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The influence of isometric rotation
of the lower limb on the functioning
of the knee joint stabilizers and rotator muscles
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Purpose: This paper presents an assessment of the influence of isometric rotation of the lower limb in a standing position on the
functioning of the muscles stabilizing the knee joint in the frontal plane with the use of modeling the loads on the musculoskeletal sys-
tem. Methods: The research was carried out in the AnyBody Modeling System software, performing multi-variant simulations of the
musculoskeletal system during isometric rotation of the lower limbs. The simulations were carried out using as input data the values of
rotating moments and the ground reaction forces acting on foot segments, which were measured using the proprietary Rotenso device and
the position of the body segments. Results: The result is the muscular activity of the lower limbs of the selected muscle groups during isometric
rotation. Muscle activity was recorded for Sartorius, Tensor fasciae latae, Iliopsoas, Gluteus minimus, Gluteus medius, Gluteus maximus, Piri-
formis, Quadratus femoris, Obturator internus, Obturator externus, Gemellus inferior, Gemellus superior. Conclusions: Performing isometric
rotation allowed for the activation of most of the knee joint stabilizing muscles and rotators of the lower limb. The results indicate that

lower limb rotation exercises can be used in physiotherapy in patients with valgus knee.

Key words: musculoskeletal system, lower limb isometric rotation, mathematical modeling, AnyBody Modeling System

1. Introduction

In children and adolescents aged 3—18 years, varus
of the knees is the fourth most common defect, while
valgus is seventh. Among postural defects occurring
only in the lower limb, they are the most common.
Knee varus occurs in 8.5%, knee valgus occurs in 7%
of people in a given age group [20].

The human lower limbs are responsible for carry-
ing loads related to the weight of the torso, upper
limbs and head, both when standing and performing
dynamic activities such as walking or running [9]. Re-
duced physical activity and a sedentary lifestyle have

a negative impact on the functioning of the musculo-
skeletal system, including the lower limbs [21]. Func-
tional disorders soon lead to overloads, which, in
turn, affect the formation of degenerative changes.
This also applies to improperly performed physical
exercises, which over time can become the cause of
pain [8], [10]. Factors that disturb the proper func-
tioning of the musculoskeletal system include mor-
phological, environmental and physiological factors.
In this paper, it was decided to focus on the latter,
which are based on biomechanical analysis associat-
ing the formation of defects within the lower limbs
with disturbances in the forces of the carrier (me-
chanical) axis.
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Due to the frequency of defects within the knee
joint, it was decided to focus mainly on it. The func-
tion of the muscles in the sagittal plane for the knee
joint is well known and described [1]. However, at-
tention should also be paid to motor control and stabili-
zation of the joint in the frontal and horizontal planes,
because only balancing each of them is a factor limit-
ing the formation of injuries and overloads [18]. There
are publications in the literature on the improvement
of the condition of the knee joint through the hip ab-
duction strengthening exercises. Such studies were
conducted by Lubahn A. et al. [17] where weight-bea-
ring therapeutic exercises were tested. On the basis of
medical imaging, it was also found that setting the
limb in a rotated position allows for the correction of
knee valgus and varus [12].

The following muscle groups are responsible for
the proper knee joint stabilization: Popliteus, Tensor
fascie late, Gracilis, Sartorius. Especially the Sartor-
ius, responsible for the spiral stabilization mechanism,
has a significant impact on the valgus correction and,
consequently, the course of the kinematic chain, also
on the quality of the foot arch [7], [16]. The muscles
shown are involved in the rotation of the lower limbs.
Therefore, it was decided to check whether the lower
limbs rotation physiotherapeutic exercises can posi-
tively affect the correction of the above posture de-
fects. Research with the use of appropriate measuring
devices and computer modeling can significantly con-
tribute to obtaining knowledge about the impact of
physiotherapeutic exercises on the improvement of the
functioning of the musculoskeletal system. This was
confirmed by the research using the above techniques
conducted by Nowakowska-Lipiec et al. [24]. This
research confirmed the influence of exercises on the
loads on the lumbar spine.

