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Abstract

Tap dance generates forces and joint motions that can lead to injury; however, little is

known about the magnitude of load across different tap steps. The purpose of this study

was to calculate peak vertical forces, average vertical foot velocities, and maximum/mini-

mum ankle angles produced by tap dancers with different levels of experience performing

the toe cannon, heel cannon, flap, and cramp roll. This prospective cross-sectional study

included 14 female tap dancers aged�18 years with varying tap experience. Participants

were recorded by three cameras while performing a choreographed tap combination con-

taining four steps of interest on a force platform. Adjusting for experience and dancer-level

clustering, we identified the steps—cramp roll and toe cannon—that had the highest peak

vertical ground reaction force, angles, and velocities compared to flap and heel cannon.

There was no effect of experience. The results supported our hypothesis and provide new

insights into step production. Over time, the larger forces associated with these steps could

pose an increased risk of injury to bones and joints when compared to smaller forces, which

may suggest the importance of adjusting routines to reduce or avoid injury.

Introduction

Tap dance is a common recreational and professional art form that is characterized by lower

extremity percussion. Integral to this lower extremity percussion are kinetic (ground reaction

forces) and kinematic (limb velocities and joint angles) variables that influence the loads that

the body experiences. Specifically, tap dancing generates ground reaction forces from loads

applied by the body to the ground that can be injurious to bones and joints [1–3]. The peak

vertical foot velocity (rate of descent of the foot) and ankle angles produced may vary by tap

step and can have a strong effect on the ground reaction forces produced and resulting loads

that the body experiences [4]. As a result of these recurring loads, tap dancers, like other danc-

ers, are susceptible to potentially career-ending musculoskeletal injuries [5–14]. These injuries

may be acute or chronic due to accumulated micro-trauma resulting from incorrect technique,

lack of training or experience, and/or repetitive loads [3, 5, 7, 12, 14]. In fact, when compared

to classical ballet (44.4%), jazz/contemporary (37.0%), and street dancers (41.2%), tap/folk

dancers had the highest proportion (64.7%) of injuries ascribed to overuse [5].

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0303070 May 29, 2024 1 / 10

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Polascik BA, Jiang Y, Schmitt D (2024)

Step type is associated with loading and ankle

motion in tap dance. PLoS ONE 19(5): e0303070.

https://doi.org/10.1371/journal.pone.0303070

Editor: Nili Steinberg, The Wingate College of

Physical Education and Sports Sciences at the

Wingate Institute, IL, ISRAEL

Received: September 11, 2023

Accepted: April 19, 2024

Published: May 29, 2024

Copyright: © 2024 Polascik et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the paper and Supporting Information files.

Funding: The author (BAP) was supported in part

by the Duke Undergraduate Research Support

Independent Study Grant. The other authors (YJ,

DS) do not have any declaration of potential

competing interest and none of the authors declare

issues relating to journal policies. The funders had

no role in study design, data collection and

analysis, decision to publish, or preparation of the

manuscript.

https://orcid.org/0000-0003-4275-8621
https://orcid.org/0000-0002-4176-0175
https://doi.org/10.1371/journal.pone.0303070
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0303070&domain=pdf&date_stamp=2024-05-29
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0303070&domain=pdf&date_stamp=2024-05-29
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0303070&domain=pdf&date_stamp=2024-05-29
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0303070&domain=pdf&date_stamp=2024-05-29
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0303070&domain=pdf&date_stamp=2024-05-29
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0303070&domain=pdf&date_stamp=2024-05-29
https://doi.org/10.1371/journal.pone.0303070
http://creativecommons.org/licenses/by/4.0/


Little is currently known about the biomechanics of tap dance. Mayers et al. (2010) found

that in a group of professional tap dancers, the mean vertical ground reaction force was

