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Lower Extremity Kinetics in Tap Dance

Lester Mayers, M.D., Shaw Bronner, PT., Ph.D., O.C.S., Sujani Agraharasamakulam, M.S.,

and Sheyi Ojofeitimi, M.PT.

Abstract

Tap dance is a unique performing art
utilizing the lower extremities as percus-
sion instruments. In a previous study
these authors reported decreased injury
prevalence among tap dancers compared
to other dance and sports participants.
No biomechanical analyses of tap dance
exist to explain this finding. The purpose
of the current pilot study was to provide
a preliminary overview of normative
peak kinetic and kinematic data, based
on the hypothesis that tap dance gen-
erates relatively low ground reaction
forces and joint forces and moments.
Six professional tap dancers performed
four common tap dance sequences that
produced data captured by the use of a
force platform and a five-camera mo-
tion analysis system. The mean vertical
ground reaction force for all sequences
was found to be 2.06 £ 0.55 BW. Mean
peak sagittal, frontal, and transverse
plane joint moments (hip, knee, and
ankle) ranged from 0.07 to 2.62 N.m/
kg. These small ground reaction forces
and joint forces and moments support
our hypothesis, and may explain the
relatively low injury incidence in tap
dancers. Nevertheless, the analysis is
highly complex, and other factors re-
main to be studied and clarified.

and modern dance,"® with inci-

dence and prevalence similar to
that found in inter-collegiate sports'
and high risk occupations.'' Reported
ballet and modern dance injury rates
range from 0.62 to 18.3/1000 hours
of exposure. The existing research
strongly indicates that dance injuries
predominantly involve the lower
extremity and lumbar spine, and are
mainly the result of cumulative mi-
crotrauma (overuse).

In a previous retrospective survey
of experienced tap dancers we found
a relatively low injury prevalence and
occurrence rate (0.31/1000 exposures)
among the cohort."”” No biomechani-
cal analyses of tap dance were available
at that time to explain this finding,
nor have any appeared since. Inter-
estingly, studies of the dance styles
that are most similar to tap (due to
emphasis on percussive footwork), fla-
menco'?and Irish dance,'* are equally
devoid of such analysis. The purpose
of the current study was to provide
normative kinetic and kinematic data
to explain our previous findings. We
conducted a descriptive pilot study of
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common tap dance sequences based
on the hypothesis that tap dancers are
relatively free of injury because their
art form generates low peak ground
reaction forces and joint forces and
moments.

Methods

Participants

Six professional tap dance performers
(3 males and 3 females) volunteered to
participate in this study. Each subject
was currently employed as a tap dance
performer or teacher and was between
the ages of 18 and 50. Ciriteria for ex-
clusion included any musculoskeletal
injury in the previous six months that
caused the dancer to miss dancing
for one or more weeks. The subjects
mean age was 24.5 + 10.6 years, and
they had 14.0 + 7.3 years of tap dance
experience (Table 1).

Each subject gave informed written
consent in accordance with University
Internal Review Board guidelines.

A power analysis (power 0.80)
using pilot data to calculate one and
two-tailed test sample size determined
that six subjects were sufficient for the
study.”

Experimental Protocol

Four commonly performed tap dance
sequences were selected for study:
flaps, cramprolls, pullbacks, and one
self-selected sequence considered by
the subject to be technically demand-
ing. Flaps are performed by alternating
the feet brushing forward and down
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Table 1 Mean (SD) Subject Demographics
Gender Female Male Total
Number 3 3 6
Age (yrs) 20.0 (4.4) 29.0 (14.2) 24.5 (10.6)
Height (cm) 168.0 (8.7) 180.0 (4.4) 173.5 (9.4)
Weight (kg) 58.7 (4.7) 81.0 (12.2) 69.8 (14.8)
Dance experience (yrs) 14.3 (5.9) 13.7 (9.9) 14.0 (7.3)

with weight landing on the ball of the
foot. Cramprolls involve alternating
four taps (toe-toe, heel-heel) with each
foot. During both of these sequences
weight is shifted from side to side with
a hop. The Pullback is a backward
jump with weight landing on the
balls of both feet simultaneously. The
self-selected sequences involved com-
binations of steps. These movements
were repeated 4 to 8 times within
each sequence, and a tape recording
of a metronome with voice instruction
overlay provided the tempo. Subjects
practiced each sequence prior to data
collection to synchronize their move-
ments with the metronome.

The subjects warmed up at their
preferred intensity on a cycle ergom-
eter for five minutes and stretched
in their usual manner prior to data
collection. They wore dark colored
Spandex clothing and their own tap
shoes.

Instrumentation and Data
Analysis

Kinetic data sampled at 1080 Hz were
acquired using a single force platform
(AMTT ORG6, Advanced Mechanical
Technology, Inc., Watertown, MA).
The analog signal was amplified us-
ing the associated signal conditioner
(MCA-6, AMTI) and connected
via a 12-bit A-D card to the motion
capture system. Three-dimensional
kinematic data were acquired using
a five-camera motion capture system
(Vicon, Oxford Metrics Ltd, Oxford,
UK) sampled at 120 Hz. A modified
Helen Hayes marker set comprised
of 39 reflective spherical markers, 25
mm in diameter, was used to create
an 11-segment model. Data collec-
tion was synchronized and acquired
through the motion capture system.
Prior to each testing session the mo-
tion capture system and force plate

were calibrated.

Kinetic data were reported about
anatomically oriented axes using an x
(flexion—extension), y (adduction—ab-
duction) and z (axial rotation) Cardan
rotation sequence. Three-dimensional
net joint forces and moments and
ground reaction forces (GRFs) were
calculated from the position and
force data using an inverse dynamics
approach with BodyBuilder software
(Vicon, Oxford Metrics Ltd, Oxford,
UK) that incorporated the body an-
thropometrics entered for each sub-
ject. Hip, knee, and ankle joint forces
and external moments were reported
with respect to the local body refer-
ence frame. Kinetic data were low-pass
filtered using a zero-lag 4th-order But-
terworth filter with cut-off frequency
of 25 Hz. To report joint moments,
hip and knee extension and ankle
plantar flexion in the sagittal plane,
hip and knee abduction and ankle
eversion in the frontal plane, and hip
and knee external rotation and ankle
abduction in the transverse plane were
defined as negative in all Tables.

