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Abstract

One of the purposes of footwear is to assist locomotion, but some footwear types seem to restrict 

natural foot motion, which may affect the contribution of ankle plantar flexor muscles to 

propulsion. This study examined the effects of different footwear conditions on the activity of 

ankle plantar flexors during walking. Ten healthy habitually shod individuals walked 

overground in shoes, barefoot and in flip-flops while fine-wire electromyography (EMG) 

activity was recorded from flexor hallucis longus (FHL), soleus (SOL), and medial and lateral 

gastrocnemius (MG and LG) muscles. EMG signals were peak-normalised and analysed in the 

stance phase using Statistical Parametric Mapping (SPM). We found highly individual EMG 

patterns. Although walking with shoes required higher muscle activity for propulsion than 

walking barefoot or with flip-flops in most participants, this did not result in statistically 

significant differences in EMG amplitude between footwear conditions in any muscle (p>0.05). 

Time to peak activity showed the lowest coefficient of variation in shod walking (3.5, 7.0, 8.0 

and 3.4 for FHL, SOL, MG and LG, respectively). Future studies should clarify the sources and 

consequences of individual EMG responses to different footwear.

1. Introduction

Walking is a fundamental activity of everyday life, and is often performed whilst wearing 

footwear. Modern footwear is typically designed to assist with locomotion by providing 

protection, stability, and comfort to the ankle-foot complex. To achieve these aims, typical 

footwear often has characteristics such as arch support, cushioning, a closed nature, toe spring, 

elevated and cushioned heel, stiff heel counter and a somewhat stiff sole. However, because of 

its supporting properties, modern footwear may also restrict natural foot motion in locomotion 

(Morio et al., 2009). For example, built-in arch support seems to restrict the physiological 

movement of the medial longitudinal arch during locomotion, which may lead to stiffer forefeet, 

large inter-individual variability in arch height, and arch-related problems, as observed in 
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habitually shod individuals compared to habitually barefoot individuals (D’Août et al., 2009; 

Kadambande et al., 2006). The restrictive nature of some footwear can also contribute to the 

development of forefoot pathologies such as toe deformities (e.g. Zipfel and Berger, 2007), 

which can in turn increase the risk of falling in the elderly (Mickle et al., 2009). Wearing stable 

and supportive shoes seems to also be disadvantageous for the extrinsic foot muscles (e.g. flexor 

hallucis longus, FHL), since excess foot support may cause them to be under-utilized 

(McDonald et al., 2016). This can result in reduced strength of foot flexor muscles, leading to 

an imbalance between foot flexor and extensor muscles, which has also been suggested to cause 

toe deformities (Myerson and Shereff, 1989). Additionally, FHL functions as an important 

ankle plantar flexor muscle (Friederich and Brand, 1990; Goldmann et al., 2013; Kura et al., 

1997), so changes in FHL function presumably affect the function of other plantar flexor 

muscles such as the triceps surae (e.g. Heikkinen et al., 2017).

Contrary to shod walking, conditions that are more similar to barefoot walking, such as walking 

in minimalistic footwear and flip-flops, seem to restrict foot function less. Flip-flops, 

characterized by a thin, flat-shaped, and flexible rubber sole attached to the foot with a Y-

shaped strap in the forefoot region, are often used in everyday life. Walking in flip-flops results 

in increased ankle joint and subtalar joint range of motion compared to shod walking (Chen et 

al., 2018). Increased ankle joint range of motion has also been observed when walking barefoot 

compared to shod walking (Chen et al., 2018; Wirth et al., 2011; Zhang et al., 2013). 

Presumably, altered kinematics is associated with an altered relative contribution of ankle and 

foot muscles (Farris and Sawicki, 2012; Winter, 1983). For example, regularly wearing 

minimalistic footwear for five months increased the cross-sectional area and strength of long 

and short toe flexor muscles, with the biggest improvements observed in FHL, but comparably 

smaller improvements in the triceps surae (Brüggemann et al., 2005). Nonetheless, barefoot and 

shod walking seems to show generally similar electromyography (EMG) activity of tibialis 
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posterior, flexor digitorum longus and peroneus longus (Akuzawa et al., 2016). Previous 

comparisons of walking in flip-flops and barefoot have found no difference in medial 

gastrocnemius (MG) (Burgess and Swinton, 2012) and peroneus longus (Price et al., 2014) 

EMG activity, and general gait kinematics (such as knee, ankle and subtalar joint kinematics, 

and knee and ankle joint loading) (Chen et al., 2018). It is currently unclear whether EMG 

activity patterns differ between FHL and triceps surae muscles when walking in flip-flops 

versus walking barefoot. Altered FHL function has been linked to Achilles tendon rupture 

(Finni et al., 2006) and flatfoot (Angin et al., 2014), highlighting the need to understand the 

relative activity of FHL and triceps surae muscles in these conditions. It is reasonable to assume 

that the toes are responsible for holding the flip-flops on the foot, which may require a larger 

relative contribution from toe flexor muscles, of which FHL has the largest cross-sectional area 

(Friederich and Brand, 1990; Kura et al., 1997).

The aim of this study was to examine the acute effect of shod, barefoot and flip-flops walking 

on FHL and triceps surae EMG activity. Due to increased leg compliance in shoes, we 

hypothesized that there would be higher triceps surae EMG activity in shoes compared to the 

other conditions. Nonetheless, we expected that walking in shoes would result in lower FHL 

EMG activity because of the restrictive nature and medial longitudinal arch support of shoes. 

