences between overground and 

treadmill running (p = 0.0005). Participants tended to have slightly longer step lengths on the 

treadmill (779.62 mm) compared to overground running (755.79 mm), which could be attributed 

to the treadmill's mechanical propulsion and constrained environment that promotes a more upright 

posture. The first quartile (Q1) for step length was also greater on the treadmill (740.15 mm) than 

during overground running (697.21 mm), suggesting that even the shorter steps were generally 

longer in the treadmill condition. This indicates that treadmill running may encourage longer, more 

consistent steps, whereas overground running allows for greater variability in step length. 

In contrast, the strike angle remained stable across both environments, indicating that the 

foot strike is a more ingrained and automatic aspect of running mechanics. This was consistent 

with the results from the analysis of impact angles, which showed no significant differences across 

conditions (Friedman ANOVA, p = 0.1991), suggesting that the surface type did not influence knee 

angle at impact significantly. The foot strike angle's stability emphasizes its robustness as a core 

feature of running technique that is resistant to changes in the environment. 

Additionally, the center of gravity displacement during treadmill running was reduced, 

likely due to the treadmill’s mechanical propulsion, which contributes to a more controlled and 

stable gait. This reduction in center of gravity displacement further emphasizes the difference in 

movement dynamics between treadmill and overground running, particularly in the context of 

spatiotemporal parameters. 



 

 

In summary, treadmill running introduces specific biomechanical adaptations, including 

reduced center of gravity displacement, shorter ground contact time, decreased heel-off velocity, 

and diminished engagement of the posterior kinetic chain. These adaptations may provide 

therapeutic benefits by reducing joint loading and providing a controlled environment for 

rehabilitation. However, treadmill running does not replicate the full biomechanical demands of 

outdoor running, especially in terms of performance optimization. 

Thus, treadmill running should be seen as a complement to outdoor running rather than a 

replacement. A hybrid approach can help balance safety, recovery, and biomechanical fidelity 

while addressing individual training goals. Further, the variability observed in the runners' speeds 

(Table 1), as well as the consistency in biomechanical responses, underscores the importance of 

individual adaptation to different running environments. Longitudinal studies are needed to explore 

the long-term effects of these biomechanical differences on running performance and injury risk. 

The results of the study showed that running on a treadmill significantly alters the 

biomechanical parameters of the lower limbs compared to running in the field. Among other things, 

a 3% increase in average stride length, a significant decrease in stride length variability, a 12% 

decrease in ground contact time, and a 19% decrease in heel velocity during the explosive phase 

were observed. In addition, although the changes in knee flexion angle were small (±1-2°), their 

variability was significantly lower during treadmill running. All of these changes have important 

practical implications for physiotherapists, especially when working with runners returning after 

injuries to the ischiofemoral group. 

First, a reduction in heel velocity during the explosive phase may indicate a reduction in 

lower limb dynamics during the final phase of support. This may mean less involvement of the 

posterior chain muscles, including the biceps femoris and gluteus maximus muscles, which is 

beneficial in the context of rehabilitation of injuries to these structures. The mechanical assistance 

of the treadmill belt to move the body likely reduces the demands on the concentric work of this 

muscle group, allowing functional loads to be safely implemented during the return-to-running 

phase [29] 

The third important element is less variability in stride length and knee flexion angle, 

indicating a more reproducible movement pattern. The treadmill allows running in conditions with 

limited environmental variability, which can be beneficial in the motor reeducation phase after 

injury [15]. The stability of movement allows for more accurate monitoring of running techniques 

and rapid detection of abnormalities, making the treadmill a tool not only for rehabilitation but also 

for diagnosis. 

In addition, it is important to keep in mind that in the later stages of rehabilitation - 

especially during progression to higher speeds - the importance of the coasting phase may increase 

as the moment that puts the most stress on the muscles of the ischiofemoral group. Chumanov et 

al. pointed out that the biceps femoris muscle reaches its peak of activity during the dynamic phases 

of the limb in running, which can provide a reference point for planning load progression at a later 

stage of return to sport [6]. 

In conclusion, the results of the study confirm that the treadmill can be an effective 

therapeutic environment for runners with injuries to the ischiofemoral group. It offers 

biomechanical conditions conducive to reduced overload, increased repetition of movement, and 

precise control over training parameters, which can be used at any stage of the return to running 

process. 

This study supports the notion that treadmill running may induce specific biomechanical 

adaptations that differ from overground running. While treadmill running offers a controlled 

environment for rehabilitation, it is essential to consider that it does not entirely replicate the natural 



 

 

variability or mechanical demands of overground running [6, 34]. Further research into the long-

term impact of these biomechanical changes on running performance and injury prevention is 

warranted to enhance our understanding of treadmill-based training. 

 

5. Conclusion 

This study provides a thorough examination of the biomechanical differences between 

overground and treadmill running, revealing that running on a motorized treadmill reduces the 

dynamics of lower limb propulsion, notably through a decrease in foot velocity. This reduction 

likely results from the assistance provided by the treadmill’s moving belt, which aids forward 

propulsion and lessens the load on posterior muscle groups such as the hamstrings. These changes 

can be beneficial in rehabilitation settings, offering a controlled environment for gradually 

reintroducing mechanical load to musculoskeletal structures and supporting a progressive return to 

function. 