Given the constraint of using only
one force platform, flaps and cramp-
rolls were analyzed in three foot con-
ditions: left foot only, right foot only,
and two feet on the force platform.
Examination of joint kinematics and
forces found distinct angular displace-
ments and forces that were equivalent
for the unilateral foot condition and
same foot in the bilateral condition
(e.g., left unilateral=left bilateral,
and so forth). Furthermore, with the
exception of the pullback, the steps
had only one foot in contact with the
force platform when peak amplitude
was determined. Because pullback is
a bilateral movement, we made the
assumption that moments and forces
were evenly distributed between the
two limbs. Therefore, the pullback is

the sequence with the greatest limita-
tion for left-right limb calculations
and was not included in the statistical
analysis for limb.

The intent of tap dance is to create
percussive sound syncopation, which
occurs by striking the forefoot or
heel against the ground. Therefore,
we analyzed forces and moments in
all directions. Peak vertical, anterior-
posterior, and medial-lateral ground
reaction forces (GRFs) in Newtons
(N) and 3-D hip, knee, and ankle
net external joint forces (N) and mo-
ments (N-m/kg) were scored for each
sequence using a custom program in
LabVIEW (LabVIEW 7.1, National
Instruments Corp., Austin, TX). All
forces were normalized to body weight

(BW).

Statistical Analysis

Means for each kinetic variable (peak
vertical, anterior-posterior, and me-
dial-lateral GRFs, and hip, knee, and
ankle joint net forces and moments)
were calculated for each subject to
minimize intra-subject variability.
Descriptive statistics were calculated
for each sequence. We thought it
important to test for gender differ-
ences to eliminate this as a factor in
our results, as differences have been
found between genders in jump land-
ing that subsequently correlated with
increased incidence of musculoskeletal
injury.'® A two-way analysis of vari-
ance was used to calculate differences
between gender and limb for each
joint variable in flaps and cramprolls,
with significance set at p < 0.05.
Pullbacks were not compared, as this
was a bilateral movement and we were
less confident of the left-right limb
partitioning of forces. The optional
sequences were also not compared
for gender and limb as each dancer
performed different steps. As there
were no differences between gender
or limb for those sequences, all data
were merged. Because our major fo-
cus was to describe a range of forces
and moments in tap dance, not to
compare one movement to another,
only vertical GRFs were examined for
differences between sequences. A one-
way repeated measures ANOVA was



used to assess differences in the vertical
GRFs between the four sequences,
with significance set at p < 0.05. Post
hoc comparisons using Bonferroni
corrections were conducted.

Results

Mean peak vertical GRFs differed
between sequences (p < 0.026), with
cramprolls and optional sequence
forces greater than flaps (p < 0.006
and p < 0.015, respectively; Table
2). For flaps, vertical GRFs ranged
from 1.12 to 2.12 BW (mean 1.53 +
0.39). For cramprolls, vertical GRFs
ranged from 2.13 to 2.82 BW (mean
2.39 + 0.26). For pullbacks, vertical
GREFs ranged from 1.52 to 2.53 BW
(mean 1.96 + 0.36). For the optional
self-selected sequence chosen by each
performer (n = 4, as two records were
technically inadequate for analysis),
vertical GRFs ranged from 1.72 to
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3.47 BW (mean 2.36 + 0.80). The
mean vertical GRF for all sequences
measured in all subjects was 2.06 BW
+ 0.55. Mean peak horizontal GRFs
(anterior-posterior and medial-lateral)
for the six subjects were relatively
small (< 0.50 BW) for all tap dance
sequences.

Ankle peak horizontal shear forces
(anterior-posterior and medial-
lateral) were minimal (< 0.60 BW)
for all sequences (mean posterior —
anterior 0.44, anterior — posterior
0.25, lateral = medial 0.23, and me-
dial — lateral 0.08, respectively; Table
3). Only peak ankle vertical axial
compression forces exceeded 1 BW
(mean of all sequences was 1.47 BW).
Mean peak knee shear forces were
also minimal for all sequences (mean
posterior — anterior 0.58, anterior
— posterior 0.19, lateral — medial
0.18, and medial — lateral 0.10, re-

Table 2 Mean (SD) Peak Ground Reaction Forces (BW)

spectively). Mean peak knee vertical
axial compression forces were near or
exceeded 1 BW (mean of all sequences
was 1.26 BW). Mean peak hip shear
forces were minimal for all sequences
(mean posterior — anterior 0.19 and
anterior — posterior 0.57, lateral —
medial 0.13, and medial — lateral
0.27 BW, respectively). Mean peak
hip vertical compression forces were
about 1 BW (mean of all sequences
was 1.07 BW).

Mean peak ankle moments (N-m/
kg) for the four sequences were
dorsiflexion-plantar flexion 0.67
and -0.33, inversion-eversion 1.71
and -0.58, and adduction-abduction
0.82 and -1.56 (Table 4). Mean peak
knee moments (N-m/kg) for the four
sequences were flexion-extension 1.70
and -0.62, adduction-abduction 1.58
and -0.75, and internal rotation-ex-
ternal rotation 0.71 and -0.29. Mean

Sequence Flaps Cramprolls Pullbacks Optional
Vertical* 1.53 (0.39)* 2.39 (0.26)* 1.96 (0.36) 2.36 (0.80)*
Anterior 0.06 (0.02) 0.19 (0.41) 0.25 (0.10) 0.17 (0.08)
Posterior 0.10 (0.07) 0.41 (0.21) 0.36 (0.12) 0.40 (0.28)
Medial 0.09 (0.02) 0.16 (0.05) 0.08 (0.03) 0.15 (0.05)
Lateral 0.10 (0.02) 0.14 (0.03) 0.05 (0.01) 0.16 (0.11)
Note: *ANOVA Vertical GRF: F(1,3) = 3.95, p < 0.026; post hoc Cramprolls v. Flaps p < 0.006 and Optional v. Flaps p < 0.015.