2.06 ± 0.55% body weight (%BW) for each step studied (flaps, cramp rolls, pullbacks, and a

self-selected “challenging” sequence) [15]. They speculated that force levels vary with experi-

ence but highlighted the need for further study. Rocha et al. (2017) explored joint range of

motion in experienced tap dancers performing nerve beats, brush stamps, and heel ball walk

tap steps and found that the knee and ankle had greater amplitudes of movement than the hip

in all three steps [16]. While these studies form a solid foundation for understanding the link

between tap dance, experience, and biomechanical variables that may increase forces leading

to injury, much remains to be explored. For example, individual tap steps may produce dis-

tinct ranges of motion at different joints as well as vertical foot velocities (vertical descent mea-

sured from an ankle marker in the sagittal plane), influencing the ground reaction forces

generated and thus potential for injury over time, but to our knowledge this has not yet been

studied extensively in the literature.

Therefore, we aimed to calculate peak vertical forces, average vertical foot velocities, and

maximum/minimum ankle angles produced by tap dancers with different levels of experience

performing the toe cannon, heel cannon, flap, and cramp roll within a choreographed combi-

nation. We hypothesized (H1) that foot velocity and foot position would affect foot loading

during tap dancing. Based on that, we predicted (P1) that cramp rolls and toe cannons because

of their foot positions and rapidity would produce the greatest peak vertical forces, average

vertical foot velocities, and maximum and minimum ankle angles compared to other step

types. We also hypothesized (H2) that experience would affect foot loading. We predicted (P2)

that peak vertical ground reaction forces will decrease with experience.

Methods

Participants

Fourteen tap dancers volunteered. Subject demographics were as follows (age: mean 20 ± 1.6

years, range 8–24 years; gender: 100% female; weight: 64.8 ± 15.2 kg, height 1.6 ± 0.1 m).

Dancers were recruited between August 1, 2017 and January 30, 2018, from emails, fliers, and

phone calls to dance studios, universities/colleges, and professional dance groups across the

state of [removed for blind review]. Those who were<18 years old, had<6 mo of experience,

had not danced within the last 4 years, or who had sustained musculoskeletal injuries or other

injuries that caused participants to refrain from dancing (information collected through par-

ticipant self-report) within the last 6 months were excluded. There was no restriction on gen-

der, however, no males volunteered for the study. This study was approved by the

Investigational Review Board for Human Research (E0130) at [removed for blind review].

Written informed consent was obtained from all participants.

Measures

Two questionnaires were developed and used in this study. The first was a written 10-question

pre-study survey that assessed participants’ tap dance experience (years), tap dance history,

and the presence or absence of current musculoskeletal injuries (Fig 1). The second was a

post-study survey consisting of two questions (1. Did any of the tap steps in the combination

hurt when you performed them? Please be specific. 2. Did you feel uncomfortable dancing

with the equipment during the trials? Please explain.) that assessed subjects’ level of discom-

fort, if any, during the study.
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Fig 1. Survey assessing tap dance experience and presence or absence of current injuries.

https://doi.org/10.1371/journal.pone.0303070.g001
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Design and procedures

Four tap steps were studied: toe cannon, cramp roll, flap, and heel cannon (Table 1). These are

all common dance steps that were selected to be easy for any dancer to learn and to isolate dif-

ferent parts of the heel and toe: the cramp roll uses the ball and heel, the flap isolates the brush

forward and slapping movement, the toe cannon incorporates the front edge of the toe, and

the heel cannon incorporates the back edge of the heel.

Two different tap combinations of equal duration and difficulty were choreographed in

advance by a tap dancer with over a decade of experience ([removed for blind review]). Each

of the two combinations contained the four tap steps to be evaluated (performed on the right

side), interspersed with common beginner tap steps that were not being studied. The goal of

this integration was to mirror a realistic setting in which tap steps are performed within a cho-

reographed sequence. Subjects were not told which steps within the combination were being

studied and thus were not aware that these four steps were specifically being evaluated. Each

subject was randomly assigned to one of the two combinations and was given a pre-recorded

instructional video made by the researcher ([removed for blind review]) to learn and practice

their assigned combination one week before arriving to their scheduled study session.

