
Contents lists available at ScienceDirect

Journal of Electromyography and Kinesiology

journal homepage: www.elsevier.com/locate/jelekin

Kinematics and muscle activity when running in partial minimalist,
traditional, and maximalist shoes

James Beckera,⁎, Brianne Borgiab

a Department of Health and Human Development, Montana State University, Bozeman, MT, United States
bDepartment of Kinesiology and Nutrition Science, University of Nevada, Las Vegas, Las Vegas, NV, United States

A R T I C L E I N F O

Keywords:
Running
Footwear
Maximalist shoes
Preferred movement path

A B S T R A C T

While several studies have examined kinematic and kinetic differences between maximalist (MAX), traditional
(TRAD), or partial minimalist (PMIN) shoes, to date it is unknown how MAX shoes influence muscle activity.
This study compared lower extremity kinematics and muscle activity when running in PMIN, TRAD, and MAX
shoes. Thirteen participants ran in each shoe while whole body kinematics were recorded using motion capture
and electromyography was recorded from seven leg muscles. Differences in kinematics and root mean square
amplitudes (RMS) were compared between shoe conditions. There were small differences in sagittal and frontal
plane ankle kinematics between shoe conditions, with the MAX shoes resulting in less dorsiflexion at foot strike
(p = .002) and less peak dorsiflexion (p < .001), and the PMIN shoes resulting in greater peak eversion
(p = .012). Gluteus medius (p.006) and peroneus longus (p = .007) RMS amplitudes were greater in the MAX
shoe then the TRAD or PMIN shoes while tibialis anterior RMS amplitudes were higher in the PMIN shoes
(p= .005) than either the TRAD or MAX shoes. Consistent with previous findings, these results suggest there are
small differences in kinematics when running in these three shoe types. This may partly be explained by the
changes in muscle activity, which may be a response in order to maintain a preferred or habitual movement
path. Implications for these difference in muscle activity in terms of fatigue or injury remain to be determined.

1. Introduction

Over the last forty years of research on running biomechanics, one
area which has received considerable emphasis is the influence of shoe
cushioning on running mechanics (Bates et al., 1983; Clarke et al.,
1983; De Wit et al., 1995; Hennig et al., 1996; Milani et al., 1997; Nigg
et al., 1988, 1987; Wakeling et al., 2002). These studies all evaluate
how cushioning influences running mechanics in traditional running
shoes. However, starting in 2009 many shoe manufacturers began
producing shoes which lacked historically common features such as
rigid heel counters or motion control devices. Studies evaluating the
effects of using these minimalist shoes have produced conflicting results
regarding how such shoes impact running mechanics.

Some have reported that runners who habitually use traditional
shoes demonstrate increased knee flexion and ankle dorsiflexion at in-
itial contact when using minimalist shoes, if they maintain a rearfoot
strike pattern (Willy and Davis, 2014). However, if runners switch from
a rearfoot to a forefoot strike pattern when using minimalist shoes they
still display increased knee flexion, but increased plantar flexion at
initial contact instead of dorsiflexion (Fredericks et al., 2015).

Additionally, some authors have reported differences in mechanics only
occur when running barefoot and that there are no differences in ankle
or knee kinematics between traditional and minimalist shoes when the
same foot strike pattern is maintained (Bonacci et al., 2013; Goss et al.,
2015; Sinclair et al., 2012). These disparate results could partially be
explained by the type of minimalist shoe used in the study as it has
recently been shown that there is a range of responses depending on
just how minimal a shoes’ construction (Squadrone et al., 2015). This
range of responses has given rise to the term “partial minimalist shoe”
to describe shoes which have some cushioning and structure, just to a
lesser extent than traditional running shoes (Davis, 2014).

At the opposite end of the shoe spectrum are maximalist shoes
which feature a thick (> 30 mm) highly cushioned midsole. First
adopted by the ultra-running community, maximalist shoes purportedly
provide better protection against the repetitive impacts associated with
running. However, relatively little is known regarding the biomecha-
nical effects of maximalist shoes. Several authors have reported no
differences in kinematics when running in maximalist compared to
traditional shoes (Aminaka et al., 2018; Pollard et al., 2018; Sinclair
et al., 2016). Others have reported minor differences at the ankle, with
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maximalist shoes resulting in decreased foot strike angle at initial
contact (Agresta et al., 2018; Hannigan and Pollard, 2019), decreased
peak ankle dorsiflexion, less inversion at foot contact and more eversion
at toe off, and less eversion range of motion (Hannigan and Pollard,
2019) compared to traditional shoes.