Table 3 Mean (SD) Peak Joint Forces (BW)
Sequence Flaps Cramprolls Pullbacks Optional
Ankle
Post—Ant 0.36 (0.21) 0.43 (0.25) 0.52 (0.24) 0.49 (0.23)
Ant—DPost 0.16 (0.18) 0.13 (0.16) 0.27 (0.34) 0.25 (0.28)
Lat—Med 0.27 (0.10) 0.31 (0.13) 0.21 (0.09) 0.25 (0.13)
Med—Lat 0.04 (0.04) 0.11 (0.11) 0.08 (0.09) 0.12 (0.11)
Compression 1.03 (0.48) 1.75 (0.55) 1.54 (0.50) 1.57 (0.56)
Knee
Post—Ant 0.40 (0.22) 0.53 (0.37) 0.76 (0.27) 0.65 (0.39)
Ant—sPost 0.11 (0.08) 0.21 (0.18) 0.25 (0.26) 0.23 (0.14)
Lat—Med 0.21 (0.11) 0.18 (0.15) 0.14 (0.12) 0.23 (0.08)
Med—Lat 0.06 (0.04) 0.17 (0.19) 0.09 (0.05) 0.10 (0.05)
Compression 0.96 (0.46) 1.61 (0.56) 1.40 (0.51) 1.07 (0.28)
Hip
Post—>Ant 0.10 (0.04) 0.20 (0.13) 0.22 (0.12) 0.28 (0.11)
Ant—DPost 0.19 (0.12) 0.63 (0.33) 0.82 (0.21) 0.74 (0.33)
Lat—>Med 0.10 (0.05) 0.14 (0.06) 0.13 (0.08) 0.18 (0.07)
Med—Lat 0.07 (0.05) 0.24 (0.22) 0.20 (0.16) 0.11 (0.05)
Compression 1.07 (0.48) 1.23 (0.63) 1.13 (0.47) 0.87 (0.35)

Note: Horizontal shear forces: Posterior to Anterior (Post—Ant), Anterior to Posterior (Ant—>Post), Lateral to Medial (Lat—>Med), Medial to Lateral (Med—Lat).
Vertical axial loading forces: Compression (Compression).
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Table 4 Mean (SD) Peak Joint Moments (N-m/kg)

Sequence Flaps Cramprolls Pullbacks Optional
Ankle

Dorsiflexion 0.44 (0.36) 0.78 (0.49) 0.65 (0.25) 0.91 (0.60)
Plantar flexion -0.21 (0.23) -0.31 (0.28) -0.33 (0.45) -0.59 (0.96)
Inversion 1.59 (0.56) 1.48 (0.82) 1.67 (1.04) 2.32 (0.96)
Eversion -0.12 (0.20) -0.30 (0.46) -1.34 (1.63) -0.50 (0.47)
Adduction 1.04 (0.54) 0.98 (0.75) 0.48 (0.51) 0.77 (0.63)
Abduction -0.55 (0.59) -2.42 (0.16) -1.55(0.72) -2.09 (1.93)
Knee

Flexion 0.83 (0.66) 2.50 (1.64) 2.01 (0.63) 1.49 (0.47)
Extension -0.42 (0.65) -0.93 (0.92) -0.47 (0.61) -0.82 (0.59)
Adduction 0.56 (0.64) 1.56 (1.04) 2.62 (0.75) 1.55 (0.66)
Abduction -0.98 (0.69) -0.71 (0.65) -0.50 (0.35) -0.82 (0.77)
Internal rotation 0.32 (0.29) 0.88 (0.63) 0.88 (0.23) 0.87 (0.38)
External rotation -0.24 (0.27) -0.28 (0.29) -0.38 (0.43) -0.26 (0.15)
Hip

Flexion 0.78 (0.45) 1.25 (0.95) 1.12 (0.39) 1.12 (1.36)
Extension -0.37 (0.62) -0.76 (0.49) -0.36 (0.42) -1.01 (0.68)
Adduction 1.31 (0.56) 1.69 (1.28) 1.74 (0.86) 2.35 (0.82)
Abduction -0.29 (0.13) -0.70 (0.34) -1.43 (1.03) -1.21 (0.67)
Internal rotation 0.14 (0.15) 0.29 (0.22) 0.07 (0.61) 0.34 (0.24)
External rotation -0.24 (0.16) -1.15 (0.74) -0.72 (0.45) -0.77 (0.22)

peak hip moments (N-m/kg) for the
four sequences were flexion-extension
1.05 and -0.56, adduction-abduction
1.69 and -0.87, and internal rotation-
external rotation 0.19 and -0.69.
These results are summarized in Table

4.

Discussion

As mentioned earlier, our literature
search revealed no previous studies
that analyzed biomechanical aspects
of tap dance or other percussive dance
forms such as flamenco or Irish dance.
Thus, to interpret our results, we com-
pared them to those reported for other
dance forms, sports, and activities of
daily living.

