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Research Paper: The Effects of Changing Footstrike 
Pattern on the Amplitude and Frequency Spectrum 
of Ground Reaction Forces During Running in Indi-
viduals With Pronated Feet

Purpose: The current study aimed to evaluate the effects of barefoot and shod running with 
two different styles on ground reaction force-frequency content in recreational runners with low 
arched feet.

Methods: The statistical sample of this research was 13 males with Pronated Feet (PF) 
(Mean±SD age: 26.2±2.8 y; height: 176.1±8.4 cm; weight: 78.3±14.3 kg). A force plate (Bertec, 
USA) with a sample rate of 1000 Hz was used to record the reaction forces under each foot. 
Three test conditions in our study included shod running with rearfoot, midfoot, and forefoot 
patterns. Repeated-measures Analysis of Variance (ANOVA) was used for analyzing the data.

Results: During forefoot running, the research subjects attained 10% higher GRF values 
in vertical direction, compared with rearfoot running (P˂0.001, d=2.133). Forefoot running 
decreased the peak vertical GRF, compared to rearfoot running (by 12%, P=0.01, d=0.826). 
Barefoot running decreased the peak vertical GRF, compared to shod running (by 6%, P=0.027, 
d=1.143). The collected results revealed a significantly lower FyMed (P<0.02, d=1.11, 14%), 
Fy99.5% (P<0.02, d=0.11, 8%), and greater FyNe (P<0.02, d=0.72, 10%), Fz99.5% (P<0.01, 
d=4.30, 124%), and FzNe (P<0.01, d=1.65, 44%) when running with rearfoot strike pattern, 
compared with forefoot strike pattern.

Conclusion: The study subjects with pronated feet experienced greater GRF values during 
forefoot running than rearfoot; such data may imply an increased risk of running injuries. 
Therefore, forefoot running is not recommended for runners with pronated feet.
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1. Introduction

ootstrike type is related to how the plan-
tar section of the foot hits the ground. 
There are 2 main kinds of footstrike 
methods, i.e., usually used by individu-
als. These methods are named rear-foot 
and fore-foot strike [1]. Previous studies 

have defined these approaches as mid-foot or fore-foot 
methods [1, 2]. Limited research data proposed that indi-
viduals could benefit from changing their running strike 
methods. One important remaining data gap is understat-
ing which footstrike pattern could decrease the risk of 
injury.

Literature suggests that differences in running biome-
chanics arise due to different footstrike patterns. For ex-
ample, some researchers reported that forefoot running 
may decrease shine splint [3]. Diebal et al. (2012) argued 
that the fore-foot method could reduce pain in runners 
[4]. The lack of the first peak in the vertical direction of 
Ground Reaction Force (GRF) and lower Loading Rates 
(LRs) during forefoot running may have implications 
for pain reduction and injury prevention in runners with 
patellofemoral pain syndrome [5]. However, extensive 
evidence suggests using rearfoot striking during running. 
For instance, Laughton et al. reported that rearfoot run-
ning could decrease the peak GRF values in vertical and 
anteroposterior directions; accordingly, it results in a de-
creased risk of running injury [6]. 

Furthermore, there are controversial findings of the ef-
fects of footwear on running biomechanics. Previous re-

search studies indicated that shod running may decrease 
the injury risk in the lower extremities by attenuating 
vertical LR [7, 8]. Nevertheless, other researchers have 
reported a reduction in GRF components with instructed 
barefoot running [9, 10].

Excessive foot pronation is considered a major con-
tributing factor to lower extremity injuries [11-13]. Foot 
pronation and tibia internal rotation are coupled with 
each other and may produce torsional forces [14, 15]. 
This torsional stress may lead to an associated ligament 
tear or avulsion fracture [16]. During walking, exces-
sive foot pronation may result in an increased GRF [11]. 
There exists a positive correlation between greater GRF 
amplitudes and lower limb injuries [12, 17]. Controver-
sial results have been reported concerning the influence 
of over-pronated feet on GRF magnitudes while running 
in individuals with Pronated Feet (PF). In particular, 
possible changes in the ground reaction force-frequency 
content of running remain unclear.

Ground reaction forces frequency analysis was used 
for the normal and pathological evaluation of walking 
in the study subjects [18]. Frequency content of GRF 
helps demonstrate the magnitude and effects of anatomi-
cal structures in a frequency content analysis [19]. Fre-
quency content has been demonstrated to be a clinically 
essential factor in introducing running-related injuries in 
individuals with excessive foot pronation. The frequency 
of GRF during daily living activities plays a major role 
in clinical treatments [20]. 

