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A B S T R A C T   

Background: Gait stability and variability measures in barefoot and shod locomotion are frequently investigated 
in younger but rarely in older adults. Moreover, most studies examine gait measures in laboratory settings 
instead of real-life settings. 
Research questions: How are gait stability and variability parameters affected by footwear compared to barefoot 
walking in younger and older adults as well as under indoor vs. outdoor conditions? 
Methods: Healthy younger (<35 years) and older adults (>65 years) participated in the randomised within- 
subject study design. Participants conducted consecutive 25 m walking trials barefoot and with standardised 
footwear inside and outside. Inertial measurement units were mounted on the participant’s foot and used to 
calculate local dynamic stability (LDS), velocity and minimal toe clearance (MTC), stride length and stride time, 
including variabilities for these parameters. Linear mixed models were calculated. 
Results: Data of 32 younger (17 female, 15 male, age: 30 ± 4 years) and 42 older participants (24 female, 18 
male, age: 71 ± 4 years) were analysed. MTC variability was higher in shod conditions compared to barefoot 
(p = 0.048) and in outdoor conditions (p < 0.001). LDS was different between age groups (p < 0.001). Gait 
velocity and MTC were higher in shod and outdoor conditions (both p < 0.001). Stride length and time were 
higher in shod conditions (both p < 0.001) and different between outdoor vs. indoor (longer stride length and 
shorter stride time outdoor, both (p < 0.001) as well as age groups (shorter stride length (p < 0.021) and stride 
time in older adults (p < 0.001). 
Significance: Results suggest that gait stability and variability in older and younger adults are acutely affected by 
footwear vs. barefoot and indoor vs. outdoor walking conditions, indicating a high adaptiveness of these pa-
rameters to different experimental conditions. Consequently, future studies should be careful with generalising 
results obtained under certain conditions. Findings stress the clinical potential of barefoot walking.   

1. Introduction 

Walking with footwear instead of barefoot is a relatively recent 
evolutionary development [1]. In preceding years, scientific interest has 
increased on how shod locomotion is different from barefoot locomotion 
and how it might affect clinically relevant gait mechanics [2]. 

When walking barefoot, humans typically use shorter step and stride 
length with an increased cadence compared to shod walking with al-
terations in gait mechanics [2]. No consensus exists on how gait velocity 
changes [2] but for older participants, it has been shown that barefoot 
walking was faster when compared to walking in socks, which has been 

discussed to be a more cautious gait [3]. Overall, however, only little 
research in the field of barefoot vs. shod locomotion in cohorts of older 
adults has been conducted [2]. In addition to changes in gait mechanics, 
habitual footwear use has been shown to influence foot morphology and 
peripheral sensation [4–6]. 

Gait-related parameters such as gait variability and local dynamic 
gait stability (LDS) have gained increasing attention in the last decade 
due to their association with gait instability and the risk of falling [7,8] 
but have rarely been analysed when comparing different footwear 
conditions. Gait variability is frequently measured as the 
intra-individual variability (e. g. standard deviation) of particular 
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time-discrete gait parameters. Local dynamic gait stability (LDS) rates 
how small perturbations affect movement trajectories over time. 
Therefore, LDS reflects the ability of a complex dynamic system (e.g. the 
sensorimotor system of a human) to compensate for small perturbations 
[8]. It has been suggested that peripheral sensation is an influencing 
factor for gait stability or gait variability [9]. Therefore, one may assume 
that walking barefoot effects (local dynamic) gait stability or gait vari-
ability measures as seen for running [10,11]. This is also supported by 
recent studies, which compared barefoot walking with (minimalist) 
footwear [12–15]. Although few studies have investigated age effects in 
this context, Petersen et al. (2020) indicated that changes in gait pa-
rameters occur in both younger and older adults when walking barefoot 
and with minimalist footwear [12]. Furthermore, all existing studies 
were conducted in a laboratory setting. Thus, it is unclear if the observed 
footwear effects can be transferred to outdoor walking situations. Out-
door walking (with or without shoes) can induce different predictable 
and unpredictable perturbations to the locomotor system that have to be 
compensated in order to maintain a stable gait and to avoid falling. 
Laboratory settings eliminate such typical perturbations that might 
occur in real-life settings. This limits the external validity of the results. 
Recent developments in wearable technology enable out of laboratory 
measurement to represent a more real-life situation [16,17], which al-
lows for gait analysis in more real-life settings. 