GRFs have been measured in nu-
merous studies involving walking,"
dance leaps,'® aerobic dance,'?!
running,”*** hop for distance,” drop
landings, 2% vertical dance jumps,*
gymnastics,’' and various other sports
activities.’>> Vertical GRFs measured
for the four tap dance sequences were
in the lower range of those previously
reported for the various activities (Fig.
1). Tap dance vertical GRFs most
closely resembled those measured
in low impact aerobic dance® and
shorter dance leaps.'® However, the

tap dance sequences with the great-
est vertical GRFs (cramprolls and
the optional sequence) equaled those
reported during large dance leaps,'®
running,”*** and high impact aerobic
dance,19:20.36

Lower extremity joint shear forces
were all relatively small. Among stud-
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ies of ankle joint vertical compression
forces, tap dance activity was compa-
rable to low impact aerobic dance,"”
but lower than high impact aerobics"
or dance leaps' (Fig. 2). Compared
with studies of hip and knee joint
compression forces occurring during
various activities, our findings again
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Figure 1 Vertical ground reaction forces (BW) measured during various activities.
The range of values is represented by the high and low GRF (BW). Tap dance: flaps,
cramprolls, pullbacks, and optional (current study); walking'’; dance leaps'®; aerobic
dance'?*%%; running and sprinting®**%; basketball rebound*®; hop for distance?; drop
landing?*¥; vertical dance jumps®; track and field: high jump?? and triple jump®; and

gymnastic back flips.’!
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Figure 2 Vertical force comparisons for the ankle, knee, and hip
joints. The range of values is represented by the high and low Fz
(BW). Tap dance (current study), walking,” stairs,

dance,” and dance leaps.'®
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Figure 3 Ankle moment comparisons in the sagittal plane. The
range of values is represented by the low and high flexion (Flex)
and extension (Ext) bars (BW). Tap dance (current study), acrobic
walking,

1044 oymnastic flips,* running,*® drop

landing,”” and dance leaps.'
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Figure 4 Knee moment comparisons in the sagittal plane.
The low and high flexion (Flex) and extension (Ext) bars (BW)
represent the range of values. Tap dance (current study), acrobic
dance," stairs,”*> walking, 4! gymnastic flips,** running,**“® drop
landing,”” and dance leaps.'®

Figure 5 Hip moment comparisons in the sagittal plane. The low
and high flexion (Flex) and extension (Ext) bars (BW) represent
the range of values. Tap dance(current study), aerobic dance,"
stairs,” % walking, 44> gymnastic flips,** running,’®* drop land-
ing,"” and dance leaps.'®

most closely resembled measure-
ments during low impact aerobic
dance,” and only slightly exceeded
those occurring during walking and
stair climbing.?” Tap dance knee joint
compression forces were considerably
lower than those occurring during
dance leaps.'®

An overview of the tap dance joint
moment results revealed that, in the
sagittal plane, it is a flexion-biased
activity (i.e., hip and knee flexion
and ankle dorsiflexion), unlike most
sports, which are extension domi-

nant (i.e., plantar flexion and exten-
sion moments exceed dorsiflexion
and flexion moments). This is most
likely because heel tapping produces
a greater percussive sound than toe
tapping; therefore, ankle dorsiflexion
and knee and hip flexion moments are
emphasized. Furthermore, tap dance
does not travel forward, resulting in
lower extension moments.

Tap dance frontal plane moments,
in particular hip and knee adduction
and ankle inversion moments, gener-
ally exceeded flexion moments. Again,

because the creation of modulated
sound and rhythm is the purpose of
tap dance, this contrasts with maxi-
mum take off and landing efforts to
achieve height or distance in other
dance forms or sports. In the sagit-
tal and frontal planes knee moments
tended to be larger than hip and ankle
moments.

It has been reported that sagittal
plane moments generally exceed those
of the frontal and transverse planes.”
However, most studies have focused
on sagittal plane dominant activities
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(e.g., walking, running, stair climbing,
aerobic dance, gymnastic flips, and
similar movements). Peak ankle joint
moments measured during the four
tap dance sequences were relatively
low in the sagittal plane and greatest
in the frontal and transverse planes.
Hip moments in the frontal plane
were greater than those in the sagittal
plane.

The greater ankle moments found
in inversion may place the ankle at
high risk for sprain, as suggested
by our previous finding that ankle
sprain is the most frequent injury
in tap dancers."”” The inversion and
abduction moments may reflect those
necessary to produce certain sounds.
(It is important to note that there is
currently no accepted standard for re-
porting 3-D joint moments. Different
reference frames may be used in other
studies, but are not always reported.]
Increased variability has been reported
between subjects in the frontal and
transverse planes.*®*

Comparison of tap dance sagittal
plane moments for the ankle, knee,
and hip is made with other activities
in Figures 3, 4, and 5. Tap dance ankle
dorsiflexion moments exceeded those
of walking®*! and running,*® but not
gymnastic flips* (Fig. 3). Compared
with prior studies of ankle plantar
flexion moments during various
activities, tap dance ankle plantar
flexion moments were less than those
found in stair climbing,”**% walk-
ing,*** gymnastic flips,*” running,*
drop landings,”” or dance leaps.'® Tap
dance plantar flexion moments only
resembled the lower values reported
for dance leaps.'®

Tap dance knee flexion moments
greatly exceeded those reported for
aerobic dance,” walking,***! gym-
nastic flips,”” and running®® (Fig. 4).
Tap dance knee extension moments
resembled those reported for stairs®
and walking,**! but were lower than
values reported for gymnastic flips,**
running,*®* drop landing,” and
dance leaps.'® Tap dance hip flexion
moments exceeded those reported for
aerobic dance' and stair climbing®
and closely resembled those found
in walking®"*® (Fig. 5). Tap dance

hip extension moments most closely
resembled those reported for aerobic
dance and stair climbing.”’

There were relatively large stan-
dard deviations in all joint force
and moment data, demonstrating
considerable inter-subject variability.
Yu and colleagues® analyzed variance
in kinetic data, and concluded that
variation in motor performance is the
major factor involved. These investiga-
tors found that when tracking errors
in three-dimensional coordinates,
those involving location of center of
pressure and skin motion were too
small to account for the observed
variance.