While several studies have evaluated kinematic changes when
running in partial minimalist or maximalist shoes, to date it is unknown
how such footwear influences muscle activity. Muscle activity can
provide insight into the potential effects the impact forces associated
with running have on the musculoskeletal system. Muscle activity in the
lower extremity is tuned in order to control soft tissue vibrations and
thus mitigate the effects of impact loading (Boyer and Nigg, 2006,
2004; Nigg and Wakeling, 2001). Impact loading is hypothesized to be a
contributor to several common overuse injuries (Bredeweg et al., 2013;
Davis et al., 2016) and several authors have reported higher impact
forces and loading rates (Hannigan and Pollard, 2019; Pollard et al.,
2018) or tibial accelerations (Sinclair, 2017) when running in max-
imalist shoes. These differences could be due to differences in muscle
activation in response to different cushioning properties of the shoes.
While there is some evidence that altering the cushioning properties of
footwear alters muscle activity (Frederick, 1986; Wakeling et al., 2002),
to date it is not known whether muscle activity varies when running in
partial minimalist, traditional, or maximalist shoes.

Therefore, the purpose of this study was to evaluate differences in
kinematics and muscle activity when running in three different shoes: a
partial-minimalist shoe (PMIN), a traditional running (TRAD), and a
maximalist shoe (MAX). Based on previous findings with PMIN and
MAX shoes, it was hypothesized there would be small differences in
ankle kinematics, but no differences in hip or knee kinematics between
the three shoes, but that there would be increased muscle activation in
both the PMIN and MAX shoes, compared to the TRAD shoes.

2. Methods

2.1. Participants

Based on previously reported kinematic differences (Hannigan and
Pollard, 2019; Sinclair et al., 2016) between running in minimalist,
traditional, and maximalist shoes, an a priori power analysis revealed
that a minimum of eleven participants would be required to adequately
power this study (effect size f = 0.436, α = 0.05, β = 0.2, one group
with three measurements). We therefore recruited 13 runners (sex: 5
male, 8 female; age: 22.5 ± 2.29 years; height: 1.68 ± 0.19 m.; body
mass: 76.54 ± 4.51 kg). All participants were running at least twenty
miles per week and were free from lower extremity injuries at the time
of, and in the six months preceding testing. Prior to participation all
participants provided written informed consent and the procedures of
the study were approved by the university institutional review board.

2.2. Footwear

Three different types of running shoes were used in this study: a
partial minimalist light weight racing flat (PMIN: New Balance 1400v3,
mass: 0.175 kg, heel height: 28.6 mm, forefoot height: 16.6 mm, heel-
toe-drop: 12 mm), a traditional running shoe (TRAD: Nike Pegasus,
mass: 0.274 kg, heel height: 34.8 mm, forefoot height: 21.6 mm, heel-
toe-drop: 13.2 mm), and a maximalist shoe (MAX: Hoka One One Bondi

4, mass: 0.289 kg, heel height: 42.3 mm, forefoot height: 35 mm, heel-
toe-drop: 7.3 mm, Fig. 1). All shoe stack heights and masses were taken
from data from the 2015 Runners World shoe reviews (Runners-World,
2015a, 2015b, 2015c). Participants were provided a pair of each shoe in
their self-reported size.

2.3. Experimental protocol

Bipolar Ag/AgCl surface EMG snap electrodes (Noraxon Dual EMG
Electrodes, Noraxon USA Inc, Scottsdale, AZ) were placed unilaterally
on the right leg on the following seven muscles: gluteus medius, biceps
femoris, rectus femoris, vastus lateralis, tibialis anterior, peroneus
longus, and lateral gastrocnemius. Electrodes were placed at the esti-
mated center of each muscle belly aligned with the longitudinal axis of
the muscle fibers, following SENIAM recommendations (www.seniam.
org). Each electrode was Fig. 8 shaped with dimensions of 5 cm by
2.5 cm, with an inter-electrode distance of 2 cm. The electrodes con-
tained both hypoallergenic gel and adhesive. Prior to electrode place-
ment the skin surface was shaved if needed, debrided, and cleaned with
rubbing alcohol. Following electrode placement, wireless EMG sensors
(FreeEMG, BTS Bioengineering Corp, Quincy, MA), were snapped into
the electrodes and placement of each electrode was confirmed using a
live stream of the EMG signal during manual muscle testing.
Participants were asked to maximally contract the muscle and the EMG
signal was visually inspected to ensure it was clearly differentiated with
an amplitude several times higher than the background noise. In the
event this was not the case, the positioning of the electrode was ad-
justed slightly, with the skin being cleaned and a new electrode used,
and the test repeated until a satisfactory signal was obtained. After this
the EMG sensor was secured in place with adhesive gauze tape (Cover-
Roll, BSN Medical, Charlotte NC).

