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Abstract

Introduction. Productive sporting performance in various sports disciplines often heavily depends on jumping abilities as well 
as on lower limb muscles power and endurance of the athletes involved. Both CrossFit, a popular high-intensity training program 
and sport climbing require lower extremity muscular power and endurance.

Aim. The aim of this study was to compare vertical jumping abilities, endurance and quickness of the regeneration in gastroc-
nemius lateralis (GL), vastus medialis (VMO) and gluteus maximus (GM) muscles in CrossFit athletes and sport climbers.

Material and methods. The study comprised 20 male athletes aged 24.3±4.7, divided into two equal groups: training CrossFit 
(CF) and sport climbers (SC). Vertical jump test was recorded by Vicon® motion capture system and AMTI® biomechanics force 
platforms. The myoelectric activity of the GL, VMO and GM muscles was recorded by myon®.

Results. Significant difference in height of vertical jump in CrossFit athletes and sport climbers was observed (SC: 125.43 cm,  
120.92 cm; CF: 110.42 cm, 110.86 cm; p<0.05). The endurance of the GL muscles in athletes using CrossFit training is sig-
nificantly higher in comparison to sport climbers. Athletes training CrossFit have a better ability to recover GL, GM and VMO 
muscles than sport climbers.

Conclusions. Sport climbers have better results in vertical jump tests than the athletes doing CrossFit. The endurance of  
the GL muscles in athletes doing CrossFit is higher in comparison to sport climbers. Athletes doing CrossFit have also better abili-
ty to muscles recover than sport climbers.

Keywords: athletes, CrossFit, sport climbing, surface electromyography, 3D motion capture.

Sport climbing has increased in popularity as a recreational 
physical activity and competitive sport. It has a positive effect 
on strength and endurance development of the human mus-
cular system [9]. Many studies during the last few decades 
have focused on general upper-limb strength in sport climbers  
[10-12]. Limited research has been conducted on lower ex-
tremity muscles work during sport climbing [13,14]. Sport 
climbing requires more upper than lower limb strength, but 
with good technique, most of the power should come from 
the lower body, with the upper body providing the ability to 
balance and stay close to the wall [15-17]. Speed climbing 
requires dynamic moves that send climbers flying through  
the air to get to a hold that is otherwise out of reach. Strong 
lower extremity muscles will increase push off speed from the 
hold, lengthen reach dynamically and improve speed and qua-
lity of climbing. Sport climbing requires both strength and en-
durance to climb long routes in rock and to compete. Climbing 
abilities, despite the tiredness caused by a long climb, must be 
kept on a steady level, in order to pass through the climbing 
route. 

IntRoduCtIon

Vertical jump is a plyometric move where all three exten-
sor moments of force (hip extension, knee extension and ankle 
plantarflexion) are involved [1]. Vertical jump requires a com-
bination of strength, speed, and power of muscles involved in 
hip extension (gluteus maximus), knee extension (the quadri-
ceps femoris) and ankle plantarflexion (gastrocnemius) [1-3].

CrossFit, a high-intensity training is a fast growing sport 
activity, but only little research on this exercise system has 
been performed to date [4]. CrossFit workouts is a less than 
30 minutes duration training with high – intensity exercise 
program, consisting mainly of a mix of aerobic exercises and 
body weight exercises [5,6]. Training program via Cross-
Fit improves maximal oxygen uptake, metabolic capacity,  
and body composition [7]. CrossFit makes use of a wide varie-
ty of power lifting exercises (squat, deadlift), and gymnastic 
movements (toes-to-bar, knees-to-elbows, lunges, burpees, 
gluteus-hamstring developer sit-ups, pistols) for lower extre-
mity muscular strength and endurance [8]. 
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Motion capture system is a non-invasive method for re-
cording human movements [18-20]. Biomechanics Force Plat-
forms can be used to collect kinetic data relating to ground re-
action forces by detecting forces and moments applied to their 
top surface [21,22]. By the set of marker motion detection 
cameras, objective assessment and analysis of a competitor in 
space is possible, while performing specialized training activi-
ties, such as vertical jump. Muscle activity is studied during 
isometric exercises using surface electromyograms (sEMG) 
in time domain and allows for non-invasive examination of 
muscle fatigue during isometric exercises. The analysis of fre-
quency provides information that is important to understand 
fatigue process [23]. The symptom of muscle fatigue during 
isometric contraction is decrease in spectral median frequen-
cy at the final of exercise [23-25]. Coordinated functioning 
of motion capture system, biomechanics force platforms and 
sEMG system allows objective comparison of the competitors’ 
sport skills.