Conversely, walking in flip-flops was expected to result in higher FHL EMG activity compared 

to the other conditions because of the suspected role of FHL to hold the flip-flops on the foot 

and due to less restricted foot motion in flip-flops than in shoes. Due to the restricted forefoot 

motion in shoes, we further expected that the time to peak activity would vary less between 

individuals in shod walking than in other conditions.

2. Materials and methods

2.1. Participants
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Ten healthy volunteers participated in this study (age: 29.6 ± 7.4 years; height: 1.74 ± 0.12 m; 

body mass: 70.6 ± 12.7 kg), six males and four females. Participants had no known current or 

recent (< 6 months) leg or foot injuries or deformities (e.g. self-reported flatfoot), and were 

habitually shod walkers. The Stockholm regional ethics committee approved the study protocol 

(approval nr: 2017/261-31/4). All subjects gave written informed consent before participation. 

The study was performed in accordance with the Declaration of Helsinki.

2.2. Study protocol

In the familiarization session (1-3 days before data collection) EMG electrode locations were 

marked with a permanent marker. During the subsequent measurement session, intramuscular 

EMG electrodes were inserted and hereafter participants warmed up by performing submaximal 

and maximal isometric plantarflexion contractions in an isokinetic dynamometer. In addition, 

they walked at their preferred-speed for 5 minutes. Then, data were collected during overground 

steady-speed walking in shoes, barefoot, and in flip-flops, while intramuscular EMG activity 

was recorded from the FHL, soleus (SOL), MG, and lateral gastrocnemius (LG) muscles of the 

right leg.

2.3. Walking conditions

To define walking speeds, custom-made photocells were placed at the beginning and end of the 

7 m long measurement area. To maintain quasi-constant speed over this area, participants 

started and ended the walking trials 2-3 meters before and after the photocells where they could 

accelerate and decelerate, respectively. Participants walked in their own sports shoes, barefoot 

(in socks), and in standardized flip-flops (without socks) (Figure 1). Walking in one’s own 

shoes aimed to reflect real-life situation and eliminate the effects of adaptation to a new shoe 

that might interfere with the obtained data (Sacco et al., 2010). Self-selected walking speed 

seems to be highly repeatable (Boonstra et al., 1993; Kadaba et al., 1989; Stolze et al., 1998; 

Wirth et al., 2011). Thus, participants first walked at self-selected speed in shoes through the 
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measurement area five times. The slowest and fastest trials were discarded and the remaining 

three trials were averaged to define preferred shod walking speed. In previous studies, walking 

barefoot compared to shod resulted in slower preferred walking speed (Chen et al., 2018; Wirth 

et al., 2011), while barefoot and flip-flops walking showed similar preferred walking speeds 

(Chen et al., 2018; Price et al., 2014; Sharpe et al., 2016). Therefore, participants of this study 

walked barefoot and in flip-flops at two speeds in random order: the same speed as preferred 

shod walking (matched) and at self-selected speed, three successful trials from each. From the 

matched conditions, trials were accepted within ± 5% of target speed.

2.4. Instrumentation

2.4.1. EMG activity

Intramuscular EMG activity of FHL, SOL, MG, and LG was measured with a telemetric system 

(MyoSystem 1400A, Noraxon Inc. Scottsdale, AZ, USA; sampling frequency: 3000 Hz). A 

surface reference electrode (silver-silver chloride BlueSensor N; Ambu, Ballerup, Denmark) 

was placed on the tibia. EMG signals were wirelessly transmitted to an A/D converter 

(Cambridge Electronic Design, Cambridge, UK), which was connected to a personal computer. 

Digital signals were collected in Spike2 (Cambridge Electronic Design, Cambridge, UK).

After cleaning the skin with alcohol, intramuscular fine-wires were inserted by an experienced 

radiologist under the guidance of real-time, high-resolution B-mode and doppler 

ultrasonography (Logiq E9, GE, USA). Two wires were inserted in each muscle in bipolar 

configuration with hypodermic needles (0.8 mm diameter, used for wire insertion only) with an 

inter-tip distance of ~5 mm. Wires were Teflon-coated seven-stranded silver hook-wire 

electrodes with a diameter of 0.25 mm. At the end of the wires a 2 mm region of Teflon coating 

was stripped off to form the recording surface. Wires and needles were previously sterilized. 

For MG and LG, electrodes were inserted at the locations where surface electrodes are typically 

placed (Hermens et al., 2000), with small adjustments in cases of rich vascularity seen by 
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Doppler ultrasonography. Surface EMG electrodes were also placed over each examined 

muscle (data not included in this paper) and intramuscular electrodes were inserted right 

underneath the surface electrodes for the triceps surae muscles (Péter et al., 2019). Since SOL 

surface EMG may be prone to cross-talk when the electrodes are placed medially (e.g. Bogey 

et al., 2000), both surface and intramuscular EMG electrodes of SOL were placed laterally. 

FHL electrodes were inserted 5-10 cm proximally from lateral malleolus on the lateral side of 

the shank (Figure 2).

2.4.2. Force measurement

Half way along the 7-meter measurement area two force platforms (0.6 m x 0.4 m each; Kistler 

type 9281EA, Kistler AG, Winterthur, Switzerland; sampling frequency: 3000 Hz) were 

positioned in series to record three-dimensional ground reaction forces (GRF). Data from the 

stance phase of the right foot were collected with Qualisys Track Manager software (Qualisys 

AB, Sweden) and were used to define the time of heel contact (HC) and toe-off (TO), as well 

as the start of the push-off phase for each step. One successful stride per trial was recorded 

resulting in three strides per condition. 