Although our results appear to
confirm the initial hypothesis for this
study—that tap dancing generates
relatively low GRFs and joint forces
and moments, thereby decreasing in-
jury risk for tap dancers—additional
factors need to be considered. First,
we studied experienced professional
performers. Less skillful dancers may
demonstrate higher peak forces and
incur more frequent injuries, al-
though this possibility seems unlikely
in light of prior studies of vertical
GRFs in gymnasts versus recreational
athletes® and in parachutists versus
novice jumpers.’! Both of these studies
found that more experienced subjects
produced higher vertical GRFs dur-
ing drop landings than untrained
subjects. It appears, therefore, that
increased skill and fitness levels pro-
mote increased accommodation of
musculoskeletal stress during activ-
ity. Alternatively, subjects who are
constitutionally able to tolerate higher
impacts may survive to become expert
in the task. A future investigation
comparing novice and experienced tap
dancers could resolve this question.

We believe that the relatively low
peak vertical GRFs measured in our
subjects reflect task specificity. Unlike
jumping in sports or leaping in bal-
let and modern dance, where height,
distance, or movement aesthetic is
the goal, the purpose in tap dance
is to create tasteful percussive sound
syncopation. Musculoskeletal forces
generated by experienced tap dancers
are modulated according to the sound

produced. Supporting this premise is
the small variability of peak vertical
GRFs among subjects.

Second, vertical GRF measure-
ments reflect overall impact force
experienced by the musculoskeletal
system, but may not be identical to
the forces experienced by individual
components of the system. This raises
the potential need for a measurement
technique that is more sensitive
to detail than the one used in this
study. Nevertheless, our analysis of
individual joint forces and moments
suggests that these components of
the kinetic chain are not inordinately
stressed during tap dancing, with most
subjects scoring less than 1.0 BW dur-
ing the different tap dance sequences
studied.

Third, the assumption that landing
force impacts occurring during physi-
cal activity directly relate to injury is
too simplistic. Nigg* found no signifi-
cant difference in injury occurrence
between subjects with high, medium,
or low impact forces during running,.
In fact, subjects who manifested
higher loading rates had significantly
fewer injuries than those with lower
loading rates. Nigg suggested that the
locomotor system “pretunes” muscles
to minimize soft tissue vibrations, and
that both “impact” and “movement
control” are involved in the protec-
tive adjustments to ground contact
before and during landing. In addi-
tion, Elliot® emphasized that external
forces measured on the force platform
may produce different internal forces
(responsible for overuse injury) con-
sequent to anatomic and technique
variations. Although we did not find
this to occur among our subjects, our
joint force calculation methodology
might not provide a complete analysis
since it calculates net forces rather
than partitioned internal forces.

Fourth, varying pre-task warm-up
practices, fatigue,”* and the use of
orthotics™ can affect landing forces.
Since we employed a standardized
brief warm-up protocol and none
of our subjects used orthotics, these
factors were partially controlled for
in our study. We cannot determine,
however, whether the subjects” use of



their preferred tap dance shoes may
have influenced the measurements.

Fifth, Barr and colleagues®> el-
egantly demonstrated in rodents that
repetitive negligible force tasks induce
local musculoskeletal injury and gen-
erate inflammatory cytokines and che-
mokines resulting in distant joint pa-
thology in non-working limbs. These
findings extend Nigg’s concept that
impact forces are only one component
of the injury paradigm. The possibility
exists, therefore, that the “negligible”
forces and moments that we measured
might, if repeatedly applied, result in
injury. For instance, it is important
to emphasize that we have measured
and reported mean peak forces and
moments for all sequences, but that
multiple peaks occur during each
step. It is therefore possible that the
summation of these forces combined
with multiple repetitions may produce
overuse injury. In this pilot study we
have provided normative data for
GREFs, joint forces, and moments
produced during common tap dance
sequences. Measuring repetitions to
create a semi-quantitative prediction
paradigm for overuse injury could
enhance the utility of further analysis
of individual joint forces. Future stud-
ies tracking cytokines and chemokines
through blood analysis similar to the
research of Barr and associates” might
shine further light on this link.>

A limitation of this study was the
constraint of having only one force
platform. Future studies should
preferably use two force platforms to
optimize partitioning of forces and
moments to each limb. Also, as this
was a pilot study, we analyzed healthy,
young, professional tap dancers. Our
results cannot be assumed to apply to
tap dancers of other ages or levels.

Conclusion

As anticipated, we found relatively
small joint landing forces and mo-
ments for the four sequences per-
formed by experienced tap dancers.
These findings may help to explain
the low injury incidence reported in
our previous study. Nevertheless, the
analysis is highly complex, and many
other factors remain to be studied and

Journal of Dance Medicine ¢ Science ® Volume 14, Number 1, 2010 9

clarified. In particular, further research
is warranted to compare the effects of
age and skill level on tap kinematics
and kinetics, as well as to investigate
phase-specific loading and impact
rates (e.g., force time curves).

References

1. Bronner S, Brownstein B. Profile of
dance injuries in a Broadway show:
a discussion of issues in dance medi-
cine epidemiology. ] Orthop Sports
Phys Ther. 1997 Aug;26(2):87-94.

2. Bronner S5, Ojofeitimi S, Rose DJ.
Injuries in a modern dance company:
effect of comprehensive management
on injury incidence and time loss.
Am ] Sports Med. 2003;31(3):365-
73.

3. du Toit V, Smith R. Survey of the
effects of aerobic dance on the
lower extremity in aerobic instruc-
tors. ] Am Podiatr Med Assoc.
2001;9T(T0):528-32Z.

4. FEvans KW, Evans RI, Carvajal S.
Survey of injuries among West End
performers. Occup Environ Med.
1998 Sep;55(9):585-93.

5. Evans RW, Evans RI, Carvajal S,
Perry S. A survey of injuries among
Broadway performers. Am ] Public
Health. 1996 Jan;86(1):77-80.