The study was conducted at [removed for blind review]. Subjects wore tight-fitting, dark

clothing and their personal tap shoes. Reflective motion capture markers (Bausch & Lomb

Engineering, Santa Ana, California, USA) were placed in six locations on the right side of the

body: lateral 5th metatarsal head, lateral malleolus, lateral femoral condyle, lateral iliac crest,

and greater trochanter. Subjects performed their designated combination on two Advanced

Medical Technology, Inc. (AMTI) force plates (Sampling frequency 1200 Hz; OR6 -7-OP-

1000; 508 cm x 464 cm x 82.5 cm each; Advanced Mechanical Technology, Inc., Watertown,

Massachusetts, USA) which output force (Newtons) in three orthogonal directions. The two

force plates were positioned as close together as possible without touching, so the subject

could comfortably keep one foot on each plate. Subjects were allowed to warm up in their nor-

mal manner and practice the tap combination on the force plates to become familiar with the

setting. If the subject felt uncomfortable or expressed any concern about the surface, they were

allowed to leave the study.

Once the subject was ready, three Go Pro Hero Blacks (120 Hz; Go Pro, Inc., San Mateo,

CA, USA) positioned on the ventral and lateral sides of the subject recorded all activity. Two

cameras (ventral and lateral) recorded the full body, while the third (lateral) was zoomed in on

the feet. The cameras were calibrated using a static calibration star (Peak Performance Tech-

nologies, Inc., Englewood, CO, USA). Each trial began with three right-foot stomps by the sub-

ject on the right force plate. The stomps were visible on the video and recorded by the force

plate, allowing precise synchronization of video and force data. The subject performed three

trials, with each trial consisting of the subject performing their designated combination one

Table 1. The four tap steps studied; Videos of each step: https://drive.google.com/drive/folders/

1xZlw18eb71hMH0fJLD4QLSiaoRw0UCGh?usp=sharing.

Step Definition

Toe cannon jumping then landing the tip of the right toe, tip of the left toe, ball of the right foot, then ball of the

left foot

Cramp roll landing the ball of the right foot, ball of the left foot, heel of the right foot, heel of the left foot in quick

succession to produce a four-sound step like a horse gallop or drum roll

Flap brush forward with the right ball of the foot followed by stepping on the right ball of the foot

Heel

cannon

four digs of the heel in quick succession (right, left, right, left) followed by a step on the right foot,

where a dig is hitting the back edge of the heel to the ground, as if trying to dig a shovel in the ground

https://doi.org/10.1371/journal.pone.0303070.t001
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time through at a self-determined relaxed pace. The goals of using a relaxed pace were twofold:

to gain an understanding of the forces generated in even the more casual tap dance scenarios

and to allow tap dancers of all levels of experience to successfully perform the combination.

The force plates recorded ground reaction forces for the four selected tap steps. The video

data were used for positioning (x, y position of the body and body segments), spatiotemporal

(timing), and kinematic (angles and velocities) data. Force data was transferred to MATLAB

(The MathWorks, Inc., Natick, Massachusetts, USA) using purpose-written code to find the

peak values for the ground reaction force for each impact of the foot during each of the four

steps (Newtons, normalized to weight). The peak values for each step type were then averaged

between the 3 trials for each subject. Kinematic data from the video cameras were transferred

to DLT dataviewer within MATLAB [17], and x, y coordinates were digitized for the metatar-

sal, ankle, knee, and hip on the right side. Maximum and minimum ankle angle (degrees) and

average velocity (m/s) of the foot were calculated during the four tap steps using MATLAB.

Specifically, ankle angle was calculated by measuring the angles created between the 5th meta-

tarsal head, lateral malleolus, and lateral femoral condyle markers during the tap step in ques-

tion. Velocity was calculated by averaging the rates of vertical descent of an ankle marker from

the start of the movement (beginning of vertical descent) to the generation of the ground reac-

tion force for each force-generating movement within a tap step.

