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Abstract

Knee extensors are mixed muscles containing both fast (FMU) and slow motor units (SMU). It has been hypothesized that, at
high angular velocities (150-360 deg/s), FMU contributes primarily to knee joint moment development, while at low angular
velocities (30-120 deg/s), both FMU and SMU contribute to force generation. It was hypothesized that the maximum isometric
moment in m. quadriceps, registered on the isokinetic dynamometer “BIODEX System 4Pro”at speeds of 30-150 deg/s,
represents the sum of the moments from SMU and FMU, while in the range of 150-360 deg/s, it is primarily generated by FMU.
The maximum isometric moment created by the FMU was calculated using a linear equation, as the force-velocity relationship
becomes linear at high velocities. During knee extension at a constant angular velocity, the maximum number of RMUs,
according to the model, is activated up to an angular velocity of 240 deg/s: (knee amplitude motion 90 deg) / (time developing
maximum force 0.37s) = 240 deg/s. The maximum number of MMUSs is recruited 1.09 s after the onset of knee extension, which
corresponds to an angular velocity of 90 deg/based on the results of isokinetic dynamometry and a mathematical model, FMU
and SMU forces were calculated for highly skilled athletes of different sports. For athletes of various specializations, the SMU
force does not exceed 24 N/kg, while the FMU force ranges from 52-83 N/kg. The main result of this study demonstrates an
acceptable level of agreement between the model and experimental calculations of the SMU and FMU contributions to knee
extension force. Based on the obtained model characteristics, individual "boundaries" of SMU and FMU involvement can be
determined.
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1. Introduction

The level of special strength training athletes receive is the performance is determined by the integration of the neuro-
limiting factor in achieving high athletic performance. Special muscular system’s properties, which generate strength, power,
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and speed during competitive exercises [1]. According to Ju.
V. Verhoshansky, the main characteristic of a sports move-
ment’s effectiveness (regardless of the type of activity) is the
speed of the athlete’s movement. In sports where athletes must
overcome significant external resistance to reach high speeds,
developing muscle strength and increasing metabolic effi-
ciency are necessary to enhance their performance [2].

Muscles’ ability to generate force depends on factors such
as muscle mass, muscle fiber type, pennation angle, and
muscle activation characteristics. Previous studies have
shown that men have a significantly higher ability than
women [3, 4], which is believed to be due to greater muscle
mass, a higher percentage of fast-twitch muscle fibers [5, 6],
and gender-specific muscle activation patterns [7]. Even when
normalized for body mass, gender differences in maximum
torque persist.

For example, speed skating is a cyclic sport that demands
great strength and aerobic capacity from athletes. Highly
skilled speed skaters can cover 1,500 and 5,000 meters in
approximately two and seven minutes, respectively. Studies
show that performance in short distances (500 meters) de-
pends on the maximum strength of the lower limb extensor
muscles [8, 9].

Knee extensor muscles are mixed muscles containing both
fast (FMU, Type II) and slow motor units (SMU, Type I)
[10-13]. The primary function of Type | fibers is to maintain
an upright posture, support walking, and enable prolonged,
low-intensity exercise, such as long-distance running. Type Il
fibers facilitate high-intensity exercises, including jumping or
sprinting. Laboratory experiments on different fiber types

(mainly in animals) in vitro revealed that their force and
power properties differ significantly [14]. Studies on the
force-velocity relationship in knee extensors have shown that
athletes with a higher percentage of Type Il fibers generate
greater total force at high velocities [11]. The contribution of
each fiber type to total force was not considered. In this study,
using m. quadriceps as an example, maximum forces for
different fiber types were calculated using a mathematical
model based on experimental data. The objective of this study
was to determine the maximum isometric strength of FMU
and SMU in relation to sports specialization.

2. Materials and Methods

2.1. Design and Participants

Highly skilled athletes of different specializations partici-
pated in this study: figure skating (females, n=4), rowing
(females, n=7), cyclists in BMX (Bicycle Motocross) disci-
pline (males, n=5; females, n=6), cyclists in track discipline
(males, n=6), cross-country skiing (males, n=8), rock climb-
ing in speed discipline (males, n=8), and soccer (n=42, U18).
Male volunteers (n=10) al so participated in an experimental
study with a 21-day head-down bedrest (HDBR) conducted
by the Institute of Biomedical Problems of the Russian
Academy of Sciences. All studies were conducted in ac-
cordance with the principles of biomedical ethics outlined in
the Declaration of Helsinki (1964) and its subsequent updates.
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Figure 1. Profile of maximum isometric force of knee extensor muscles at the knee joint angles of 90 degrees. 1- maximum FMU force. 2 —
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2.2. Experimental Protocol