The lack of dedicated research tools for isometric
rotation measurements affects the number of studies in
this field. Additionally direct and non-invasive meas-
urements of internal forces due to the level of tech-
nology are impossible and it is likely that they will
remain so in the near future [11]. For this reason, it
was necessary to use computer modeling techniques
to determine the loads on the skeletal-muscular sys-
tem. An example of such studies are those conducted
by Blazkiewicz M. [3], where the loads on the mus-
culoskeletal system were analyzed during classical
and jazz pirouettes. In the study, data were collected
using a 9-camera system (Vicon, Oxford Metrics, Ltd.,
UK) and two force plates (Kistler Holding AG, Swit-
zerland). Other examples are the studies of Michnik
R. et al. and Joszko K. et al. where musculoskeletal
loads related to the spine and pelvis were determined

using the AnyBody and Madymo software [14], [22],
[25]. The Anybody system is also successfully used to
model the loads on the upper limbs in people with
impaired motor functions [4] or during ordinary ac-
tivities of everyday life [2]. In own study, it was also
decided to use this system due to the thoroughly tested
and validated model of the human body. Taking the
literature review and the needs indicated by the
physiotherapeutic community into account, this work
aimed to assess the influence of isometric rotation of
the lower limb in a standing position on the functioning
of the muscles stabilizing the knee joint with the use of
modeling the loads on the musculoskeletal system.

2. Materials and methods

2.1. Description
of the measuring device

There are no devices on the market that allows for
the measurement of moments of force (MoF) rotating
the limb in the appropriate position of the body. There-
fore, it was necessary to design and manufacture a de-
vice that allows for the measurement of MoF rotating
the lower limb with simultaneous measurement of the
distribution of ground reaction forces (GRF). The study
was carried out using the Rotenso platform (Fig. 1) and
9 degrees of freedom (DoF) inertial measurement unit
(IMU) sensors (Yost Labs, Portsmouth, Ohio — orien-
tation accuracy of £1° for dynamic conditions, 360°
orientation range for each axis). The Roensto platform
is a device for conducting tests of the distribution of
GRF of the foot for 4 anatomical support zones with
simultaneous measurement of MoF rotating the lower
limbs. Measurement sensors with a maximum load of
200 [N], accuracy of £0.03% were used for the meas-
urement of MoF. Measurement sensors with a maxi-
mum load of 500 [N], accuracy of +0.4% were used
for the measurement of GRF. Data was recorded at
a frequency of 10 [Hz]. The Rotenso was equipped
with 16 GRF sensors for each foot and two MoF sen-
sors. The device was designed on the basis of pilot
studies [5]. A patent application was filed for the de-
vice at the Patent Office of the Republic of Poland
(Application number: P.434688).

The operation of the Rotenso measuring system has
been verified using a reference device: AXIS FAS500.
The verification was carried out by combining the
measurement data with the reference data in the func-
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tional range of the device, and then the linear regres-
sion coefficient was calculated to obtain a regression
accuracy of R” equal to 0.9947.

Fig. 1. Rotenso measuring device design

2.2. Characteristics of the group
of examined persons

The experimental tests were attended by 33 indi-
viduals (having an average mass of 71 + 18.5 [kg], an
average heigh of 166 + 17.7 [cm]). The studied group
consisted of people who did not complain about any
ailments or injuries.

2.3. Description of the test carried out

Using IMU 9DoF sensors, kinematic parameters
such as inclination of the pelvis (/oP) in the sagittal
plane of the body and the angle of rotation of the lower

limbs were recorded. The Rotenso platform determined
the values of the GRF resulting from standing and the
values of MoF rotating the lower limbs during isomet-
ric rotation — food movement was blocked by part of
the Rotenso platform. The above parameters were
recorded during the tests.

Two 9DoF IMU sensors were placed on the collat-
eral ligaments of the knee joint. The third sensor was
placed on the sacrum of the pelvis in order to record
the loP (Fig. 2).

The foot has been divided by Rotenso platform
into four parts so that each of these parts has contact
with one separated measuring part. The division into
forefoot and hindfoot was determined by the Cho-
part’s joint. The external and internal parts of the foot
were determined by the center of the ankle joint in the
frontal plane.

During the study, 3 trials were recorded succes-
sively:

e maximum external isometric rotation of right lower
limb and left lower limb simultaneously (RLLS,
LLLS) for 10 seconds;

e maximum external isometric rotation of the right
lower limb (RLL) for 10 seconds;

e maximum external isometric rotation of the left lower
limb (LLL) for 10 seconds.

People were instructed to stay in an upright position
without changing the kinematics of the upper limbs,
trunk and head.