After electrodes were applied, three 5-second maximum voluntary
isometric contractions (MVIC) were performed for each of the seven
muscles. For the gluteus medius, participants assumed a side-lying
position with hip abducted approximately 25° (Bolgla and Uhl, 2007).
MVICs of the biceps femoris, rectus femoris, and vastus lateralis were
recorded with participants seated in approximately 90° of hip flexion
and 60° of knee flexion (Earl and Hertel, 2001). For the biceps femoris,
participants attempted to flex their knee against resistance, and for the
rectus femoris and vastus lateralis they attempted extend their knee
against resistance. For gastrocnemius MVIC, the ankle was positioned in
a neutral position and the participant plantar flexed with maximal ef-
fort against manual resistance applied to the bottom of the foot. Similar
procedures were used for MVIC of the peroneus longus and tibialis
anterior, with the participant trying to evert and plantar flex, and
dorsiflex their ankle, respectively.

Following MVIC trials, reflective markers were placed bilaterally on
the following bony landmarks: anterior superior iliac spines, posterior
superior iliac spines, medial and lateral femoral epicondyles, medial
and lateral malleoli, and head of the 2nd and 5th metatarsals.
Additional tracking markers were placed on the most superior aspect of
the iliac crest, lateral thigh, lateral shank, and heel counter of the shoe.
The lateral thigh and shank tracking markers consisted of four non-
collinear markers attached to a plastic shell while the foot markers
consisted of two markers on the vertical bisection of the heel counter
and one on the lateral aspect of the heel counter. A ruler was used to
ensure the markers on the shoe heel counter were placed vertically.

Fig. 1. The three shoes used in the study:
the partial minimalist shoe (A), the tradi-
tional shoe (B), and the maximalist shoe (C).
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Following marker placement participants completed three static
calibration trials, one in each of the three shoes, after which the medial
femoral epicondyle and medial malleoli markers were removed.
Participants then ran on an instrumented treadmill (Bertec, Columbus,
OH) at 3.0 m/s for ten minutes in each of three shoe conditions. The
order of the shoe conditions was randomized. The first nine minutes
were used to allow the participant to acclimate to the shoe while ki-
nematics, ground reaction forces, and EMG data were collected during
the last minute. Five minutes rest was provided between shoe condi-
tions. Kinematics were collected using a 12-camera motion capture
system (Qualisys, Gothenburg, Sweden) sampling at 200 Hz while
ground reaction forces and EMG were sampled at 1000 Hz. The
common mode rejection ratio of the EMG system was greater than
110 dB. The EMG system was synchronized to start with the motion
capture system via a 5 V TTL pulse. This system has a latency of 40 ms.

2.4. Data analysis

Marker trajectories and ground reaction forces were exported to
Visual 3D (C-Motion, Rockville, MD) where they were filtered using 4th
order, zero lag, low pass Butterworth filters with cutoff frequencies of

8 Hz and 50 Hz, respectively. The static trials were used to define
anatomic coordinate systems for the rearfoot, shank, thigh, and pelvis,
with coordinate systems defined based on recommendations of the
International Society of Biomechanics (Wu et al., 2002). Joint kine-
matics were calculated using an XYZ Cardan rotation sequence de-
scribing the rotation of the distal segment relative to the proximal
segment. Foot strike and toe off were identified using a 50 N threshold
in the filtered vertical ground reaction forces (Cavanagh and Lafortune,
1980). For ten consecutive trials the angle at initial contact, and the
peak angle during stance were calculated for the hip, knee, and ankle in
the sagittal, frontal, and transverse planes.

EMG signals were exported as C3D files and merged with the motion
capture data, accounting for the system latency. They were then pro-
cessed using Visual 3D. Raw EMG data from each muscle were filtered
using 4th order zero lag bandpass Butterworth filters with low and high
cutoff frequencies of 20 Hz and 450 Hz, respectively. Root mean square
amplitudes (RMS) were calculated using a 50 ms sliding window, after
which the mean RMS amplitudes during stance and swing phases, and
the peak RMS amplitude during the entire gait cycle were calculated.
Onset and offset of muscle activity relative to foot strike was de-
termined based on when the signal crossed above or fell below a

Fig. 2. Mean kinematics for the hip, knee, and ankle for the three shoe conditions. Shaded region represents ± one standard deviation from traditional shoe. *
indicates significantly different than traditional shoe while # indicates significantly different than minimalist shoe, both at the p < .05 level.