2.4.3. Plantar pressure

Plantar pressure under the right foot was measured with a Pedar-X insoles (99-sensor, Novel 

Inc., Munich, Germany; sampling frequency: 100 Hz) to define the timing of HC and TO for 

those steps that did not hit either of the force platforms but were still performed within the 

measurement area. Insoles were put inside the socks for barefoot walking. In flip-flops, insoles 

were not used but event timings were estimated based on EMG onset/offset and GRF data (see 

below). Plantar pressure data were sent to a personal computer via Bluetooth using the Pedar 

software. Before every trial an assistant pressed down the big toe to ensure that insoles did not 

move (Péter et al., 2015). To synchronize data collection a trigger signal was sent to Spike and 
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Qualisys Track Manager software at the start of the recordings. Synchronisation delays were 

defined by the laboratory technician and were accounted for before data analysis.

2.5. Analysis

2.5.1. EMG activity

Data analyses were performed in Matlab (MathWorks Inc., Natick, MA, US) and were limited 

to the stance phase, as plantar flexors are mainly activated in this phase. EMG signals were 

band-pass filtered (20-500 Hz, zero-lag 4th order Butterworth filter), and were rectified. The 

signals were then smoothed using a 10 Hz 4th order Butterworth zero-lag filter, and time-

normalized (1-101 frames) for each stance phase using linear interpolation. Figure 3 shows a 

typical example of EMG activity in each step and walking condition recorded from one 

participant. The resulting curves of all steps per condition were averaged for each participant 

and muscle. These curves were then normalized to the peak value of the curve from the shod 

preferred condition (i.e. peak activity in shod represents 100% for each subject and muscle) 

(Cronin et al., 2015). The time between HC and peak activity (hereafter ‘time to peak activity’), 

and corresponding inter-individual coefficients of variation (CV%) were also calculated as a 

measure of inter-individual variability. Due to technical issues, MG EMG activity of one 

participant and LG EMG activity of another participant were not recorded.

2.5.2. Event timings

To define the timing of HC and TO for each step during shod and barefoot walking, GRF and 

plantar pressure data were used. For the steps that hit the force platforms (i.e. 3 steps per 

condition), HC and TO were defined based on a 10 N vertical GRF threshold (Osis et al., 2016). 

For other steps, vertical GRF was denoted by the sum of forces from the 99 insole sensors, and 

these force curves were up-sampled to 3000 Hz to line up force plate and insole data. Pressure 

insoles have inherent inaccuracy when defining timing and amplitude of vertical GRF, partly 

due to mismatch between foot and insole size. Therefore, HC and TO timings obtained from 
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force plate data were used to define thresholds for the vertical forces measured with the insole, 

which was possible after synchronising force plate and insole recordings. The start of the push-

off phase was defined based on the horizontal component of the GRF.

In flip-flops, event timings were defined based on EMG offset and GRF, as follows. First, EMG 

onset and offset were defined for each muscle and step by amplifying the signal-to-noise ratio 

of the raw band-pass filtered EMG data using Teager-Kaiser Energy Operator (Solnik et al., 

2010), and then applying approximated generalized likelihood ratio (AGLR) (Staude and Wolf, 

1999). The AGLR algorithm defines the onset and offset timings based on hypothesis testing 

as detailed elsewhere (Staude and Wolf, 1999). Then, for each of the three steps on the force 

plates, EMG onset was defined relative to HC, and EMG offset was defined relative to TO for 

each muscle. The muscle with the lowest variability in EMG onset/offset (i.e. most reliable 

muscle) was chosen as a reference to define the HC and TO of the steps that did not hit the 

force plates. This analysis showed that EMG onset was less consistent than EMG offset, 

therefore the latter was used in all subjects. For this, the mean EMG offset of the three steps of 

the muscle with the lowest SD between steps, as well as step durations were used to estimate 

HC and TO timings for the steps that did not hit the force plates. The lowest variability between 

steps was in FHL, MG, and LG in two, four, and four subjects, respectively, with a standard 

deviation of 23.6 ± 15.9 ms (range = 6.6 – 64.0 ms) between steps. EMG offset for the selected 

muscle was 378.4 ± 108.6 ms (range = 249.7 – 610.7 ms) before TO, which was used in this 

analysis. Although this approach has some uncertainty, this also increased the number of 

analysed steps to 12 ± 1 per participant, likely resulting in more robust estimation of EMG 

activity as opposed to relying on three steps only.

2.6. Statistical analysis

For each of the barefoot and flip-flops conditions, statistical differences between preferred and 

matched conditions were tested for walking speed, stance phase duration, and push-off duration 
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with paired samples t-tests (SPSS, IBM New York, NY, US). Since there was no difference 

(p>0.05) between preferred and matched conditions in any of these variables, only the trials at 

preferred speed were included in further analysis.