Statistical analysis

We observed three replicates for each step type for our fourteen participants, resulting in 42

observations for each step type. For each of the five continuous outcomes of interest (vertical

peak force, average velocity, minimum ankle angle, maximum ankle angle, and range of

motion), we fit a linear model with the step type as the main predictor of interest, additionally

adjusting for years of experience. Liang-Zeger (clustered) standard errors were used to account

for correlation induced by within-participant clustering [18]; in the case of non-constant resid-

ual variance, a sensitivity analysis using Huber-White (heteroskedasticity-robust) standard

errors was conducted to evaluate robustness of conclusions to assumption violations [19].

Step-down conditional contrasts were estimated to examine pairwise comparisons adjusting

for experience and were adjusted for multiplicity using the Bonferroni-Holm method [20]. A

linear mixed model with random intercepts by participant was considered as a modeling

approach but was ultimately decided against because of concerns regarding model assump-

tions for the hierarchical structure not being met. All analyses were conducted at a significance

level of 0.05 using R version 4.1.1 [21].

Results

Demographics and survey data

Half of the dancers (n = 7) started dancing when they were 5 years old or younger, while others

started at 5–10 years old (n = 5), 11–15 years old (n = 1), and 16–20 years old (n = 1). All but

two dancers were still tap dancing at the time of the study. These two dancers stopped dancing

because of other commitments, not because of injury, and were included as they had danced

within the past 4 years. Experience level was determined by years of tap dance experience,

which ranged from 3 to 19 years (mean 14 years; SD 4.7 years).

Forces, velocities, and ankle angles

Table 2 demonstrates the peak vertical forces, average vertical velocities and minimum and

maximum ankle angles by step type. In Table 3, we display pair-wise differences in each of the
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four measurements between the six combinations of steps, adjusted for years of experience

(e.g., “C-F” indicates the difference between cramp roll and flap).

Models for peak vertical force and average vertical velocity displayed evidence of non-con-

stant variance; however, in using Huber-White standard errors as a sensitivity analysis, neither

coefficient nor standard error estimates changed appreciably, and all conclusions remained

the same. Flaps and heel cannons tended to have lower peak vertical force, average vertical

velocity, and maximum ankle angle compared to toe cannons and cramp rolls. In examining

pairwise comparisons adjusted for years of experience and dancer-level clustering, toe can-

non–flap, toe cannon–heel cannon, and cramp roll–flap differences in both peak vertical force

and average vertical velocity were statistically significant, with toe cannons having lower peak

vertical force and average vertical velocity compared to flaps or heel cannons, and cramp rolls

having higher peak vertical force and average vertical velocity compared to flaps. We addition-

ally identified statistically significantly higher peak vertical force in cramp rolls compared to

heel cannons, and statistically significantly lower average vertical velocity in cramp rolls com-

pared to toe cannons.

Minimum ankle angles were similar across all four steps, with no statistically significant

pairwise differences identified, but all differences apart from cramp roll–flap were statistically

Table 2. Peak vertical forces, average vertical velocities, and minimum and maximum ankle angles, by step type.

Toe Cannon Cramp Roll Flap Heel Cannon

Mean (SD), Mean (SD), Mean (SD), Mean (SD),

Min.–Max. Min.–Max. Min.–Max. Min.–Max.

Peak Vertical Force (% body weight) 1.10 (0.59), 1.12 (0.44), 0.79 (0.20), 0.81 (0.27),

0.15–4.04 0.28–2.48 0.55–1.36 0.47–1.63

Average Vertical Velocity (m/s) 0.81 (0.58), 0.56 (0.40), 0.32 (0.20), 0.42 (0.34),

0.20–3.08 0.15–1.85 0.09–0.89 0.11–2.04

Min. Ankle Angle (Degrees) 95.0 (9.58), 92.1 (8.30), 95.6 (9.27), 93.4 (7.16),

71.9–112.2 74.7–106.47 75.5–114.3 79.1–107.8

Max. Ankle Angle (Degrees) 155.0 (11.0), 133.9 (9.59), 130.8 (10.6), 111.4 (6.60),

135.3–178.6 116.3–151.2 101.6–146.9 96.6–123.9

https://doi.org/10.1371/journal.pone.0303070.t002

Table 3. Pairwise differences in peak vertical forces, average vertical velocities, and minimum and maximum ankle angles, adjusted for years of experience.