J. Becker and B. Borgia Journal of Electromyography and Kinesiology 50 (2020) 102379

3



threshold of 10% peak RMS amplitude and remained above or below
the threshold for at least twenty consecutive frames (O’Connor and
Hamill, 2004). The timing of onsets and offsets were confirmed based
on visual inspection of the raw EMG signals. In the event the threshold
algorithm did not accurately identify the onset or offset time, the onset
and offset times were added manually. This was done by identifying the
last ascending threshold crossing prior to foot strike and the first des-
cending threshold crossing following foot strike for the onset and off-
sets, respectively.

2.5. Statistical analysis

For each dependent variable, values from the ten trials were aver-
aged. Differences between shoe conditions were evaluated using re-
peated measures analyses of variance, with an alpha level of 0.05 being
used to indicate statistical significance. Where statistically significant
omnibus tests were observed, pairwise comparisons were conducted
using a Bonferroni corrected alpha. Effect sizes (ES; differences in
means divided by average standard deviations) were calculated to aid
the interpretation of the results, with small, medium, and large effects
being< 0.2, 0.6, and>1,2, respectively (Hopkins, 2006). All statis-
tical tests except for effect sizes were performed using Statistical
Package for the Social Sciences (SPSS, IBM Corp, Armonk, NY), version
24. Effect sizes were calculated using Microsoft Excel (Microsoft Corp.,
Redmond, WA).

3. Results

Mean kinematic curves for the hip, knee, and ankle are shown in
Fig. 2. All curves demonstrated similar overall movement patterns be-
tween shoes and the only statistically significant differences were ob-
served at the ankle. Sagittal plane ankle angles at foot contact
(p = .002, η2 = 0.415), peak ankle dorsiflexion during stance
(p < .001, η2 = 0.508), and peak rearfoot eversion (p = .012,
η2 = 0.308) were all statistically different between shoes. Compared to
MAX shoes, the ankle was dorsiflexed 2° more at foot contact in the
PMIN (p = .017, ES = 0.433) and 1.8° more in TRAD (p = .032,
ES = 0.322) shoes. Similarly, peak ankle dorsiflexion was 3.0° greater
in PMIN (p = .011, ES = 1.04) and 3.1° greater in the TRAD shoes
(p = .001, ES = 0.981, Table 1). Compared to the PMIN shoe, peak
rearfoot eversion was 4° less in the TRAD (p= .033, ES= 0.703) and 3°
less in the MAX (p = .022, ES = 0.983, Table 1) shoes.

Mean RMS amplitudes during stance and swing phases, peak am-
plitudes during the gait cycle, and onset and offset times relative to foot
contact for each muscle are shown in Table 2. For all muscles, the
overall pattern of muscle activity was similar across shoe conditions
(Fig. 3). Mean stance phase gluteus medius RMS amplitude (p = .006,
η2 = 0.344) and peak gluteus medius RMS amplitude during the whole
gait cycle (p = .004, η2 = 0.366) were significantly different across
shoe conditions (Table 2). Mean stance phase gluteus medius RMS
amplitude was 11% and 7% higher in the MAX shoe than in either
TRAD (p = .041, ES = 0.76) or PMIN (p = .027, ES = 0.46), re-
spectively. Peak gluteus medius RMS amplitudes across the entire gait
cycle was 77% and 47% higher in the MAX shoe than in either the
TRAD (p = .029, ES = 1.94) or PMIN (p = .046, ES = 1.42) shoes.

Mean stance phase (p < .001, η2 = 0.412), swing phase (p = .008,
η2 = 0.334), and peak RMS amplitude during entire gait cycle
(p = .007, η2 = 0.338) for the peroneus longus were also different
across shoe conditions (Table 2). Compared to TRAD shoes, during
stance phase mean RMS amplitudes were 6.8% and 12% greater in the
PMIN (p = .047, ES = 0.606) and MAX (p = .019, ES = 1.01) shoes,
respectively. During swing phase, mean RMS amplitudes were 3.2%
higher in the PMIN (p= .039, ES= 0.877) and 3.4% higher in the MAX
(p = .047, ES = 0.931) shoes then TRAD shoes. Peak RMS during the
entire gait cycle was 24.7% higher in the MAX shoes then in the TRAD
(p = .026, ES = 0.871) shoes.

