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Summary

BACKGROUND: It is well established that unstable shoe constructions with rounded soles have the potential to induce
acute and long-term effects on muscle activity during standing and walking. However, it is unresolved whether functional
footwear with regularly shaped soles may have similar effects.
OBJECTIVE: Thus, the objective of this study was to compare measures of postural control and muscle activity during
quiet standing and locomotion for women using a new sandal construction with an unstable element integrated into the
sole of the shoe (Biodyn sandal), a conventional stable control sandal, and a barefoot condition.
METHODS: Twenty-two healthy women between the ages of 30 and 50 years participated in this study. During standing,
sway area was analysed in monopedal and bipedal stance by means of a computerised balance platform. During walking,
temporal and spatial stride-to-stride variability was determined using a pressure-sensitive treadmill. Surface
electromyography data of lower leg muscles was simultaneously collected during stance and walk tests.
RESULTS: With the Biodyn sandal, significantly larger sway area during bipedal stance (p <.05) and greater step width
variability during walking (p <.01) were observed compared to the barefoot condition. During standing and walking,
higher activity of muscles encompassing the ankle joint was found for the Biodyn sandal compared to the control sandal
(all p ≤.05).
CONCLUSIONS: The Biodyn sandal produced postural instability during standing and walking which was associated
with higher lower extremity muscle activations. These findings suggest that standing and walking in the Biodyn sandal
could have implications for both challenging the postural control system during activities of daily living, as well as
strengthening and conditioning lower extremity muscles.
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Introduction

A well-functioning control of posture represents an important prerequisite for the successful performance of many
everyday (e.g., stair climbing) and sports-related activities (e.g., gymnastics). However, the ability to control posture is a
dynamic process across the lifespan, with children and seniors showing the most pronounced deficits due to maturation
and biologic aging [1]. Furthermore, age-related deteriorations in postural control start relatively early during adulthood
and can already be found in middle-aged adults. Era et al. [2] assessed static postural control (i.e., sway velocity) on a
force platform in a randomly selected sample of subjects aged 30 years and over. They observed that differences in
balance performance were already apparent among young (30- to 39-year olds) and middle-aged adults (40- to 49-year
olds) and became even more pronounced after the age of 60 years. Given that impaired postural control represents a major
intrinsic sports injury and fall-risk factor [3–6], it is not surprising that injury and fall-rates are high in children, middle-
aged and particularly older adults [7–9]. However, it has frequently been reported that balance training has the potential to
reduce fall incidence rates. For example, Barnett et al. [10] observed that six months of balance training reduced the rate
of falls measured over a 12-month follow-up period. Recently, Clemson et al. [11] showed a significant reduction in fall
rate after six months of balance training embedded in daily life activities.
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Figure 1

The unstable Biodyn sandal with a regular
shaped shoe sole.