The primary and exploratory aim of this study was to investigate the 
effects of barefoot vs. shod walking on gait stability and gait variability. 
To improve external validity, the gait analysis was conducted indoors 
and outdoors in young and older participants. In a secondary analysis, 
basic gait parameters (stride length, stride time, gait velocity and min-
imal toe clearance) were analysed. 

2. Methods 

2.1. Study design 

For this study, a randomised within-subject study design with three 
factors was applied. Gait parameters of younger and older participants 
were collected. All participants walked under the conditions: 1) barefoot 
and with shoes both 2) indoors and outdoors. Reporting of this study 
adhered to the STROBE (Strengthening the Reporting of Observational 
Studies in Epidemiology) statement for reporting observational studies 
[18]. The study followed the principles of the Helsinki Declaration and 
was approved by the local ethics committee (protocol no. FSV 16/13). 

2.2. Participants and setting 

Gait data were collected from 32 healthy younger and 42 healthy 
community-dwelling older participants from September to November 
2016. Participant recruitment for this study was realised through 
advertising in the local newspaper and at a local sports club. Participants 
were included in the study if their age was ≤ 35 years for the younger 
group or ≥ 65 years for the older group. One of the main inclusion 
criteria was that participants had to be able to walk for five minutes 
without having to pause or to use assisting equipment, like a walking 
stick. We excluded participants from the study if they reported any 
motor-functional impairments that could affect gait performance, such 
as acute musculoskeletal disorders or neurological diseases. All subjects 
provided their written informed consent to their voluntary participation. 

2.3. Experimental conditions and randomisation 

We analysed the effects of the footwear condition (barefoot vs. shod 
walking), walking environment (indoors vs. outdoors), and the partici-
pants’ age (younger vs. older adults). During the indoor walking con-
dition, the participants walked on a 25 m track inside a standard sports 
hall with flat linoleum ground. The 25 m outdoor track was a sidewalk 
with a concrete surface with some minor perturbations, very similar to 
how a typical sidewalk would look like (Fig. 1). Consequently, the 
outdoor condition provided a rougher, less even, and colder surface. The 
lengths of both tracks were marked with cones and participants walked 
in a bidirectional manner. We made sure that other pedestrians could 
not cross the sidewalk in the outdoor condition during the time of 
testing. In each environmental condition, the participants walked 
barefoot and with standardised cushioned shoes (Asics Gel-Cumulus 18), 
which were new and provided by the research team. Fig. 1 provides an 
overview of both the environmental and footwear conditions. 

The environmental and the shoe condition were block-randomised, 
using the research randomiser software (https://www.randomizer. 
org). Before testing, participants familiarised themselves with each 
gait condition by walking for one minute on the 25 m tracks. We applied 
this procedure to improve the reliability of the gait parameters [19]. In 
the following testing phase, gait kinematics were recorded for each gait 
condition while the participants walked for three minutes back and forth 
the 25 m tracks. 

2.4. Instrumentation 

To capture kinematic data, we attached wireless inertial sensors 

Fig. 1. Overview of the conditions: a) indoor vs. outdoor and b) barefoot vs. shod.  
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(MTw2, Xsens Technologies B.V., Enschede, The Netherlands, range of 
measurement of angular velocity: ±1200 deg/s, sampling rate: 100 Hz) 
with medical tape to the participants’ right forefoot. 