Finally, mean tibialis anterior RMS amplitude during stance phase
was also different between shoe conditions (p = .005, η2 = 0.361),
being 5.1% and 5.2% less in the TRAD (p = .021, ES = 0.716) and
MAX (p = .010, ES = 0.707) shoes then in the PMIN.

4. Discussion

The purpose of this study was to compare kinematics and muscle
activity when recreational runners ran in partial minimalist, traditional,
and maximalist shoes. In support of our hypothesis, there were nominal
differences in joint kinematics between shoe conditions. However,
contrary to our hypothesis, these kinematic differences occurred with
minor differences in muscle activity. Overall, the kinematic and muscle
activity profiles were highly similar between shoes, suggesting parti-
cipants maintained similar movement and muscle activity profiles
across the three different shoes.

To date, there are only a handful of studies which have evaluated
kinematics while running in MAX shoes and they have produced dis-
parate results. Similar to the current study, Hannigan and Pollard
(2019) reported that running in MAX shoes resulted in less dorsiflexion
at initial contact and less peak dorsiflexion during stance then running
in TRAD shoes. However, both Aminaka et al. (2018); Sinclair (2017);
Sinclair et al. (2016) reported no differences in dorsiflexion at initial
contact between TRAD and MAX shoes, while also observing that in
minimalist shoes the ankle was more plantarflexed at initial contact, a
finding also reported by Agresta et al. (2018). In the frontal plane, both
Sinclair et al. (2016); Aminaka et al. (2018) reported no differences
between minimalist, TRAD, or MAX shoes in inversion at heel contact
or peak eversion during stance. In contrast, Hannigan and Pollard
(2019) reported MAX shoes resulted in less inversion at foot strike,
reduced eversion range of motion during stance, and a more everted
position at toe off than running in traditional shoes. In still further
contrast, the current study observed no differences in frontal plane

Table 1
Mean and standard deviations for the kinematic variables.

Variable PMIN TRAD MAX

Hip
Flexion at contact (°) 36.25 (±7.29) 35.84 (± 6.51) 36.54 (± 5.39)
Peak extension (°) −5.98

(±8.02)
−6.46
(± 6.96)

−4.68
(± 4.87)

Adduction at contact (°) 7.92 (± 6.82) 8.26 (±6.91) 8.40 (± 6.39)
Peak adduction (°) 12.62 (±6.40) 13.08 (± 6.34) 13.21 (± 6.41)
Internal rotation at
contact (°)

3.19 (± 7.81) 3.89 (±5.61) 3.58 (± 9.03)

Peak internal rotation
(°)

9.37 (± 6.37) 9.35 (±4.79) 9.66 (± 7.77)

Knee
Flexion at contact (°) 14.34 (±6.66) 14.34 (± 6.44) 13.25 (± 6.54)
Peak flexion (°) 36.01 (±5.74) 36.15 (± 4.77) 35.06 (± 4.78)
Valgus at contact (°) 2.28 (± 3.05) 2.47 (±3.08) 2.75 (± 2.67)
Peak valgus (°) 4.65 (± 3.78) 4.64 (±3.63) 4.81 (± 3.25)

Ankle
Dorsiflexion at contact
(°)

3.24 (± 5.02)* 2.77 (±5.76)* 0.95 (± 5.59)

Peak dorsiflexion (°) 17.02 (±2.75)
*

17.08 (± 3.26)
*

13.99 (± 3.04)

Inversion at contact (°) 1.92 (± 3.71) 4.16 (±3.07) 1.87 (± 4.20)
Peak eversion (°) −14.63

(±4.45)
−10.46
(± 3.99)#

−11.72
(± 3.81)#

Peak eversion velocity
(°/s)

−322.98
(±94.16)

−271.50
(± 93.81)

−285.46
(± 85.85)

Duration of eversion (%
stance)

76.72 (±9.07) 74.57 (± 7.37) 74.96 (± 8.69)

Note:
* Indicates significantly different than MAX shoe while # indicates sig-

nificantly different than MIN shoe, at the Bonferroni corrected alpha level
(p < .016).
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kinematics between TRAD and MAX shoes and greater peak eversion in
PMIN shoes.