F

Highlights 

● During forefoot running, the research subjects attained 10% higher GRF values in the vertical direction, compared 
to rearfoot running.

● Forefoot running decreased the peak vertical GRF, compared to rearfoot running.

● Barefoot running decreased the peak vertical GRF, compared to shod running.

● Pair-wise comparisons revealed a significantly lower FyMed, Fy99.5%, and greater FyNe, Fz99.5%, and FzNe 
when running with the rearfoot strike, compared with forefoot strike methods.

Plain Language Summary 

The study subjects with pronated feet experienced greater loads values during forefoot running than rearfoot, which 
may imply an increased risk of running injuries. Therefore, forefoot running is not recommended for runners with 
pronated feet.
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Despite numerous studies on running, research about 
the relationship between GRF components and excessive 
foot pronation are scarce. The present research aimed to 
assess the effects of barefoot and shod running with two 
different styles on ground reaction force-frequency con-
tent in recreational runners with PF. 

2. Materials and Methods

The statistical sample of this study was 13 males with 
PF (Mean±SD age: 26.2±2.8 y; height: 176.1±8.4 cm; 
weight: 78.3±14.3 kg). A written informed consent form 
was received from the research subjects. The exclusion 
criteria of the study have presented the signs of joint 
disease, bone disease, ligament injury, musculoskeletal 
disorders, tendon diseases, a history of severe trauma or 
lower limb surgery, chronic infections of the joint, and 
corticosteroid injection. The dominant lower limb of all 
study subjects was determined by a soccer ball shoot test.

Gender-wise biomechanical differences were identi-
fied; such differences occur in several directions and 
along multiple joints [21]. The Ethics Committee of Ar-
dabil University of Medical Scinces research protocol 
(Code: IR.ARUMS.REC.1398.408). 

A force plate (Bertec, USA) was used to record the 
GRF components at the sample rate of 1000 Hz. A 20 
Hz cut-off frequency was used to filter GRF data. Heel 
contact and toe-off were determined as the first point >20 
N and toe off as the last point >20 N, respectively [13].

The study participants run at 3.3 m/s on a force plate 
on a runway with an 18 m length. Three running trials 
were performed for the familiarization process. Data 
collection was conducted during shod and barefoot run-
ning with rearfoot and forefoot patterns. A randomized 
method was used to determine the order of running con-
ditions. Three running trials with a 2-min rest were per-
formed between each condition. A true trial was defined 
if the plantar section of the foot was placed on the center 
of the force plate.

Concerning the ground reaction force-frequency spec-
trum analysis, three directions of GRF (Fx, Fy, Fz) were 
used for Fourier analysis. Fourier method, as defined 
and presented below, was conducted on the GRF data. 
MATLAB software was applied to compute the fre-
quency spectrum of the GRF [22]. The other details for 
computing the Fourier series of GRF are described in 
the literature [23]. Five indexes of frequency-domain 
were computed and used in the statistical section [23, 
24]. The frequency with a power of 99.5% (F99.5%) 

was the first used index (Equation 1) [24]. The median 
frequency (Fmed) of GRF was calculated as the second 
index [24]. The median frequency can demonstrate the 
functions of swinging parts of neuromotor sections at 
the heel-contact phase [24, 25]. Frequency bandwidth 
(F-band) was the third index, i.e., the range of frequency 
where power spectrum density is greater than half of the 
peak value [24].

1: ſ0
f99.5 P(f)df=0.995× ſ0

fmax P(f)df

P is the integral power of frequency, Fmax is the highest 
frequency of the curve, and P(f) is defined as the power 
at frequency f [24]. The essential number of harmonics 
(ne) is the fourth index needed for 99.5% confidence of 
data to reconstruct [26].

2: Σ ne
n=1

Σ mn=1

A2+B2
n n√

A2+B2
n n√

≤0.995

Here, “n” is the number of harmonics; An and Bn are 
the coefficients of the Fourier equation (Equation 2). The 
amplitude of each harmonic (Hi) is the fifth index, where 
“i“ is the harmonic number.

Shapiro-Wilk test was used for establishing the normal 
distribution of the collected data. Repeated-measures 
Analysis of Variance (ANOVA) was used for statistical 
analysis. Cohen’s ds was also computed [22] and inter-
preted in the statistical section [23]. The significant level 
was set at P<0.05. The data analyzedsis SPSS was ap-
plied for statistical of the obtained.