2.5. Data processing and statistical methods 

The first and the last bout of each walking condition, as well as the 
first and last 2.5 m of each bout, were excluded from the following data 
analysis to avoid possible transients. For each trial and walking condi-
tion, 90 strides were analysed. Thereafter, we calculated the gait pa-
rameters: stride length, stride time, and minimum toe clearance (MTC) 
as well as the intra-individual standard deviations of each parameter as 
gait variability measures. A detailed description and evaluation of the 
measurement system (inertial sensor and algorithms) are provided by 
Hamacher, Hamacher, Taylor, Singh and Schega [20]. Furthermore, we 
analysed local dynamic stability (LDS) by calculating the short-time 
largest Lyapunov exponent (λ). As kinematic data for the calculation, 
we used the three-dimensional angular velocity data (of the inertial 

sensor) as it depicts high effects discriminating younger vs. older adults 
[21]. We time-normalised the data of the 90 strides to 9000 samples. The 
state-space was then reconstructed with the embedding approach with a 
fixed time delay of 10 samples (mean across all participants) and an 
embedded dimension of dE = 12 (maximum across all participants). The 
time delay and the embedded dimension were determined as a result of 
the minimum mutual information analysis [22] and the global false 
nearest neighbour method [23], respectively. The λ was determined 
using Rosenstein’s and co-workers’ algorithm [24]. We tracked the 
Euclidean distance of each initially nearest neighbours in the state space 
over time. Thereafter, the mean of the logarithm of the divergence curve 
was calculated. λ was then defined as the slope of a linear fit through 
0− 50 time-normalised samples (a period of approximately 0.5 of the 
gait cycle, LDS 0− 50 %), which is an implementation that was validated 
previously [20]. Additionally, in a secondary analysis, we calculated the 
slope through 0− 0.03 (LDS 0− 3 %) strides. While this does not represent 
the standard for analysing gait stability, this seems to be the first linear 
growth of the logarithm divergence curve (Fig. 2). This LDS 0− 3 % re-
flects a much shorter time scale and, therefore, the immediate response 
to small perturbation. Furthermore, this shorter-time LDS has been 
proposed by Arno Schroll, who found this LDS to be more sensitive [25]. 

Taken together, as primary outcomes, gait variability measures of 
stride length, stride time, MTC, and LDS (0− 50 %) were analysed. As 
secondary outcomes, the standard gait parameters stride length, stride 
time, MTC, gait velocity and LDS (0− 3 %) are provided. 

All statistical calculations were operated in IBM SPSS (V 21.0). Each 
gait measure was predicted with separate hierarchical linear models (2 
levels, random intercepts). The three test conditions (age, shoe condi-
tion, environment), as well as all possible interaction effects, were 
included as fixed effects. 

Fig. 2. Logarithmized divergence curve of one participant as an example.  

Fig. 3. Effects of footwear (shoe vs. barefoot), environment (indoor vs. outdoor) and age (younger vs. older adults) on the primary outcomes local dynamic stability 
(LDS 0–50 %), stride length variability stride time variability and minimum toe clearance (MTC) variability. The error bars represent the standard deviations. 
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3. Results 

3.1. Participants 

In the younger cohort, 32 participants (17 female, 15 male, age: 
30 ± 4 years; height: 1.77 ± 0.11 m, weight: 72 ± 14 kg, BMI: 23 ± 2) 
were included of which one data was not able to be analysed due to 
technical problems. In the older cohort, 42 participants (24 female, 18 
male, age: 71 ± 4 years; height: 1.69 ± 0.08 m, weight: 74 ± 14 kg BMI: 
27 ± 4) were included of which all data sets were analysed for shod and 
indoors, 39 shod outdoors, 39 barefoot indoors and 35 barefoot out-
doors. Reasons for non-participation were subjectively uncomfortable 
and cold conditions. 

3.2. Primary outcomes: Gait stability and variability measures 

Local dynamic stability (LDS 0− 50 %) was statistically significantly 
different between age groups (p < 0.001, Fig. 3, Tables 1 and 2). Older 

adults had lower LDS (0− 50 %, higher λ values) than younger adults. 
The minimal toe clearance (MTC) variability was different between 

outdoor vs. indoor (p < 0.001) and footwear condition (p = 0.048) 
(Fig. 3, Tables 1 and 2). MTC variability was higher outdoors and in the 
shod conditions. 

