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Summary

Study aim: Step aerobics is a form of acrobic power distinguished from other types of acrobic exercise by its use of an elevated
platform. The purpose of this study was to examine how the aerobic exercise “knee up” affects kinematic and kinetic param-
eters and, above all, the length of the muscle contractions.

Material and methods: The study analysed ten female fitness instructors with at least six years of experience. The task con-
sisted in the knee up move performed using a 15 cm step and music with the beat frequency of 148 BPM. Kinematic and kinetic
parameters were recorded using the Vicon system synchronized with two Kistler force plates. OpenSim software was used for
calculation of the length of involved muscles.

Results: Ranges in angles and torques suggest that the location that is the most prone to injuries and overtraining is the knee
joint, followed by the hip and ankle joints. Greater values of the vertical component of ground reaction forces were observed
during stepping down, which suggests greater load to the joints. The greatest work in the move analysed in this study was per-
formed by the sartorius muscle and the tensor fasciae latae muscle.

Conclusions: Despite the benefits that have been demonstrated when step classes are structured correctly and adapted to the

participants, further research is needed concerning biomechanical load, exercise prescription, and injury prevention.
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Introduction

Sports biomechanics involves the study of recreational
activity and requires laboratory representation of the real
conditions of practice. Aerobics is one of the oldest forms
of physical exercise, while one of its most recent modifi-
cations, termed step aerobics, has become a very popu-
lar type of physical activity. Analysis of a six-week step
aerobics training programme revealed positive tendencies
of changes in the index for evaluation of bone mineral
density (BMD) [10, 24]. Therefore, this type of exercise
can be used for osteoporosis prevention. However, around
76% of instructors and around 43% of examined partici-
pants of aerobics classes suffered from injuries connected
with participation in this sport [23]. The study showed that
around 60% of all injuries concerned lower limbs and 40%
low back pain. The increase in the load in these locations
may be caused, among other things, by poor movement
technique [13, 24].

Several components of a step aerobics routine can be
manipulated to change the intensity and loading of step
workouts: bench height, stepping cadence and step move-
ments. Bench heights usually range from 15 to 30 cm, and
normal stepping cadences vary from 30 to 32 cycles/min
(120 to 130 BPM). Different stepping patterns such as the
basic step, knee up, straddle jump, and lunges are used to
vary the intensity of the workout and the muscle groups
involved in the step exercise [24]. Extrinsic factors, such
as incorrect movements during sports activities, and ana-
tomical factors, such as malalignment of the lower limbs
or flexibility deficits and ligamentous laxity, are concomi-
tant causes. The knee joint is most frequently affected by
functional overload syndromes in adolescents as it is en-
gaged in almost all sports activities [18, 22]. Therefore,
coaches of step aerobics should be aware of the conse-
quences of the increase in the height of the platform or
music beat frequency, especially in the beginner groups.
Santos Rocha [24] suggests that most of the injuries in
step aerobics are caused by an inappropriate (excessively
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high) music beat frequency, complex choreography, an
excessive number of high-impact steps and improper step
height. It was demonstrated that the highest number of in-
juries is recorded among instructors who have more than
5 classes a week [24]. The faster the music is, the shorter
is the time to perform the move, the higher is the muscular
activity and, consequently, the greater are the differences
between the muscle maximal and minimal length. So, the
most frequent problem of overtraining is the atrophy of
the medial heads of the quadriceps femoris muscle and the
dominance of the lateral and intermediate head, with their
work reinforced by the tensor fasciae latac muscle. This
leads to the dominance of forces that draw the knee cap
in the lateral direction, and the excessive lateral pressure
syndrome [2, 5]. The knee cap is a type of block which re-
inforces the work of the thigh muscles. Its role is to reduce
the friction resistance during knee extension, but it is also
a load-bearing bone, with the pressure on the thigh that
amounts to 30% of body weight during vigorous walk-
ing on a flat surface. An even greater load is observed for
movement on an uneven surface: stepping down a 35 cm
step causes that 3.5 times the body weight is transferred to
the knee cap. Therefore, if the knee cap does not move on
its proper course, it is prematurely worn down and chon-
dromalacia patellae is observed, that is, softening of the
cartilage in the knee joint [5].