When conducting balance training programs, different exercises, materials, and tools are used that induce postural
instability. The neuromuscular system compensates for this instability by an increased activity of lower limb muscles
which results in greater joint stiffness [12]. Recently, it was shown that both the performance of balance exercises (e.g.,
monopedal stance on a Swiss ball), as well as wearing unstable shoe constructions with rounded soles result in increased
activity of muscles encompassing the ankle joint during standing [13, 14]. One example for an unstable shoe construction
is the shoe design developed by Masai Barefoot Technology (MBT). From a mechanical point of view, instability is
provided by the rounded sole in the anterior-posterior direction and by a cushioned heel sensor in the medio-lateral
direction. From a functional perspective, this design attempts to simulate an unstable surface, thereby requiring continual
activation of muscles encompassing the ankle joint [15]. Thus, sensory input to the neuromuscular system is increased,
which affects the efferent output. As a consequence, this could represent sufficient training stimuli in counteracting
balance deficits, particularly in sedentary populations. Higher activity of lower extremity muscles was also observed
when walking in an unstable shoe construction with rounded soles, compared to walking in a regular shoe [14, 16].
Furthermore, Korsten et al. [17] studied the effects of traditional balance training compared to the prolonged and regular
use of unstable shoe constructions with rounded soles on measures of postural control during monopedal stance in healthy
young adults. After four weeks of training/accommodation, significant decreases in postural sway in the anterior-posterior
and medio-lateral direction were observed for both experimental groups [17]. In addition, Landry et al. [15] observed that
an increased activity in selected smaller intrinsic foot muscles while standing in an unstable shoe with rounded soles
compared to a stable control shoe persisted even after a six week accommodation period. Studies investigating the acute
and/or long-term effects of unstable shoe constructions on the activity of lower extremity muscles during different task
conditions have primarily used the MBT shoe which is characterised by its rounded sole [14, 16, 17]. In contrast to this
concept, a recently developed functional shoe construction has a regularly shaped sole with the unstable element
integrated into the sole of the shoe. Thus, this shoe construction appears from the outside to be a regular shoe. Yet, it is
unresolved whether the integrated unstable element has an effect on muscle activity during standing and walking. This is
an important prerequisite for functional footwear that makes it suitable for use in an everyday, therapeutic and/or exercise
specific environment.
Therefore, the objective of this study was to compare measures of postural control and muscle activity during standing
and locomotion for women using a new sandal construction with an unstable element integrated into the sole of the shoe,
a conventional stable control sandal, and a barefoot condition. It was expected that both postural instability as well as
higher muscle activities during standing and walking could be observed when wearing the unstable sandal.

Methods

Participants
A total of 22 women between the ages of 30 to 50 years provided written
informed consent to participate in the study after the experimental
procedures had been explained (table 1). The subjects represented staff
members recruited by flyers from the Faculty of Medicine of the
University of Basel. Initially, 30 women were recruited for the study.
Three did not meet the inclusion criteria and 5 were not able to attend
during the provided time table. The included participants were healthy
with no previous lower extremity trauma and no history of serious
muscular, neurological, cardiovascular, metabolic or inflammatory
diseases. None of the subjects had an athletic background and all of them
performed less than five hours of sports activities per week. The study
was approved by the ethics committee of the University of Basel and all
experiments were conducted according to the latest revision of the
Declaration of Helsinki.

Shoe condition
The unstable shoe condition tested in this study was the Biodyn sandal
(model no. 4500) from Biodyn Human Footwear Technology, Germany
(mass: 278 g). The tested sandal was characterised by a two-part-function sole, which was regularly shaped and not
rounded. The first part consists of a soft element (polyurethane foam) that is integrated into the rear part (heel) of the shoe
sole. The second part represents a freely moving pivot point (thermoplastic polyurethane; diameter 122 mm) underneath
the arch of the foot, enabling three-dimensional movement of the foot while walking (fig. 1). Due to the regularly shaped
sole, prior instruction sessions are not necessary before wearing these sandals. The tested control sandal (mass: 245 g)
was a standard commercially available sandal that came with a similar hook-and-pile fastener technique as the Biodyn
sandal.

Testing procedure
All measurements were conducted in our human biomechanics laboratory. Test circumstances (e.g., room illumination,
temperature, noise) were in accordance with recommendations for posturographic testing [18]. Prior to testing, all subjects
underwent a 12 minute warm up consisting of six minutes of bipedal and monopedal balance exercises as well as six
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Figure 2

Box plots comparing centre of pressure
(COP) C90 area (i.e., surface area covered
by the trajectory of the COP with a 90%
confidence interval) between testing
conditions obtained during bipedal stance.

Figure 3

Box plots comparing muscle activity (iEMG)
between testing conditions, of the m.
peroneus longus obtained during bipedal
stance.

Figure 4

minutes of walking on a treadmill at their preferred gait speed. Notably, two minute walks were conducted for each test
condition (i.e., barefoot, control and Biodyn sandal). Biomechanic tests included measurements of static and dynamic
postural control. Static postural control (centre of pressure (COP) displacements) was tested during bipedal and
monopedal stance on a balance platform (eyes open, firm ground). Dynamic postural control was assessed while walking
on a treadmill at the subjects’ preferred gait speed. During all tests, muscle activity was analysed by means of
electromyography. Static postural control was always tested before dynamic postural control to keep the effects of
neuromuscular fatigue minimal. During all tests, three test conditions were applied: barefoot, regular/control sandal,
Biodyn sandal. The sequence of test conditions was randomised for each test (i.e., static/dynamic balance) and subject.