Stride length variability was affected by an outdoor vs. indoor x 
footwear x age interaction (p = 0.019): in older adults, the stride length 
variability decreased during the barefoot condition compared to the 
shod during indoor walking but increased during outdoor walking. 

For stride time variability, we found a significant footwear x age 
interaction (p = 0.004, Fig. 3, Tables 1 and 2): only in older adults, the 
stride time variability decreased during barefoot walking compared to 
the shod walking condition. 

3.3. Secondary outcomes: standard gait measures 

The LDS (0− 3 %) differed between outdoor vs. indoor (p = 0.001) 
and footwear (p < 0.001) (Fig. 4, Tables 1 and 3). LDS was lower (higher 

Fig. 4. Effects of footwear (shoe vs. barefoot), environment (indoor vs. outdoor) and age (younger vs. older adults) on the secondary outcomes local dynamic 
stability (LDS 0–3 %), stride length, stride time, minimum toe clearance (MTC) and gait velocity. The error bars represent the standard deviations. 
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λ values) during the barefoot and outdoor conditions. Furthermore, 
there was a footwear x age interaction (p = 0.001) for LDS (0− 3 %). The 
decrease in LDS (0− 3 %) during the barefoot conditions (vs. shod con-
dition) was lower in older adults compared to younger adults. 

Stride length was statistically different between outdoor vs. indoor 
(p < 0.001), footwear (p < 0.001) and age (p = 0.021) and stride time 
for outdoor vs. indoor (p < 0.001), footwear (p < 0.001) and age 
(p < 0.001) (Fig. 4). Stride length was higher in shod trials, outdoor 
conditions and in younger adults, while stride time was higher in shod 
and indoor conditions, as well as in younger adults (Table 3). 

Gait velocity and minimal toe clearance were affected by outdoor vs. 

indoor (p < 0.001) and footwear conditions (p < 0.001) (Fig. 4). Both 
parameters, gait velocity and MTC, were higher in shod and outdoor 
conditions (Table 3). 

4. Discussion 

Our results suggest that barefoot walking differed in some gait 
variability measures as well as in standard gait parameters when 
compared to shod walking. MTC variability (in both age groups) and 
stride time variability (in older adults) was higher during the shod 
walking condition. For standard gait parameters, barefoot walking led to 

Table 1 
Discrete outcome parameters (mean and standard deviations) reported for younger and older adults, indoor and outdoor environment and both shoe conditions. LDS: 
local dynamic stability, MTC: minimum toe clearance.    

Younger adults Older adults  

indoors outdoors indoors outdoors  

shoe barefoot shoe barefoot shoe barefoot shoe barefoot  

primary outcomes 

LDS (0− 50 %) 
Mean 1.12 1.14 1.09 1.13 1.24 1.24 1.20 1.24 
SD 0.10 0.15 0.10 0.14 0.15 0.13 0.13 0.12 

stride length variability [mm] 
Mean 26.69 26.54 29.07 28.36 27.00 24.28 30.43 33.69 
SD 8.81 9.54 6.54 8.41 7.16 5.19 6.27 9.91 

stride time variability [ms] 
Mean 19.63 18.93 20.40 19.73 20.53 14.11 21.11 19.52 
SD 6.75 6.06 7.19 6.89 9.53 2.96 8.08 4.93 

MTC variability [mm] Mean 4.23 3.70 6.80 5.73 4.43 3.52 6.93 5.45 
SD 1.41 1.18 1.29 0.98 1.25 1.09 1.60 0.98   

secondary outcomes 

LDS (0− 3 %) Mean 24.40 29.87 25.95 32.05 23.59 27.03 25.66 30.89 
SD 1.82 3.12 1.64 3.13 1.78 1.99 1.95 2.28 

stride length [m] 
Mean 1.55 1.42 1.63 1.49 1.48 1.38 1.54 1.40 
SD 0.12 0.12 0.12 0.11 0.14 0.13 0.14 0.14 

stride time [m] 
Mean 1.07 1.04 1.05 1.03 1.02 0.98 1.01 0.99 
SD 0.06 0.06 0.06 0.06 0.07 0.06 0.07 0.07 