The results from the spatiotemporal and kinematic parameters - such as reduced center of 

gravity displacement, shorter ground contact time, and altered knee flexion patterns - underscore 

the unique biomechanical effects of treadmill running. These findings carry significant practical 

implications for rehabilitation and training. While treadmill running can be an effective tool for 

restoring load tolerance, it does not fully replicate the biomechanical demands of outdoor running. 

Exclusive reliance on treadmill training may compromise running technique and performance, 

particularly for athletes preparing for outdoor competitions. Therefore, treadmill use should 

complement, not replace, field training. A combined approach allows for tailored training programs 

that cater to individual needs while aligning with performance goals. 

In conclusion, this study highlights the importance of understanding how training 

environments influence running biomechanics. The findings inform not only current rehabilitation 

strategies but also provide valuable insights for future research on how treadmill adaptation affects 

athletic performance and musculoskeletal health in the long term. 

 

Declaration of conflicting interests 

All authors declare no competing interests. 

 

References 

[1] ASMUSSEN, M.J., KALTENBACH C., HASHLAMOUN K., SHEN H., FEDERICO S., 

NIGG B.M., Force measurements during running on different instrumented treadmills, J 

Biomech, 2019, 84263-268. 

[2] BAILEY, J., MATA T., MERCER J.A., Is the Relationship Between Stride Length, 

Frequency, and Velocity Influenced by Running on a Treadmill or Overground?, 

International journal of exercise science, 2017, 10(7), 1067-1075. 

[3] BARTON, C.J., KAPPEL S.L., AHRENDT P., SIMONSEN O., RATHLEFF M.S., 

Dynamic navicular motion measured using a stretch sensor is different between walking 

and running, and between over-ground and treadmill conditions, J Foot Ankle Res, 2015, 

85. 

[4] CHAMBON, N., DELATTRE N., GUÉGUEN N., BERTON E., RAO G., Shoe drop has 

opposite influence on running pattern when running overground or on a treadmill, 

European journal of applied physiology, 2015, 115(5), 911-918. 

[5] CHEN, C.-F., WU H.-J., WANG Y.-S., HSIEH H.-S., WANG T.-Y., WANG S.-C., The 

impact and correlation of running landing methods on leg movement ability, Acta of 

Bioengineering and Biomechanics, 2023, 25(4), 155-162. 



 

 

[6] CHUMANOV, E.S., SCHACHE A.G., HEIDERSCHEIT B.C., THELEN D.G., 

Hamstrings are most susceptible to injury during the late swing phase of sprinting, Br J 

Sports Med, 2012, 46(2), 90. 

[7] CRONIN, N.J., FINNI T., Treadmill versus overground and barefoot versus shod 

comparisons of triceps surae fascicle behaviour in human walking and running, Gait 

Posture, 2013, 38(3), 528-533. 

[8] DAVIS, R.B., ÕUNPUU S., TYBURSKI D., GAGE J.R., A gait analysis data collection 

and reduction technique, Human movement science, 1991, 10(5), 575-587. 

[9] DEJONG LEMPKE, A.F., AUDET A.P., WASSERMAN M.G., MELVIN A.C., SOLDES 

K., HEITHOFF E., SHAH S., KOZLOFF K.M., LEPLEY A.S., Biomechanical differences 

and variability during sustained motorized treadmill running versus outdoor overground 

running using wearable sensors, J Biomech, 2025, 178112443. 

[10] FELLIN, R.E., MANAL K., DAVIS I.S., Comparison of lower extremity kinematic curves 

during overground and treadmill running, J Appl Biomech, 2010, 26(4), 407-414. 

[11] FIRMINGER, C.R., VERNILLO G., SAVOLDELLI A., STEFANYSHYN D.J., MILLET 

G.Y., EDWARDS W.B., Joint kinematics and ground reaction forces in overground versus 

treadmill graded running, Gait Posture, 2018, 63109-113. 

[12] FORTE, P., SOUSA N., TEIXEIRA J., MARINHO D., MONTEIRO A., BRAGADA J., 

MORAIS J., BARBOSA T., Aerodynamic analysis of human walking, running and 

sprinting by numerical simulations, Acta Bioeng Biomech, 2022, 24(3), 3-11. 

[13] FU, W., FANG Y., LIU D.M.S., WANG L., REN S., LIU Y., Surface effects on in-shoe 

plantar pressure and tibial impact during running, Journal of Sport and Health Science, 

2015, 4(4), 384-390. 

[14] GAO, S., SONG Y., SUN D., ZHENG Z., CHEN H., ZHANG Q., XU Y., GU Y., The 

impact of running experience and shoe longitudinal bending stiffness on lower extremity 

biomechanics: a cross-sectional study, Acta Bioeng Biomech, 2024, 26(2), 93-103. 

[15] HEIDERSCHEIT, B.C., SHERRY M.A., SILDER A., CHUMANOV E.S., THELEN D.G., 

Hamstring strain injuries: recommendations for diagnosis, rehabilitation, and injury 

prevention, The Journal of orthopaedic and sports physical therapy, 2010, 40(2), 67-81. 