6. Garrick JG, Requa RK. Ballet inju-
ries: an analysis of epidemiology and
financial outcome. Am J Sports Med.
1993;21(4):586-90.—

7. Janis LR Aerobic dance survey. A
study of high-impact versus low-
impact injuries. ] Am Podiatr Med
Assoc. 1990;80(8):419-23.

8. Nilsson C, Leanderson J, Wykman
A, Strender LE. The injury panorama
in a Swedish professional ballet com-
pany. Knee Surg Sports Traumatol
Arthrosc. 20071 Jul;9(4):242-6.

9. TRothenberger LA, Chang JI, Cable
TA. Prevalence and types of injuries
in aerobic dancers. Am J Sports Med.
1988;16(4):403-7.

10. Klossner D. NCAA Sports Medicine
Handbook. Indianapolis, In: The
National Collegiate Athletic Associa-
tion; 2007.

11. Bronner S, Ojofeitimi S, Spriggs
J. Occupational musculoskeletal
disorders in dancers. Phys Ther Rev.
2003;8:57-68. -

12. Mayers L, Judelson D, Bronner S.
The prevalence of injury among
tap dancers. ] Dance Med Sci.
2003;7(2):121-5.

13. Pedersen ME, Wilmerding V. Injury
profiles of student and professional
Flamenco dancers. ] Dance Med Sci.
1998;2:108-14.

14. McGuinness D, Doody C. The in-
juries of competitive Irish dancers. ]
Dance Med Sci. 2006;10(1-2):35-9.

15. Uitenbroek D. SISA Binomial. Avail-
able at www.quantitativeskills.com/
sisa/distributions/binomial.htm .
Accessed November 30, 2003.

16. Decker MJ, Torry MR, Wyland D],
et al. Gender differences in lower
extremity kinematics, kinetics and
energy absorption during landing.
Clin Biomech. 2003 Aug;18(7):662-
9.

17. White SC, Yack HJ, Tucker CA, Lin
H-Y. Comparison of vertical ground
reaction forces during overground
and treadmill walking. Med Sci
Sports Exerc. 1998;30(10):1537-42.

18. Simpson KJ, Kanter L. Jump distance
of dance landings influencing inter-
nal joint forces: I. Axial forces. Med
Sci Sports Exerc. 1997;29(7):916-27.

19. duToit V, Gilleard W, Smith R. Ki-
netics of the lower extremity during
high and low impact acrobic dance.
Presented at the Third Australasian
Biomechanics Conference 2000;
Queensland, Australia.

20. Michaud TJ, Rodriguez-Zayas J,
Armstrong C, Hartnig M. Ground
reaction forces in high impact and
low impact acrobic dance. ] Sports
Med Phys Fitness. 1993;33(4):359-
606.

21. Santos-Rocha R, Veloso A. Com-
parative study of plantar pressure
during step exercise in different
floor conditions. ] Appl Biomech.
2007;23(2):162-8—

22. Cavanaugh PR, LaFortune MA.
Ground reaction forces in distance
running. ] Biomech. 1980;13:397-
406.

23. Elliot BC. Overuse injuries in sport:
a biomechanical approach. Saf Sci
Mon. 1999;3:1-6.

24. Nigg BN. The role of impact forces
and foot pronation: A new paradigm.
Clin ] Sport Med. 2001;11(1):2-9.

25. van der Harst JJ, Gokeler A, Hof
AL. Leg kinematics and kinetics in
landing from a single-leg hop for
distance. A comparison between
dominant and non-dominant leg.
Clin Biomech 2007;22(6):674-80.

26. DulekJS, Bates BT. The evaluation
and prediction of impact forces dur-
ing landings. Med Sci Sports Exerc.



http://www.ingentaconnect.com/content/external-references?article=0268-0033(2007)22L.674[aid=9109193]
http://www.ingentaconnect.com/content/external-references?article=1050-642x(2001)11L.2[aid=6304760]
http://www.ingentaconnect.com/content/external-references?article=0021-9290(1980)13L.397[aid=5698455]
http://www.ingentaconnect.com/content/external-references?article=0021-9290(1980)13L.397[aid=5698455]
http://www.ingentaconnect.com/content/external-references?article=1065-8483(2007)23L.162[aid=9109195]
http://www.ingentaconnect.com/content/external-references?article=1065-8483(2007)23L.162[aid=9109195]
http://www.ingentaconnect.com/content/external-references?article=0022-4707(1993)33L.359[aid=9109196]
http://www.ingentaconnect.com/content/external-references?article=0022-4707(1993)33L.359[aid=9109196]
http://www.ingentaconnect.com/content/external-references?article=0195-9131(1997)29L.916[aid=8753258]
http://www.ingentaconnect.com/content/external-references?article=0195-9131(1997)29L.916[aid=8753258]
http://www.ingentaconnect.com/content/external-references?article=0195-9131(1998)30L.1537[aid=9109197]
http://www.ingentaconnect.com/content/external-references?article=0195-9131(1998)30L.1537[aid=9109197]
http://www.ingentaconnect.com/content/external-references?article=0268-0033(2003)18L.662[aid=8459137]
http://www.ingentaconnect.com/content/external-references?article=1089-313X(2006)10L.35[aid=7785059]
http://www.ingentaconnect.com/content/external-references?article=1089-313X(2006)10L.35[aid=7785059]
http://www.ingentaconnect.com/content/external-references?article=1083-3196(2003)8L.57[aid=8701569]
http://www.ingentaconnect.com/content/external-references?article=1083-3196(2003)8L.57[aid=8701569]
http://www.ingentaconnect.com/content/external-references?article=0363-5465(1988)16L.403[aid=6138932]
http://www.ingentaconnect.com/content/external-references?article=0363-5465(1988)16L.403[aid=6138932]
http://www.ingentaconnect.com/content/external-references?article=0942-2056(2001)9L.242[aid=5288702]
http://www.ingentaconnect.com/content/external-references?article=0942-2056(2001)9L.242[aid=5288702]
http://www.ingentaconnect.com/content/external-references?article=8750-7315(1990)80L.419[aid=9109200]
http://www.ingentaconnect.com/content/external-references?article=8750-7315(1990)80L.419[aid=9109200]
http://www.ingentaconnect.com/content/external-references?article=0363-5465(1993)21L.586[aid=5288701]
http://www.ingentaconnect.com/content/external-references?article=0363-5465(1993)21L.586[aid=5288701]
http://www.ingentaconnect.com/content/external-references?article=0090-0036(1996)86L.77[aid=8706132]
http://www.ingentaconnect.com/content/external-references?article=0090-0036(1996)86L.77[aid=8706132]
http://www.ingentaconnect.com/content/external-references?article=1351-0711(1998)55L.585[aid=5288722]
http://www.ingentaconnect.com/content/external-references?article=1351-0711(1998)55L.585[aid=5288722]
http://www.ingentaconnect.com/content/external-references?article=8750-7315(2001)91L.528[aid=9109201]
http://www.ingentaconnect.com/content/external-references?article=8750-7315(2001)91L.528[aid=9109201]
http://www.ingentaconnect.com/content/external-references?article=0363-5465(2003)31L.365[aid=5288700]
http://www.ingentaconnect.com/content/external-references?article=0190-6011(1997)26L.87[aid=5288721]
http://www.ingentaconnect.com/content/external-references?article=0190-6011(1997)26L.87[aid=5288721]
http://www.quantitativeskills.com/sisa/distributions/binomial.htm
http://www.quantitativeskills.com/sisa/distributions/binomial.htm