Difference* (SE), p-value Peak Vertical Force Avg. Vertical Velocity Min. Ankle Angle Max. Ankle Angle

C–F 0.332 (0.103) 0.239 (0.060) -3.508 (1.290) 3.146 (3.434)

p = 0.007 p = 0.002 p = 0.018 p = 0.380

C–H 0.313 (0.084) 0.141 (0.046) -1.312 (1.274) 22.54 (2.488)

p = 0.002 p = 0.009 p = 0.322 p < 0.001

C–T -0.028 (0.123) -0.248 (0.060) -2.931 (1.381) -21.08 (2.379)

p = 0.833 p = 0.001 p = 0.054 p < 0.001

F–H -0.018 (0.045) -0.098 (0.048) 2.196 (1.070) 19.40 (2.358)

p = 0.692 p = 0.063 p = 0.061 p < 0.001

F–T -0.359 (0.104) -0.487 (0.093) 0.577 (1.729) -24.22 (3.871)

p = 0.004 p < 0.001 p = 0.744 p < 0.001

H–T -0.341 (0.094) -0.389 (0.062) -1.619 (1.932) -43.62 (3.036)

p = 0.003 p < 0.001 p = 0.417 p < 0.001

*Adjusted for years of experience; Bold indicates statistically significant adjusted difference at Bonferroni-Holm-corrected 0.05 significance level. C: Cramp Roll; F:

Flap; H: Heel Cannon; T: Toe Cannon

https://doi.org/10.1371/journal.pone.0303070.t003
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significant regarding maximum ankle angle. Range of motion tended to be lower in flaps and

heel cannons compared to cramp rolls and toe cannons, with toe cannons having the highest

range of motion among all four steps. This was primarily driven by differences in the maxi-

mum angle degree.

Discussion

We aimed to calculate peak vertical forces, average vertical foot velocities, and maximum/min-

imum ankle angles produced by tap dancers with different levels of experience performing the

toe cannon, heel cannon, flap, and cramp roll within a choreographed combination. Our

results demonstrate that toe cannons and cramp rolls tended to have higher peak vertical

forces, average vertical velocities, and maximum ankle angles when compared to flaps and heel

cannons, with several statistically significant pairwise differences. Over time with repetition,

the larger forces generated by toe cannons and cramp rolls could pose increased risk of overuse

injury to bones and joints when compared to smaller forces [1, 3]. Furthermore, the execution

of toe cannons and cramp rolls requires the ankle to be in a loose-packed joint position, which

is unstable, possibly increasing the risk of acute mechanical injury or ligamentous/muscular

injury from sprains, but further study is warranted.

Our results are consistent with Mayers et al. (2010), who looked at flaps, cramp rolls, pull-

backs, and a dancer-selected sequence, and found that in a group of professional tap danc-

ers, the mean peak ground reaction force was significantly higher in cramp rolls (2.39 BW)

than in flaps (1.53 BW) [15]. One point of interest is that our cramp roll and flap peak verti-

cal ground reaction forces were lower (1.1% BW) than those found by Mayers et al. (2010).

This may be explained by many variables. The studies were conducted in different settings,

with our use of two force plates vs one used by Mayers constituting a larger or more restric-

tive dance space. Mayers also had participants repeat each step 4–8 times in succession

while our steps were integrated into a combination. This may have produced different

weight shifts that altered the forces measured. The foot velocity was guided by a metronome

in Mayers’ study while ours was at self-selected relaxed pace, which could have influenced

the differences. Our results therefore may be an underestimate or a broader picture of what

dancers are experiencing. The tap steps chosen in our study were all fairly simple and it is

likely that forces, velocities, and angles may be different if looking at more advanced steps

with greater emphasis on jumping or speed. However, the patterns of increased force are

consistent. Future study to further elucidate these differences is warranted. Our study added

to Mayers’ findings in a few ways. First, we studied two additional common tap steps—toe

cannons and heel cannons—that, to our knowledge, have not yet had this analysis in the lit-

erature since little currently exists on the forces generated by different tap steps. Second, the

subjects in our study were younger nonprofessional athletes with different levels of experi-

ence and training, whereas the subjects in Mayers et al. (2010) were all professional tap

dancers, resulting in a different study population.