AIM

The aim of this study was to compare vertical jumping 
abilities, endurance and quickness of the regeneration in gas-
trocnemius lateralis (GL), vastus medialis (VMO) and gluteus 
maximus (GM) muscles during isometric exercises in CrossFit 
athletes and sport climbers.

MAtERIAL And MEtHod

EtHICS StAtEMEnt
This study was approved by the ethical committee of 

Medical University of Lublin, Poland (KE-0254/331/2015).  
All sportsmen were informed about the procedures they would 
undergo and gave their informed consent to participate in the 
tests. 

SuBJECt dESCRIPtIon
The study comprised 20 male athletes with a dominant right 

leg, practicing CrossFit and sport climbing since two years  
3 times a week in a sports club. The dominant leg was deter-
mined by asking the subjects which leg they would choose 
to kick a ball [26]. The study subjects were divided into two 
equal groups, i.e. 10 athletes in each group: training CrossFit 
(CF; age: 24.4±3.2 years; height: 174.2±5.2 cm; body weight: 
66.2±6.1 kg) and sport climbing (SC; age: 25.1±4.5 years; 
height: 173.6±5.8 cm; body weight: 64.5±4.8 kg). During  
a six-month period prior to the study, all of the study subjects 
were in good state of health, without any conditions, which 
could influence the result of the test. All the tests were conduc-
ted in the morning to decrease the influence of the variability of 
bioelectrical activity of the muscle. The test performers were 
weighed before measurement without shoes and with minimal 
clothing. All the athletes were informed about the course of the 
measurements and agreed to participate in the tests. 

tHE 3d dYnAMIC MEASuREMEnt (VERtICAL 
JuMP tESt)

 Dynamic measurement (vertical jump test) was recorded 
using a Vicon optical motion capture system equipped with 
eight NIR T40S cameras. The Vicon Nexus 2.0 was used for 
3D kinematic data collection (sampled at 100 Hz) and post-
processing. The kinetics data was measured using two AMTI 

Biomechanics Force Platforms. Motion capture system and 
force platforms were synchronized and calibrated prior to test-
ing. Using palpation method reflecting marker was attached  
on the processus spinosus of L3.

tHE sEMG MEASuREMEnt (ISoMEtRIC tESt)
The 16-channel modular Wi-Fi myon EMG system, com-

patible with myon ProEMG software, was used for the record-
ing. The surface electrodes (Ag/AgCl) were distributed to the 
muscle fibre direction of GL, VMO, GM of the right lower 
extremity with the reference electrode on the patella. The mea-
surement was compiled from SENIAM standards. The skin 
under the electrodes was cleaned with alcohol.

MEASuREMEnt PLAn
Prior to data collection, each athlete performed a 10 min-

utes dynamic warm-up including vertical jumps. After warm-
up, athletes performed four tasks: first vertical jump (FVJ), 
first isometric test (FIT), second vertical jump (SVJ) and sec-
ond isometric test (SIT). All 4 tasks were measured without 
shoes and with minimal clothing.

The athletes were instructed to perform a two-foot vertical 
jump (FVJ), that each foot was contacted one various platform 
separately and fully (Figure 1). While in the next condition 
(FIT), the athletes were asked to assume a half knee bend po-
sition for 60 seconds (knees bent at a 90º, hips bent at a 60º, 
hands laced). After a 2 minutes recovery period, athletes per-
formed a two-foot vertical jump (SVJ) and 60 seconds isome-
tric test in half knee bend position (SIT).

During vertical jump test (FVJ and SVJ), the reflecting 
maker (processus spinosus of L3) movement and force plate 
data were recorded. Height of vertical jump was estimated 
using a biomechanical model based on data acquired by the 
motion capture. The height of each jump was taken from the 
displacement of the processus spinosus of L3 (the highest 
vertical position minus vertical position before the onset of 
the movement) [27]. Force plate data (maximum ground reac-
tion force – MGRF) were normalized to body mass (% BM)  
and calculated for all the participants [21,28,29]. 