10

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Volume 14, Number 1, 2010 * Journal of Dance Medicine ¢ Science

1990;22(2):370-7.

McKay H, Tsang G, Heinonen A, et
al. Ground reaction forces associated
with an effective elementary school
based jumping intervention. Br ]
Sports Med. 2005;39:10-4. =
McNair PJ, Prapavessis H. Norma-
tive data of vertical ground reaction
forces during landing from a jump.
J Sci Med Sport. 1999;2(1):86-8.
Zhang SN, Bates BT, Dufek ]JS.
Contributions of lower extremity
joints to energy dissipation during
landings. Med Sci Sports Exerc.

2000;32(4):812-9.

MCcNitt-Gray JL, Koff SR, Hall BL.
The influence of dance training and
foot position on landing mechanics.
Med Probl Perform Art. 1992;9:87-
91.

Panzer VP, Wood GA, Bates BT,
Mason BR. Lower extremity loads
in landings of elite gymnasts. /n:
de Groot G, Hollander AP, Huijing
PA, van Ingen Schenau GJ (eds):
Biomechanics XI. Amsterdam: Free
University Press, 1988, pp 727-735.
Deporte E, Gheluwe B. Ground
reaction forces in elite high jumping.
Presented at the XII International
Congtess of Biomechanics, Univer-
sity of California, Los Ageles, 1989.
Ramey MR, Williams KR. Ground
reaction force in the triple jump. Int
J Sport Biomech. 1985;1:233-9.
Stacoff A, Kaelin X, Stuessi E. Impact
in landing after a volleyball block. /7:
de Groot G, Hollander AP, Huijing
PA, van Ingen Schenau GJ (eds):
Biomechanics XI. Amsterdam: Free
University Press; 1988.

Valiant GA, Cavanaugh PR. A study
of landing from a jump: implica-
tions for the design of a basketball
shoe. In: Winter DA, Norman RW,
Wells RP, Ilrves KC, Patla AE (eds):
Biomechanics IX-B. Champaign, Il-
linois: Human Kinetics Inc., 1985,
pp. 117-122.

Ricard MD, Veatch S. Effect of run-
ning speed and aerobic dance jump
height on vertical ground reaction

37.

38.

39.

40.

41.

42.

43.

44.

45.

forces. ] Appl Biomech. 1994;10:14-
27.

Costigan PA, Deluzio KJ, Wyss
UP. Knee and hip kinetics during
normal stair climbing. Gait Posture.
2002;16:31-7. -
McClay T, Manal K. Three-dimen-
sional kinetic analysis of running:
significance of secondary planes of
motion. Med Sci Sports Exerc. 1999
Nov;31(11):1629-37.

O’Connor KM, Hamill J. Frontal
plane moments do not accurately re-
flect ankle dynamics during running.
J App! Biomech. 2005;21:85-95.
Eng JJ, Winter DA. Kinetic analysis
of the lower limbs during walking:
what information can be gained
from a three-dimensional model? ]
Biomech. 1995;28(6):753-8. -
Ganley KJ, Powers CM. Determina-
tion of lower extremity anthropo-
metric parameters using dual energy
X-ray absorptiometry: the influence
on net joint moments during gait.
Clin Biomech. 2004;19(1):50-6.
Beatty K. Method for analysing
the risk of injury in young female
gymnasts due to repetitive loading
and fatigue [Dissertation]. Sydney,
Australia: School of Safety Science,
University of New South Wales,
2005.

Andriacchi TP, Andersson GB,
Fermier RW, et al. A study of low-
er-limb mechanics during stair-
climbing. J Bone Joint Surg Am.
1980;62(5):749-57.

Robon MJ, Perell KL, Fang M, Guer-
erro E. The relationship between
ankle plantar flexor muscle moments
and knee compressive forces in sub-
jects with and without pain. Clin
Biomech. 2000;15(7):522-7.
Nadeau S, McFadyen BJ, Malouin
E Frontal and sagittal plane analyses
of the stair climbing task in healthy
adults aged over 40 years: what
are the challenges compared to
level walking? Clin Biomech. 2003
Dec;18(10):950-9.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Belli A, Kyrolainen H, Komi PV.
Moment and power of lower limb
joints in running. Int J Sports Med.
2002;23(2):136-41.
Devita P, Skelly WA. Effect of landing
stiffness on joint kinetics and ener-
getics in the lower extremity. Med Sci
Sports Exerc. 1992;24(1):108-15.
Ericson M. On the biomechanics of
cycling. A study of joint and muscle
load during exercise on the bicycle
ergometer. Scand ] Rehabil Med
Suppl. 1986;16:1-43.