We also found that experience does not explain the variation in force, velocity, or ankle

angle. To our knowledge, this is the first study in the tap literature to examine the impact of

experience on these biomechanical variables. This does not entirely agree with the proposi-

tion by Mayers et al (2010), who found some effect of experience and with Rocha et al

(2017) who found improved motor control in experienced dances. However, our data are

consistent with, Klopp (2017) who found that Irish dancers’ experience level was not corre-

lated with peak force generated during Irish dance landings [22]. This is clearly an area that

deserves further study.
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Biomechanics have been studied in other styles of dance including ballet, modern, Irish,

Flamenco, and Bharatanatyam, among others [23–25]. Irish dancers, for example, experience

ground reaction forces of up to 4.5 times body weight when performing the rock step [6, 26].

Similarly, Bharatanatyam dancers generate ground reaction forces of 4–5 times body weight

when performing the tatta adavu step [27]. Our study demonstrated ground reaction forces of

up to 1.1% body weight when performing the cramp roll and the toe cannon. Although these

other dance styles focus on percussive rhythms of the lower extremity as does tap dance, vari-

able methods, dance steps, and units of measurement limit the ability to make direct compari-

sons. For example, the tatta adavu step constitutes forceful slamming of the flat foot on the

ground. This is a very different movement from any of the tap steps studied in this study, but

may merit a more direct comparison to a flat foot tap stomp in a future study. However, this

provides a general understanding of the variability in forces produced by different dance styles

and further underscores the need for future research.

Our study had several limitations. First, while our study population was representative of

tap dancers with a range of experience, recruitment of novice dancers proved challenging.

Inclusion of even more beginners in future studies may be warranted. Second, since the setup

was not a completely natural environment in which one would normally tap dance, it is possi-

ble that dancers may have slightly modified their movements. However, in the post-study sur-

vey, all dancers reported that they did not feel that their performance was inhibited by the

setup or the equipment and had only minor comments about markers or tape, so the effect of

this on the results was likely minimal. Third, we used years of tap dancing as a measure of

experience because it is an objective foundation from which to begin investigation. Future

studies may use a more nuanced definition of experience, such as subjective skill level as deter-

mined by a panel of professional tap dancers or a combination of years of experience, aesthet-

ics, sound, and quality of training. Fourth, there was no data to specify the pace each dancer

utilized for their “self-selected relaxed pace.” Although a self-selected relaxed pace was chosen

to address specific concerns as mentioned in the methods section, this provides an opportunity

for future studies to look at differences when performing tap steps at various predetermined

speeds. In addition, we report ankle angles across steps but not in reference to each person’s

neutral position, which was not recorded in a static stance. Finally, we chose to study simple

tap steps with minimal weight transference because they represent common tap steps that

most beginners would be able to perform easily with one foot on each force plate in a practice

setting. We also focused our analysis on the right side of the body for consistency and to mini-

mize variance as the vast majority of the participants were right side dominant. Future studies

may build upon these findings by studying more complex tap steps with greater weight trans-

ference or left-right differences.

Conclusions

In conclusion, this study builds on the existing literature to further explore the forces, veloci-

ties, and ankle angles produced in tap dance as well as their relationship to years of experience.

The findings demonstrate that cramp rolls and toe cannons are overall higher impact steps in

terms of forces, velocities, and maximum ankle angles generated than heel cannons and flaps

and that the magnitude of peak vertical force is not correlated with experience. Knowledge

gained from this study increases our understanding of the biomechanics of tap dance in tap

dancers with varying levels of experience. Tap dancers and instructors of all experience levels

could potentially utilize these findings to aid in the development of lower- or higher-impact

choreography. Knowledge gained in this study may also supplement understanding of similar

impacts generated during other types of human performance and facilitate future study about

how these variables may influence risk of injury in tap dancers.

