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Investigating the Influence of Spatiotemporal Gait Characteristics on Shoe

Wear Rate
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, and Kurt E. Beschorner

Department of Bioengineering, University of Pittsburgh, Pittsburgh, PA, USA

OCCUPATIONAL APPLICATIONS

We investigated the association between shoe wear rate and several metrics describing an
individual's spatiotemporal gait characteristics (cadence, step length, and preferred walking
speed). No associations were found, indicating that alternative metrics should be investi-
gated to predict the individualized rate at which workers wear down shoe tread.

TECHNICAL ABSTRACT

Background: Shoe wear has been associated with increased slips and falls in the workplace.
People wear down shoe tread at different rates; therefore, individualized shoe replacement
timelines could improve resource targeting for organizations that use time as a basis for
shoe replacement. Previous work has found that the shoe-floor kinetics, such as the friction
requirements of walking, correlate with shoe wear rate. The use of easily measured metrics
such as cadence, step length, or preferred walking speed to predict wear has not yet been
investigated despite their relationship with friction requirements.

Purpose: This study seeks to determine the association between shoe wear rate and gait
spatiotemporal characteristics.

Methods: Thirteen participants completed a longitudinal shoe wear study that consisted of
a gait assessment followed by prolonged shoe wear in two pairs of slip-resistant shoes. The
gait assessment was comprised of dry level-ground walking trials; kinematic and kinetic
data were collected through optical motion capture and force plates. The participants’
mean cadence, step length, and preferred walking speed were calculated. The participants
then wore their shoes at work; the shoe wear rate was determined by measuring the peri-
odic volumetric tread loss during this wear-at-work portion of the study.

Results: Three linear regression models found no significant association between the
chosen gait metrics and the shoe wear rate.

Conclusions: The lack of an association between the spatiotemporal gait characteristics and
shoe wear rate indicates that these factors may not explain the differences in wear rate
between participants. This negative finding suggests that other measures such as the required
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coefficient of friction are better for individualizing footwear replacement guidelines.

1. Introduction

Falls on the same level are the second highest cause of
non-fatal workplace injury and annually cost $10.8 bil-
lion in the United States (Liberty Mutual, 2020). These
falls make up over 18% of all reported workplace inju-
ries (Liberty Mutual, 2020). Furthermore, falls due to
slips make up 40-50% of falls (Courtney et al., 2001),
emphasizing that an increased understanding of the
causes of slips and methods for prevention are needed.

The condition of shoe tread is an important factor
in mitigating slips and falls. A study by Verma et al.
(2014) found that workers using shoes worn for less
time (<6 months) had a lower rate of slipping than

those using older (>6months) shoes. Additionally,
increased wear on a shoe makes the floor feel more
slippery (Chiou et al., 1996) and causes the traction
performance of the heel to decrease (Beschorner et al,,
2020; Grongvist, 1995; Hemler et al., 2019; Hemler
et al, 2020; Sundaram et al., 2020). One study
(Hemler et al., 2020) found that cumulative walking
distances of ~210km led to substantive reductions in
the shoe-floor available coefficient of friction (ACOF).
However, different individuals wear through their
shoes at different rates (Hemler et al., 2021) indicating
that the shoe wear rate is dependent on participant-
specific factors.
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One participant-specific factor relevant to shoe
wear is the required coefficient of friction (RCOF).
RCOF is the minimum coefficient of friction needed
between the floor and the shoe for an individual to
walk without slipping (Chang et al, 2011) and is
dependent on gait kinetics (Kim et al., 2005). Hemler
et al. (2021) found that higher RCOF and peak shear
forces, but not normal forces, were associated with an
increased shoe wear rate. No other gait metrics have
been compared with the shoe wear rate.

RCOF has been positively correlated with the step
length and negatively correlated with cadence
(Anderson et al., 2014). Other gait kinematics such as
the heel contact velocity and whole-body translational
acceleration have also been found to be related to the
RCOF (Lockhart et al., 2003). Furthermore, several
studies have indicated that a decrease in RCOF among
older adults relative to younger adults may be related
to changes in step length and preferred walking speed
(Anderson et al., 2014; Kim et al., 2005; Yamaguchi &
Masani, 2019). No studies have yet investigated the
impact of spatiotemporal gait characteristics (e.g.,
cadence, step length, and preferred walking speed) on
shoe wear rate. Therefore, as RCOF is associated with
wear rate (Hemler et al., 2021), these same spatiotem-
poral characteristics that are related to RCOF may
also be associated with wear rate. If so, the ability to
easily measure cadence, step length, and preferred
walking speed in the workplace may enable develop-
ment of individualized shoe replacement guidelines.