2.4. Description of model studies

The work used an appropriate prepared model avail-
able in the AMMR repository of the AnyBody envi-

Fig. 2. Study of isometric rotation of the lower limb on the Rotenso platform



142 M. CHRZAN et al.

ronment (AnyBody Modeling System 5.2.0, AnyBody
Technology A/S, Niels Jernes Vej 10, DK-9220 Aal-
borg @, Denmark). The FreePostureStatic model is char-
acterized by 69 rigid bodies, about 1000 muscle actons,
simple muscle model, the Scalingl.engthMassFat linear
scaling method — based on the entered body mass and
height values, optimization criterion — minimization of
the sum of the cubes of the ratio of muscle strengths to
their maximum values.

The FreePostureStatic model is a static model that
does not move. Joint angles are entered before simu-
lation and are checked in the “mannequin.any” file.
The model was prepared for each of 33 people in terms
of scaling in relation to body mass and height. The
method of implementation of input data resulting from
research for a model is presented in Fig. 3. The GRF
were applied in the direction of the vertical axis of the
human body, at points according to the data recorded
during the pilot studies [5] and literature. The force
resulting from GRF on the hindfoot was applied to the
center of the calcaneus (F;). The force resulting from
GRF on the external part of the forefoot was applied
to the center of the bone of the fifth phalange (F,).
The force resulting from GRF on the internal part of
the forefoot was applied to the center of the bone of
the first phalange (F3). The MoF (F,) of the limb was
applied to the fifth phalange and is directed in accor-
dance with the direction of the frontal axis of the hu-
man body.

Fig. 3. lllustration of input implemented
in the FreePosture model and model during simulation
— AnyBody Modeling System software

The simulations allow for the determination of mus-
cle strength, muscle activity and joint reactions forces.
Based on the simulation, the muscles responsible for the
stabilization of the knee joint and the rotators of the

lower limb were analyzed. The results of muscle ac-
tivity were presented for such muscles as: Sartorius,
Tensor fasciae latae (knee joint stabilizers) and Iliopsoas,
Gluteus minimus, Gluteus medius, Gluteus maximus,
Piriformis, Quadratus femoris, Obturator internus, Ob-
turator externus, Gemellus inferior, Gemellus superior
(lower limb rotators).

3. Results

3.1. Results of experimental studies

For the model, the input data resulting from ex-
perimental studies are summarized in Table 1, where
the mean values (mean) and standard deviations (std)
are presented. The data implemented in the model
come from the moment of time when the maximum
value of the MoF rotating the lower limb was re-
corded. During the tests, the angular value of the rota-
tion of the lower limbs was recorded too. Due to the
values of this rotation, which for each of the subjects
were lower than the measurement uncertainty of the
device (£1°), they were not included in the simula-
tions — this confirms the fact of isometric rotation. The
low rotation values of the lower limbs were due to the
fact that the rotation was isometric. The structure of

Table 1. Average values of input data for lower limbs

LLLS | RLLS | LLL | RLL

MoF mean | 14.02 | 1374 | 1177 | 11.28
[N*m] std | 634 | 641 | 538 | 628
MoF mean | 020 | 020 | 0.17 | 0.16
[BM] std | 007 | 007 | 006 | 0.06

Hindfoot GRF | mean | 221.08 | 201.01 | 239.21 | 218.22
[N] std | 79.02 | 5537 | 9025 | 7532
Hindfoot GRF | mean 3.31 3.01 3.58 3.27
[BM] std | 085 | 054 | 083 | 0.73
Inner part mean | 46.88 | 43.79 | 32.09 39.43
((’}thlEefoI’]refOOt std | 39.34 | 2847 | 29.10 | 33.13
Inner part mean | 0.70 0.66 0.48 0.59
((’}fl{l;e[g’l\r/ffom sd | 052 | 039 | 041 | 040
Outer part mean | 99.22 | 70.45 | 72.65 70.45
gf;;e[lf\?]refom std | 41.01 | 32.81 | 31.61 | 3281
Outer part mean 1.43 1.34 1.09 1.05
gl{l;e[gﬁ]fom std | 045 | 044 | 041 | 039
. mean 1.83 1.83 1.64 0.77
ToP [*] std | 2.67 | 267 | 278 | 187
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the platform did not allow the limb to rotate along the
vertical axis of the body, because the foot was blocked
during movement. MoF were standardized according
to the body mass (BM). In summary, the model inputs
were force vectors resulting from GRF, MoF rotating
lower limb and IoP (Table 1). Experimental studies
were the source of data.