PLOS ONE Forces in tap dance

PLOS ONE | https://doi.org/10.1371/journal.pone.0303070 May 29, 2024 8 / 10

https://doi.org/10.1371/journal.pone.0303070


Supporting information

S1 Data.

(XLSX)

Author Contributions

Conceptualization: Breanna A. Polascik, Daniel Schmitt.

Data curation: Breanna A. Polascik, Daniel Schmitt.

Formal analysis: Breanna A. Polascik, Yue Jiang, Daniel Schmitt.

Funding acquisition: Breanna A. Polascik.

Investigation: Breanna A. Polascik, Daniel Schmitt.

Methodology: Breanna A. Polascik, Yue Jiang, Daniel Schmitt.

Project administration: Breanna A. Polascik, Daniel Schmitt.

Supervision: Daniel Schmitt.

Visualization: Daniel Schmitt.

Writing – original draft: Breanna A. Polascik, Daniel Schmitt.

Writing – review & editing: Breanna A. Polascik, Yue Jiang, Daniel Schmitt.

References
1. Radin E. L. (1972). The physiology and degeneration of joints. Seminars in Arthritis and Rheumatism, 2

(3), 245–257. https://doi.org/10.1016/0049-0172(72)90010-8 PMID: 4581668

2. Voloshin A, Wosk J. Impulse attenuation in the human body. Biomed Sci Instrum. 1980; 16:55–59.

PMID: 7407306

3. Edwards W. B. (2018). Modeling overuse injuries in sport as a mechanical fatigue phenomenon. Exer-

cise and Sport Sciences Reviews, 46(4), 224–231. https://doi.org/10.1249/JES.0000000000000163

PMID: 30001271

4. Chi K., & Schmitt D. (2005). Mechanical energy and effective foot mass during impact loading of walking

and running. Journal of Biomechanics, 38(7), 1387–1395. https://doi.org/10.1016/j.jbiomech.2004.06.

020 PMID: 15922749

5. Campoy FA, Coelho LR, Bastos FN, et al. Investigation of risk factors and characteristics of dance

injuries. Clin J Sport Med. 2011; 21:493–498. https://doi.org/10.1097/JSM.0b013e318230f858 PMID:

22011795

6. Hincapie CA, Morton EJ, Cassidy JD. Musculoskeletal injuries and pain in dancers: a systematic review.

Arch Phys Med Rehabil. 2008; 89:1819–1829. https://doi.org/10.1016/j.apmr.2008.02.020 PMID:

18760170

7. Macintyre J, Joy E. Foot and ankle injuries in dance. Clin Sports Med. 2000; 19:351–368. https://doi.

org/10.1016/s0278-5919(05)70208-8 PMID: 10740764

8. Lampe J, Groneberg DA, Borgetto B, Ohlendorf D, Wanke EM. Assessment of musculoskeletal pain in

dance focusing on dance-style related differences. Phys Sportsmed. 2019:1–8. https://doi.org/10.1080/

00913847.2019.1613120 PMID: 31099296

9. Allen N, Ribbans W, Nevill A, Wyon M. Musculoskeletal Injuries in Dance: A Systematic Review. Int J

Phys Med Rehabil. 2014.

10. Bronner S, Ojofeitimi S, Rose D. Injuries in a modern dance company: effect of comprehensive man-

agement on injury incidence and time loss. Am J Sports Med. 2003; 31:365–373. https://doi.org/10.