Currently, some companies provide tread gauges
for individuals to test their shoes (ShoesForCrews,
2019), based on the presumed relationship between
tread depth and ACOF (Li & Chen, 2005; Li et al,
2006). Additionally, Beschorner et al. (2020) recom-
mended comparing the size of the continuous worn
region on the shoe outsole to the size of a AA or
AAA battery to determine if worn shoes should be
replaced. These methods capitalize on monitoring
shoe wear to detect the need for shoe replacements.
However, predicting wear utilizing spatiotemporal gait
characteristics could be advantageous in organization-
level planning to determine when shoes should be
replaced to reduce slip and fall risk. Therefore, this
study sought to determine the association between
shoe wear rate and gait spatiotemporal characteristics
(cadence, step length, and preferred walking speed).
Due to the associations between RCOF and these
characteristics, we hypothesized that increased wear
rate would be associated with decreased cadence,
increased step length, and increased preferred walk-
ing speed.

2. Methods

This study consisted of two sections. In the first sec-
tion, kinetic and kinematic gait data were collected to
determine individual gait metrics. In the second wear-
at-work section, participants were given shoes to wear
in their normal work environment for a natural wear
process. The gait metrics measured in the lab were
then compared to the individual-specific shoe wear in
the workplace. This current report is a secondary ana-
lysis of data presented earlier by Hemler et al. (2021).

2.1. Participants

Thirteen healthy participants from a recruited pool of
23 were analyzed (10 male, 3 female; mean (standard
deviation): age: 41.6 (13.0) years; height: 1.75 (0.10)
m; mass: 89.3 (12.3) kg; shoe size: 9.5 (2.6) US Men).
Certain self-reported inclusion requirements were uti-
lized: participants were required to regularly wear
treaded shoes, spend more than 75% of walking time
on manufactured surfaces, and to stand or walk for at
least four hours in a typical day. Exclusion criteria
included any neurological problems, musculoskeletal
injury in the previous two years, musculoskeletal dis-
orders, osteoporosis, or arthritis. Each participant was
provided with two pairs of shoes; only right shoes
that were worn for 100 km were included in this ana-
lysis and participants were not included if they did
not properly contact the force plates with both feet
during the gait assessment. Proper contact was
defined as the entire foot landing on the force plate
for the duration of the stance phase of walking. These
criteria resulted in the analysis of 21 right shoes across
the 13 participants. There were four reasons that the
shoes from the original 23 participants were not
included in this analysis: the participant withdrew
from the study prior to completing one month of
walking in the shoes (n=11 shoes); the participant
walked fewer than 100km during the study due to
low activity (n =8 shoes); the participant reported dis-
comfort when wearing the shoes (n=4 shoes); or the
participant did not properly contact both force plates
during the gait assessment (n =2 shoes). Participants
worked across a variety of industries including trade,
transportation, and utilities (n =1 participant), manu-
facturing (n=>5 participants), leisure and hospitality
(n =5 participants), and education and health services
(n=2 participants). Written informed consent was
obtained at the start of the study according to the
University of Pittsburgh Institutional Review Board.
This research was performed in accordance with the
Declaration of Helsinki of 1975.
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Figure 1. Images of the shoe tread patterns adapted from Hemler et al. (2021). Shoe A consisted of SRB 1977 (shoe), SRM 4750
(boot) or SRM 225 (boot) for men and SRB 972 (shoe) or SRM 2550 for women. For shoe B, both men and women wore the Blast
Bouffee 159961 (shoe) or Dawson160004 (boot) produced by safeTstep. Finally, shoe C was the Rowan 77280 (boot) for men and
August 77319 (boot) for the women. All soles were made of a rubber compound.

2.2, Experimental Protocol

Prior to data collection, participants were provided
with two pairs of slip-resistant footwear, classified as
shoe A, B, and C based on their brand and associated
tread design. Each shoe type was offered in a boot or
shoe form, depending on the individual’s occupational
requirements. Participants received shoe A and either
shoe B or shoe C (Figure 1).