2.6.1. Curve analysis

Statistical Parametric Mapping (SPM, (Friston, 2007)) was used to locate differences in 

intramuscular EMG amplitudes of each muscle between footwear conditions. With SPM we 

tested the EMG amplitudes at each point of the time-normalised stance phase. This analysis 

was performed in Matlab (open-source spm1d code, v.M0.1, www.spm1d.org). SPM one-way 

repeated-measures ANOVA was used as follows. First, to form a Statistical Parametric Map 

the scalar output statistic SPM{F} was calculated for each time point. Then, to test the null 

hypothesis, the critical threshold was calculated beyond which only α % (set at 5%) of the 

smooth random curves would be expected to traverse. This critical threshold was calculated 

based on trajectory smoothness estimates via temporal gradients (Friston, 2007), and based on 

this smoothness, Random Field Theory expectations regarding the field-wide maximum (Adler 

and Taylor, 2007). If any values of SPM{F} exceeded the critical threshold, EMG time-series 

were considered to be significantly different.

2.6.2. Time to peak activity

Normality of data distribution was tested by Shapiro Wilk’s W test in SPSS. Statistical 

differences between conditions were tested for each muscle with one-way repeated measures 

ANOVA and the locations of the differences were tested after Bonferroni correction. 

Significance level was set at P<0.05.

3. Results

Walking speed, stance phase duration and push-off duration did not vary between the three 

footwear conditions (Table 1). At the group level, we found no differences in EMG activity 

between footwear conditions in any muscle (Figure 4). This might be due to large inter-



11

individual variability in the differences in EMG amplitudes between different footwear 

conditions (Figure 5), which encouraged to perform exploratory analysis at an individual level. 

This showed that in 66% of all conditions (25 out of 38 conditions [four muscles x ten 

individuals – 2 missing data]) the peak activity was the highest in shod walking and in 58% of 

the conditions (22 out of 38 conditions) it was the lowest in barefoot walking. For these subjects 

the differences between shod and barefoot peak activity were 65%, 32%, 16%, and 42% in 

FHL, SOL, MG, and LG, respectively. In comparison, at the group level, EMG activity in shod 

walking was higher than in barefoot by 26%, 19%, 7% and 29% in FHL, SOL, MG, and LG, 

respectively. CV% in the time to peak activity was the lowest in shod walking for all muscles 

(Figure 6).

4. Discussion

This study examined the acute effects of walking barefoot and in flip-flops on intramuscular 

EMG activity of plantar flexor muscles in habitually shod individuals. At the group level, no 

differences were detected between footwear types in any of the muscles when analysing across 

the time-normalised stance phase. The directions of changes in the magnitude of EMG activity 

were highly individual. Most participants showed the largest peak activity in all muscles in shod 

walking, and the lowest peak activity in barefoot walking. Inter-individual variability of the 

time to peak activity was lowest in shod walking in all muscles.

Besides examining the general effects of different footwear on ankle plantar flexor activity, 

defining the relative activity of FHL compared to triceps surae muscles was the primary interest 

in this study. Since participants in this study were habitually shod and showed no clear signs of 

foot abnormalities, we expected consistent effects of the different footwear conditions across 

individuals. However, individual differences were evident, which may partly explain why 

differences were not detected at the group level. In most cases, the highest peak EMG activity 

was found in shod walking and the lowest peak activity was found in barefoot walking in all 
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muscles, including FHL. This finding supports the idea that footwear may acutely increase leg 

compliance (Kelly et al., 2016), which requires increased activity from muscles that contribute 

to propulsion, which was recently observed in intrinsic foot muscles (Kelly et al., 2016). 

Conversely, the lower plantar flexor activity that we observed in barefoot walking may be 

associated with lower ankle stiffness compared to shod walking. Contrary to the triceps surae 

muscles, FHL spans the medial longitudinal arch and attaches on the distal phalanx of the big 

toe. It is assumed that this muscle supports the function of the medial longitudinal arch 

(Sarafian, 1993) together with passive elements such as the plantar fascia, while the 

contribution of intrinsic foot muscles seems to be negligible (Farris et al., 2019). We speculate 

that the absence of shoes allows the passive structures to better contribute to medial longitudinal 

arch function, decreasing the need for FHL activity. The anatomy of FHL further suggests a 

potential role in foot inversion, which is more pronounced in barefoot than in shod walking 

(Morio et al., 2009). However, although foot kinematics were not measured in this study, our 

results suggest that FHL is not the primary contributor to the acute increase in foot inversion, 

because FHL EMG activity was lower in barefoot than in shod walking. Future studies should 

examine the source of individual differences in muscle activity from a larger sample size, 

although this may be challenging, especially for FHL (Péter et al., 2019). Nonetheless, acute 

responses to walking barefoot instead of in regularly worn shoes may not reflect long-term 

adaptations to barefoot walking. For example, in long-term, walking in minimalistic shoes 

increased ankle plantar flexion and toe flexion strength (Brüggemann et al., 2005). These 

changes were associated with increased cross-sectional area of FHL and flexor digitorum 

longus muscles, which implies higher muscle activity in long-term.

We found the lowest inter-individual variability in time to peak activity in shod walking in all 

muscles. This is consistent with the notion that footwear restricts natural and individual-specific 

foot motion, imposing a fairly consistent motion pattern for each individual in the push-off 
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phase (Morio et al., 2009). Habitually shod individuals are used to the foot-supporting and 

stabilizing properties of their own footwear, which may also explain lower inter-individual 

variability. Furthermore, arch height of habitually shod individuals shows high inter-individual 

variability as compared to habitually barefoot individuals (D’Août et al., 2009). Considering 

that each habitually shod individual is used to different types of footwear and has a 

correspondingly different foot structure, each person may respond to the absence of shoes 

differently. This may be why acute or short-term footwear studies on habitually shod 

individuals seem to result in no, unexpected or inconsistent effects on foot and lower leg muscle 

function. This may also explain why we found no difference in EMG amplitudes at the group 

level between the different footwear conditions, and why we found relatively high inter-

individual variability in the time to peak activity when walking barefoot and in flip-flops. To 

better understand the effects of habituation to a given type of footwear, long-term studies are 

needed. Indeed, intervention studies have shown consistent changes across individuals after 

walking or running barefoot or in minimal footwear for several weeks. These changes include 

increased strength and size of foot muscles, increased foot and leg stiffness, and greater use of 

the spring-like function of the medial longitudinal arch (Brüggemann et al., 2005; Chen et al., 

2016; De Wit et al., 2000; Johnson et al., 2015; Miller et al., 2014; Perl et al., 2012; Ridge et 

al., 2018).

