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ABSTRACT

Stretching is a common activity used by athletes, elderly, rehabilitation patients, people in-
volved in fitness programs and many others. In isometric stretching an elongation in the linear
dimensions of the kinematic chain of the upper limbs is observed. The aim of this study is to
show the importance of intra-articular processes as response of isometric stretching force, as
well as to mark the basic factors which define the joint answer to stretching, describing experi-
mental data, relative to these factors. The present work has a programmatic character in terms
of the directions in which the answer to the laid aims should be sought. The main focus is on
the biomechanical processes in the joints involved in the obtained kinematic chain extension.

Key words: isometric stretching, joint, intra-articular processes.

INTRODUCTION

Stretching is a common activity used by
athletes, elderly, rehabilitation patients, peo-
ple involved in fitness programs and many
others (Page, 2012). Weerapong, Hume, &
Kolt (2004), define stretching as “movement
applied by an external and/or internal force
in order to increase muscle flexibility and / or
joint range of motion”.

Static stretching is the most widely used
technique by athletes due to its simplicity
and ease of execution. It has been found that
static stretching affects both the mechani-
cal and neurological properties of the mus-
cle-tendon block, leading to increased mus-
culoskeletal flexibility (Weerapong, Hume
& Kolt, 2004).

Isometric stretching is a type of static
stretching (in the sense that it does not use
motion) which involves the resistance of

muscle groups through isometric contractions
(tensing) of the stretched muscles (Appelton,
2009). Due to the fact that in this type of
stretching the muscles work in an isometric
mode, the developed muscle forces will un-
doubtedly affect the joints around which the
respective muscles are located. These muscu-
lar forces are applied to the bones at the points
of attachment of the tendons to the bone.
When we have active isometric stretching of
more muscle groups passing over a certain
joint, the muscular forces obtained during
this stretching will cause processes inside the
joint itself.

The effects of stretching on muscle prop-
erties are well studied and depend on vari-
ous factors, such as the stretching techniques
used, the stretching time, the length of stay,
the rest time and the time difference between
the intervention and the measurement, and
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many others. Most publications have studied
the effects of static stretching on the passive
properties of the muscle-tendon block (Mag-
nusson et al., 1996a, 1996b), (McNair et al.,
2000), (Magnusson et al., 1995), (Magnusson
et al., 2000). In a series of studies by Mag-
nusson et al., (1996a, 1996b, 1996¢), static
stretching for 90 seconds with five repeti-
tions reduced muscle resistance, measured
by passive stiffness, maximum torque, and
stress relaxation. Another team of research-
ers concluded that changes in the viscoelastic
properties of the muscle-tendon block depend
more on the duration of stretching than on the
number of stretches (Kubo, Kanehisa, Fukun-
aga, 2001).

Prolongation of static stretching (from
five to ten minutes) has been shown to reduce
tendon stiffness (Kubo, Kanehisa, Fukunaga,
2001), (Kubo, Kanehisa, Fukunaga, 2002).
The reduction in stiffness may be due to a
change in the arrangement of the collagen fi-
bers in the tendon (Kubo, Kanehisa, Fukun-
aga, 2001).

The combination of stretching exercises
with other therapeutic techniques, such as
warm-up (Magnussonetal.,2000) (Stojanovié¢
et al., 2017), heat/cold (Henricson, 1984),
(Taylor, Waring, Brashear, 1995), (Burkeet
al., 2001) and massage (Weerapong, Hume &
Kolt, 2004), (Rodenburg et al., 1994), have
been used to improve practical results of
stretching.

Warming up causes an increase in muscle
temperature, which helps to improve tissue
flexibility. In a study by Magnusson et al.,
(2000), warming up (jogging) for 10 minutes
(performed at 70% increase in oxygen flow),
leads to increased muscle temperature by 3%.