Participants were asked to perform a series of dry,
over-ground walking trials while wearing each of the
two pairs of shoes provided, at a pace resembling how
they walk in the workplace. Optical motion capture
data was collected using reflective markers (Vicon 10
T40S cameras, Oxford, UK) at 120 Hz. There were 10
markers on the foot and ankle. In this study, the
reflective marker of interest was the heel marker
placed at the posterior-most point of the shoe, about
30 mm superior to the ground. Kinetic data was syn-
chronously collected using two force plates (Bertec
4060 A, Columbus, OH) at 1080 Hz. Up to 10 walking
trials with proper force plate contacts on both feet
were completed for each of the shoe types.

Following the gait assessment, participants were
asked to wear the provided shoes in their workplace,
alternating pairs each month so tread wear could be
measured in the lab during months where the shoes
were not worn by the participants. A pedometer, vali-
dated by Hunter et al. (2017) was attached to the right
shoe of each pair to track the distance walked per
month (MilestonePod, Milestone Sports, Columbia,
MD). After each month of wear, the tread volume
loss was measured using negative shoe heel molds.
The tread in the molds were filled with water at base-
line and after the month where the participants first
walked a total of at least 100 km. The change in mass
of the water between these measurements was

determined and converted to tread volume loss
(Hemler et al., 2021; Moghaddam et al., 2019). Wear
rate was calculated as the ratio of tread volume loss to
distance walked (based on the pedometer) at the first
month in which the 100 km threshold was reached.

2.3. Data and Statistical Analysis

Step time was the time difference between the right
foot contacting the first force plate and the left foot
contacting the second force plate of the subsequent
step. A threshold of 25N was used to identify foot
contact. Cadence was the reciprocal of the step time.
Step length was the distance between the right heel
marker and the left heel marker in the direction of
walking progression at each foot’s respective contact
time. Preferred walking speed was the ratio of step
length to step time. Means of these metrics were
obtained across all trials in which the participant had
proper force plate contacts for both feet.

Three linear regression analyses were conducted
with wear rate as the dependent variable. In each
model, one of the spatiotemporal gait characteristics
was a between-participant factor and the shoe type
was included as a within-participant factor. The effects
of the covariate, shoe type, are not described further
because this effect has been previously reported
(Hemler et al., 2021). Separate statistical analyses were
performed because of the covariation across the inde-
pendent variables. A significance level of o =0.05 was
used for all analyses.

3. Results

The mean (SD) number of trials per participant
included in the analysis was 9.5 (1.0) and ranged from
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Table 1. Descriptive statistics for each metric with units in

parentheses.

Metric Mean SD
Wear Rate (mm?>/km) 7.70 483
Cadence (steps/s) 1.83 0.19
Step Length (m) 0.76 0.06
Preferred Walking Speed (m/s) 1.39 0.20

6 to 10 trials. Descriptive statistics for each metric are
provided in Table 1. Participants wore the shoes for
1.6 (0.9) months before reaching the 100 km thresh-
old. All associations were non-significant: 1) between
cadence and wear rate (Figure 2A; F;;,=1.7,
p=0.208); 2) between step length and wear rate
(Figure 2B; F; ,=0.6, p=0.450); and 3) between pre-
ferred walking speed and wear rate (Figure 2C;
F117=1.7 p=0.204).

4, Discussion

We investigated the associations between spatiotemporal
gait characteristics and shoe wear rate. The hypotheses
that a lower cadence, longer step length, and increased
preferred walking speed would be associated with an
increased wear rate were not supported. These results
suggest that spatiotemporal gait characteristics may not
be well correlated with shoe wear rate, despite their pre-
viously reported mutual association with RCOF.