3.2. Results of simulation studies

Averaged results muscles activity are presented in
Table 2. Muscle activity is presented in the range of
0-1, where 0 is the lack of muscle activity and 1 is the
maximum activity (strength) that a muscle is able to
generate. Of the selected muscle groups during rota-
tion, the highest average value of muscle activity was
obtained for the Gluteus maximus for the RLLS. The
average activity value for this muscle was 0.72 + 0.25.
A completely inactive muscle whose activity value
was 0.00 £+ 0.00 is the Obturator externus. Apart from
this muscle, all others showed activity in at least one
test.

The results of simulation tests for 99 models (33 for
RLLS and LLLS, 33 for RLL, 33 for LLL) in the form
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of muscle activity were compared to the value of the
limb rotating moment standardized to the BM. These
results were presented for the Sartorius muscle, which
is responsible for the spiral stabilization mechanism of
the lower limb, and Tensor fasciae latae, which is
knee joint stabilizer (Figs. 4, 5).

Linear regression coefficient was calculated and
regression accuracy R* was equal to 0.67 for LLLS,
0.77 for RLLS and 0.74 for LLL, 0.79 for RLL for
Sartorius. For Tensor fasciae latae regression accuracy
R*is equal 0,66 for LLLS, 0.81 for RLLS and 0.70 for
LLL,0.78 for RLL.

Next, the Pearson correlation coefficient was cal-
culated to determine the strength of the relationship
between the value of the MoF and muscle activity.
Pearson correlation coefficient was considered statis-
tically significant at p < 0.05 and only these were
presented in Table 3. The lack of statistical signifi-
cance of the Pearson correlation coefficient (p > 0.05)
occurred for the Quadratus femoris, Obturator exter-
nus, Gemellus inferior for both limbs. For each simu-
lation a high correlation (» > 0.5) was found between
the value of the MoF and the activity of the Sartorius
muscle which is responsible for the spiral stabilization
mechanism of the lower limb.

Table 2. Muscle activity during isometric rotation

. . Gluteus |Gluteus| Gluteus | . . . |Quadratus|Obturator|Obturator|Gemellus|Gemellus| Ten§0r
Sartorius|Iliopsoas| . . . . Piriformis| o P . fasciae
minimus| medius jmaximus femoris | internus | externus | inferior | superior latae
mean | 0.52 0.53 0.62 | 0.67 | 0.72 0.66 0.02 0.1 0.00 0.06 0.14 0.56
RLLS std 0.23 0.19 025 | 0.25 | 0.25 0.27 0.07 0.14 0.00 0.09 0.24 0.22
mean | 0.55 0.60 0.62 | 0.65 | 0.71 0.66 0.02 0.17 0.00 0.07 0.19 0.57
LLLS std 0.25 0.21 025 | 0.25 | 0.25 0.25 0.08 0.23 0.00 0.12 0.31 0.24
mean | 0.38 0.48 0.46 | 0.50 | 0.57 0.49 0.00 0.02 0.00 0.01 0.03 0.42
RLL std 0.18 0.16 0.20 | 0.20 | 0.22 0.21 0.00 0.06 0.00 0.04 0.04 0.17
mean | 0.43 0.59 0.47 | 0.50 | 0.56 0.51 0.01 0.09 0.00 0.05 0.06 0.43
LLL std 0.17 0.18 0.17 | 0.17 | 0.18 0.18 0.05 0.16 0.00 0.11 0.08 0.15
®LLS ®RLLS
1 * o o @ 1 . . L ]
LLL . RS RLL
0.8 . Lo R?=0,6669 08 L RP=0,7711
» . - » O
E @ e® Fy=07439 E ® s eri=079m
5 0,6 ’ . g 0,6 ® ,._:"_ ®
g 0,4 ':':‘b 73 04 ,jr'!".‘ * o
= ° ’_4'“’ . =" o 00
0,2 PR 0,2 __.-u‘-'“ e
o
0 0 :
0.1 0.2 0,3 04 0 0,1 0,2 0.3 0,4

Moment of Force [BM]

Moment of Force [BM]

Fig. 4. Graph of the dependence of muscle activity on MoF [BM] for Satorius muscle
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Fig. 5. Graph of the dependence of muscle activity on MoF [BM] for Tensor fasciae latae muscle