One potential explanation for these disparate results is the MAX
shoes used in the various studies. The MAX shoes in the current study
were the same as those used by Hannigan and Pollard (2019). The
studies by Sinclair (2017); Sinclair et al. (2016) and Aminaka et al.
(2018) used a different model shoe made by the same manufacturer. All
of these shoes have a rockered sole design. In contrast, the MAX shoes
used by Agresta et al. (2018) had a non-rockered sole and zero drop
from heel to toe. Different aspects of shoe design such as sole rocker or
heel to toe drop have been shown to affect ankle kinematics (Besson
et al., 2019; Boyer and Andriacchi, 2009; Chambon et al., 2017;
Sobhani et al., 2013). In PMIN shoes, it has been shown that not all
PMIN shoes are the same and changing aspects of shoe construction
impacts running mechanics (Squadrone et al., 2015). A similar study
does not exist for the MAX shoe category. However, this would be an
important area for future research, both for understanding the effects of
different aspects of shoe design and for ensuring appropriate compar-
isons between studies.

We observed few differences in EMG between the three shoes. While

some studies have suggested that altering shoe cushioning alters muscle
activity (Frederick, 1986; Wakeling et al., 2002), others have reported
no differences in muscle activity when changing midsole hardness
(Taylor et al., 2011). One potential reason for these disparate results
may be that the differences induced by changing shoe cushioning might
be subject specific. Wakeling et al. (2002) previously demonstrated this
phenomenon when having participants run in shoes with both hard and
soft midsoles. While some participants decreased muscle activity others
increased activity. Similar, individualized subject specific responses
have been reported for how ground reaction forces change when using
shoes with different amounts cushioning (Bates et al., 1983; Caster and
Bates, 1995; Dufek et al., 1995; Dufek and Bates, 1991) and for how
joint kinematics changes when introducing orthotics (Nigg et al., 2003).
Deneweth et al. (2015) recently showed similar subject specific re-
sponses when participants were randomly assigned to switch from ha-
bitual shoes into either minimalist or MAX shoes. Participants who
adapted their kinematics did not show changes in foot acceleration and
vertical loading rates while those who did not adapt their kinematics
saw large changes in these parameters. While these results suggest
subject specific kinematic and kinetic responses to minimalist and MAX

Table 2
Mean RMS amplitude EMG during stance and swing phase, and onset offset time relative to foot strike. Negative indicates time before foot strike. * indicates
significantly different than TRAD, # indicates significantly different than MIN, both at the p < .05 level.

PMIN TRAD MAX

Gluteus medius
Mean stance RMS amplitude (%MVIC) 27.2 (± 12.8)# 22.8 (± 11.8)# 34.7 (± 19.3)
Mean swing RMS amplitude (%MVIC) 20.3 (± 16.8) 15.3 (± 9.4) 29.2 (± 27.5)
Peak gait cycle RMS amplitude (%MVIC) 95.8 (± 28.9)# 65.7 (± 42.1)# 143.1 (±37.4)
Onset prior to foot strike (ms) −98.23 (± 77.67) −61.52 (± 26.91) −96.25 (± 30.97)
Offset following foot strike (ms) 168.48 (± 26.22) 169.79 (± 47.87) 161.71 (± 27.14)

Rectus femoris
Mean stance RMS amplitude (%MVIC) 15.01 (±7.9) 26.57 (±23.23) 18.53 (±14.83)
Mean swing RMS amplitude (%MVIC) 6.33 (± 3.46) 9.26 (± 6.92) 6.82 (± 8.18)
Peak gait cycle RMS amplitude (% MVIC) 38.60 (±22.11) 60.35 (±51.21) 43.79 (±41.94)
Onset prior to foot strike (ms) −63.71 (± 29.49) −77.76 (± 21.78) −60.38 (± 23.44)
Offset following foot strike (ms) 156.06 (± 38.15) 167.74 (± 45.43) 159.68 (± 26.32)

Vastus lateralis
Mean stance RMS amplitude (%MVIC) 44.14 (±23.82) 53.08 (±20.89) 48.09 (±20.11)
Mean swing RMS amplitude (%MVIC) 9.84 (± 7.03) 9.76 (± 5.04) 8.76 (± 3.66)
Peak gait cycle RMS amplitude (% MVIC) 110.21 (± 52.54) 136.52 (± 45.59) 126.63 (± 52.09)
Onset prior to foot strike (ms) −99.21 (± 69.11) −62.26 (± 53.12) −42.09 (± 11.69)
Offset following foot strike (ms) 200.20 (± 129.52) 195.17 (± 119.10) 205.70 (± 121.63)