The study of ground reaction forces and joint torques
helps understand the magnitude and pattern of loading ex-
perienced by the body while in contact with the ground.
Therefore, this study focused on the analysis of kinematic
and kinetic parameters and, above all, the length of the
muscle contractions of one of the basic step aerobics
moves termed knee up. The OpenSim software [30, 31]
was used for the purpose. The software allows for compre-
hensive visualisation of human movements, solving the
inverse kinematics and inverse dynamics problem, simu-
lation, and evaluation of joint reaction forces and forces of
individual muscles that are difficult to measure in vivo.

Material and methods

The study analysed ten female fitness instructors with
at least six years of experience (height = 165 = 1.2 cm,
mass = 68 £ 1.5 kg). The study was conducted according
to the ethical guidelines and principles of the Declaration
of Helsinki. The task was to perform the knee up move re-
peated 8 times without rest, alternately with the right and
left leg on a standard 15 cm step. The rate of stepping up
and down was forced by music with the beat frequency of
148 BPM (beats per minute). Analysis was carried out for
the fifth step (the left foot stood on the platform and the
right one was lifted up), considered as the most relaxed.
Description of the step:

e Initial position — basic position facing the step, arms
down, feet together, knees slightly bent.
e Step with the left leg moving forward and to the right.

Stepping the foot on the step, starting from the heel.

e Raising the right knee only to the height of the hip.
e Stepping the right foot down on the ground.
e Stepping down with the left foot to the initial position

on the floor [25].

First, anthropometric measurements were taken for
each participant. Next, 34 spherical markers were placed
at anatomical landmarks according to the biomechanical
model PluginGait standards available within the motion
capture system (Vicon Motion Systems Ltd, Oxford, UK).
Two force plates (Kistler Holding AG, Winterthur, Swit-
zerland) were used to determine ground reaction force
(GRF) data at a sampling rate of 100 Hz. One plate was
embedded in the floor. On the other one, on the sensors, on
the steel legs 15 cm high a wooden platform was mounted.
The legs were fixed using a screw. This setting guaranteed
the impossibility of movement of the step during exercise.
The GRF data were filtered using a 4th-order low-pass
Butterworth filter with a cut-off frequency of 10 Hz in
order to smooth the force-time curves and eliminate the
interfering noise caused by the vibration of the step struc-
ture [3]. For analysis purposes, one ascending and one de-
scending cycle were selected.

A motion capture system, consisting of six infra-red
cameras, was employed to collect kinematic data at a sam-
pling rate of 60 Hz. The force plates were synchronized
with the motion capture system. Both systems were cali-
brated according to the manufacturers’ recommendations
before the trials were conducted. The data from the plat-
forms and the Vicon system were uploaded into the Open-
Sim software. Analysis and simulation of the knee up
move was based on a 10-segment human body model with
23 degrees of freedom and 54 muscles (24 per leg, 6 mus-
cles controlling body trunk movement with respect to the
pelvis). In the OpenSim software, each musculotendinous
unit is modelled as a Hill-type contractile element in se-
ries with the tendon. Driving each musculotendinous unit
is a first-order differential equation which couples neutral
excitation to muscle activation [2]. The values of maxi-
mum isometric strength, optimal fibre length, pennation
angle and tendon slack length for each actuator are based
on data reported by Delp [9]. Where possible, the action
of a muscle group is reported as a single line of force.
Many of the smaller muscles which originate on the tibia
and insert on the foot were grouped into one. The inverse
kinematics problem was solved in order to find the an-
gles that best represent the movement performed by the
participants. The inverse dynamics problem was used to
evaluate muscle torques in the time domain. The data were
corrected by the RRA algorithm (Residual Reduction Al-
gorithm) in order to obtain dynamic coherence. The CMC
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algorithm (Computed Muscle Control) was used to com-
pute the length of muscles during movement. Moreover,
in order to examine the ranges of motion and loading of
lower limbs the extreme values of kinematic and kinetic
parameters were taken into account.

Results

Figure 1 presents average and 10 changes in angular
profiles in the hip, knee and ankle joints during perform-
ance of the knee up move.

Analysis of joint angles shows that the greatest angular
changes occur for the front leg (the right leg for all stud-
ied instructors). In the study group, the average difference
between maximal and minimal values was 96.6 £ 1.5 deg
for the knee joint, 90.2 = 2.3 deg for the hip joint and 33.1
+ 2.1 deg for the ankle joint. For the left leg, the differ-
ences were much lower: 50.6 = 0.5 deg, 64.9 + 1.4 deg and
34.2 + 0.9 deg for the hip joint, knee joint and ankle joint,
respectively.