Static postural control
Static postural control was assessed by means of a balance platform (GKS 1000®, Mittweida, Germany). The balance
platform consists of four uni-axial sensors measuring displacements of the COP in the medio-lateral and anterior-posterior
directions. Under static conditions, the balance platform was firmly fixed on the floor. Subjects performed the tests during
bipedal and monopedal stance (i.e., dominant leg). The dominant leg was determined according to the lateral preference
inventory [19]. During testing, knees were bent at 30°, hands rested on hips and the gaze was fixated on a cross on the
nearby wall. Subjects were instructed to remain as stable as possible and to refrain from any voluntary movements during
the trials. Prior to testing, subjects performed two practice trials under bipedal and monopedal conditions. Thereafter,
three test trials were conducted. Data was acquired for 30 s at a sampling rate of 40 Hz [18]. The COP C90 area, which
represents the surface area covered by the trajectory of the COP with a 90% confidence interval (COP C90 area in cm2),
was computed. The best trial (least surface area covered) was used for further analysis. The intraclass correlation
coefficient (ICC) was calculated for COP C90 area with an ICC of 0.87.

Dynamic postural control
Prior to the gait analysis on the treadmill, habitual gait speed was assessed
from the interval between passing two photoelectric barriers (TAG Heuer
HL 2-31®, La Chaux-de-Fonds, Switzerland) which were located 12 m
apart on an even walkway. Participants walked at self-selected speeds,
initiating and terminating each walk a minimum of 1 m before and after
the 12-m walkway to allow sufficient distance to accelerate to and
decelerate from a steady state of ambulation across the walkway. Three
trials were performed and the mean speed of the three trials was used for
the gait analysis on a pressure sensitive treadmill (Zebris FDM-T
Treadmill System®, Isny, Germany). The basic FDM-T system consists of
a treadmill ergometer with an integrated, calibrated measuring sensor. The
movement of the treadmill is compensated so that completely stable gait
and roll-off patterns can be analysed. The running/walking area of the
treadmill has a size of 150 x 50 cm and comprises of 5378 pressure/force
sensors. Data was acquired for 400 steps at a sampling rate of 120 Hz.
According to a study conducted by Owings and Grabiner [20], 400 steps
are necessary to detect valid data of step width, length, and time and the
variability of the respective parameters. A step is defined as the sequence
of events between contact of one foot and the next contact of the opposite
foot. Consequently, a stride is the sequence of events between contact of
one foot and the next contact of the same foot [21]. Data analysis was
started by calculating means and standard deviations (SD) of step width,
stride length and stride time. Step width was defined as the perpendicular
distance (cm) from the centre of one foot to the line of progression of the
centre of the other foot. Stride length was defined as the linear distance
(cm) between successive heel contacts of the same foot. Additionally,
stride time was defined as the time (s) between the first contacts of two
consecutive footfalls of the same foot. Stride-to-stride variability were
calculated for the above mentioned parameters according to the following
formula [(SD/Mean)*100] and used as outcome measures [22]. ICC-
values between trials were calculated and ranged from 0.81 to 0.98 for the
different gait parameters.

Electromyography (EMG)
Bipolar surface electrodes (Blue Sensor, Ambu, Balerup, Denmark;
diameter 10 mm, centre to centre distance 25 mm) were placed over m.
tibialis anterior (TA), m. soleus (SO), m. gastrocnemius medialis (GM),
and m. peroneus longus (PL) of the dominant leg. Electrodes were
positioned on the muscle according to the European recommendations for
surface electromyography [23]. The longitudinal axes of the electrodes
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Box plots comparing the coefficient of
variation (CV) in step width between testing
conditions obtained during walking at a
preferred gait speed.

