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Abstract  
The aim of this study was to analyze the relationship of range of 
motion (ROM) in the sagittal plane and timing parameters during 
a bodyweight squat to the depth of the squat. Sixty participants 
(20 females and 40 males) took part in this study. They were 
instructed to perform a bodyweight squat to the maximal depth 
position. Kinematic data were obtained using the optical motion 
capture system. The time for the descent phase of squatting was 
normalized from 0% (initial position, start of movement) to 100% 
(squat position-stop of movement). The ROM of ankle, knee, hip, 
pelvis and spine in the sagittal plane and the normalized time 
when the maximum joint angles occurred during the descent were 
analyzed to investigate the relationship between them and the 
squat depth in males and females. The knee ROM contributed 
most significantly, from all joints to squatting depth in both 
females and males (r = 0.92, p < 0.001). The squat depth was 
related to lumbar, hip and knee motion in females and to all 
kinematics parameters in males. Maximal ankle dorsiflexion and 
pelvis anterior tilt were reached earlier than the maximal angles 
of knee, hip and spine during squatting. Pelvis and ankle timing 
was negatively correlated with the squat depth (rs = -0.64, p < 
0.001 and rs = -0.29, p = 0.02, respectively). This suggests that 
pelvis and ankle timing can be important to keeping balance 
during squatting and can lead to achieving the desired depth.  
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Introduction 
 
Squatting is widely used in physical therapy and sport 
training as a closed-kinematic chain exercise involving all 
lower limb joints and many muscles. It is one of the most 
important elements in building leg strength. Due to its 
multi-joint character, squatting seems to be an evaluation 
tool in motor control assessment (Gawda et al., 2019). 
Factors affecting squatting techniques are considered 
crucial in avoiding overuse or injury. They have aroused 
great interest among researchers in recent years (Lee et al., 
2015; Zawadka et al., 2018). One of the variables 
influencing muscular effort during squatting is depth 
(Bryanton et al., 2012). A full-range-of -motion (ROM) 
squat and a squat with limited depth are both common 
exercises of professional and recreational athletes. They 
demand different power and force and cannot be used 
interchangeably in weight training (Drinkwater et al., 
2012; Kitamura et al., 2019; Martínez-Cava et al., 2019).  

A  squat requires mobility of the lower limb joints  

and the trunk. Although movement is always three dimen- 
sional, squatting involves mainly motion in the sagittal 
plane. Thus, squat depth can be defined using the knee 
flexion angle (Bryanton et al., 2012) or the descent 
expressed as percentage of leg length (Bagwell et al., 2016; 
Kim et al., 2015). However, no standardized measures have 
been universally recognized, and terminology can differ 
among researchers (Schoenfeld, 2010).  Previous studies 
investigated the passive and active ROM of lower limbs 
and correlated it with the depth or the kinematics of the 
squat (Drinkwater et al., 2012; Kim et al., 2015). It was 
reported that a deep squat can be a screening test to assess 
bilateral symmetrical mobility of the hip, knee, and ankles 
(Cook et al., 2014; Kritz et al., 2009). Previous studies have 
suggested that the weakness or poor mobility of joints are 
factors limiting successful squatting performance 
(Escamilla, 2001; Macrum et al., 2012; Zawadka et al., 
2018). Squat as a multi-joint, closed kinematic chain 
exercise requires the coordinated movement of many 
segments (Fuglsang et al., 2017; Howe et al., 2019). Their 
mobility can affect adjacent joints motion during exercise. 
Thus, there is still a need to investigate the relationship 
between a squatting movement pattern and its depth to 
establish the normative parameters of a motion.  

Moreover, research also suggests that sex 
differences should be considered when developing trunk 
geometry (Marras et al., 2001) and when analyzing 
kinematics and timing during exercise and functional tasks 
(Graci et al., 2012; Thomas et al., 1998). Alterations in 
movement patterns during functional tasks are considered 
as one of the factors contributing to a greater risk of 
musculoskeletal disorders and lower limb injuries (Powers, 
2003, 2010). Understanding a squat movement pattern and 
its range can be important for coaches and physical 
therapists during the assessment and teaching of 
bodyweight squat techniques. Nevertheless, the effect of 
sex and different squat depths on the lower limb and spine 
kinematics still remain unclear in many aspects. One of 
them is the relation of a joint’s movement timing to squat 
performance. McKean et al. previously investigated the 
movement pattern of back squats in males and females 
showing significant differences in lumbar- sacral 
coordination and ranges but they did not measure squat 
depth (McKean et al., 2010b). 