Due to the somewhat invasive nature of this study, the sample size was relatively low, 

potentially resulting in type II errors. However, group-level analyses may cover up individual 

responses to different footwear. Indeed, inter-participant differences in response to different 

footwear were evident. In gait, EMG activity patterns seem to be highly individual (Hug et al., 

2019), which may be related to anatomical features such as muscle size proportions, moment 

arms, and calcaneus length (Ahn et al., 2011). Variable response to different footwear in this 

study implies the need for examining the effects of footwear on EMG patterns on a larger 
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sample, where clusters could potentially be identified and related to other parameters such as 

differences in walking kinematics in different footwear. As another potential source of inter-

participant differences, intramuscular EMG electrodes have a small pick-up volume, so the 

measured EMG activity may not represent the activity of the whole muscle. The use of high-

density surface EMG could minimise this error (e.g. dos Anjos et al., 2017; Staudenmann et al., 

2009) in future studies, although this method cannot be used for deep muscles such as FHL. In 

this study, intramuscular EMG was chosen to minimise cross-talk, which may be especially 

important for FHL where the region for surface electrode placement is relatively small (Péter 

et al., 2015). Furthermore, intramuscular EMG activity was sampled from a larger proportion 

of FHL than the other muscles thus intramuscular EMG may be more representative of overall 

muscle activity for FHL than the other, larger examined muscles. In future studies the 

magnitude of the pick-up volume with respect to the target muscle volume should be taken into 

account. Furthermore, shoe properties (e.g. sole stiffness) might have been different between 

participants. Nonetheless, allowing participants to wear their own shoes was preferred since it 

eliminates the possibility of acute adaptation to new shoes. Wearing socks in barefoot walking 

could somewhat affect the sensation of the foot, but this was a necessity in order to secure the 

pressure insoles. In flip-flops, pressure insoles could not be used, which might have affected 

the definition of heel contact and toe-off timings. These events were estimated based on the 

EMG offset of the steps performed over the force plates in flip-flops for each participant. 

Although the standard deviation of EMG offset was relatively low, the mean of a small number 

of steps has relatively large uncertainty, which likely caused an estimation error when we 

defined the HC and TO timings in flip-flops for the steps which did not hit the force plates. 

Furthermore, we examined healthy individuals without clear foot deformities, so the application 

of our results may be restricted to this population.
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In conclusion, this study did not detect differences in plantar flexor EMG activity between 

different footwear conditions in walking. Exploratory analysis of individual responses suggests 

that in most individuals, walking in shoes at preferred speed requires higher peak EMG activity 

for propulsion from the ankle plantar flexors compared to walking barefoot or in flip-flops. 

Furthermore, similar time to peak activity between individuals may be due to that shoes restrict 

the natural and individual-specific function of the foot and ankle, superimposing a particular 

motion pattern over the individual habitual motion pattern. Future studies should examine the 

long-term effects of walking barefoot and in flip-flops on ankle plantar flexor function to further 

understand the effects of footwear on the relative role of these muscles.

Declaration of competing interest

None of the authors has any financial or other conflicts of interest to declare.

Acknowledgements

Annamária Péter was supported by a mobility grant from the University of Jyväskylä, and 

received the Peter Cavanagh Award for Basic Research for presenting this study at the 14th 

biennial Footwear Biomechanics Symposium. The authors thank Helen Grundström for her 

assistance with inserting the intramuscular EMG electrodes.

References

Adler, R.J., Taylor, J.E., 2007. Random Fields and Geometry, 1st ed. New York: Springer-

Verlag. https://doi.org/10.1007/978-0-387-48116-6

Ahn, A.N., Kang, J.K., Quitt, M.A., Davidson, B.C., Nguyen, C.T., 2011. Variability of 

neural activation during walking in humans: Short heels and big calves. Biology Letters 

7, 539–542. https://doi.org/10.1098/rsbl.2010.1169

Akuzawa, H., Imai, A., Iizuka, S., Matsunaga, N., Kaneoka, K., 2016. Calf muscle activity 

alteration with foot orthoses insertion during walking measured by fine-wire 



16

electromyography. Journal of Physical Therapy Science 28, 3458–3462. 

https://doi.org/10.1589/jpts.28.3458

Angin, S., Crofts, G., Mickle, K.J., Nester, C.J., 2014. Ultrasound evaluation of foot muscles 

and plantar fascia in pes planus. Gait and Posture 40, 48–52. 

https://doi.org/10.1016/j.gaitpost.2014.02.008

Bogey, R.A., Perry, J., Bontrager, E.L., Gronley, J.K., 2000. Comparison of across-subject 

EMG profiles using surface and multiple indwelling wire electrodes during gait. Journal 

of Electromyography and Kinesiology 10, 255–259. https://doi.org/10.1016/S1050-

6411(00)00015-8

Boonstra, A.M., Fidler, V., Eisma, W.H., 1993. Walking speed of normal subjects and 

amputees: Aspects of validity of gait analysis. Prosthetics and Orthotics International 17, 

78–82. https://doi.org/10.3109/03093649309164360

Brüggemann, G.-P., Potthast, W., Braunstein, B., Anja, N., 2005. Effect of increased 

mechanical stimuli on foot muscles functional capacity. Proceedings of the I1SB XXth 

Congress - ASB 29th Annual Meeting. https://doi.org/10.1016/j.pmrj.2013.02.010

Burgess, K.E., Swinton, P.A., 2012. Do FitflopsTM increase lower limb muscle activity? 