Yu B, Kienbacher T, Growney ES, et
al. Reproducibility of the kinematics
and kinetics of the lower extrem-
ity during normal stair-climbing. ]
Orthop Res. 1997;15(3):348-52. ~
Seegmiller JG, McCaw ST. Ground
reaction forces among gymnasts and
recreational athletes in drop landings.
J Athl Train. 2003;38(4):311-4.
Hoffman JR, Liebermann D, Gu-
sis A. Relationship of leg strength
and power to ground reaction
force. Aviat Space Environ Med.
1997;68(8):710-4.

Rodacki AL, Fowler NE, Bennett
SJ. Vertical jump coordination: fa-
tigue effects. Med Sci Sports Exerc.
2002;34(1):105-T6.

Mundermann A, Nigg BM, Humble
RN, Stefanyshyn D]J. Foot orthotics
affect lower extremity kinematics
and kinetics during running. Clin
Biomech 2003;18(3):254-62. —
Barr AE, Barbe MF, Clark BD. Sys-
temic inflammatory mediators con-
tribute to widespread effects in work-
related musculoskeletal disorders.
Exerc Sport Sc Rev. 2004;32:135-42.
Barr AE, Satadi FE Gorzelany I, et al.
Repetitive negligible force reaching
in rats induces pathological overload-
ing of upper extremity bones. ] Bone
Miner Res. 2003;18:2023-32.
Smith LL. Cytokine hypothesis of
overtraining: a physiological adap-
tation to excessive stress?> Med Sci
Sports Exerc. 2000 Feb;32(2):317-
3T.



http://www.ingentaconnect.com/content/external-references?article=0195-9131(2000)32L.317[aid=7362848]
http://www.ingentaconnect.com/content/external-references?article=0195-9131(2000)32L.317[aid=7362848]
http://www.ingentaconnect.com/content/external-references?article=0884-0431(2003)18L.2023[aid=9109202]
http://www.ingentaconnect.com/content/external-references?article=0884-0431(2003)18L.2023[aid=9109202]
http://www.ingentaconnect.com/content/external-references?article=0091-6331(2004)32L.135[aid=9109203]
http://www.ingentaconnect.com/content/external-references?article=0268-0033(2003)18L.254[aid=7815780]
http://www.ingentaconnect.com/content/external-references?article=0268-0033(2003)18L.254[aid=7815780]
http://www.ingentaconnect.com/content/external-references?article=0195-9131(2002)34L.105[aid=9109204]
http://www.ingentaconnect.com/content/external-references?article=0195-9131(2002)34L.105[aid=9109204]
http://www.ingentaconnect.com/content/external-references?article=0095-6562(1997)68L.710[aid=8100496]
http://www.ingentaconnect.com/content/external-references?article=0095-6562(1997)68L.710[aid=8100496]
http://www.ingentaconnect.com/content/external-references?article=1062-6050(2003)38L.311[aid=8100505]
http://www.ingentaconnect.com/content/external-references?article=0736-0266(1997)15L.348[aid=6138319]
http://www.ingentaconnect.com/content/external-references?article=0736-0266(1997)15L.348[aid=6138319]
http://www.ingentaconnect.com/content/external-references?article=0195-9131(1992)24L.108[aid=8890778]
http://www.ingentaconnect.com/content/external-references?article=0195-9131(1992)24L.108[aid=8890778]
http://www.ingentaconnect.com/content/external-references?article=0172-4622(2002)23L.136[aid=9109206]
http://www.ingentaconnect.com/content/external-references?article=0172-4622(2002)23L.136[aid=9109206]
http://www.ingentaconnect.com/content/external-references?article=0268-0033(2003)18L.950[aid=9109207]
http://www.ingentaconnect.com/content/external-references?article=0268-0033(2003)18L.950[aid=9109207]
http://www.ingentaconnect.com/content/external-references?article=0268-0033(2000)15L.522[aid=9109208]
http://www.ingentaconnect.com/content/external-references?article=0268-0033(2000)15L.522[aid=9109208]
http://www.ingentaconnect.com/content/external-references?article=0021-9355(1980)62L.749[aid=1199333]
http://www.ingentaconnect.com/content/external-references?article=0021-9355(1980)62L.749[aid=1199333]
http://www.ingentaconnect.com/content/external-references?article=0268-0033(2004)19L.50[aid=9109209]
http://www.ingentaconnect.com/content/external-references?article=0021-9290(1995)28L.753[aid=3097800]
http://www.ingentaconnect.com/content/external-references?article=0021-9290(1995)28L.753[aid=3097800]
http://www.ingentaconnect.com/content/external-references?article=1065-8483(2005)21L.85[aid=9109210]
http://www.ingentaconnect.com/content/external-references?article=0195-9131(1999)31L.1629[aid=9109211]
http://www.ingentaconnect.com/content/external-references?article=0195-9131(1999)31L.1629[aid=9109211]
http://www.ingentaconnect.com/content/external-references?article=0966-6362(2002)16L.31[aid=9109212]
http://www.ingentaconnect.com/content/external-references?article=0966-6362(2002)16L.31[aid=9109212]
http://www.ingentaconnect.com/content/external-references?article=0195-9131(2000)32L.812[aid=8100508]
http://www.ingentaconnect.com/content/external-references?article=0195-9131(2000)32L.812[aid=8100508]
http://www.ingentaconnect.com/content/external-references?article=0306-3674(2005)39L.10[aid=9109216]
http://www.ingentaconnect.com/content/external-references?article=0306-3674(2005)39L.10[aid=9109216]