Biceps femoris
Mean stance RMS amplitude (%MVIC) 13.02 (±9.61) 13.35 (±9.99) 11.66 (±7.51)
Mean swing RMS amplitude (%MVIC) 14.04 (±9.16) 14.21 (±8.84) 14.38 (±8.28)
Peak gait cycle RMS amplitude (% MVIC) 52.54 (±31.14) 55.62 (±32.42) 53.59 (±31.36)
Onset prior to foot strike (ms) −163.73 (± 32.85) −165.65 (± 25.84) −193.35 (± 54.82)
Offset following foot strike (ms) 167.19 (± 54.93) −178.28 (± 53.36) 174.42 (± 62.48)

Peroneus longus
Mean stance RMS amplitude (%MVIC) 33.92 (±10.69)* 21.11 (±11.78) 39.31 (±12.59)*
Mean swing RMS amplitude (%MVIC) 8.60 (± 5.05) 5.38 (± 2.33) 8.78 (± 4.98)
Peak gait cycle RMS amplitude (% MVIC) 70.17 (±21.67) 55.41 (±28.17) 80.11 (±28.58)*
Onset prior to foot strike (ms) −124.87 (± 68.09) −128.53 (± 34.04) −76.38 (± 43.44)
Offset following foot strike (ms) 218.31 (± 42.25) 213.53 (± 33.46) 212.71 (± 41.17)

Tibialis anterior
Mean stance RMS amplitude (%MVIC) 20.32 (±9.25) 15.26 (±4.81) 15.07 (±5.60)
Mean swing RMS amplitude (%MVIC) 20.88(± 7.99) 22.38 (±9.04) 24.80 (±9.29)
Peak gait cycle RMS amplitude (% MVIC) 63.22 (±28.42) 55.89 (±23.08) 57.67 (±22.75)
Onset prior to foot strike (ms) −317.87 (± 118.01) −309.95 (± 128.22) −324.48 (± 88.68)
Offset following foot strike (ms) 197.48 (± 41.46) 181.51 (± 25.00) 181.52 (± 26.54)

Lateral gastrocnemius
Mean stance RMS amplitude (%MVIC) 35.93 (±16.46) 39.91 (±10.03) 43.50 (±17.45)
Mean swing RMS amplitude (%MVIC) 5.13 (± 4.04) 7.29 (± 8.15) 6.11 (± 3.47)
Peak gait cycle RMS amplitude (% MVIC) 70.25 (±30.35) 83.41 (±19.31) 87.92 (±36.91)
Onset prior to foot strike (ms) −75.94 (± 37.54) −93.94 (± 20.72) −104.25 (± 91.05)
Offset following foot strike (ms) 233.74 (± 41.15) 222.35 (± 27.87) 219.07 (± 20.92)

Note:
* Indicates significantly different than TRAD while # indicated significantly different than MAX at the Bonferroni adjusted alpha level (p < .016).
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shoes are likely, whether this also applies to how participants change
muscle activation in different shoes requires further investigation.

The only muscle groups which showed differences in activity be-
tween shoe conditions were the gluteus medius, peroneus longus and
tibialis anterior. For the gluteus medius, both mean stance phase and
peak RMS amplitude here higher in the MAX shoe than the other two
shoes. Anatomical studies on the gluteus medius suggest the muscle
plays an important role in stabilizing the hips and pelvis (Gottschalk
et al., 1989). None of the participants in this study were experienced

with running in MAX shoes and many of them commented that the
shoes felt soft and unstable. However, there were no differences in hip
kinematics between shoes. Thus, the higher gluteus medius activity
may have represented a strategy to stabilize the hip and pelvis in the
presence of a surface perceived as unstable. Alternatively, muscu-
loskeletal modeling studies on the function of the gluteus medius sug-
gest the muscle plays an important role in absorbing forces and main-
taining and upright posture during early stance phase (Hamner et al.,
2010; Lenhart et al., 2014). Several previous studies have reported

Fig. 3. Mean RMS amplitude across the gait cycle for the gluteus medius (GM), vastus lateralis (VL), rectus femoris (RF), biceps femoris (BF), peroneus longus (PL),
tibialis anterior (TA), and lateral gastrocnemius (LG). Shaded region represents ± one standard deviation from traditional shoe.
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higher impact forces and loading rates when running in MAX shoes
(Hannigan and Pollard, 2019; Pollard et al., 2018). Thus, the higher
gluteus medius activity could be a strategy to help control the higher
impact forces associated with the MAX shoes.