Massage, stretching and warming up are
often used in sports practice to prevent mus-
cle injuries. Rodenburg et al., (1994) reported
that combining these techniques may reduce

some of the negative effects of eccentric ex-
ercise-induced soreness. Applying warm-up
procedure aims to reduce the viscosity of
muscle tissue and stretching aims to reduce
passive tension. The results show that the
combination of these techniques does not af-
fect the treated areas more than any individu-
ally performed technique per se. Other studies
have reported that warm up effectively reduc-
es muscle sensitivity and loss of functionality
(Weerapong, Hume & Kolt, 2004), (Nosaka,
Clarkson, 1997), massage is effective in re-
ducing the sensation of pain (Weerapong,
Hume & Kolt, 2004), (Bale, 1991), (Tiidus,
Shoemaker, 1995), while stretching has no
effect. (Johansson et al., 1999). However,
the influence of a combination of stretching
exercises with other therapeutic techniques
(warm-up, heat/cold, massage) on joint re-
sponse and joint biomechanical properties is
not studied in detail yet.

The results of Maeda et al. show that stat-
ic stretching for 2 minutes a day significant-
ly increases the range of motion of the joint.
There has also been a significant reduction in
muscle stiffness (Maeda et al., 2017). Sev-
eral teams noted an individual response of
the body during stretching exercises (Curry
et al., 2009), (Dalrymple, 2010). Therefore,
stretching programs can and should be indi-
vidualized in view of different factors, goals
and individual characteristics of the patient
or athlete (Weerapong, Hume & Kolt, 2004).

A review by Harvey et al. shows an as-
sessment of the impact of different types of
stretching for the prevention and treatment
of contractures (contracture is a permanent
shortening or stiffening of muscles, tendons,
ligaments, skin or connective tissue, which
leads to reduced range of motion). The same
team reported challenging results on the lack
of clinical effect of stretching on joint mobil-
ity. These results contradict the fundamental
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acceptance in physiotherapy that stretching is
effective in treating and preventing contrac-
tures (Harvey et al., 2017).

The preceding analysis shows the effects
of stretching on the muscle-tendon block.
However, the influence of stretching on the
function and processes inside the joints is in-
sufficiently studied. In other words, what hap-
pens inside the joint in isometric stretching,
as far as we know, has not been studied and
clarified.

Over 70% of the problems that occur in
the human musculoskeletal system are of
joint origin, and in some specific categories
of work, including sports, it is higher. In this
regard, the study of intra-articular processes
and the effects of the reaction to the load on
the joints could be the basis of approaches to:

- finding optimal motor tasks related to
joint training;

- joint rehabilitation;

- synthesis of rehabilitation and sports
simulators;

- synthesis of artificial joints, applicable
both in medical practice and in technical de-
vices supporting human movements (exo-
skeletons, active orthoses, etc.)

The creation of an appropriate motor pro-
gram for studying the intra-articular process-
es and movements depending on the purpose
of the work with the respective joint is a com-
plex interdisciplinary problem.

The aim of this study is to show the im-
portance of intra-articular processes as re-
sponse of isometric stretching force loading,
as well to mark the basic factors which define
the joint answer to stretching, describing ex-
perimental data, relative to these factors. The

present work has a programmatic character
in terms of the directions in which the an-
swer to the laid aims should be sought. The
main focus is on the study of the reasons for
elongated kinematic chain of stretched upper
limbs, involved in presented experimental
model.

MATERIALS AND METHODS

In musculoskeletal biomechanics, the
model considering the interaction of skeletal
and muscular elements is based on analogies
with the interaction of units and forces in le-
ver mechanisms (Hall, 2007). According to
this model, bones are the units and muscles
are the engines that drive them. The magni-
tudes of the forces of interaction between the
units of the mechanism (i.e., load in the joints)
and the magnitudes of the muscular forces of
the overall interaction with the internal and
external environment are a consequence of
the geometric proportions of the connections
between skeletal and muscular elements. The
idea for this is shown in Figure 1 (Hall, 2007).
In general, this model presents the joints of
the limbs, as mechanisms with alternative
bilateral muscle drive (Figure 2), and the
limbs themselves as open lever mechanisms.
With its help the force-speed characteristics
of the limbs are well described and explained
(Miladinov, Velin, 2018; Peev, Gadev, 2018),
but some effects of the musculoskeletal in-
teraction cannot be explained, such as the
lengthening of the kinematic chain of the
upper limbs when their muscles are tensed.
This effect will be described below and is a
“paradox”.
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center of
rotation

Figure 1. Interaction of skeletal and mus-
cular elements is based on analogies with
the interaction of units and forces in lever

mechanisms.