All participants of the study performed knee joint extension
in the sitting position on the isokinetic dynamometer “BIO-
DEX System 4Pro”. Maximum moments of m. quadriceps
were recorded at angular velocities in the range of 30-360
deg/s. During the test, athletes and volunteers performed knee
extension at a signal according to the instruction: to perform
extension “as quickly and strongly as possible.” The rest
period between the “extension-flexion” cycle was 57 se-
conds, and the rest period between angular velocities was 1
minute. The transition from high angular velocities to low
ones and sufficient rest intervals between testing at different
angular velocities prevented the development of muscle fa-
tigue. At each angular velocity, the volunteers performed no
more than three extensions in the knee joint. The maximum
isometric force was evaluated at knee joint angle of 90 deg.

2.3. Research Hypothesis

The maximum voluntary isometric force profile is shown in
Figure 1. It was hypothesized that the "fast part” (0.3720.16 s,
n=38) of the isometric force profile mainly depends on the
force-velocity properties of FMU, while the "slow part, "with
a duration of 0.7540.29 s (n=38), depends on the combined
force of SMU and FMU (profile portion from 0.37<t<1.12 s,
Figure 1). SMU "reaches" maximum force on average in
1.0940.31s from the onset of force development; hence, the
knee extension angular velocity should not exceed 90 deg/s
(Table 1). When the angular velocity surpasses 150 deg/s, the
knee extension duration decreases from 0.6 s to 0.25 s, re-
ducing the maximum possible force developed by SMU from
55% to 23% (Table 1).

Table 1. MDE force in% of maximum as a function of knee extension time and velocity.

Angular velocity deg/s Time of knee extension (s)

30 3,0
60 15
90 1,0
120 0,75
150 0,60
180 0,50
240 0,375
300 0,30
360 0,25

2.4. Calculation Model for FMU and SMU Force

Strength in% maximum
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Figure 2. FMU and SMU Maximum Isometric Force Model Based on «<BIODEX System 4Pro>Testing Results. Solid line-regression equation
for all fiber types in the range of 0-300deg/s. Dashed line-regression equation for FMU in the range of 150-300 deg/s.
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It was hypothesized that the maximum isometric moment in
m. quadriceps, registered on the isokinetic dynamometer
“BIODEX System 4Pro”at speeds of 30-150 deg/s, represents
the sum of the moments from SMU and FMU, while in the
range of 150-360 deg/s, it is primarily generated by FMU
[15].

The maximum isometric moment created by the FMU was
calculated using a linear equation, as the force-velocity rela-
tionship becomes linear at high velocities [16, 17]. By ex-
trapolating equation (1) to the y-axis (dashed line in Figure 2),
the maximum isometric force predominantly of Type Il fibers
was determined (coefficient KO). By extrapolating the re-
gression equation (2) for SMU and FMU to the y-axis, the
maximum total isometric force of all fiber types was calcu-
lated (solid line in Figure 2, coefficient B1, equation (2). By
subtracting the moment value for FMU from the total moment,
the moment generated by SMU was estimated (Figure 2).
Normalizing for the knee joint moment arm, maximum FMU
and SMU forces were evaluated.

K
FnRAaG = dO (1)

max KRV =K, ?

M(;TJZ’; - maximum isometric moment of m. quadriceps
(Nm);

Mgy » Mgy -isometric moment and maximum isometric
moment of FMU (Nm);

e Fapns - maximum forces of FMU and SMU, re-

spectively (N);

K1, KO, and B1- coefficients of regression equations. Last
two coefficients correspond to the maximum isometric mo-
ment of FMU and SMU+FMU, respectively (Nm);

V —angular velocity in the knee joint (deg/s);

d- m. quadriceps arm in the knee joint, d=0,045-0,05 (m).