The mechanical load to the human motor system is as-
sociated with the frequency and value of internal and ex-
ternal forces that act on the human body. Figure 2 presents
diagrams of the average vertical, anterior-posterior and
medial-lateral components of ground reaction forces for
the right and left leg, respectively.

On the vertical component of the L-GRF curve, the
first peak F1 represents the first contact of the foot with the
step, F2 represents transfer of the entire weight to the left
leg, and F3 represents the beginning of stepping down. On

A. R hip
__ 00 )
= stepping up stepping down
s 0 ———
£
2 -100
<

-200

20 40 60 80 100
Step time [%]
R knee
=
@
=
o
o0 -
|
<
20 40 60 80 100
Step time [%)]
R ankle

— 0 ——
g —
<, 50
@
=©-100
<

-150

20 40 60 80 100
Step time [%]

the R-GRF curve, peak F4 represents the first contact of
the foot with the floor, F5 represents transfer of the entire
weight to the right leg and F6 represents the beginning of
stepping up. Both curves are similar to those observed for
the analysis of the kinetics of human gait [11]. However, it
was noticeable that in the study group the average value of
the F4 peak was 50% greater than the analogous F1 peak.
Furthermore, other average values of peaks were greater
for the leg placed on the step by 31% and 1% for F2 and
F3, respectively. The maximum peaks for anteroposterior
and mediolateral components of GRF are approximately
a factor of 4 less as compared to the vertical component.

Apart from the solution of the inverse kinematics prob-
lem, the OpenSim software also allowed the inverse dy-
namics problem to be solved. Table 1 contains average
maximal and minimal values of muscle torques standard-
ized for body mass for the right and left lower limb, re-
spectively. Negative values indicate flexion of the leg and
dorsal flexion for the ankle joint. Positive values reflect
extension of the leg and plantar flexion for the ankle joint.

Analysis of the results (Table 1) reveals that the great-
est changes in torques are observed for the hip joints, and
the lowest for the ankle joints. The mean range of torques
in the hip joint, knee joint and ankle joint for the front
leg is greater than the mean range of the corresponding
torques for the joints of the support leg by 66%, 24% and
62%, respectively.

After performing specific simulations using the Open-
Sim software, the changes in the length of 54 muscles
were obtained during the motion analysis (Table 2).
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Fig. 1. Average and 10 changes in angular values in joints: A. The right leg lifted up; B. The left leg placed on the step in the

phase of stepping up and down the platform
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Fig. 2. Average changes in the vertical, anterior — posterior and medial — lateral components of ground reaction forces, for the
right (R-GRF) and left (L-GRF) lower limb in the phases of A. stepping up and B. stepping down; F1 to F6: extreme values

Table 1. Average minimum and maximum values of muscle torques (mean + SD). Negative values denote flexion; positive

values denote extension

Right hip joint  Left hip joint Right knee joint Left knee joint Right ankle joint Left ankle joint
Min [Nm/kg] -520+£021 -2.11+0.16 -0.42+0.15 -0.40+0.21 -1.12+0.14 -0.24+0.09
Max [Nm/kg] 2.80+0.17 2.69 +1.01 2.97+0.31 2.32+0.12 1.21+£0.20 1.19+0.21

The most pronounced changes in the length were found
for the flexors of the right hip: sartorius muscle (0.12 m),
tensor fasciae latae and gluteus maximus (0.09 m and
0.08 m). Similar tendencies were observed for the mus-
cles of the left leg. The sartorius muscle and tensor fasciae
latae changed their length by 0.08 m, whereas the length
of the gluteus maximus changed by 0.05 m. The smallest
differences were found for the tibialis posterior muscle of
the right and left leg.

Discussion

This study was conducted for the purpose of examin-
ing kinematic and kinetic parameters during the knee raise
move of female instructors. Therefore, it can represent an
invaluable help for other athletes in general understand-
ing of the movement and changes in the values of various
body parameters. In the study there participated only ten
female fitness instructors, who performed the exercise at
the same step height at one music frequency. However, in
many studies [19, 21, 27, 32, 33] that address the issue of
muscles properties’ simulation, or analysis of step aerobics

movement [15, 16, 24, 26], the number of 10 participants
is sufficient.