The “paradox” extension, experiments.

Figure 3 shows a diagram of an experimen-
tal setup using which the following experiment
was performed:

* The participant lies on his back on a hard
surface so that full contact of the shoulder gir-
dle with it need to be obtained.

Figure 3. Measurement scheme.

* In this position, the measuring instru-
ments are reset by fixing the distance between
their contact points A and B.

* In the next stage, the participant per-
forms an isometric contraction of the muscles
(which he can control voluntarily) included in
the formed kinematic circuit between the two

Figure 2. The limbs as lever mechanisms.

» Stretches his arms out to the side (Figure
3). The endpoints (A - lateralis dexter digitus
medius and B-lateralis sinister digitus medius)
are in contact with the sensing axes of microm-
eters (linear displacement reading accuracy
0.01 mm).

measuring devices (points A and B). It should

be noted here that for different individuals, al-
though isometric, the contraction of these mus-
cles is not the same, both in the characteristics
of the contractile act of each of the participat-
ing muscles and in their nomenclature, as the
total effect of this multiple muscle contractions
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depends on the individual characteristics of the
individual participants in the experiment.

* Despite these differences, as a result of
the performed motor task, the following com-
mon effect is observed for all participants in
the experiment: the formed kinematic chain
between points A and B increases its length.
According to the existing in the literature kine-
matic models of the bone and joint apparatus of
the shoulder girdle and the forelimbs, it is built
only of rotational connections. With this struc-
ture and the maximum extension of the arms
before stretching, which is carried out in the
study, there should be no increase in its linear
dimensions. While in fact such an increase is
registered, which is the paradox in its behavior.

RESULTS
The effect described above was observed
in an experiment with 30 participants, athletes,

in the age group 13-17 years, 18 boys and 12
girls. In Table 1 and Table 2 (Table 1 - girls and
Table 2 - boys) in the first column is given the
number of the participant, and in the next two
columns (respectively Right and Left) are giv-
en the measured readings of the micrometers
in millimeters. The increase in the length of the
kinematic circuit is the sum of the two readings
(Right + Left). It should be noted here that this
effect is also observed in other stretching exer-
cises performed both by individual joints and
by connected bone chains. Naturally, the ques-
tion arises as to the reasons for the elongation
of the kinematic chain (in the case of the upper
limbs), which we have described as a paradox.

The answers to this question are related to
the experimental study of intra-articular move-
ments, processes and effects of force loading
of the joints.

Table 1. Kinematic chain elongation in mm, left and right micrometric devices, girls.

Girls Left, mm Right, mm
1. 18.00 18.00
2. 13.00 13.00
3. 14.00 14.00
4. 1.00 2.55
S. 5.00 6.30
6. 20.00 20.00
7. 10.00 10.00
8. 16.00 16.00
9. 10.00 10.00
10. 12.00 12.00
11. 10.00 10.00
12. 11.10 11.10

Table 2. Kinematic chain elongation in mm, left and right micrometric devices, boys.

Boys Left, mm Right, mm
1. 7.57 8.10
2 5.00 4.80
3. 3.90 8.14
4. 3.80 3.30
5 7.70 8.10
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6. 3.50 3.25
7. 7.70 8.13
8 7.30 8.10
9. 10.00 10.00
10. 6.00 7.00
11. 10.00 10.00
12. 15.00 15.00
13. 0.20 0.00
14. 10.00 10.00
15. 8.00 6.00
16. 10.00 10.00
17. 15.00 15.00
18. 10.00 10.00

A recent study by Stoytchev et al. (2020),
analyzed the experimental mechanical prop-
erties of synovial fluid and cartilage and their
constitutive models, as well as their dynam-
ic interaction under load. Due to the great-
er strength of the bones, their deformability
during joint loading is not taken into account.
The results can be summarized as follows:

- Synovial fluid is a dialysis of blood plas-
ma and hyaluronic macromolecules, which
lead to non-Newtonian rheological properties
such as viscoelasticity and pseudoplasticity;

- From a mechanical point of view, carti-
lage is a porous, viscoelastic material consist-
ing of three phases: solid phase, about 20% by
volume, from folded collagen with a pore size
of about 60 angstroms; interstitial fluid, nor-
mally 80% of the volume; a combination of
different ions;

- Intensive experimental hydro-mechanical
studies and modeling of processes in synovi-
al joints have been performed since the ear-
ly 1980s, mainly by Mow and his coworkers
(Mow, Lai, 1979), Mow et al.,1980). It was
found that:

a) the rheological properties of cartilage
are best described by the quasi-linear visco-
elastic model of Fung (Fung, 1981);

b) the interstitial fluid is transported through

the porous cartilage according to Darcy’s law,
the interaction between the deformable porous
matrix and the fluid determines the so-called
viscous friction;

c¢) the biomechanical processes in the joint
capsule are determined by the rheological
properties of the cartilage and synovial fluid,
on the one hand, and by the applied load, on
the other hand;

d) constitutive models (Mak, 1986), (Set-
ton, Zhu, Mow, 1993) agree best with experi-
mental results.

The widespread use of nuclear magnet-
ic resonance (NMR) in research has made it
possible to elucidate in vivo some processes
in the joint capsule at certain loads. For exam-
ple, Cotofana et al., (2011) found that cartilage
thickness decreased to 5.2% with a knee load of
50% of body weight. Herberthold et al., (1999)
received a 44% deformation of the cartilage
of the kneecap under a load of 150% of body
weight. For the first time, they also determine
the amount of fluid flow from the cartilage into
the capsule cavity. In these studies, however,
the load is on the feet and does not involve
muscle groups. Also, the load is selected to be
proportional to the body weight of the studied
participant. While in the experimental design
of the present study each participant applies
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an isometric load according to their individual
capabilities.

Anin-depthreview Eckstein, Hudelmaier,
Putz (2006), found that physical activity (go-
ing downstairs, running and cycling) led to a
slight deformation of the articular cartilage,
which recovered after 90 minutes. Studies by
the Kubo group (Kubo, Kanehisa, Fukunaga
(2001) and (2002)), show that isometric exer-
cises increase the volume of muscle groups up
to 7% as well as their strength and Young’s

modulus.

Recently, Ranchev et al., (2019) reported
a study concerning the volume change of the
knee joint capsule during isometric stretching.
These data experimentally showed that in ac-
tive isometric stretching there is a change in
the distance between the cartilaginous surfaces
of the femur and tibia (femur, tibia), which is
associated with changes in the size of the mus-
cle-tendon block of adjacent muscle groups
due to their contraction (Figure 5).

Bl 3.00 T, awpc_48933194, SIGNAPIO
2850

Figure 5. Reduction of the distance between the cartilaginous surfaces of the femur and tibia

in isometric stretching. A). At rest; B). At isometric stretching.

DISCUSSION

The main purpose of the stretching exer-
cises is to achieve better performance of the
muscles in sports, rehabilitation, and everyday
activities. The synovial joints serve as a crit-
ical unit in realizing movements due to me-
chanical and biochemical processes inside the
joint cavity. Eckstein, Hudelmaier, Putz (2006)
suggested that human cartilage deforms very
little in vivo during physiological activities
like deep knee bends, static loading, running,
cycling training bike and recovers from defor-
mation within 90 min after loading.

For the present, the quantitative measure-
ment of the forces developed by the muscles

during stretching is practically impossible due
to the different individual anatomical struc-
ture, the many connections with tendons and
bones, as well as the individual biomechanical
muscle properties. Therefore, for the indirect
determination of these forces, structural mech-
ano-mathematical models are used, for the in-
put data of which EMG signals are used. It is
reported that developed models from different
author teams are successfully used for such
calculation (Raikova, (2020)). A future task for
the presented experimental model (Figure 3)
is to quantify the muscular forces causing the
observed elongation of the kinematic chain of
the upper limbs and to examine the relation be-
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tween the magnitude of these muscular forces
and obtained kinematic chain extension.