The mean values found here for the cadence, step
length, and preferred walking speed are similar to
those in other studies (Kim et al.,, 2005; Lockhart
et al.,, 2003). A supplemental statistical analysis found
no significant association (range of p-values: 0.052-
0.367) between each of the spatiotemporal gait charac-
teristics (cadence, step length, and preferred walking
speed) and the RCOF. This non-significant result was
unexpected since other studies found associations
between these factors and RCOF (Kim et al., 2005;
Yamaguchi & Masani, 2019). One potential explan-
ation is that the relationship between RCOF and spa-
tiotemporal factors may not be as strong in the non-
older adult population. Several studies (Anderson
et al, 2014; Kim et al., 2005; Yamaguchi & Masani,
2019) investigated differences in the gait metrics
within the context of aging and found a stronger rela-
tionship between RCOF and these spatiotemporal fac-
tors. However, we only included young to middle
aged participants. Previous research has shown that
heel contact velocity, whole body translational acceler-
ation (Lockhart et al., 2003), and angle of the center
of pressure relative to the center of mass (Yamaguchi
et al., 2013) may affect RCOF. Therefore, future stud-
ies may investigate the impact of these factors on
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Figure 2. Wear rate plotted against A) cadence, B) step length,
and C) preferred walking speed. Marker types represent
shoe type.

wear rate. The lack of association between the spatio-
temporal gait characteristics investigated in this study
and the RCOF may explain the lack of association
between these gait characteristics and wear rate.

There are a few limitations that should be men-
tioned. Kinetic and kinematic data were collected in a
laboratory setting, and the shoes were worn in the
participants’ workplaces. It is possible that the gait
mechanics of the participants varied in the laboratory
space compared to their workplaces. For example,
walking surfaces have been shown to affect
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individuals’ gait  spatiotemporal  characteristics
(Menant et al., 2009; Thies et al., 2005). This finding
indicates that individuals’ working conditions likely
affected their spatiotemporal characteristics and the
data from the controlled setting may not be as repre-
sentative. Further, the study only examined the partic-
ipants’ movements during straight, level walking. In
the workplace, the participants perform different
activities that could have altered wear. The use of
wearable technology to evaluate gait and other activ-
ities in the work environment may provide better pre-
dictions of shoe wear; a greater understanding of the
specific gait requirements of the individual partici-
pants would allow this variable to be controlled.
Additionally, the variety of industries, job tasks, and
working environments present in the study could
have increased variability and reduced the study’s abil-
ity to identify an effect. We do not expect strong gen-
der differences because the wear rate is not dependent
on body weight (Hemler et al, 2021), and prior
research has not indicated sex or gender differences in
the RCOF at moderate walking speeds (Burnfield &
Powers, 2003). Yet, there may be other aspects of sex
that influence the relationship between spatiotemporal
gait parameters and the wear rate. Therefore, the
over-representation of male participants could have
had an unexplained impact on the results. Additional
research with more equal representation of male and
female participants may address these issues. Finally,
shoe wear rate may not be linear, and repeated meas-
urements of wear may better capture these relation-
ships as shoes approach the need to be replaced.

In summary, this study demonstrated that the wear
rate of a shoe may not be associated with an individu-
al’'s cadence, step length, or preferred walking speed.
Walking kinetics, rather than kinematics, may be a
better indication of shoe wear rate. More advanced
metrics that identify gait kinetics may be needed to
predict the frequency at which employees require
footwear replacement.

Conflict of Interest

The authors declare no conflict of interest.

Acknowledgments

The authors would like to acknowledge the lab manager of
the Human Movement and Balance Laboratory, Jenna
Trout, the consulting statistician, Dr. Natasa Vidic, and the
students on the project who contributed to data collection
through testing the shoes and coordinating with the

participants: Ellen Martin, Bridget Moyer, Jessica Sider,
Johanna Siegel, Vani Sundaram, Claire Tushak, &
Paul Walter.

Funding

This study was funded by grants from the National Institute
for Occupational Safety & Health (NIOSH R0l OH
010940), the National Science Foundation (NSF GRFP
1747452), and the National Center for Research Resources
(NCRR S10RR027102). The contents of this paper are solely
the responsibility of the authors and do not necessarily rep-
resent the official views of the National Institute for
Occupational Safety & Health, the National Science
Foundation, or the National Center for Research Resources.