The average maximum values of ground reaction
forces were: 1.4 BW for the stepping up phase and 1.7
BW for the stepping down phase (Figure 2). These values
are close to those reported by Machado et al. [15], Santos
Rocha and Veloso [26] for the music beat frequency of
140 BPM (1.5/1.6 BW) and close to the values presented
during stairs walking. The maximum values of GRF for
stair ascent were found to be between 1.2 and 1.7 BW, and
between 1.4 and 2 BW for stair descent [6, 28]. Moreover,
the biomechanical analysis showed that the vertical com-
ponent of ground reaction forces during the knee raise is
greater than in walking and lower than in running. During
running, the maximal vertical component is around 3 BW,
whereas in walking, this value is 1.2 BW [7, 14]. Also, in
this paper, we reported that the maximum peaks for an-
teroposterior and mediolateral components of GRF during
knee up are approximately a factor of 4 less than for the
vertical component, which is 1.5 less than during walking.
In the literature, there is no detailed description of these
two components of ground reaction force during aero-
bic movements. Biomechanical research [12, 16, 24] has
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Table 2. Average maximum and minimum length of 27 muscles (mean + SD)

Muscle Left lower limb Right lower limb
Max length [m] Min length [m] Max length [m] Min length [m]

Adductor magnus 0.25+0.10 0.21 £0.08 0.25+0.08 0.20 £0.02
Biceps Femoris Long Head 0.48 +£0.20 0.42+0.09 0.46+0.14 0.41+0.11
Biceps Femoris Short Head 0.23 +£0.01 0.20 +0.02 0.23+0.08 0.19+0.02
Gluteus maximus 1 0.25+0.11 0.22+£0.09 0.25+0.02 0.20£0.07
Gluteus maximus 2 0.27+0.12 0.23+0.03 0.27 +0.02 0.21 +0.02
Gluteus maximus 3 0.32+0.10 027+0.12 0.32+0.11 0.24 +£0.08
Gluteus medius 1 0.13+0.03 0.11+0.11 0.13+£0.03 0.11 £0.02
Gluteus medius 2 0.16 £ 0.04 0.14 +0.08 0.16 £ 0.05 0.13+£0.06
Gluteus medius 3 0.14+0.05 0.11£0.09 0.15+0.01 0.10+0.12
Gracilis 0.46+0.12 0.42+0.19 0.44 £ 0.09 0.40 £0.03
Iliacus 0.19+£0.08 0.15+0.06 0.20 £ 0.08 0.13+£0.09
Gastrocnemius Medial Head 0.41 +0.06 0.39+0.06 0.41 +0.04 0.39+0.13
Pectineus 0.10+0.04 0.08 £0.01 0.11£0.09 0.07 £0.02
Piriformis 0.15+0.07 0.13+£0.03 0.16 £0.02 0.12£0.05
Psoas 0.25+0.03 0.20+0.01 0.26 £ 0.04 0.19+0.02
Quadratus Femoris 0.10+£0.01 0.06 +0.04 0.11 £0.06 0.05+0.01
Rectus Femoris 0.41+0.10 0.36 +£0.02 0.42+0.01 0.40+0.02
Sartorius 0.53+0.11 0.45+0.11 0.55+0.02 0.43 +0.04
Soleus 0.28 £0.04 0.25+0.02 0.29+£0.01 0.26 £ 0.08
Tensor Fascia Lata 0.52 +0.08 0.44 +0.03 0.53+£0.05 0.44+0.10
Tibialis Anterior 0.30+0.13 0.28 +0.12 0.29+0.03 0.27 +0.01
Tibialis Posterior 0.32+0.14 0.32+£0.13 0.32+£0.10 0.32+0.09
Vastus Intermedius 0.23 £0.02 0.19 £ 0.07 0.25+0.13 0.19+0.14
Erector Spinae 0.16 £ 0.04 0.15+0.07 0.17 +0.07 0.16 +0.03
External Obliques 0.26 £0.10 0.24 +£0.05 0.27+£0.05 0.26+£0.11
Gemelli 0.07+0.03 0.05+0.04 0.08 £ 0.04 0.05£0.02
Internal Obliques 0.19 +£0.07 0.16 = 0.05 0.21 +0.09 0.02 +0.01