Gait velocity [m/s] Mean 1.45 1.37 1.55 1.45 1.46 1.41 1.53 1.43 
SD 0.13 0.14 0.13 0.12 0.17 0.15 0.17 0.19 

MTC [mm] Mean 18.21 12.96 23.72 19.03 17.76 12.42 23.22 19.69 
SD 7.55 3.44 6.83 4.40 5.32 5.43 6.83 5.50  

Table 2 
Effects of footwear condition, environment and age (as well as all possible interaction effects) on local dynamic gait stability (LDS), stride length variability, stride time 
variability and minimum toe clearance (MTC) variability. Each gait measure was predicted with separate hierarchical linear models (2 levels, random intercepts). SE: 
standard error, est: estimate.  

fixed factor 

LDS (0− 50 %) stride length variability stride time variability MTC variability 

b 
SE 

p b 
SE 

p b 
SE 

p b 
SE 

p 

Intercept 1.121 
0.023 

.000 .0267 
.0014 

.000 .0196 
.0012 

.000 .0042 
.0002 

.000 

footwear condition (reference: shod) 0.015 
0.023 

.520 − .0002 
.0014 

.907 − .0007 
.0013 

.585 − .0005 
.0003 

.048 

environment (reference: indoor) − 0.031 
0.023 

.182 .0023 
.0014 

.099 .0008 
.0013 

.555 .0025 
.0003 

.000 

age (reference: young adults) 0.123 
0.031 

.000 .0003 
.0018 

.865 .0009 
.0016 

.585 .0002 
.0003 

.494 

environment * footwear 0.023 
0.033 

.487 − .0004 
.0019 

.818 .0000 
.0018 

.988 − .0005 
.0004 

.166 

environment * age − 0.007 
0.031 

.818 .0012 
.0018 

.502 − .0003 
.0017 

.865 .0000 
.0004 

.891 

footwear * age − 0.003 
0.031 

.927 − .0024 
.0018 

.183 − .0050 
.0017 

.004 − .0004 
.0004 

.235 

environment * footwear * age 0.014 
0.045 

.746 .0062 
.0026 

.019 .0044 
.0025 

.078 .0000 
.0005 

.943  

random effects est 
SE 

p est 
SE  

est 
SE 

p est 
SE 

p 

residual .009 
.001 

.000 0.0000 
0.0000 

.000 0.0000 
0.0000 

.000 0.000 
0.000 

.000 

intercept .009 
.002 

.000 0.0000 
0.0000 

.000 0.0000 
0.0000 

.000 0.000 
0.000 

.000  
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a decreased stride length, stride time, gait velocity and minimal toe 
clearance. Additionally, the local dynamic walking stability (LDS 0− 3 
%) was decreased during barefoot walking. Furthermore, the environ-
ment affected MTC variability as well as all standard gait measures 
(stride length, stride time, MTC, gait velocity) and LDS (0− 3 %). 
Therefore, indoor gait parameters do not reflect outdoor walking pat-
terns and experimental induced effects might even differ not only in 
their effect size but also in the direction. We saw this for stride length 
variability in older adults. 