1177/03635465030310030701 PMID: 12750128

11. Hinkamp D, Morton J, Krasnow DH, et al. Occupational Health and the Performing Arts: An Introduction.

J Occup Environ Med. 2017; 59:843–858. https://doi.org/10.1097/JOM.0000000000001052 PMID:

28692606

PLOS ONE Forces in tap dance

PLOS ONE | https://doi.org/10.1371/journal.pone.0303070 May 29, 2024 9 / 10

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0303070.s001
https://doi.org/10.1016/0049-0172(72)90010-8
http://www.ncbi.nlm.nih.gov/pubmed/4581668
http://www.ncbi.nlm.nih.gov/pubmed/7407306
https://doi.org/10.1249/JES.0000000000000163
http://www.ncbi.nlm.nih.gov/pubmed/30001271
https://doi.org/10.1016/j.jbiomech.2004.06.020
https://doi.org/10.1016/j.jbiomech.2004.06.020
http://www.ncbi.nlm.nih.gov/pubmed/15922749
https://doi.org/10.1097/JSM.0b013e318230f858
http://www.ncbi.nlm.nih.gov/pubmed/22011795
https://doi.org/10.1016/j.apmr.2008.02.020
http://www.ncbi.nlm.nih.gov/pubmed/18760170
https://doi.org/10.1016/s0278-5919%2805%2970208-8
https://doi.org/10.1016/s0278-5919%2805%2970208-8
http://www.ncbi.nlm.nih.gov/pubmed/10740764
https://doi.org/10.1080/00913847.2019.1613120
https://doi.org/10.1080/00913847.2019.1613120
http://www.ncbi.nlm.nih.gov/pubmed/31099296
https://doi.org/10.1177/03635465030310030701
https://doi.org/10.1177/03635465030310030701
http://www.ncbi.nlm.nih.gov/pubmed/12750128
https://doi.org/10.1097/JOM.0000000000001052
http://www.ncbi.nlm.nih.gov/pubmed/28692606
https://doi.org/10.1371/journal.pone.0303070


12. Russell JA. Preventing dance injuries: current perspectives. Open Access J Sports Med. 2013;

4:199–210. https://doi.org/10.2147/OAJSM.S36529 PMID: 24379726

13. Wiesler ER, Hunter DM, Martin DF, Curl WW, Hoen H. Ankle flexibility and injury patterns in dancers.

Am J Sports Med. 1996; 24:754–757. https://doi.org/10.1177/036354659602400609 PMID: 8947396

14. Mayers LJ D.; Bronner S. The prevalence of injury among tap dancers. Journal of Dance Medicine &

Science. 2003; 7:121–125.

15. Mayers L, Bronner S, Agraharasamakulam S, Ojofeitimi S. Lower extremity kinetics in tap dance.

J Dance Med Sci. 2010; 14:3–10. PMID: 20214849

16. Rocha P, McClelland J, Sparrow T, Morris ME. The biomechanics and motor control of tap dancing.

J Dance Med Sci. 2017; 21:123–129. https://doi.org/10.12678/1089-313X.21.3.123 PMID: 28871904

17. Hedrick TL. Software techniques for two- and three-dimensional kinematic measurements of biological

and biomimetic systems. Bioinspir Biomim. 2008; 3:034001. https://doi.org/10.1088/1748-3182/3/3/

034001 PMID: 18591738

18. Kung-Yee L, Zeger SL. Longitudinal data analysis using generalized linear models. Biometrika. 1986;

73:13–22.

19. White H. A Heteroskedasticity-Consistent Covariance Matrix Estimator and a Direct Test for Heteroske-

dasticity. Econometrica. 1980; 48:817–838.

20. Holm S. A simple sequentially rejective multiple test procedure. Scandinavian Journal of Statistics.

1979; 6:65–70.

21. R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical

Computing, Vienna, Austria. 2021.

22. Klopp SE. Ground Reaction Forces for Irish Dance Landings in Hard and Soft Shoes. Brigham Young

University ScholarsArchive. 2017.

23. Krasnow D, Wilmerding MV, Stecyk S, Wyon M, Koutedakis Y. Biomechanical research in dance: a

literature review. Med Probl Perform Art. 2011; 26:3–23. PMID: 21442132

24. Wilson M, Kwon YH. The role of biomechanics in understanding dance movement: a review. J Dance

Med Sci. 2008; 12:109–116. PMID: 19618586

25. Vargas-Macı́as A., Baena-Chicón I., Gorwa J., Michnik R. A., Nowakowska-Lipiec K., Gómez-Lozano
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