Clinical Biomechanics 27, 1078–1082. 

https://doi.org/10.1016/j.clinbiomech.2012.08.011

Chen, T.L.W., Sze, L.K.Y., Davis, I.S., Cheung, R.T.H., 2016. Effects of training in 

minimalist shoes on the intrinsic and extrinsic foot muscle volume. Clinical 

Biomechanics 36, 8–13. https://doi.org/10.1016/j.clinbiomech.2016.05.010

Chen, T.L.W., Wong, D.W.C., Xu, Z., Tan, Q., Wang, Y., Luximon, A., Zhang, M., 2018. 

Lower limb muscle co-contraction and joint loading of flip-flops walking in male 



17

wearers. PLoS ONE 13, e0193653. https://doi.org/10.1371/journal.pone.0193653

Cronin, N.J., Kumpulainen, S., Joutjärvi, T., Finni, T., Piitulainen, H., 2015. Spatial 

variability of muscle activity during human walking: The effects of different EMG 

normalization approaches. Neuroscience 300, 19–28. 

https://doi.org/10.1016/j.neuroscience.2015.05.003

D’Août, K., Pataky, T.C., De Clercq, D., Aerts, P., 2009. The effects of habitual footwear use: 

Foot shape and function in native barefoot walkers. Footwear Science 9, 36. 

https://doi.org/10.1080/19424280903386411

De Wit, B., De Clercq, D., Aerts, P., 2000. Biomechanical analysis of the stance phase during 

barefoot and shod running. Journal of Biomechanics 33, 269–278. 

https://doi.org/10.1016/S0021-9290(99)00192-X

dos Anjos, F. V., Pinto, T.P., Gazzoni, M., Vieira, T.M., 2017. The spatial distribution of 

ankle muscles activity discriminates aged from young subjects during standing. Frontiers 

in Human Neuroscience 11, 190. https://doi.org/10.3389/fnhum.2017.00190

Farris, D.J., Kelly, L.A., Cresswell, A.G., Lichtwark, G.A., 2019. The functional importance 

of human foot muscles for bipedal locomotion. Proceedings of the National Academy of 

Sciences of the United States of America 116, 1645–1650. 

https://doi.org/10.1073/pnas.1812820116

Farris, D.J., Sawicki, G.S., 2012. Human medial gastrocnemius force-velocity behavior shifts 

with locomotion speed and gait. Proceedings of the National Academy of Sciences 109, 

977–982. https://doi.org/10.1073/pnas.1107972109

Finni, T., Hodgson, J.A., Lai, A.M., Edgerton, V.R., Sinha, S., 2006. Muscle synergism 

during isometric plantarflexion in achilles tendon rupture patients and in normal subjects 



18

revealed by velocity-encoded cine phase-contrast MRI. Clinical Biomechanics 21, 67–

74. https://doi.org/10.1016/j.clinbiomech.2005.08.007

Friederich, J.A., Brand, R.A., 1990. Muscle fiber architecture in the human lower limb. 

Journal of Biomechanics 23, 91–95. https://doi.org/10.1016/0021-9290(90)90373-B

Friston, K., 2007. Statistical Parametric Mapping, in: Nichols, T.E., Kiebel, S.J., Ashburner, 

J.T., Penny, W.D., Friston, K.J. (Eds.), Statistical Parametric Mapping: The Analysis of 

Functional Brain Images. Amsterdam: Elsevier. https://doi.org/10.1016/B978-

012372560-8/50002-4

Goldmann, J.P., Sanno, M., Willwacher, S., Heinrich, K., Brüggemann, G.P., 2013. The 

potential of toe flexor muscles to enhance performance. Journal of Sports Sciences 31, 

424–433. https://doi.org/10.1080/02640414.2012.736627

Heikkinen, J., Lantto, I., Piilonen, J., Flinkkilä, T., Ohtonen, P., Siira, P., Laine, V., 

Niinimäki, J., Pajala, A., Leppilahti, J., 2017. Tendon Length, Calf Muscle Atrophy, and 

Strength Deficit After Acute Achilles Tendon Rupture. The Journal of Bone and Joint 

Surgery 99, 1509–1515. https://doi.org/10.2106/jbjs.16.01491

Hermens, H.J., Freriks, B., Disselhorst-Klug, C., Rau, G., 2000. Development of 

recommendations for SEMG sensors and sensor placement procedures. Journal of 

Electromyography and Kinesiology 10, 361–374. https://doi.org/10.1016/S1050-

6411(00)00027-4

Hug, F., Vogel, C., Tucker, K., Dorel, S., Deschamps, T., Le Carpentier, É., Lacourpaille, L., 

2019. Individuals have unique muscle activation signatures as revealed during gait and 

pedaling. Journal of Applied Physiology 127, 1165–1174. 

https://doi.org/10.1152/japplphysiol.01101.2018



19

Johnson, A.W., Myrer, J.W., Mitchell, U.H., Hunter, I., Ridge, S.T., 2015. The Effects of a 

Transition to Minimalist Shoe Running on Intrinsic Foot Muscle Size. International 

Journal of Sports Medicine 37, 154–158. https://doi.org/10.1055/s-0035-1559685

Kadaba, M.P., Ramakrishnan, H.K., Wooten, M.E., Gainey, J., Gorton, G., Cochran, G.V.B., 

1989. Repeatability of Kinematic, Kinetic, and EMG Data in Normal Adult Gait. Journal 

of Orthopaedic Research 7, 849–860.