Higher MTC variability was detected when walking shod (and out-
doors). MTC variability is relevant for assessing the risk of falling, and a 
higher variability is associated with an increased risk [26]. Thus, 
walking barefoot might be an effective strategy to reduce the risk of 
falling. Since there was an inconvenience in a few participants when 
asked to walk barefoot outdoors (n = 4), minimal footwear might be a 
good trade-off to be used in cold and uncommon environments. Minimal 
footwear protecting the foot and only minimally interfering with foot 
and gait mechanics [27,28] have been shown to be even more effective 
in reducing MTC variability for older adults [12]. Furthermore, minimal 
shoes are in accordance with recommendations for optimal footwear for 
an older age cohort [29]. Nonetheless, when not habituated to minimal 
or barefoot locomotion, it needs to be kept in mind that balance control 
can also be diminished at least in acute and unfamiliar situations [13]. 
The effect of the higher MTC variability could also be coupled to the 
higher MTC during the shod (and outdoor) condition. The higher MTC 
might be a mechanism to reduce the chance of tripping in situations with 
a higher MTC variability (e.g. shod or outdoor) due to increasing the 
foot-ground distance. In line with the results for MTC variability, the 
stride time variability was reduced during barefoot walking, but only in 
older adults. 

LDS (0− 50 %) were not affected by barefoot walking, but we found 
higher λ values (lower LDS) in older adults compared to younger adults. 
Therefore, small perturbations are better compensated in younger adults 
on a time scale of (roughly 50 % of the stride time). The worsened ability 
to compensate for small perturbation in older adults increases the risk of 
falling risk [8]. The age effect was also found by Petersen et al. [12], who 
compared walking barefoot vs. walking with minimalist footwear in 

younger and older adults. Taken together, since gait variability mea-
sures were associated with fall risk [7,8], walking barefoot might 
decrease the risk of falling while outdoor walking might increase it. 

Regarding gait velocity, participants walked faster in shod conditions 
as well as indoors. This is of clinical and practical relevance. Walking 
speed has been discussed to be a very relevant functional decline over 
the life span affecting the quality of life and fear of falling [30]. This is in 
line with other studies that showed (but not for older adults), that 
footwear use is associated with higher walking velocity [2,31]. In the 
presence of perturbations (e.g. outdoor walking) or when not familiar 
with barefoot walking, a reduced gait velocity might be a sign of a more 
cautious gait pattern. Whether or not a habituation to barefoot walking 
would result in an increased walking velocity for the group of older 
adults cannot be determined at the moment. Therefore, further research 
is suggested to investigate habituation effects of barefoot walking on the 
functional capacity of walking velocity. The findings of this study 
regarding shorter stride length and stride time in barefoot walking are in 
accordance with the literature [2]. This has been discussed to be a 
pendulum lengthening effect due to the added weight by the footwear or 
due to a more cautious gait pattern in the unhabituated barefoot con-
dition [2,32] that results in a lower gait velocity. However, no conclu-
sive data exist whether habituated barefoot walkers use an increased 
stride length compared to habitually shod walkers [6]. 

While local dynamic stability (LDS 0− 50 %) was not affected by the 
environment nor by the footwear condition, the shorter-time LDS (0− 3 
%) depicts a more locally stable walking pattern in the shod condition 
compared to barefoot walking. Small perturbations are better compen-
sated in time on a shorter time scale (roughly 3% of the stride time) 
while wearing shoes. Probably, the biomechanical features of the shoe 
compensate for very small perturbation at least in part instantaneously 
during the stance phase. The use of shorter-time LDS was proposed by 
Schroll [25] but is rarely used. In contrast to the LDS (0− 50 %), this 
measure is affected by both experimental conditions but not by age. 
Therefore, it contains other information than compared to the standard 
LDS (0− 50 %) LDS measure. Since different time scales are used, this 
seems to be intuitive. Taken together, the shorter-time LDS seems to be 
more sensitive compared to the standard LDS measure and also seems to 

Table 3 
Effects of shoe condition, environment and age (as well as all possible interaction effects) on local dynamic gait stability (LDS), stride length, stride time, gait velocity 
and minimum toe clearance (MTC). Each gait measure was predicted with separate hierarchical linear models (2 levels, random intercepts). SE: standard error, est: 
estimate.  