[16] HONG, Y., WANG L., LI J.X., ZHOU J.H., Comparison of plantar loads during treadmill 

and overground running, Journal of science and medicine in sport, 2012, 15(6), 554-560. 

[17] KLUITENBERG, B., BREDEWEG S.W., ZIJLSTRA S., ZIJLSTRA W., BUIST I., 

Comparison of vertical ground reaction forces during overground and treadmill running. 

A validation study, BMC Musculoskelet Disord, 2012, 13235. 

[18] LAVCANSKA, V., TAYLOR N.F., SCHACHE A.G., Familiarization to treadmill running 

in young unimpaired adults, Human movement science, 2005, 24(4), 544-557. 

[19] LUCAS-CUEVAS Á, G., PRIEGO QUESADA J.I., GOODING J., LEWIS M.G.C., 

ENCARNACIÓN-MARTÍNEZ A., PEREZ-SORIANO P., The effect of visual focus on 

spatio-temporal and kinematic parameters of treadmill running, Gait Posture, 2018, 59292-

297. 

[20] MEINERT, I., BROWN N., ALT W., Effect of Footwear Modifications on Oscillations at 

the Achilles Tendon during Running on a Treadmill and Over Ground: A Cross-Sectional 

Study, PLoS One, 2016, 11(3), e0152435. 

[21] MONTGOMERY, G., ABT G., DOBSON C., SMITH T., DITROILO M., Tibial impacts 

and muscle activation during walking, jogging and running when performed overground, 

and on motorised and non-motorised treadmills, Gait Posture, 2016, 49120-126. 



 

 

[22] NELSON, R.C., DILLMAN C.J., LAGASSE P., BICKETT P., Biomechanics of 

overground versus treadmill running, Medicine and science in sports, 1972, 4(4), 233-240. 

[23] NIGG, B.M., DE BOER R.W., FISHER V., A kinematic comparison of overground and 

treadmill running, Medicine and science in sports and exercise, 1995, 27(1), 98-105. 

[24] OLIVEIRA, A.S., GIZZI L., KETABI S., FARINA D., KERSTING U.G., Modular 

Control of Treadmill vs Overground Running, PLoS One, 2016, 11(4), e0153307. 

[25] PINK, M., PERRY J., HOUGLUM P.A., DEVINE D.J., Lower extremity range of motion 

in the recreational sport runner, The American journal of sports medicine, 1994, 22(4), 

541-549. 

[26] RILEY, P.O., DICHARRY J., FRANZ J., DELLA CROCE U., WILDER R.P., 

KERRIGAN D.C., A kinematics and kinetic comparison of overground and treadmill 

running, Medicine and science in sports and exercise, 2008, 40(6), 1093-1100. 

[27] ROSNOW, R.L., Effect sizes for experimenting psychologists, Canadian journal of 

experimental psychology = Revue canadienne de psychologie experimentale, 2003, 57(3), 

221-237. 

[28] ROUSSOS, T., SMIRNIOTOY A., PHILIPPOU A., GALANOS A., 

TRIANTAFYLLOPOULOS I., Effect of Running Environment and Slope Gradient on 

Lower Limb Muscle Activation, American Journal of Sports Science, 2019, 720-25. 

[29] SCHACHE, A.G., BLANCH P.D., RATH D.A., WRIGLEY T.V., STARR R., BENNELL 

K.L., A comparison of overground and treadmill running for measuring the three-

dimensional kinematics of the lumbo-pelvic-hip complex, Clinical biomechanics (Bristol, 

Avon), 2001, 16(8), 667-680. 

[30] SINCLAIR, J., RICHARDS J., TAYLOR P.J., EDMUNDSON C.J., BROOKS D., HOBBS 

S.J., Three-dimensional kinematic comparison of treadmill and overground running, Sports 

biomechanics, 2013, 12(3), 272-282. 

[31] SLOOT, L.H., VAN DER KROGT M.M., HARLAAR J., Effects of adding a virtual reality 

environment to different modes of treadmill walking, Gait Posture, 2014, 39(3), 939-945. 

[32] VAN HOOREN, B., FULLER J.T., BUCKLEY J.D., MILLER J.R., SEWELL K., RAO 

G., BARTON C., BISHOP C., WILLY R.W., Is Motorized Treadmill Running 

Biomechanically Comparable to Overground Running? A Systematic Review and Meta-

Analysis of Cross-Over Studies, Sports Med, 2020, 50(4), 785-813. 

[33] WANK, V., FRICK U., SCHMIDTBLEICHER D., Kinematics and electromyography of 

lower limb muscles in overground and treadmill running, International journal of sports 

medicine, 1998, 19(7), 455-461. 

[34] WILLY, R.W., HALSEY L., HAYEK A., JOHNSON H., WILLSON J.D., Patellofemoral 

Joint and Achilles Tendon Loads During Overground and Treadmill Running, The Journal 

of orthopaedic and sports physical therapy, 2016, 46(8), 664-672. 