Figures 5A and 5B

Box plots comparing muscle activity (iEMG)
between testing conditions, of the m.
peroneus longus during the swing phase
(5A) and the m. soleus during the stance

were in line with the direction of the underlying muscle fibres. The
reference electrode was attached to the shin bone. Inter-electrode
resistance was kept below 5 kΩ by shaving, slightly roughening,
degreasing and disinfecting the skin. Pulling artefacts were avoided by
properly fixing the electrode cables with tape to the skin. EMG signals
were sampled at 1000 Hz, amplified and high-pass filtered at 10 Hz, and were carefully monitored for artefacts and noise
(e.g., visual inspection of the zero line). EMG data were quantified by integrating the full-wave rectified EMG-signals
(iEMG). For static postural control, the best trial (least surface area covered) was selected for the bipedal and monopedal
condition and muscle activity was analysed over the time interval of 30 s. In terms of dynamic postural control, electrical
switches implemented into inlays of the shoe (underneath the heel and the ball of the dominant foot) were used as a
trigger for determining the stance phase (corresponds to load acceptance phase or heel down) and the swing phase
(corresponds to push-off phase or toe-off) of a regular gait cycle. Thus, we were able to quantify mean muscle activity
during the swing and stance phase of the dominant leg over 400 steps.

Statistical analyses
An a priori power analysis [24] with an assumed Type I error of 0.05 and a Type II error rate of 0.05 (95% statistical
power) was calculated for activity of lower extremity muscles (m. peroneus longus) when standing with the MBT shoe
[17]. The analysis revealed that 20 participants would be sufficient for finding statistically significant differences between
test conditions. The model was fed with the following values: mean ± SD of difference 1.2 ± 1.6; resulting effect size .75.
Data assessment for normal distribution (using Kolmogorov-Smirnov test) and variance homogeneity (using Levene’s
test) revealed that not all parameters were normally distributed or variances were inhomogeneous. As a consequence, we
decided to use the non-parametric Wilcoxon signed-rank test (Z-value) for related measurements on a single sample for
detecting differences between test conditions (Biodyn sandal vs. control sandal and barefoot condition). P-values were
Bonferroni adjusted. The significance level was set at p < .05. If not reported otherwise, data are presented using box-and-
whisker plots showing the smallest observation (sample minimum), the lower quartile (25th percentile), the median (50th

percentile), the upper quartile (75th percentile), and the largest observation (sample maximum). Central tendency is
reported as the median and degree of dispersion as lower to upper 95% confidence interval (95% CI). All analyses were
performed using the Statistical Package for Social Sciences (SPSS) version 18.0.

Table 1: Characteristics of the Study Cohort.

Characteristic Experimental group (N = 22)

Age (years) 37.8 ± 7.9

Body height (cm) 168.2 ± 7.9

Body mass (kg) 62.3 ± 10.0

Body mass index (kg/m2) 22.0 ± 2.8

Notes: Values are mean ± SD.

Results

Standing
Figure 2 illustrates a significantly larger sway area during bipedal stance
when wearing the Biodyn sandals compared to the barefoot condition (Z =
–1.95; p = .026). The median (95% CI) for sway area was 1.74
(1.63–2.85) cm² for the Biodyn sandal and 1.57 (1.20–1.85) cm² for the
barefoot condition. Comparison of sway area between the Biodyn sandal
and the control sandal, 1.81 (1.32–1.93) cm², revealed no statistically
significant difference (Z = –1.58; p = .114) (table 2). In terms of
monopedal stance, no significant differences in sway area were found
between the test conditions.
Figure 3 demonstrates a significantly higher muscle activity during
bipedal stance in the PL (Z = –1.93; p = .027) when wearing the Biodyn
sandal, 1.18 (0.96–1.25) mV•s, compared to the control sandal, 1.11
(0.88–1.15) mV•s. Comparison of PL activity between the Biodyn sandal
and the barefoot condition, 1.19 (0.83–1.19) cm², revealed no statistically
significant difference (Z = –1.16; p = .244). Furthermore, a tendency
towards higher muscle activity in the GM was observed for the Biodyn
sandal compared to the control sandal (Z = –1.51; p = .065). The
respective median values (95% CI) amounted to 1.11 (1.01–1.21) mV•s
for the Biodyn sandal and 1.01 (0.93–1.16) mV•s for the control sandal.
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phase (5B) of a regular walk at preferred gait
speed.