During isometric test (FIT and SIT), the electrical activity 
of the GL, VMO and GM muscles of the right and left lower 
limbs was recorded. Spectral median frequency (MF) was 
compared between the beginning second and the final second 
of tests. The dynamics of the MF during whole test was ob-
tained by short-time Fourier transform. 

FIGuRE 1. dynamic FVJ and SVJ measurement (vertical jump test).
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data analysis
IBM SPSS STATISTICS programme was used to prepare 

the statistical analysis. To compare the variables between the 
four conditions (FVJ, FIT, SVJ, SIT), T- test paired – samples 
and T- test independent samples were used. Differences were 
regarded as statistically significant if the level of probability 
value was lower than the statistical significance (p<0.05).

RESuLtS

CHARACtERIStICS oF GRouPS
The characteristics of groups analysis did not show any 

significant difference (p>0.05) in age, height and body weight 
between CrossFit and Climbing athletes (Table 1).

The maximum ground reaction force of non-dominant leg 
was significantly greater in sport climbers in both measure-
ments in comparison to dominant leg (significant differences 
only in FVJ) (Table 4).

tABLE 1. Average (±Sd) age, height and body weight in CrossFit athletes 
and sport climbers.

Group n Male Female Age 
(years)*

Height 
(cm)*

Body weight 
(kg)*

CrossFit 10 10 0 24.4±3.2 174.2±5.2 66.2 ± 6.1

Sport 
climbing 10 10 0 25.1±4.5 173.6±5.8 64.5 ± 4.8

* no significant differences between groups (p>0.05)

tABLE 2. the height of vertical jump during FVJ and SVJ in CrossFit 
athletes and sport climbers.

Measurement Group n Mean jump height 
(cm) Sd t p

FVJ
CF 10 110.42 7.74

-4.41 0.001*
SC 10 125.43 7.47

SVJ
CF 10 110.86 7.22

-3.03 0.007*
SC 10 120.92 7.64

* significant differences between groups (p<0.05)

tABLE 3. difference in height of vertical jump between FVJ and SVJ  
in CrossFit athletes and sport climbers.

Group Measurement n Mean jump height 
(cm)

Mean  
differences p

CF
FVJ 10 110.42

-0.44 0.289
SVJ 10 110.86

SC
FVJ 10 125.43

4.51 0.002*
SVJ 10 120.92

* significant differences between groups (p<0.05)

tABLE 4. difference in maximum ground reaction force between Cross-
Fit athletes and sport climbers.

Measurement Group
dominant leg non-dominant leg

Mean Sd t Mean Sd t

FVJ
CF 89.80 5.91

-2.40*
93.78 6.07

-4.57*
SC 97.44 8.14 111.52 10.68

SVJ
CF 88.16 5.90

-1.99
92.68 5.51

-3.73*
SC 94.95 9.06 104.86 8.73

* significant differences between groups (p<0.05)

TABLE 5. Maximum ground reaction force in relation to the first and the 
second vertical jump in CrossFit athletes and sport climbers.

Group Leg

FVJ MGRF 
(% body 

mass)

SVJ MGRF 
(% body 

mass)
FVJ-SVJ 

mean  
differences

p

Mean Sd Mean Sd

CrossFit

Dominant  
leg 89.80 5.91 88.16 5.90 1.64 0.011*

Non-dominant  
leg 93.78 6.07 92.68 5.51 1.1 0.155

Sport  
climbing

Dominant leg 97.44 8.14 94.95 9.06 2.49 0.001*

Non-dominant  
leg 111.52 10.68 104.86 8.73 6.66 0.001*

* significant differences between groups (p<0.05)

VERtICAL JuMPInG ABILItIES (FVJ And SVJ 
MEASuREMEnt)

The height of vertical jump was greater in sport climb-
ers (SC) in both measurements (FVJ: 125.43±7.47, SVJ: 
120.92±7.64) than in athletes doing CrossFit (CF) (FVJ: 
110.42±7.74, SVJ: 110.86±7.22) (Table 2).

In CrossFit athletes the analysis did not show any signifi-
cant difference in height of vertical jump between FJV and 
SVJ conditions (mean difference:-0.44 cm; p>0.05) in com-
parison to athletes training sport climbing (mean difference: 
4.51 cm; p<0.05) (Table 3).