ORCID

Sarah C. Griffin
Sarah L. Hemler
Kurt E. Beschorner

http://orcid.org/0000-0002-1937-6652
http://orcid.org/0000-0002-0436-5256
http://orcid.org/0000-0002-3058-2617

References

Anderson, D. E., Franck, C. T., & Madigan, M. L. (2014).
Age differences in the required coefficient of friction dur-
ing level walking do not exist when experimentally-con-
trolling speed and step length. Journal of Applied
Biomechanics, 30(4), 542-546. https://doi.org/10.1123/jab.
2013-0275

Beschorner, K. E., Siegel, J. L., Hemler, S. L., Sundaram,
V. H., Chanda, A., Iraqi, A., Haight, J. M., & Redfern,
M. S. (2020). An observational ergonomic tool for assess-
ing the worn condition of slip-resistant shoes. Applied
Ergonomics, 88, 103140.

Burnfield, J. M., & Powers, C. M. (2003). Influence of age
and gender on utilized coefficient of friction during walk-
ing at different speeds. In Metrology of pedestrian locomo-
tion and slip resistance. ASTM International.

Chang, W.-R,, Chang, C.-C., & Matz, S. (2011). The effect
of transverse shear force on the required coefficient of
friction for level walking. Human Factors, 53(5), 461-473.

Chiou, S-y., Bhattacharya, A., & Succop, P. A. (1996). Effect
of workers’ shoe wear on objective and subjective assess-
ment of slipperiness. American Industrial Hygiene
Association Journal, 57(9), 825-831. https://doi.org/10.
1080/15428119691014503

Courtney, T. K., Sorock, G. S., Manning, D. P., Collins,
J. W., & Holbein-Jenny, M. A. (2001). Occupational slip,
trip, and fall-related injuries can the contribution of slip-
periness be isolated? Ergonomics, 44(13), 1118-1137.

Grongvist, R. (1995). Mechanisms of friction and assess-
ment of slip resistance of new and used footwear soles
on contaminated floors. Ergonomics, 38(2), 224-241.
https://doi.org/10.1080/00140139508925100

Hemler, S. L., Charbonneau, D. N., Iraqi, A., Redfern,
M. S., Haight, J. M., Moyer, B. E., & Beschorner, K. E.
(2019). Changes in under-shoe traction and fluid drain-
age for progressively worn shoe tread. Applied
Ergonomics, 80, 35-42.


https://doi.org/10.1123/jab.2013-0275
https://doi.org/10.1123/jab.2013-0275
https://doi.org/10.1080/15428119691014503
https://doi.org/10.1080/15428119691014503
https://doi.org/10.1080/00140139508925100

6 S. C. GRIFFIN

Hemler, S. L., Pliner, E. M., Redfern, M. S., Haight, J. M., &
Beschorner, K. E. (2020). Traction performance across
the life of slip-resistant footwear: preliminary results
from a longitudinal study. Journal of Safety Research, 74,
219-225. https://doi.org/10.1016/j.jsr.2020.06.005

Hemler, S. L., Sider, J. R., Redfern, M. S., & Beschorner,
K. E. (2021). Gait kinetics impact shoe tread wear rate.
).Gait & Posture, 86, 157-161.

Hunter, J. G., Miller, R. H., & Suydam, S. (2017). Accuracy
of a shoe-worn device to measure running mechanics
[Paper presentation]. 2017 American Society of
Biomechanics Annual Meeting.

Kim, S., Lockhart, T., & Yoon, H.-Y. (2005). Relationship
between age-related gait adaptations and required coeffi-
cient of friction. Safety Science, 43(7), 425-436.

Li, K. W., & Chen, C. J. (2005). Effects of tread groove
orientation and width of the footwear pads on measured
friction coefficients. Safety Science, 43(7), 391-405.
https://doi.org/10.1016/j.s5¢1.2005.08.006

Li, K. W, Wu, H. H.,, & Lin, Y.-C. (2006). The effect of
shoe sole tread groove depth on the friction coefficient
with different tread groove widths, floors, and contami-
nants. Applied Ergonomics, 37(6), 743-748. https://doi.
org/10.1016/j.apergo.2005.11.007

Liberty Mutual. (2020). Workplace Safety Index 2020.
Retrieved October 19, 2020, from https://viewpoint.liber-
tymutualgroup.com/article/2020-workplace-safety-index-the-
top-10-causes-of-disabling-injuries/

Lockhart, T. E.,, Woldstad, J. C., & Smith, J. L. (2003).
Effects of age-related gait changes on the biomechanics
of slips and falls. Ergonomics, 46(12), 1136-1160.