The evaluation of the muscular forces
acting on the joints of the kinematic chain of
the upper extremities in the presented exper-
imental model in Figure 3 would allow clar-
ifying the processes inside the joint capsule.
The most important of these is a change in the
distances between the cartilaginous surfac-
es of the bones that make up the joint. These
muscle forces cannot be calculated directly be-
cause the number of unknown muscle forces
and reactions in the joints is much larger than
the equilibrium equations that can be written.
Therefore, in most cases, modeling and opti-
mization methods are used, choosing an opti-
mization function according to physiological
considerations (Raikova, Prilutsky, 2001).

The muscle post isometric relaxation (PIR),
which is a result of muscle energy technique,
is an important contribution to reported “para-
dox”. The post-isometric relaxation technique
begins by placing the muscle in a stretched
position. Then an isometric contraction is
exerted against minimal resistance. Relaxation
and then gentle stretch follow as the muscle
releases (Lewit, Simons, 1984) (Shenouda,
2012). It was found that this technique leads
to excellent relaxation and an improved rest-
ing length of the hyperactive muscles (Lewit,
Simons, 1984; Shenouda, 2012; Liebenson,
2007).

CONCLUSION

In isometric stretching an elongation in
the linear dimensions of the kinematic chain of
the upper limbs is observed.

This study reviews the results of sur-
veys related to the elucidation of the mecha-
nism of the joint response in isometric stretch-
ing. They can be summarized in several groups
of factors: a) deformation of articular cartilage;
b) hydro-mechanical effects and rheological

behavior of synovial fluid; ¢) deformation of
the joint capsule; d) changes in the mechanical
properties of muscle tissue during the gener-
ation of force loads; e) viscoelastic behavior
of the muscle-tendon block; f) muscle post-
isometric relaxation (PIR) phenomenon (Lewit,
Simons, 1984); g) intra articular processes and
movements, respondent to joint loading.

The main question is how to estimate the
separate contributions of the listed seven (prob-
ably and more) factors, related to the elucida-
tion of the mechanism of the extension of the
stretched kinematic chain of the upper limbs.
The difficulty is related to the interaction be-
tween these factors, which makes the analysis
of the observed phenomenon complicated.

This work focuses on the intra articular
processes and its biomechanical explanation.
The described results contribute to the elucida-
tion of the mechanism of the joint response in
isometric stretching. This response depends on
many factors, which interact with one another,
and can be applied not only to stretching but to
all human movements.

These basic biomechanical processes in-
side the synovial joints are governed by mainly
three factors - mechanical properties of articu-
lar cartilage and synovial fluid, from one side,
and on the loading imposed on the joint, from
the other side (Stoytchev et al., 2020).

1) Synovial fluid (dialysate of blood plas-
ma and hyaluronic acid protein (HAP) com-
plex) behaves as non-Newtonian fluid with
pseudo-plasticity and visco-elasticity.

2) Articular cartilage - porous, viscoelastic
material consisting of three principal phases:
a) a solid phase, which is composed predom-
inantly of a densely woven, strong, collagen
enmeshed with proteoglycan macromolecules.
The collagen and proteoglycan network form
a porous, fiber-reinforced, composite solid ma-
trix; b) a fluid phase, which is water (normally
80% by wet weight); and c) an ion phase.
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3) Mechanical load applied on the joint,
mainly depends on the muscular forces, load
conditions and body pose.

The estimation of the mechanical load ap-
plied on the joints is the next step to clarifica-
tion of the “paradox” presented in this study.
Finally, the loads imposed on the joint, and es-
pecially their magnitude and velocity of appli-
cation, predispose the intensity of the hydraulic
processes inside the joint cavity like permea-
bility of collagen matrix, drain of interstitial
fluid etc. To our knowledge, those effects are
not sufficiently examined for the moment.
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