Table 3. Pearson correlation coefficient between limb rotational moment value and muscular activity

. . Gluteus |Gluteus | Gluteus |_. . . | Obturator |Gemellus Tensor

Sartorius |Iliopsoas| . . . . Piriformis| . . |fasciae

minimus | medius |maximus internus | superior | | -

Mol RLLS 0.71 - 0.74 | 0.75 0.76 0.71 - 0.69 | 0.75
[N*m]

Mol LLLS 0.59 0.56 0.69 | 0.72 0.76 0.71 0.40 0.39 | 0.62
[N*m]

Mol RLL 0.84 0.63 0.87 | 0.87 0.84 0.84 0.38 0.51 0.85
[(N*m]

Mol LLL 0.88 0.98 0.95 | 093 0.99 0.64 - 0.97 -

(N*m]

4. Discussion

It is difficult to find studies on isometric rotation
of the lower limb in the standing position in the lit-
erature. However, there are studies examining this type
of exercise in other body positions. An example of such
research is that conducted by Mendonga L.D.M. et al.
[19]. The tests were carried out in the prone position.
The average values of the recorded MoF for isometric
rotation of the lower limb ranged from 0.29 to 0.46
[BM], depending on gender and the sport practiced. In
tests on the Rotenso platform in the standing position,
these values were in the range of 0.16-0.20 [BM]. The
results of the Rotenso platform were compared to
those of Urinati et al. [26], too. The article checks the
value of the MoF rotating the lower limb for recum-
bent, semi-recumbent and sitting positions. The study
was carried out using the Biodex System 3 (Biodex
Medical Systems, Shirley, NY). In this publication,
the mean value of the MoF for the recumbent position
was 36.5 £ 14.7 [Nm]. For own research on the Ro-
tenso device for the RLL, the value of the MoF was
11.28 + 6.28 [Nm]. As can be seen in the studies of

Uritani et al. [26], the change from recumbent position
to sitting possition significantly affected the results.
The value of the MoF rotating the lower limb was also
studied by Johnson S. and Hoffman M. [13]. The study
was carried out using the Biodex System 3 (Biodex
Medical Systems, Shirley, NY). The tests were carried
out in a sitting position, for three different angles of
flexion in the hip joint (10°, 40°, 90°). The values of
the MoF rotating the lower limb for different positions
were in the range of 20.52-48.75 [Nm]. The values
recorded during the research on the Rotenso device
were in range 11.28—-14.04 [Nm] for different rotations
type. For each of the above-mentioned works, the dif-
ferences in the recorded values may result mainly
from the position in which the exercise is performed.
The next results analyzed in the study were muscle
activity during the rotation of the lower limb. According
to research by Letafatkar A. et al., the muscles that are
significantly activated during lower limb isometric rota-
tion are the Gluteus Medius and the Tensor fasciae latae
[15]. The rotation was performed by pressing the lower
limb against the wall and muscles activity was recorded
using electromyography (EMG). Another studies con-
firming the activation of specific muscle groups dur-
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ing lower limb rotation exercises are those conducted
by Moore et al. [23]. The work is aimed to check iso-
tonic rotation of the lower limb as a therapeutic exer-
cise allowing for the activation of the Gluteus medius
and the Gluteus minimus. The research was carried out
using EMG in the supine and squat position. This stud-
ies confirmed the activation of these muscles. In addi-
tion, literature reports indicate a significant impact of
the pelvic position on the ability to generate MoF ro-
tating lower limb. This is confirmed by research con-
ducted by Cibulka M. et al. [6].

5. Conclusions

Experimental and model studies made it possible
to analyze the effect of lower limbs rotation physio-
therapeutic exercises on the muscular activity of the
lower limb. In particular stabilizers of the knee joint
and rotators of the lower limb were analyzed.

Based on the obtained results, the following con-
clusions were formulated:

e position of the body, in which rotation is performed,
is very important for the value of the MoF rotating
the lower limb. The value of MoF in sitting posi-
tion in literature studies was more than 4 times
greater than rotation while standing in own re-
search;

o the value of the MoF rotating the lower limbs during
simultaneous rotation is by 19% greater for left
limb and by 21% for right limb than when rotating
the limbs separately;

e performing isometric rotation allowed for the acti-
vation of most of the knee joint stabilizers and the
rotators of the lower limb;

e the high correlation (» > 0.5) occurs between the
activity of a significant number of muscle that are
lower limb rotators, knee stabilizers and the value
of the MoF rotating the lower limb;

o there is a greater correlation between muscle activity
and limb rotation separately than simultaneously.
The above conclusions show that the lower limb

rotating exercises by strengthening the muscles stabi-

lizing the knee in the frontal plane can be used in
physiotherapy in patients with valgus knee.