Mean peroneus longus RMS amplitude during stance phase was
higher in both the MAX and PMIN shoes than in the traditional shoes
while mean tibialis anterior RMS amplitude during stance was higher in
the PMIN shoes compared to TRAD or MAX shoes. Since all participants
habitually ran in traditional shoes, both the PMIN and MAX shoes re-
presented a novel shoe condition. Two recently proposed hypothesis
may explain why the novel shoe conditions resulted in higher muscle
activity. First, is the preferred movement path concept recently pro-
posed by Nigg and colleagues [Nigg et al., 2017a, 2017b, 2015]. This
hypothesis proposes that for any given movement, the skeleton has a
preferred path of movement and while the amplitude of the movement
may change, the overall shape of the path remains consistent across
different conditions. However, this is difficult to confirm as it is not
possible to definitively identify the preferred movement path, and the
preferred path may actually change with different footwear conditions
[Nigg et al., 2017, 2015].

To address this limitation, Trudeau and colleagues (Trudeau et al.,
2019) recently proposed the habitual movement path, which is con-
ceptually similar to the idea from Nigg and colleagues, but suggests that
individuals have a habitual path of movement that is independent of
shoe condition. However, the application to the current study is similar
for both hypotheses, as they both suggest that muscle activity may in-
crease in order to maintain the preferred movement path or as shoes
force a runner to start moving out of their habitual movement path.
While there were small differences in sagittal and frontal plane ankle
motion between shoes, the overall patterns of motion were similar
across shoes. Thus, the increased activity of the peroneus longus in the
PMIN and MAX shoes and increased tibialis anterior activity in the
PMIN shoes might be representative of the neuromuscular system
working to maintain the preferred movement path at the ankle (Nigg
et al., 2017) or may indicated that the two novel shoes are requiring
runners to move outside their habitual movement path (Trudeau et al.,
2019). However, whether this is actually happening requires further
research either developing methods for quantifying the preferred
movement path or using the approaches suggested by Trudeau et al.
(2019) to quantify how much PMIN and MAX shoes force deviation
from the habitual movement path.

There are several limitations to this study which must be considered
when interpreting the results. First, we were not able to obtain me-
chanical testing data for the three different shoes used in the study.
Thus, while we are confident they were three highly different shoes,
and representative of shoes in each of their respective categories, we
cannot separate out which components of shoe construction were re-
sponsible for our results. Replicating this study using shoes that only
differ in the amount of cushioning would provide further insight into
the specific role cushioning plays. Thus, these results should be inter-
preted as describing the effects of the entire shoe system rather than
any individual component within the shoe. Secondly, the only accli-
matization period participants received for each shoe was the initial
nine minutes on the treadmill. Several studies have examined adapta-
tion times to MAX shoes of four to six weeks (Agresta et al., 2018;
Hannigan and Pollard, 2019) and reported either no difference between
shoes, or main effects of shoe only, with no differences between time
points. These would suggest that a longer adaptation time would not
change the results of the current study, however, whether this applies to
muscle activity as well as kinematics remains to be seen. Third, this
study analyzed males and females together. There is some evidence to
suggest males and females respond differently to changing cushioning
(Taylor et al., 2011). We initially included sex as a between-participant
factor in our analysis but observed no main effect of sex or sex by shoe
interactions and thus analyzed males and females together in one
group. We also cannot completely discount the effects of fatigue on our

data, as fatigue has been shown to alter muscle activity. However, the
impacts were likely minimal as our participants were experienced
runners and thus the volume of running in this testing session would not
have likely caused fatigue; there was a five-minute break between shoe
conditions and the pace at which participants ran was also slower than
what many of our participants used on their regular daily runs; and the
experimental design randomized the order of the shoes, so any fatigue
effects would be spread evenly across various shoe conditions. It should
also be noted that this study was performed on a treadmill. Several
studies have shown that muscle activity may be different between
treadmill and overground running (Baur et al., 2007; Wank et al., 1998)
and thus, the results of this study should not be generalized to over
ground running. Finally, this study utilized a relatively small sample
size. While the power analysis suggested the sample size was appro-
priate for detecting kinematic differences, it may have been under-
powered for detecting differences in muscle activity given the higher
variability in EMG measurement.

In summary, this study evaluated kinematics and muscle activity
when participants ran in traditional, partial minimalist, and maximalist
shoes. We observed nominal differences in both kinematics and muscle
activity between shoe types. Whether there are individualized subject
specific responses, whether similar responses would be observed with
different types of maximalist shoes, or whether the differences in ki-
nematics and muscle activity between shoes have implications for
running injuries or performance requires further investigation.
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