In relation to the first and the second vertical jump, maxi-
mum ground reaction force in SVJ was significantly lower in 
sport climbers in dominant and non-dominant leg in compari-
son to CrossFit athletes (significant differences only in domi-
nant leg) (Table 5).

MuSCuLAR EnduRAnCE (FIt And SIt MEASuRE-
MEnt)

The significant decrease in spectral median frequency of 
GL muscles was greater in sport climbers only during FIT 
measurement. During SIT measurement, the significant de-
crease in spectral median frequency of GL and GM muscles 
was greater in sport climbers than in athletes getting CrossFit 
training (Table 6).

In CrossFit athletes the analysis did not show any signifi-
cant difference in spectral median frequency GL, GM and 
VMO muscles between FIT and SIT conditions in comparison 
to athletes training sport climbing (significant differences in 
spectral median frequency GL, GM and VMO muscles) (Table 
7).
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dISCuSSIon

The main aim of this study was to compare vertical jump-
ing abilities, endurance and quickness of regeneration in gas-
trocnemius lateralis (GL), vastus medialis (VMO) and gluteus 
maximus (GM) muscles during the isometric exercises in athle- 
tes training CrossFit and sport climbing. Productive sporting 
performance in sport climbing depends heavily on the jumping 
abilities of the athletes involved.

The vertical jump requires a combination of strength, speed, 
and power of muscles involved in hip extension (gluteus 
maximus), knee extension (the quadriceps femoris) and an-
kle plantarflexion (gastrocnemius) [1,2]. Sport climbers have 
better results in vertical jump tests (height, maximum ground 
reaction force) than athletes doing CrossFit. It may be caused 
by the fact that sport climbing training may increase vertical 
jump abilities through speed climbing and dynamic moves 
that send climbers flying through the air to get to a hold that 
is otherwise out of reach. However, tiredness causes decrease 
of jump height and ground reaction forces of sport climbers,  
in comparison to CrossFit athletes (Table 3, Table 5). The re-
sults of our research suggest that the decrease of jump height 
and maximum ground reaction force of sport climbers after 
physical effort may be related to lower endurance of muscles 
engaged in vertical jump and to worse recuperation skills of 
the sport climbers’ muscles. 

Tiredness does not lower significantly the height of jump and 
ground reaction force of CrossFit athletes (Table 3, Table 5).  
It may be related to the fact that the endurance of the GL mus-
cles in CrossFit athletes is significantly higher in comparison 
to sport climbers and CrossFit athletes have a better abili- 
ty to recover after physical effort than sport climbers within 
the muscle groups GL, GM and VMO (FIT measurement,  
Tab. 6; FIT - SIT mean MF difference, Table 7). CrossFit train-
ing improved maximal oxygen uptake and metabolic capacity 
thanks to high-intensity exercise program, consisting mainly 
of aerobic exercises and wide variety of power lifting exer-
cises (squat, deadlift), and gymnastic movements (toes-to-bar, 
knees-to-elbows, lunges, burpees, gluteus-hamstring developer  

sit-ups, pistols) [7]. The use of the aforementioned exercises 
may significantly influence endurance of GM, GL and VMO 
muscles and regeneration of muscle groups after physical 
effort. CrossFit training focuses on the build of force endur-
ance of lower limbs, therefore it may increase the pace of the 
muscles’ recuperation. The use of CrossFit in sport climbing 
may increase the skill of jumping in the condition of tiredness 
through the improvement of the tested muscle endurance, and 
may influence the quality of climbing. The influence of Cross-
Fit training performed by sport climbers on the endurance and 
recuperation of muscle groups of lower limbs, and on vertical 
jump abilities after physical effort requires further research.

ConCLuSIonS
1. Sport climbers have better results in vertical jump tests 

(height, maximum ground reaction force) than athletes do-
ing CrossFit.

2. The endurance of the GL muscles in athletes doing Cross-
Fit is significantly higher in comparison to athletes training 
sport climbing. 

3. Athletes doing CrossFit have a better ability to recover GL, 
GM and VMO muscles after isometric effort in half knee 
bend position between FIT and SIT measurement than sport 
climbers.
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