Comparison of GM activity between the Biodyn sandal and the barefoot
condition, 1.06 (0.87–1.18) cm², revealed no statistically significant
difference (Z = -0.86; p = .390) (table 2).

Walking
Figure 4 indicates that step width coefficient of variation (CV) was significantly greater for the Biodyn sandal compared
to the barefoot condition (Z = –2.58; p = .005). The respective median values (95% CI) amounted to 20.00 (18.55–24.10)
% for the Biodyn sandal and 17.52 (16.99–22.91) % for the barefoot condition. Comparison of step width CV between the
Biodyn sandal and the control sandal, 19.46 (17.63–23.70) %, revealed no statistically significant difference (Z = –1.55; p
= .121) (table 2). No significant differences between test conditions were observed for the parameters of stride time/length
CV.
Figures 5A and 5B show that muscle activities in PL and SO were significantly higher during the swing phase (PL: Z =
–1.64; p = .050) and the stance phase (SO: Z = -1.70; p = .044) when walking with the Biodyn sandal compared to the
control sandal. The respective median value for the PL amounted to 2.30 (2.13–2.78) mV•s for the Biodyn sandal and
2.26 (2.06–2.70) mV•s for the control sandal. For the SO, median values of 4.56 (4.03–6.08) mV•s (Biodyn sandal) and
4.73 (3.91–5.40) mV•s (control sandal) were detected. Comparison of the Biodyn sandal with the barefoot condition
revealed no statistically significant difference for PL activity during the swing phase (Z = –1.81; p = .070) and for SO
activity during the stance phase (Z = -1.19; p = .236) (table 2).

Table 2: Median (lower to upper 95% CI), Wilcoxon statistics (Z-value), and Bonferroni corrected p-values for the three testing conditions (Biodyn sandal,
control sandal and barefoot) separated into standing and walking performance.

Median (lower to upper 95% CI) Comparisons (Z-value, p-value)

Biodyn sandal Control sandal Barefoot condition Biodyn vs. control sandal Biodyn vs. barefoot

Standing

CoP_C90_area 1.74 (1.63–2.85) 1.81 (1.32–1.93) 1.57 (1.20–1.85) Z = –1.58, p = .114 Z = –1.95, p = .026

PL 1.18 (0.96–1.25) 1.11 (0.88–1.15) 1.19 (0.83–1.19) Z = –1.93, p = .027 Z = –1.16, p = .244

GM 1.11 (1.01–1.21) 1.01 (0.93–1.16) 1.06 (0.87–1.18) Z = –1.51, p = .065 Z = –0.86, p =.390

Walking

CV_step width 20.00 (18.55–24.10) 19.46 (17.63–23.70) 17.52 (16.99–22.91) Z = –1.55, p = .121 Z = –2.58, p = .005

PL 2.30 (2.13–2.78) 2.26 (2.06–2.70) 2.65 (2.24–2.98) Z = –1.64, p = .050 Z = –1.81 p = .070

SO 4.56 (4.03–6.08) 4.73 (3.91–5.40) 4.20 (3.94–5.59) Z = –1.70, p = .044 Z = –1.19 p = .236

Notes: 95% CI: confidence interval; CoP_C90_area: surface area covered by the trajectory of the centre of pressure with a 90% confidence interval in
cm2; CV: coefficient of variation in %; GM: m. gastrocnemius medialis in mV•s; PL: m. peroneus longus in mV•s; SO: m. soleus in mV•s.