Kadambande, S., Khurana, A., Debnath, U., Bansal, M., Hariharan, K., 2006. Comparative 

anthropometric analysis of shod and unshod feet. Foot 16, 188–191. 

https://doi.org/10.1016/j.foot.2006.06.001

Kelly, L.A., Lichtwark, G.A., Farris, D.J., Cresswell, A., 2016. Shoes alter the spring-like 

function of the human foot during running. Journal of the Royal Society Interface 13, pii: 

20160174. https://doi.org/10.1098/rsif.2016.0174

Kura, H., Luo, Z.P., Kitaoka, H.B., An, K.N., 1997. Quantitative analysis of the intrinsic 

muscles of the foot. Anatomical Record 249, 143–151. 

https://doi.org/10.1002/(SICI)1097-0185(199709)249:1<143::AID-AR17>3.0.CO;2-P

McDonald, K.A., Stearne, S.M., Alderson, J.A., North, I., Pires, N.J., Rubenson, J., 2016. The 

role of arch compression and metatarsophalangeal joint dynamics in modulating plantar 

fascia strain in running. PLoS ONE 11, e0152602. 

https://doi.org/10.1371/journal.pone.0152602

Mickle, K.J., Munro, B.J., Lord, S.R., Menz, H.B., Steele, J.R., 2009. ISB Clinical 

Biomechanics Award 2009. Toe weakness and deformity increase the risk of falls in 

older people. Clinical Biomechanics 24, 787–791. 

https://doi.org/10.1016/j.clinbiomech.2009.08.011



20

Miller, E.E., Whitcome, K.K., Lieberman, D.E., Norton, H.L., Dyer, R.E., 2014. The effect of 

minimal shoes on arch structure and intrinsic foot muscle strength. Journal of Sport and 

Health Science 3, 74–85. https://doi.org/10.1016/j.jshs.2014.03.011

Morio, C., Lake, M.J., Gueguen, N., Rao, G., Baly, L., 2009. The influence of footwear on 

foot motion during walking and running. Journal of Biomechanics 42, 2081–2088. 

https://doi.org/10.1016/j.jbiomech.2009.06.015

Myerson, M.S., Shereff, M.J., 1989. The pathological anatomy of claw and hammer toes. 

Journal of Bone and Joint Surgery - Series A 71, 45–49. 

https://doi.org/10.2106/00004623-198971010-00008

Osis, S.T., Hettinga, B.A., Ferber, R., 2016. Predicting ground contact events for a continuum 

of gait types: An application of targeted machine learning using principal component 

analysis. Gait and Posture 46, 86–90. https://doi.org/10.1016/j.gaitpost.2016.02.021

Perl, D.P., Daoud, A.I., Lieberman, D.E., 2012. Effects of footwear and strike type on running 

economy. Medicine and Science in Sports and Exercise 44, 1335–1343. 

https://doi.org/10.1249/MSS.0b013e318247989e

Péter, A., Andersson, E., Hegyi, A., Finni, T., Tarassova, O., Cronin, N., Grundström, H., 

Arndt, A., 2019. Comparing Surface and Fine-Wire Electromyography Activity of 

Lower Leg Muscles at Different Walking Speeds. Frontiers in Physiology 10. 

https://doi.org/10.3389/fphys.2019.01283

Péter, A., Hegyi, A., Stenroth, L., Finni, T., Cronin, N.J., 2015. EMG and force production of 

the flexor hallucis longus muscle in isometric plantarflexion and the push-off phase of 

walking. Journal of Biomechanics 48, 3413–3419. 

https://doi.org/10.1016/j.jbiomech.2015.05.033



21

Price, C., Andrejevas, V., Findlow, A.H., Graham-Smith, P., Jones, R., 2014. Does flip-flop 

style footwear modify ankle biomechanics and foot loading patterns? Journal of Foot and 

Ankle Research 7, 40. https://doi.org/10.1186/s13047-014-0040-y

Ridge, S.T., Olsen, M.T., Bruening, D.A., Jurgensmeier, K., Griffin, D., Davis, I.S., Johnson, 

A.W., 2018. Walking in Minimalist Shoes Is Effective for Strengthening Foot Muscles. 

Medicine and Science in Sports and Exercise 51, 104–113. 

https://doi.org/10.1249/MSS.0000000000001751

Sacco, I.C., Akashi, P.M., Hennig, E.M., 2010. A comparison of lower limb EMG and ground 

reaction forces between barefoot and shod gait in participants with diabetic neuropathic 

and healthy controls. BMC Musculoskeletal Disorders 11, 24. 

https://doi.org/10.1186/1471-2474-11-24

Sarafian, S., 1993. Anatomy of the foot and ankle: descriptive, topographic, functional, 2nd 

ed. Philadelphia.