Acknowledgements

The study was realized within the project “DISC4SPINE dy-
namic individual stimulation and control for spine and posture
interactive rehabilitation” (grant no. POIR.04.01.02-00-0082/17-00)

co-founded by the European Regional Development Found within
Operational Program Smart Growth Action 4.1.2.

The publication was financed by Department of Biomechatronics,
Faculty of Biomedical Engineering, Silesian University of Technol-
ogy — BK 07/030/BK_22/2062

Conflicts of interest

The authors declare no conflict of interest.

References

[1] ABULHASAN J.F., GREY M.]., Anatomy and physiology of knee
stability, J. Funct. Morphol. Kinesiol., 2017, DOI: 10.3390/
jfmk2040034.

[2] BAJELAN S., AZGHANI M.R., Musculoskeletal modeling and

simulation of three various Sit-to-Stand strategies: An evalua-

tion of the biomechanical effects of the chair-rise strategy
modification, Technol. Heal. Care, 2014, 22, 627-644, DOI:
10.3233/THC-140834.

BLAZKIEWICZ M., Joint loads and muscle force distribution

during classical and jazz pirouettes, Acta Bioeng. Biomech.,

2021, 23, 313, DOI: 10.37190/ABB-01675-2020-02.

[4] CHRZAN M., MICHNIK R., BIENIEK A., WODARSKI P., Deter-

mination of the loads of the musculoskeletal system of the

upper limb while walking with crutches, Model. Inzynierskie,

2018, 69, 17-22

CHRZAN M., MICHNIK R., BIENIEK A., WODARSKI P.,

MYSLIWIEC A., Evaluation of muscle activity of the lower

limb during isometric rotation based on measurements using

a dynamometric and dynamographic platform, Adv. Intell. Syst.

Comput., 2019, DOI: 10.1007/978-3-030-23762-2_50.

CIBULKA M.T., STRUBE M.J., MEIER D., SELSOR M.,

WHEATLEY C., WILSON N.G. et al., Symmetrical and asym-

metrical hip rotation and its relationship to hip rotator muscle

strength, Clin. Biomech., 2010, 25, 56-62, DOI: 10.1016/

j.clinbiomech.2009.09.006.

[7] CLAIBORNE T.L., ARMSTRONG C.W., GANDHI V., PINCIVERO D.M.,
Relationship between hip and knee strength and knee valgus dur-
ing a single leg squat, J. Appl. Biomech., 2006, DOI: 10.1123/
jab.22.1.41.

[8] FREDERICSON M., COOKINGHAM C.L., CHAUDHARI A.M.,

DOWDELL B.C., OESTREICHER N., SAHRMANN S.A., Hip ab-

ductor weakness in distance runners with iliotibial band syn-
drome, Clin. J. Sport Med., 2000, DOI: 10.1097/00042752-
200007000-00004.
HamiLL J., KNUTZEN K.M., DERRICK T.R., Biomechanical
Basis of Human Movement, 4th ed., Lippincott Williams & Wil-
kins, Philadelphia, 2016.
[10] HEwETT T.E., MYER G.D., FORD K.R., Anterior cruciate
ligament injuries in female athletes: Part 1, mechanisms and
risk factors, Am. J. Sports Med., 2006, DOI: 10.1177/
0363546505284183.

[11] HuG F., Can muscle coordination be precisely studied by
surface electromyography?, J. Electromyogr. Kinesiol., 2011,
21, 1-12, DOI: 10.1016/j.jelekin.2010.08.009.

[12] HUNT M.A., FOWLER P.J., BIRMINGHAM T.B., JENKYN T.R.,
GIFFIN J.R., Foot rotational effects on radiographic, 2006,
49, 401-406.

—
w
—

—
(9}
—_

—
[*)}
[t}

—
\O
—



146 M. CHRZAN et al.

[13] JouNsoN S., HOFFMAN M., Isometric Hip-Rotator Torque Pro-
duction at Varying Degrees of Hip Flexion, J. Sport Rehabil.,
2010, 19, 12-20, DOI: 10.1123/jsr.19.1.12.