Menant, J. C., Steele, J. R., Menz, H. B., Munro, B. ], &
Lord, S. R. (2009). Effects of walking surfaces and foot-
wear on temporo-spatial gait parameters in young and

older people. Gait & Posture, 29(3), 392-397. https://doi.
org/10.1016/j.gaitpost.2008.10.057

Moghaddam, S. R. M., Hemler, S. L., Redfern, M. S., Jacobs,
T. D., & Beschorner, K. E. (2019). Computational model
of shoe wear progression: Comparison with experimental
results. Wear, 422-423, 235-241. https://doi.org/10.1016/j.
wear.2019.01.070

ShoesForCrews. (2019). Shoe care and cleaning tips.
Retrieved January 18, 2019, from https://www.shoesfor-
crews.com/sfc3/index.cfm?changeWebsite=US_en&route=
inserts.QA/cleaning_caring

Sundaram, V. H., Hemler, S. L., Chanda, A., Haight, J. M,,
Redfern, M. S., & Beschorner, K. E. (2020). Worn region
size of shoe outsole impacts human slips: Testing a
mechanistic model. Journal of Biomechanics, 109797.

Thies, S. B., Richardson, J. K., & Ashton-Miller, J. A.
(2005). Effects of surface irregularity and lighting on step
variability during gait: A study in healthy young and
older women. Gait & Posture, 22(1), 26-31. https://doi.
org/10.1016/j.gaitpost.2004.06.004

Verma, S. K., Zhao, Z., Courtney, T. K., Chang, W.-R,,
Lombardi, D. A., Huang, Y.-H., Brennan, M. J., & Perry,
M. J. (2014). Duration of slip-resistant shoe usage and
the rate of slipping in limited-service restaurants: results
from a prospective and crossover study. Ergonomics,
57(12), 1919-1926.

Yamaguchi, T., & Masani, K. (2019). Effects of age-related
changes in step length and step width on the required coef-
ficient of friction during straight walking. Gait & Posture,
69, 195-201. https://doi.org/10.1016/j.gaitpost.2019.02.005

Yamaguchi, T., Yano, M., Onodera, H., & Hokkirigawa, K.
(2013). Kinematics of center of mass and center of pres-
sure predict friction requirement at shoe-floor interface
during walking. Gait & Posture, 38(2), 209-214. https://
doi.org/10.1016/j.gaitpost.2012.11.007


https://doi.org/10.1016/j.jsr.2020.06.005
https://doi.org/10.1016/j.ssci.2005.08.006
https://doi.org/10.1016/j.apergo.2005.11.007
https://doi.org/10.1016/j.apergo.2005.11.007
https://viewpoint.libertymutualgroup.com/article/2020-workplace-safety-index-the-top-10-causes-of-disabling-injuries/
https://viewpoint.libertymutualgroup.com/article/2020-workplace-safety-index-the-top-10-causes-of-disabling-injuries/
https://viewpoint.libertymutualgroup.com/article/2020-workplace-safety-index-the-top-10-causes-of-disabling-injuries/
https://doi.org/10.1016/j.gaitpost.2008.10.057
https://doi.org/10.1016/j.gaitpost.2008.10.057
https://doi.org/10.1016/j.wear.2019.01.070
https://doi.org/10.1016/j.wear.2019.01.070
https://www.shoesforcrews.com/sfc3/index.cfm?changeWebsite=US_en&route=inserts.QA/cleaning_caring
https://www.shoesforcrews.com/sfc3/index.cfm?changeWebsite=US_en&route=inserts.QA/cleaning_caring
https://www.shoesforcrews.com/sfc3/index.cfm?changeWebsite=US_en&route=inserts.QA/cleaning_caring
https://doi.org/10.1016/j.gaitpost.2004.06.004
https://doi.org/10.1016/j.gaitpost.2004.06.004
https://doi.org/10.1016/j.gaitpost.2019.02.005
https://doi.org/10.1016/j.gaitpost.2012.11.007
https://doi.org/10.1016/j.gaitpost.2012.11.007

	OCCUPATIONAL APPLICATIONS
	Introduction
	Methods
	Participants
	Experimental Protocol
	Data and Statistical Analysis

	Results
	Discussion
	Conflict of Interest
	Acknowledgments
	Funding
	Orcid
	References