Discussion

To the authors’ knowledge, this is the first study that has investigated the effects of a functional sandal, with a regularly
shaped sole and an unstable element integrated into the sole of the sandal, on measures of postural control and muscle
activity in healthy women. From a functional point of view, the most interesting finding of the present study was that the
unstable sandal construction produced higher activities of muscles encompassing the ankle joint during standing and
walking compared to regular sandals. In addition, greater postural sway during bipedal standing and greater step width
variability during walking were found compared to the barefoot condition.
These findings are in accordance with the literature regarding the acute effects of unstable shoe constructions on variables
of static and dynamic postural control and lower extremity muscle activity. In fact, Romkes et al. [25] found significantly
larger COP excursions during bipedal stance with the MBT shoe compared to standing barefoot, for both the anterior-
posterior and the medio-lateral direction. Notably, no differences were observed between the unstable and stable condition
during monopedal stance. This was also found in the present study and may indicate that the restricted functionality of the
respective unstable shoe constructions (i.e., MBT, Biodyn) during monopedal stance could be caused by the increased
impact of body mass during one-legged compared to two-legged stance.
Our finding of a larger sway area during unstable bipedal stance was accompanied by increased activity of the m.
peroneus longus compared to the stable condition. This provides support that the Biodyn sandal was effective in inducing
unstable conditions that helped to increase activity of muscles encompassing the ankle joint, which could represent a
sufficient training stimuli. Landry et al. [15] reported similar results for an unstable shoe when using an EMG
circumferential linear array. These authors were able to show that standing in the unstable shoe increased activity of the
flexor digitorum longus, peroneal and anterior compartment muscles of the lower leg.
In the present study, the Biodyn sandal did not only produce postural instability during standing but also during walking.
In fact, we were able to detect larger step width CV while walking in the Biodyn sandal compared to the control sandal.
Of note, step width variability in particular has been identified as a marker of gait stability/instability [26, 27]. The greater
instability during walking in the unstable sandal was associated with increased activity of the m. soleus and m. peroneus
longus during the stance and swing phase of the gait cycle. This is in accordance with a recent study conducted by Stoggl
et al. [28] who observed a 35% higher variability in kinetic (i.e., peak foot force) and kinematic (i.e., joint angles)
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measures when walking with an unstable compared to a stable shoe condition. Furthermore, Romkes et al. [16] and Nigg
et al. [14] found higher activities in muscles encompassing the ankle joint when walking in unstable compared to
conventional shoe constructions. In the present study, standing/walking in the Biodyn sandal compared to standing
barefoot did not result in different levels of muscle activity. This finding is in line with the study of Landry et al. [15] and
could be explained by the concept of unstable shoe constructions where the biomechanics of barefoot movement are
mimicked. In fact, Nigg [29] stated in his review that depending on the shoe concept and the shape of the foot, the
kinematics and/or the feeling of barefoot walking/running is copied.
Given the similarity in findings regarding the acute effects of the Biodyn sandal and other unstable shoe constructions on
measures of postural control and muscle activity, it appears plausible to argue that both shoe types can be used for
strengthening and conditioning lower extremity muscles. In fact, various longitudinal studies were able to demonstrate
both improved balance performance and reduced extremity muscle activity after a prolonged use of unstable shoe
constructions in different age and patient groups [15, 17, 30, 31]. Recently, Ramstrand et al. [30] investigated the effects
of wearing the MBT shoe as often as possible over a period of eight weeks on measures of postural control in women
aged over 50 years. The authors found significant improvements in the training group but not in the control group when
balancing on an unstable surface with eyes closed, in stabilising their COP following a rapid, downward rotating
perturbation, and in directional control when performing a limits of stability test. Our preliminary results are promising
and may indicate that the prolonged use of the Biodyn sandal could produce an activating and strengthening effect on
lower extremity muscles that might be similar to that seen after wearing other unstable shoe constructions or even in
balance training. However, caution is needed when transferring the results from other unstable shoe constructions to the
Biodyn sandal, which is why future studies have to be conducted to prove the long-term effects of the Biodyn sandal.
In summary, this study was able to show that a newly developed Biodyn sandal with a regularly shaped sole and an
unstable element integrated into the sole of the sandal induced postural instability during standing and walking which was
associated with higher lower extremity muscle activity. This finding may have implications for challenging the postural
control system during activities of daily living as well as strengthening and conditioning lower extremity muscles.

Study funding / potential competing interests

While Biodyn Human Footwear Technology, Germany provided the unstable sandals and financial support, they had no
role in (a) the study design, (b) the collection, analysis, and interpretation of the data, and (c) the writing of the
manuscript, or (d) the decision to submit the manuscript for publication.
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