[14] Joszko K., Gzik M., WOLANSKI W., GZIK-ZROSKA B.,
KAWLEWSKA E., Biomechanical evaluation of human lumbar
spine in spondylolisthesis, J. Appl. Biomed., 2018, 16, 51-58,
DOI: 10.1016/j.jab.2017.10.004.

[15] LETAFATKAR A., HATEFI M., BABAKHANI F., ABBASZADEH
GHANATI H., WALLACE B., The influence of hip rotations on
muscle activity during unilateral weight-bearing exercises in
individuals with and without genu varum: A cross-sectional
study, Phys. Ther. Sport, 2020, 43, 224-229, DOI: 10.1016/
j-ptsp.2020.03.009.

[16] LEwek M.D., RAMSEY D.K., SNYDER-MACKLER L.,
RuDpoLPH K.S., Knee stabilization in patients with medial
compartment knee osteoarthritis, Arthritis Rheum., 2005, 52,
2845-2853, DOI: 10.1002/art.21237.

[17] LuBanN A.J., KERNOZEK T.W., TysoN T.L., MERKITCH K.W.,
REUTEMANN P., CHESTNUT J.M., Hip muscle activation and
knee frontal plane motion, Int. J. Sports Phys. Ther., 2011, 6,
92-103.

[18] MELINSKA A., CZAMARA A., SZUBA L., BEDZINSKI R., Biome-
chanical characteristics of the jump down of healthy subjects
and patients with knee injuries, Acta Bioeng. Biomech., 2015,
17, 111-120, DOI: 10.5277/ABB-00208-2014-04.

[19] MENDONCA L.D.M., BITTENCOURT N.F.N., FREIRE R.L.,
Campos V.C., FERREIRA T.V., SiLvA P.L., Hip external
rotation isometric torque for soccer, basketball, and vol-
leyball athletes: normative data and asymmetry index,
Brazilian J. Phys. Ther., 2022, 26, 0-5, DOI: 10.1016/
j-bjpt.2022.100391.

[20] MACIALCZYK-PAPROCKA K., Epidemiologia wad postawy
u dzieci i mlodziezy, Uniwersytet Medyczny im. Karola Mar-
cinkowskiego w Poznaniu, 2013.

[21] MicaNIK R., CHRzZAN M., WODARSKI P., BIENIEK A.,
NowAKOWSKA K., POLLAK A. et al., Research on the stability of
the users of chair with a spherical base, Adv. Intell. Syst. Com-
put., 2018, 623, 299-307, DOI: 10.1007/978-3-319-70063-2_32.

[22] MicaNIK  R., ZapoN H., NoOwAKOWwWsKA-LIPIEC K.,
JOCHYMCZYK-WOZNIAK K., MYSLIWIEC A., MITAS A.W., The
effect of the pelvis position in the sagittal plane on loads in
the human musculoskeletal system, Acta Bioeng. Biomech.,
2020, 22, 33-42, DOI: 10.37190/ABB-01606-2020-02.

[23] MOORE D., SEMCIW A.L., WISBEY-ROTH T., PizzArI T., Adding
hip rotation to therapeutic exercises can enhance gluteus medius
and gluteus minimus segmental activity levels — An electro-
myography study, Phys. Ther. Sport, 2020, 43, 157-165,
DOI: 10.1016/j.ptsp.2020.02.017.

[24] NowAKOWSKA-LIPIEC K., MICHNIK R., LINEK P., MYSLIWIEC A.,
JocHYMCZYK-WOZNIAK K., GZIK M., 4 numerical study to
determine the effect of strengthening and weakening of the
transversus abdominis muscle on lumbar spine loads, Comput.
Methods Biomech. Biomed. Engin., 2020, 23, 1287-1296, DOI:
10.1080/10255842.2020.1795840.

[25] NowAkOWSKA K., MICHNIK R., MYSLIWIEC A., CHRZAN M.,
Impact of strengthening of the erector spinae muscle on the values
of loads of the muskuloskeletal system in the lumbar spine section,
Engineering Mechanics, 2017, Book of Full Texts, 2017.

[26] UriTANI D., FUKUMOTO T., Differences of Isometric Internal
and External Hip Rotation Torques among Three Different Hip
Flexion Positions, J. Phys. Ther. Sci., 2012, 24, 863-865, DOI:
10.1589/jpts.24.863.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