3. Results

Table 1 describes the effects of “footstrike pattern” and 
“footwear” conditions on GRF time series data. Signifi-
cant main effects of “footstrike pattern” were observed for 
vertical GRF (Fz) and loading rate. During forefoot run-
ning, the research subjects attained 10% higher GRF val-
ues in the vertical direction, in comparison with rearfoot 
running (P˂0.001, d=2.133). Forefoot running decreased 
the peak vertical GRF, compared to rearfoot running (by 
12%, P=0.01, d=0.826). Figure 1 illustrates the patterns 
of GRF in all directions for the tested running conditions.

Furthermore, a significant main effect of shoes was 
observed in the peak vertical GRF. Barefoot running de-
creased the vertical GRF peal value, compared to shod 
running (by 6%, P=0.027, d=1.143). The statistical anal-
ysis presented significant footstrike by footwear interac-
tions for vertical GRF (P=0.001, d=2.409).
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Table 2 lists the effects of footstrike pattern and foot-
wear conditions on GRF frequency contents. Significant 
main effects of footstrike for FyMed, Fy99.5%, FyNe, 
Fz99.5%, and FzNe (P<0.02, d=1.566-9.798) were ob-
served. A significantly lower FyMed (P<0.02, d=1.11, 
14%), Fy99.5% (P<0.02, d=0.11, 8%), and greater FyNe 
(P<0.02, d=0.72, 10%), Fz99.5% (P<0.01, d=4.30, 
124%), and FzNe (P<0.01, d=1.65, 44%) values were 
detected when running with rearfoot, compared with 

forefoot conditions. Moreover, significant main effects 
of footwear for FyNe and FzNe (P<0.01, d=2.35-3.289) 
were reported. A significantly lower FyNe (P<0.01, 
d=1.64, 30%) and greater FzNe (P<0.01, d=1.21, 31%) 
during barefoot running were observed, compared with 
shod running. Besides, significant interaction effects of 
footstrike × footwear for FxNe (P=0.03, d=1.341), FyNe 
(P=0.01, d=1.667), and FzNe (P<0.001, d=2.167) were 
demonstrated.

Figure 1. Time-series curve of the ground reaction forces for footstrike pattern (a) and footwear (b) conditions while running

Table 1. The effects of footstrike pattern and footwear on GRF components during running

Variables

No. (%)

Barefoot Shod P (effect size: d)

Rearfoot Forefoot Rearfoot Forefoot Main Effect:
Footstrike Pattern

Main Effect:
Footwear

Interaction:
Footstrike × Footwear

Fz 229.1 (23.2) 270.8 (19.6) 234.4 (9.1) 237.5 (11.6) 0.000 (2.133) 0.027 (1.143) 0.001 (2.409)

Fy (Braking) 37.3 (9.2) 36.4 (8.9) 33.2 (8.7) 40.4 (8.7) 0.973 (0.045) 170 (0.843) 0.264 (0.678)

Fy (Propulsion) 27.2 (9.8) 26.1 (8.8) 28.6 (6.5) 29.8 (8.6) 0.187 (0.807) 0.615 (0.300) 0.985 (0.045)

Fx (Lateral) 9. 9 (4.16) 11.8 (3.4) 10.4 (4.5) 8.9 (4.3) 0.277 (0.659) 0.170 (0.843) 0.899 (0.063)

Fx (Medial) 6.8 (3.3) 7.8 (3.2) 8.4 (3.9) 8.8 (4.5) 0.177 (0.827) 0.796 (0.155) 0.435 (0.052)

Loading rate 89.4 (11.8) 71.4 (15.6) 72.8 (24.8) 68.1 (15.1) 0.010 (0.826) 0.064 (0.672) 0.288 (0.640)
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4. Discussion

The current research aimed to assess the influence of 
barefoot and shod running with two styles on ground 
reaction force-frequency content in recreational runners 
with pronated feet. Our study data revealed that forefoot 
running increases peak vertical GRF. These results are 
consistent with those of the previous studies in runners 
[27, 28]. Daoud et al. (2012) argued that runners with 
forefoot strikes face fewer running-induced injuries, 
compared to those with rearfoot strikes [29]. Besides, 
transitioning to a forefoot strike method has been sug-
gested to improve injuries, including chronic exertional 
compartment [29] and patellofemoral pain syndromes 
[5]. The data indicated that peak vertical GRF was high-
er during forefoot running than rearfoot running. Litera-
ture suggested that increased GRF is related to a greater 
risk of lower limb injuries [6, 28, 30]. 

Greater GRF during running could lead to an increased 
risk of ACL tear [31]. The impact forces transferred to the 
body in subjects with pronated feet are greater than those 
in healthy controls [32]. In the present study subjects with 
PF experienced higher GRF values during forefoot run-
ning, compared to the rearfoot condition; it may imply 

an increased risk of running injuries. Therefore, forefoot 
running is not recommended for runners with PF.