Sharpe, T., Malone, A., French, H., Kiernan, D., O’Brien, T., 2016. Effect of flip-flops on 

lower limb kinematics during walking: a cross-sectional study using three-dimensional 

gait analysis. Irish Journal of Medical Science 185, 493–501. 

https://doi.org/10.1007/s11845-016-1421-y

Solnik, S., Rider, P., Steinweg, K., Devita, P., Hortobágyi, T., 2010. Teager-Kaiser energy 

operator signal conditioning improves EMG onset detection. European Journal of 

Applied Physiology 110, 489–498. https://doi.org/10.1007/s00421-010-1521-8

Staude, G., Wolf, W., 1999. Objective motor response onset detection in surface myoelectric 

signals. Medical Engineering and Physics 21, 449–467. https://doi.org/10.1016/S1350-

4533(99)00067-3



22

Staudenmann, D., Kingma, I., Daffertshofer, A., Stegeman, D.F., van Dieën, J.H., 2009. 

Heterogeneity of muscle activation in relation to force direction: A multi-channel surface 

electromyography study on the triceps surae muscle. Journal of Electromyography and 

Kinesiology 19, 882–895. https://doi.org/10.1016/j.jelekin.2008.04.013

Stolze, H., Kuhtz-Buschbeck, J.P., Mondwurf, C., Jöhnk, K., Friege, L., 1998. Retest 

reliability of spatiotemporal gait parameters in children and adults. Gait and Posture 7, 

125–130. https://doi.org/10.1016/S0966-6362(97)00043-X

Winter, D.A., 1983. Energy Generation and Absorption at the Ankle and Knee during Fast, 

Natural, and Slow Cadences. Clinical Orthopaedics and Related Research 147–154. 

https://doi.org/10.1097/00003086-198305000-00021

Wirth, B., Hauser, F., Mueller, R., 2011. Back and neck muscle activity in healthy adults 

during barefoot walking and walking in conventional and flexible shoes. Footwear 

Science 3, 159–167. https://doi.org/10.1080/19424280.2011.633104

Zhang, X., Paquette, M.R., Zhang, S., 2013. A comparison of gait biomechanics of flip-flops, 

sandals, barefoot and shoes. Journal of Foot and Ankle Research 6, 45. 

https://doi.org/10.1186/1757-1146-6-45

Zipfel, B., Berger, L.R., 2007. Shod versus unshod: The emergence of forefoot pathology in 

modern humans? Foot 17, 205–213. https://doi.org/10.1016/j.foot.2007.06.002



23

Table and figure legends

Table 1: Number of analysed steps and their characteristics are shown for the three walking 

conditions at preferred speed, and for barefoot and flip-flops walking conditions at the same 

speed as preferred shod walking (matched). Number of included steps is expressed as median 

± interquartile range, while other values are expressed as mean ± standard deviation.

Figure 1: Standard thong-style flip-flops used in this study. Sole thickness was 10 and 15 mm 

at the front and back, respectively.

Figure 2: Intramuscular electromyography electrodes were inserted with real-time B-mode 

and Doppler ultrasonography guidance in flexor hallucis longus (FHL), soleus (SOL), medial 

(MG) and lateral gastrocnemius (LG) of the right leg. The recording tips of the wires were 

3-5 cm distal to the insertion points.

Figure 3: Smoothed intramuscular electromyography (EMG) activity of one participant 

showing all steps for each muscle and walking condition at preferred walking speed before 

amplitude normalisation. Step cycles range from heel contact (0%) to toe-off (100%).

Figure 4: Electromyography (EMG) activity (mean ± standard deviation, SD) for all conditions 

in each muscle from heel contact to toe-off. EMG activity was normalised to the peak activity 

of preferred shod walking (%peak). Statistical Parametric Maps (SPM) show the comparisons 

between the footwear conditions for each muscle, where SPM{F} trajectories reflect the 

magnitude of the test statistics. Thresholds (dashed, F*) were not exceeded implying no 

difference between conditions.

Figure 5: Intramuscular electromyography activity (normalized to peak activity of preferred 

shod walking, %peak) for each participant (#1-10) in all muscles and walking conditions. Step 

cycles start from heel contact and end at toe-off. Each trace represents the average of all steps 

per condition.
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Figure 6: Individual (solid) and group mean (bold and dashed) values of time to peak activity 

relative to stance phase duration (%stance) for each muscle and footwear condition. Inter-

individual coefficients of variation (CV%) are presented.
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Table 1: Characteristics of the analysed steps.

 Preferred Matched
 shod barefoot flip-flops barefoot flip-flops
Included steps (n) 12.00 ± 2.50 12.50 ± 4.00 12.00 ± 1.00 12.00 ± 2.00 12.00 ± 0.00
Speed (m/s) 1.43 ± 0.19 1.38 ± 0.22 1.41 ± 0.21 1.43 ± 0.20 1.43 ± 0.20
Stance phase duration (s) 0.67 ± 0.06 0.63 ± 0.08 0.68 ± 0.07 0.61 ± 0.06 0.67 ± 0.05
Push-off phase duration (s) 0.36 ± 0.04 0.36 ± 0.05 0.37 ± 0.07 0.34 ± 0.04 0.37 ± 0.05
Start of push-off (% of the step cycle) 53.89 ± 3.34 56.32 ± 4.29 53.86 ± 5.06 55.41 ± 3.44 54.95 ± 3.73
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