2.5. Model Validity Assessment

To verify the assumptions for assessing maximum SMU
and FMU force, m. quadriceps moments before and after
extended exposure to simulated microgravity effect sin the
21-day HDBR study were compared. Studies by Institute of
Biomedical Problems of the Russian Academy of Sciences
have shown that maximum isometric force of ankle and knee
extensors decreases by 15-21% under natural (space flight)
and simulated microgravity conditions [18, 19]. The
cross-section al area (CSA) of SMU fibers decreases by 15-20%

max _ MSFJ%X_M?&TJ _(MSEJZ)E—Ko)
SMU d B d [20, 21]. Figure 3 shows SMU and FMU force calculations for
knee extensors before and after HDBR (n=10), calculated
=B, *exp (-0,0033*V) @) according to equations (1) and (2). FMU force decreases by
q”l""aé ’ 4%, while SMU force decreases by 22%, corresponding to a
15-21% reduction in SMU CSA.
where
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Figure 3. FMU and SMU maximum forces Before and after HDBR 2021-2022, averaged data (n=10).
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3. Results

Having confirmed the validity of the hypotheses made us-
ing the 21-day ANOG as an example, the MMU and RMU
forces were calculated in the isometric mode in athletes in
various sports. During knee extension at a constant angular
velocity, the maximum number of RMUSs, according to the
model, is activated up to an angular velocity of 240 deg/s:
(knee amplitude motion ~90 deg)/(time developing maxi-
mum force 0.37 s) = 240 deg/s, Figure 1). The maximum
number of MMUs is recruited 1.09 s after the onset of knee
extension, which corresponds to an angular velocity of 90

deg/s. With an increase in knee extension velocity to 360
deg/s, type I fibers "do not have time" to develop force; their
contribution to the total moment is less than 30% (Table 1).

The maximum force of the quadriceps muscle in
cross-country skiers is 65.6 N/kg, while that of cyclists and
climbers is >81 N/kg (Figure 4). The strength of the MMU is
influenced by sport specialization: the shorter the distance, the
weaker the type | fibers. In male climbers (speed discipline),
the MMU strength is the lowest of all - 10.1 N/kg, and, con-
versely, in rowing and cross-country skiing, the MMU
strength is 23.6 and 19.8 N/Kkg, respectively.
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Figure 4. Maximum Isometric FMU and SMU forces depending on sport.

4. Discussion

The main result of this study demonstrates an acceptable
level of agreement between the model and experimental cal-
culations of the SMU and FMU contributions to knee exten-
sion force. Based on the obtained model characteristics, in-
dividual "boundaries” of SMU and FMU involvement can be
determined.

The results obtained in this study are fully comparable with
the results of testing speed-strength manifestations in an ex-
periment with 21-day hypokinesia [22], which found that after
prolonged modeling, the greatest "loss" of force occurred in
the low-speed range (120-30 deg/s). Moreover, the decrease
in maximum voluntary force was independent of changes in
the force gradient [22]. At angular velocities from 120 to 30
deg/s, the time to reach the maximum torque is from 0.6 to 0.8
s; all types of muscle motor units are active, including slow
ones (Slow Oxidative), according to the Slow Oxidative +
high-threshold motor units (Fast Oxydative and Fast Glyco-
Iytic) scheme [23], and the subjects manage to develop a
significant torque during knee extension.

A number of studies have shown the effect of weightless-
ness on the state of the SMU [20, 23-25]. It has been shown
that exposure to real and simulated weightlessness does not
lead to a significant change in the state of the FMU [26-28].
Thus, we can conclude that the results of the afore mentioned
studies can be compared with our calculations, since it was at
low angular velocities (range from 30 — 120 degrees/s) that a
significant decrease in maximum voluntary force occurred,
due to a decrease in the contractility of the SMU knee ex-
tensor muscles.

5. Recommendations

Strength training, which calculates load as a percentage of
the 1RM, is aimed at developing the strength of the MU
muscle fibers and has little effect on the strength of type |
fibers. The strength of the MU muscle fibers does not exceed
24 N/kg, which is two or more times less than the strength of
the MU muscle fibers for the corresponding sport. Changing
strength training regimens to develop the strength of type |
fibers will improve the efficiency of performing moder-
ate-intensity competitive exercises, for example, in soccer,
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where a professional soccer player spends more than 75-80%
of their time standing, walking, and running at a speed of 8-12
km/h [29].

Abbreviations

FMU Fast Motor Units
SMU Slow Motor Units
HDBR Head-Down Bed Rest
CSA Cross-Sectional Area

Acknowledgments

The authors thank the participants for their efforts and
consistency throughout the study.

Author Contributions

Andrey Voronov: Formal Analysis, Methodology, Re-
sources, Validation, Writing - review & editing.

Alexey Shpakov: Data curation, Investigation, Supervi-
sion.

Elena Tomilovskaya: Data curation, Investigation, Su-
pervision.

Anastasia Voronova: Conceptualization, Data curation,
Formal analysis.