In spite of the fact that coordination and timing 
aspects of motion have been well explored, to the best of 
the authors’ knowledge, there have not been any previous 
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reports investigating the relation between timing 
parameters and squat depth.  Therefore, the purpose of this 
study is to investigate the relationship between squat depth 
and range of motion in the sagittal plane and timing 
parameters during a bodyweight squat in both males and 
females. We hypothesize, based on the findings of previous 
studies, that all joints will achieve maximal angles almost 
simultaneously with the deepest part of the squat and that 
the knee ROM will be the most strongly related to squat 
depth from all kinematic variables. However, we expect to 
observe differences between males and females in squat 
movement patterns. 
 

Methods 
 

Subjects 
Sixty healthy, university-age, recreationally active 
volunteers took part in this study. The participants were not 
especially trained in squatting. Subjects were excluded if 
they reported neurological signs, lower extremity or back 
pain, a history of lower extremity or back injury or surgery. 
In all cases participants gave their written informed 
consent. Table 1 shows characteristics of the groups. Ethics 
approvals were obtained from the local university Bio 
Ethics Committee (approval number KE-0254/322/2018). 
 

Procedures  
Recreationally active, healthy volunteers were instructed to 
squat without additional load to their maximum depth. 
Each of them performed a full range of squat motion using 
their usual technique. Kinematic data (ROM’s of spine, 
pelvis, hip, knee and ankle in the sagittal plane) and timing 
of when maximum angles of each joint were achieved 
during squat descent were collected and analyzed. Squat 
depth was defined as a leg length using the height of a 
marker placed on the second sacral spinous process. 

The participants were instructed to perform a 
bodyweight squat to the maximal depth position they were 
able to hold for 3s. The depth was controlled and had to be 
equal or greater than 30% of leg length without causing any 
pain. The initial position of participants was specified as 
upright standing, looking straight ahead with feet at 
shoulder width apart and arms extended forward and 
parallel to the floor. The participants were asked to 
descend, hold their position and then, to ascend and return 
to their initial position. They were instructed to maintain 
heel contact throughout the task. During the first step, no 
more than 3 squat trials were made to practice and avoid 
fatigue. Afterwards, 5 repetitions were performed and 
kinematic data were collected. Finally, 3 middle trials 
(without the first and the last) were averaged and further 
analyzed. Because the aim was to analyze natural 
movement patterns, the squat technique was not imposed  

except with the guidelines mentioned above. Therefore, 
any mistakes in technique and signs of compensation were 
not corrected. Participants performed the exercise at their 
preferred pace. 

Leg length was defined as the height of a marker 
placed on the second sacral spinous process (Figure 1.). 
Further, the squat depth was calculated according to the 
following equation: 
 

∆ℎ ൌ  
ℎ௠௔௫ െ ℎ௠௜௡

ℎ௠௔௫
ൈ 100% 

∆ℎ െ 𝑑𝑒𝑠𝑐𝑒𝑛𝑡  
ℎ௠௔௫ െ 𝑡ℎ𝑒 ℎ𝑖𝑔ℎ𝑒𝑠𝑡 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑆2 𝑚𝑎𝑟𝑘𝑒𝑟  
ℎ௠௜௡ െ 𝑡ℎ𝑒 𝑙𝑜𝑤𝑒𝑠𝑡 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑆2 𝑚𝑎𝑟𝑘𝑒𝑟 
 

 
 

 
 

 
 

Figure 1. S2 marker placement and it height measured for 
descent calculation. 
 

Kinematic data were obtained using the VICON 
motion analysis system (Oxford Metrics Ltd, Oxford, UK) 
with eight near-infrared cameras operating at a sampling 
rate of 100 Hz. Joint angles were defined as: the angle of 
the shank relative to the foot (ankle angle), the angle of the 
thigh relative to the shank (knee angle), and the angle of 
the pelvis relative to the thigh (hip angle), the angle of the 
pelvis relative to the global coordinate system (pelvis 
angle) and the angle of the thoracic spine relative to the 
pelvis (lumbar spine angle). An XYZ Cardan sequence was 
used. Markers placed according to the Plugin-gait model 
and additional markers placed for pelvis and lumbar spine 
angles calculation are presented in Figure 2.  

 
 

 

 
 

 
 

Figure 2. Markers’ placement. A- Plugin-gait model; B-
additional markers.

                  Table 1. Group characteristics (n = 60). 