fixed effects 

LDS (0− 3 %) stride length stride time gait Velocity MTC 

b 
SE 

p b 
SE 

p b 
SE 

p b 
SE 

p b 
SE 

p 

intercept 24.40 
0.40 

.000 1.55 
0.02 

.000 1.08 
0.01 

.000 1.45 
0.03 

.000 .018 
.001 

.000 

footwear (reference: shod) 5.47 
0.44 

.000 − 0.13 
0.01 

.000 − 0.03 
0.01 

.000 − 0.08 
0.01 

.000 − .005 
.001 

.000 

environment (reference: indoor) 1.558 
0.446 

.001 0.07 
0.01 

.000 − 0.02 
0.01 

.000 0.10 
0.01 

.000 .005 
.001 

.000 

age (reference: young adults) − 0.81 
0.53 

.127 − 0.07 
0.03 

.021 − 0.06 
0.02 

.000 0.01 
0.04 

.769 − .000 
.001 

.747 

environment * footwear 0.62 
0.63 

.325 − 0.01 
0.01 

.630 0.01 
0.01 

.146 − 0.02 
0.02 

.318 .001 
.001 

.652 

environment * age 0.48 
0.60 

.423 − 0.02 
0.01 

.091 0.01 
0.01 

.136 − 0.03 
0.02 

.080 .000 
.001 

.831 

footwear * age − 1.96 
0.59 

.001 0.01 
0.01 

.246 − 0.00 
0.01 

.719 0.01 
0.02 

.461 − .000 
.001 

.747 

environment * footwear * age 1.01 
0.85 

.235 − 0.03 
0.02 

.135 0.00 
0.01 

.702 − 0.03 
0.02 

.210 .001 
.002 

.513  

random effects est SE p est 
SE 

p est 
SE 

p est 
SE 

p est 
SE 

p 

residual 3.12 
0.31 

.000 .0014 
.0001 

.000 .000 
.000 

.000 .003 
.000 

.000 0.000 
0.000 

.000 

intercept 1.96 
0.47 

.000 .0156 
.0027 

.000 .004 
.001 

.000 .022 
.004 

.000 0.000 
0.000 

.000  
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be affected by different factors [25]. Therefore, this shorter-time LDS 
seems to be promising, but those differences should be explored in other 
studies. 

4.1. Limitations (Sources of bias) and generalizability 

One of the strengths of this study is that concurrently barefoot vs. 
shod gait was investigated in laboratory indoor and more real-life out-
door situations and compares young and older adults. Therefore, the 
external validity of this study can be assumed to be high. However, we 
would like to acknowledge that this study only compared a specific type 
of footwear (heavily cushioned) to walking barefoot, which limits the 
generalisation of findings with regard to different types of footwear. 
Furthermore, only the acute effect of the new footwear conditions was 
investigated, and no conclusions can be drawn for longer-term or 
habituation effects. 

4.2. Recommendations for further research 

This study investigated a healthy population in relatively controlled 
experimental conditions. To simulate more real world conditions, ob-
stacles and medium perturbations might be needed. New developments 
in out of laboratory equipment might enable such investigation in the 
near future. Furthermore, future studies should investigate how cush-
ioned footwear versus minimalist footwear might have different effects 
on gait stability and variability. Future studies also need to determine 
the longer-term effects of barefoot or minimal footwear locomotion on 
parameters relevant for assessing the risk of falling. Moreover, the 
shorter-time LDS (0− 3 %) seems to be a promising measure. However, 
its value to rate the sensorimotor status should be evaluated in further 
studies. Lastly, the findings of this explorative study may serve to 
formulate precise hypotheses in future studies. 

5. Conclusion 

Gait stability and variability parameters as well as basic gait pa-
rameters in older and younger adults were acutely affected by footwear 
vs. barefoot and indoor vs. outdoor walking. While the direction of the 
positive and negative effects towards these conditions appear to vary 
between outcomes, our results suggest that the walking gait stability and 
variability in each age group is highly adaptive to changes in the envi-
ronment and experimental conditions. From the prevention and treat-
ment perspective, this emphasises the need to use diverse walking 
conditions to improve general walking skills. From a diagnostic 
perspective, our results show that walking data measured under certain 
conditions cannot easily be transferred to other conditions. 
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