Nikolay Sokolov: Conceptualization, Data curation, For-
mal analysis.

Funding

This work was carried out within the frame work of the
state task of FSCVNIIFKNo.777-00001-24-00 (topic code
No0.001-22/4).

Data Availability Statement

Data are available upon reasonable request from the au-
thors.

Conflicts of Interest

The authors declare no conflicts of interest.

References

[1] Zatsiorsky, V. M. (2019) Physical qualities of an athlete: fun-
damentals of theory and methods of education. M. Sport. (In
Russ).

[2]1 Verhoshansky, Ju. V. (1988) Fundamentals of special physical
training of athletes. M. Fizkul'tura i sport. (In Russ).

(3]

(4]

(5]

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

Kanehisa, H., Okuyama H, Ikegawa S, Fukanaga T (1996) Sex
differences in force generation capacity during repeated
maximal knee extensions. European journal of applied physi-
ology and occupational physiology 73(6): 557-562.
https://doi.org/10.1007/BF00357679

Pincivero, D. M., Gear, W. S., Sterner, R. L., Karunakara, R. G.
(2000) Gender differences in the relationship between quadri-
ceps work and fatigue during high-intensity exercise. Journal
of Strength and Conditioning Research 14: 202—-206.

Henriksson-Larsen, K. (1985) Distribution, number and size of
different types of fibers in whole cross-sections of female m.
tibialis anterior. An enzyme histochemical study. Acta physio-
logica Scandinavica 123: 229-235.
https://doi.org/10.1111/j.1748-1716.1985.tb07574.x

Simoneau, J. A., Bouchard, C. (1989) Human variation in
skeletal muscle fiber-type proportion and enzyme activities.
The American journal of physiology 257: E567-E572.
https://doi.org/10.1152/ajpend0.1989.257.4.E567

Pincivero, D. M., Campy, R. M., Salfetnikov, Y., Bright, A.,
Coelho, A. J. (2001) Influence of contraction intensity, muscle,
and gender on median frequency of the quadriceps femoris.
Journal of applied physiology 90: 804-810.
https://doi.org/10.1152/jappl.2001.90.3.804

Popov, D. V., Bravy, Ya. R., Lemesheva, Yu. S., Missina, S. S.,
Linde, E. V., Voronov, A. V., Vinogradova, O. L. (2008) Pre-
diction of the result of all-round speed skaters by physiological
indices. Teorija i praktikafizkul'tury 9: 40-43. (In Russ).

Felser, S., Behrens, M., Fischer, S., Heise, S., Bamler, M.,
Salomon, R., Bruhn, S. (2016) Relationship between strength
qualities and short track speed skating performance in young
athletes. Scandinavian journal of medicine & science in sports
26(2): 165-171.

https://doi.org/10.1111/sms.12429

Lysenko, E. A., Vepkhvadze, T. F., Lednev, E. M., Bobyleva, P.
I., Vinogradova, O. L., Popov, D. V., Fedyushkina, I. V., Se-
menova, E. A., Generozov, E. V. (2020) Torque production at
different velocities as a predictor of the proportion of
fast-twitch muscle fibers in skeletal muscles of athletes. Hu-
man Physiology 46: 689-695.
https://doi.org/10.1134/S0362119720060055

Torstensson, A., Grimb, Y., Karlsson, J. (1976) Force-velocity
relations and fiber composition in human knee extensor mus-
cles.. Journal of applied Physiology 40: 12-16.
https://doi.org/10.1152/jappl.1976.40.1.12

Polgar J., M. A. Johnson, D. Weightman, D. Appleton, D.
(1973) Data on fiber size in thirty-six human muscles—an
autopsy study. Journal of the neurological sciences 19: 307—
318.

https://doi.org/10.1016/0022-510x(73)90094-4

Johnson, M. A., Polgar, J., Weightman, D. (1973) Data on the
distribution of fibre types in thirty-six human muscles—an
autopsy study. J Neurol Sci.. Journal of the neurological sci-
ences 18: 111-129.
https://doi.org/10.1016/0022-510x(73)90023-3


http://www.sciencepg.com/journal/ajss

American Journal of Sports Science

http://www.sciencepg.com/journal/ajss

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

Bottinelli, R., Canepari, M., Pellegrino, M. A. (1996)
Force-velocity properties of human skeletal muscle fibers:
myosin heavy chain isoform and temperature dependence.
JournalofPhysiology. 495: 573-586.
https://doi.org/10.1113/jphysiol.1996.sp021617

\Voronov, A. V., Malkin, R. V. (2016) Methodology for as-
sessing the strength off a stand s ow motor units of knee ex-
tensor muscles. MotorControl 2016. Proceedings of the VI
Russian Conference with International Participation Confer-
ence onMotion Control, Kazan April 14-16, 2016. P. 89.(In
Russ).