shown that the ground reaction forces experienced during
bench stepping are directly related to the step height and
the type of manoeuvre [12, 15]. An increase in step height
significantly reduces the loading rate and the peak force
acting on the subjects’ joints. Maybury and Waterfield [16]
used step benches with step heights of 15, 20 and 25 cm
and 120 BPM music tempo. They found statistically sig-
nificant differences for peak impact force between the 15
and 20 cm and 15 and 20 cm heights, but not between 20
and 25 cm. No significant differences were found in any
other parameters. Moreover, according to the results of Fu-
jarczuk et al. [12] there is no significant influence of music
tempo on the peak GRF in the step exercise. Therefore, the
studies support the present advice that participants should
use low step heights. For this reason, in the present work

we decided to analyse only one aerobic movement at the
most common height of step at one music tempo.
Analysis of muscle torques provides a more in depth
insight into lower limb loading during knee rise. Com-
parison of peak torques for the knee up move to their
corresponding values during walking, both forward and
backward [4], shows that the torques for extension in the
hip joint and knee joint are 449% and 781%, respectively,
greater than for walking, whereas for the ankle joint, peak
torque is 25% greater than its corresponding value during
walking. In the flexion movement, the torques for the hip
joint and ankle joint are greater for the knee up move by
631% and 124%, respectively. Furthermore, in the knee
joint, the torque values recorded for walking were greater
by 71%. Therefore, when opting for activity on the step it
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is worth knowing that overload syndromes are caused by
repetitive micro trauma and they involve bone, cartilage,
bursae, muscles and tendons [25]. The degree of muscle
contraction depends on its length, with longer fibres ena-
bling greater contraction. Maximal extension of the mus-
cle is 1.6 times its natural length and maximal contraction
of the muscle amounts to 0.5 of this value. The muscle
works most effectively and has the greatest strength if its
length is as close to its natural length as possible. Longer
and weaker muscles are used to improve movement speed,
while shorter muscles contract in a smaller space. There-
fore, they have greater efficiency and are used for activi-
ties that need strength [2, 33]. A review of the literature
has shown that few studies [1, 8, 17, 20, 29] go beyond
a description of muscle length changing during a crouch-
ing gait, and no references were found in sport application
and above all in knee up move analysis.

The study described in this paper showed that the
greatest changes in the muscles length were found for the
flexors of the right hip: sartorius muscle (0.12 m), tensor
fasciae latae and gluteus maximus (0.09 m and 0.08 m).
Similar tendencies are observed for the muscles of the left
leg. The sartorius muscle and tensor fasciae latae changed
their length by 0.08 m, whereas the length of the gluteus
maximus changed by 0.05 m. The smallest differences
were found for the tibialis posterior muscle of the right
and left leg. Therefore, these muscles perform the greatest
work. It is primarily related to the kinematics of the ana-
lysed motion. In the study group, the largest range of mo-
tion was in the sequence in the right knee (96.6 &= 1.5 deg),
hip (90.2 £2.3 deg) and ankle (33.1 £2.1 deg) joint. For the
left leg, the differences were much smaller: 50.6 = 0.5 deg,
64.9 + 1.4 deg and 34.2 + 0.9 deg for the hip joint, knee
joint and ankle joint, respectively. Therefore, custom-
ers of fitness clubs often have to undergo physiotherapy,
since they exercise irregularly but intensively, which leads
to ankle instability and knee joint pain. In this case, an
insignificant difference in the exercise technique means
substantial changes in the distribution of stresses in the
knee joint. Therefore, it is necessary to ensure the smooth,
harmonious work of the knee stabilizers that dynamically
support the meniscus and the ligament system.

In conclusion: Ranges of angles and torques sug-
gest that the knee joint is the most prone to injuries and
overtraining. Greater values of the vertical component
of ground reaction forces are observed during stepping
down, which suggests greater load to the joints of the
lower limbs. The most pronounced changes in the length
for the knee up move were observed for the sartorius
muscle and the tensor fasciae latae. The present study
adds to the limited amount of published information
about lower limb loading during knee up in step aero-
bics exercise and increases the knowledge base on the
change in length of individual muscles. A still open and

interesting problem is the analysis of the muscle force
contribution during various step heights and/or various
music frequencies.
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