In forefoot running, a significantly lower vertical load-
ing rate was found, agreeing with the results of previous 
studies [5, 33]. The impact of body weight in the verti-
cal section resulted in discrepancies between directions 
(GRF: vertical > anterior-posterior > medio-lateral) [22]. 
The absent or reduced impact peak in vertical GRF dur-
ing forefoot running may lead to decreased vertical load 
rates, compared with the rearfoot running footfall pattern 
(Figure 1.a). Reduced impact peak during forefoot run-
ning may reduce running-related injuries [20]. 

The greater loading rates at rearfoot running may be 
due to higher vertical displacement [34], or higher joint 
stiffness [35], or both [36]. Greater vertical displacement 
of the runner’s center of gravity may adversely affect 
running economy. However, there was no significant dif-
ference in running economy between different running 
strike approaches [37].

The present study findings indicated that barefoot run-
ning decreased the peak vertical GRF, compared to shod 
running. In line with this finding, previous studies have 
reported reduced peak GRF values during barefoot in 

Table 2. The effects of footstrike pattern and footwear on GRF frequency contents during running

No. (%)Mean±SD

Variables
Interaction:

Footstrike×Footwear
Main Effect:

Footwear
Main Effect:

Footstrike Pattern

ShodBarefoot

ForefootRearfootForefootRearfoot

0.58(0.286)0.58 (0.286)0.58 (0.286)1.00±0.001.08±0.271.08±0.271.08±0.27FxBand

Fx
0.33(0.549)0.42 (0.459)0.05 (1.702)1.92±0.272.15±0.372.15±0.552.15±0.55FxMed

0.92(0.00)0.23 (0.703)0.19 (0.773)10.00±1.3512.08±2.3210.85±2.8511.31±2.72Fx99.5%

0.03(1.341)0.80 (0.00)0.13 (0.905)22.00±7.2824.69±5.7325.62±5.4827.31±4.34FxNe

1.00(0.00)1.00 (0.00)1.00 (0.00)1.00 (0.00)1.00 (0.00)1.00 (0.00)1.00 (0.00)FyBand

Fz
0.09(1.301)0.09 (1.301)0.01 (1.667)1.85±0.381.38±0.501.85±0.371.77±0.43FyMed

0.09(1.301)0.15 (0.840)0.01 (1.566)9.62±1.049.31±1.6010.85±1.349.38±1.50Fy99.5%

0.01(1.667)0.00 (3.289)0.01 (1.566)30.46±2.2230.08±5.4820.23±7.2926.15±5.75FyNe

1.00(0.00)1.00 (0.00)1.00 (0.00)1.00±0.001.00±0.001.00±0.001.00±0.00FzBand

Fz
0.33(0.549)0.33 (0.549)0.33 (0.549)1.92±0.272.00±0.002.00±0.002.00±0.00FzMed

0.17(0.807)0.07 (1.093)0.00 (9.798)3.77±0.598.00±1.003.69±0.488.77±1.30Fz99.5%

0.00(2.167)0.00 (2.35)0.00 (3.289)10.00±1.5811.69±1.7910.54±1.8918.08±6.17FzNe
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healthy runners [38, 39]. The characteristics of the verti-
cal GRF during the first half of running gait depend upon 
the initial condition of the lower limb joints at touchdown 
[40]. During barefoot running, the ankle is in a more plan-
tar-flexed position before initial contact and the knee be-
comes significantly more flexed before initial contact [8]. 

These kinematic characteristics may alter the kinetic 
forces at the lower limb and induce an adaptation strat-
egy to barefoot running. Furthermore, the observed re-
sults may be because our subjects had PF; this condition 
may cause biomechanical changes on the lower limb 
joints during running [22]. Thus, individuals with over-
pronated feet may be more exposed to chronic knee and 
hip osteoarthritis. Our research findings suggested that 
the footwear could affect the GRF values; consequently, 
it impacts the loads applied to the lower extremity during 
running in individuals with PF. The median frequency 
in the anterior-posterior direction was declined in the 
rearfoot pattern, compared to the forefoot pattern during 
running with and without shoes. 

The limitations of this research included a lack of kine-
matic data, as well as the lack of electromyography data 
and joint stiffness data.

5. Conclusion 

The study subjects with pronated feet experienced 
greater GRF values during forefoot running than rear-
foot; such data may imply an increased risk of running 
injuries. Therefore, forefoot running is not recommend-
ed for runners with pronated feet.
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