Bobbert M. F.,, Casius L. J., Van Soest A. J. (2016) The rela-
tionship between pedal force and crank angular velocity in
sprint cycling // Med. Sci. Sports Exer Medicine and science in
sports and exercise 48: 869-878.
https://doi.org/10.1249/MSS.0000000000000845

Cuevas-Aburto J., Ulloa-D Bz D., Barboza-Gonz&ez P. (2018)
The addition of very light loads into the routine testing of the
bench press increases the reliability of the force-velocity rela-
tionship. Peer J6: e5835.

https://doi.org/10.7717/peerj.5835

Kukoba, T. B., Babich, D. R., Fomina, E. V., Orloy, O. I. (2020)
Changes in the muscle strength-velocity qualities underthe
modeled space flight effect sin the conditionsof 21-day dry
immersion. Aerospace and Environmental Medicine 54: 23-27.
https://doi.org/10.21687/0233-528X-2020-54-4-23-27

Fomina E. V., Kukoba T. B. (2019) Recovery of cosmonaut’s
leg muscles strength after extended mission with the use of
strength training equipment for partial compensation of the
gravitational unloading. 53: 11-16.
https://doi.org/10.21687/0233-528X-2019-53-5-11-16

Shenkman, B. S., Grigoriev, A. I., Kozlovskaya, I. B. (2017)
Gravity mechanisms in tonic motor system. Neurophysiolog-
icalandmuscleaspects. HumanPhysiology. 43: 578-590.
https://doi.org/10.1134/S0362119717050140

Shenkman B. S., Tsaturyan A. K., Vikhlyantsev I. M. (2021)
Molecular mechanisms of muscle tone impairment under con-
ditions of real and simulated space flight. ActaNaturae. 13:
85-97. https://doi.org/10.32607/actanaturae.10953

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

Shpakov, A. V., Primachenko, G. K., Voronov, A. V., Sokolov,
N. N., Voronova, A. A., Puchkova, A. A. (2023) Influence of
21-day antiorthostatic hypokinesia on the functional state of
the musculoskeletal system of human Human Physiology. 49:
617-624. https://doi. org/10.1134/s0362119723700512

Linnamo V., Moritani T., Nicols C., Komi P. V. (2003) Motor
unit activation patterns during isometric, concentric and ec-
centric actions at different force levels Journal of Electromy-
ography and Kinesiology. 13: 93-101.

Narici, M. V., De Boer, M. D. (2011) Disuse of the muscu-
lo-skeletal system in space and on Earth European journal of
applied physiology 111: 403-420.
https://doi.org/10.1007/s00421-010-1556-x

Narici, M., Kayser, B., Barattini, P., Cerretelli, P. (2003) Effects
of 17-day spaceflight on electrically evoked torque and
cross-sectional area of the human triceps surae European
journal of applied physiology. 90: 275-282.
https://doi.org/10.1007/s00421-003-0955-7

Rittweger, J., Albracht, K., FIttk, M., Ruoss, S., Brocca, L.,
Longa, E., Moriggi, M., Seynnes, O., Di Giulio, I., Tenori, L.,
Vignoli, A., Capri, M., Gelfi, C., Luchinat, C., Franceschi, C.,
Bottinelli, R., Cerretelli, P., Narici, M. (2018) Sarcolab pilot
study into skeletal muscle’s adaptation to long-term spaceflight
NPJ Microgravity 4.

Koryak, Y. A. (2020) Isokinetic force and work capacity after
long-duration space station MIR and short-term International
Space Station missions Aerospace medicine and human per-
formance. 91: 422-431.
https://doi.org/10.3357/AMHP.5348.2020

Netreba, A. I., Khusnutdinova, D. R., Vinogradova, O. L.,
Kozlovskaya, I. B. (2004) Effect of dry immersion of various
durations in combination with artificial stimulation of foot
support zones upon force-velocity characteristics of knee ex-
tensors Journal of gravitational physiology. 3: 129-130.

Mohr M., Krustrup P., Bangsbo J. (2003) Match performance
of high-standard soccer players with special reference to de-
velopment of fatigue Journal of Sports Sciences. 21: 519-528.


http://www.sciencepg.com/journal/ajss