Variables 
Females (n=20) Males (n=40) 

t df p 
Mean SD Mean SD 

Body mass [kg] 59.20 6.22 76.80 12.19 -6.05 58 <0.001 
Body length [m] 1.67 0.05 1.81 0.06 -8.87 58 <0.001 
Body Mass Index [kg/m2] 21.30 1.89 23.45 3.14 -2.81 58 <0.01 
Age [years] 20.30 0.47 21.00 1.13 -2.64 58 0.01 
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Motion data were first processed and analyzed in 
Nexus software (version 2.9.1) using the standard 3D-
rigid-body-linked–segment-modelling procedures and 
modelling procedures based on additional markers. Data 
processing was partially automated using a custom c3d file 
processing tool. The tool utilizes Eigen and Biomechanical 
Toolkit libraries. The automatic data processing flow 
consisted of the following steps: (1) trial information, 
including the beginning and ending frames of descent and 
ascent squat phases, was read from a file, (2) data recorded 
in all trials were verified (presence of required markers was 
checked in the desired time ranges), (3) angle data in each 
phase were normalized and expressed as a percentage of 
phase duration, (4) minimal and maximal values of angles 
of interest, squat depth, normalized times of their 
occurrence were found, (5) results were saved to a file. 
Resampling consisted of computing interpolated values for 
the requested normalized time moments using their 
neighboring values from c3d files. For interpolating 
angular values the following formulas were used:  

 
𝑐 ൌ ሺ1 െ 𝑢ሻ ∙ 𝑐𝑜𝑠ሺ𝛼௧ሻ ൅ 𝑢 ∙ 𝑐𝑜𝑠 ሺ𝛼௧ାଵሻ; 𝑠 ൌ ሺ1 െ 𝑢ሻ ∙ 𝑠𝑖𝑛ሺ𝛼௧ሻ ൅ 𝑢 ∙

𝑠𝑖𝑛 ሺ𝛼௧ାଵሻ 
𝛼௡ ൌ 𝑎𝑡𝑎𝑛2ሺ𝑠, 𝑐ሻ 

 
Where: αt and αt+1 – original angle values for times t and t+1, u - division 
ratio of [t,t+1] time range by the normalized time moment n, atan2 – a 
popular variant of the arctangent function implementation.  

 
The time for the descent phase was normalized from 

0% (initial position, start of movement) to 100% (squat 
position-stop of movement). The results reported in this 
study show the timing of when maximum angles of each 
joint were achieved during the descent phase of motion. 
Maximum angles mean maximal: pelvis anterior tilt, 
flexion of hip, flexion of knee and flexion of lumbar spine 
and ankle dorsiflexion. ROM was defined as the difference 
between the maximal and minimal angle obtained in the 
sagittal plane during squatting.  In addition, the 
contribution of each joint ROM in the total ROM of the 
kinematic chain was calculated. Total ROM was defined as 
the sum of all joints’ ROMs during squatting. 
 
Statistical analysis 
Data analysis was conducted using the Statistica software 
(ver. 13.1). The significance level was set at p = 0.05. For 
normally distributed data the independent t-test was used. 
For non-normally distributed data the U-Mann Whitney 
test was used to determine differences in timing between 
males and females. Effect sizes were determined using the 
Cohen’s d coefficient and the Glass rank-biserial 
correlation coefficient. Cohen’s coefficient was interpreted 
as: small (0.2 - 0.5), moderate (0.5 - 0.8), or large (>0.8) 
and Glass coefficient as: small (0.1 - 0.3) moderate (0.3 - 
0.5.) and large (>0.5). The Pearson correlation was used to 
examine the relationships between the ROM of the lumbar 
spine, pelvis, hip, knee and ankle achieved in the squatting 
position and the squat depth. The Spearman rank 
correlation was used to examine the relationships between 
the timing parameters and the squat depth. The analysis 
was carried out for all participants collectively and 
separately, for men and women. The intra-class correlation 

coefficients among the three repetitions show excellent 
reliability: ankle - 0.94; knee - 0.92; hip - 0.90; pelvis - 
0.90; lumbar spine - 0.93. Graphs were prepared using 
Microsoft Office Excel. 
 

Results 
 

A comparison of males and females revealed that only the 
lumbar spine ROM showed a significant difference 
between the groups. Males demonstrated a greater lumbar 
spine ROM than females during their maximal squatting 
(43.74 ± 15.31 deg vs 30.08 ± 14.44 deg respectively; p < 
0.01). Other kinematic variabilities were not statistically 
different when comparing males and females However, 
analysis of each joint contribution in the total ROM in the 
sagittal plane demonstrated that females had a greater 
contribution of pelvis ROM during squatting and a smaller 
contribution of lumbar spine ROM than males (pelvis: 7.47 
% ± 2.50 vs. 5.94% ± 2.59, p = 0.03; lumbar spine: 9.24% 
± 3.99 vs. 12.89 % ± 3.97, p = 0.001). 

The U-Mann Whitney test revealed a difference in 
normalized time when the maximum angle of the pelvis 
and spine occurred among males and females (p = 0.02) 
with moderate effect size. The maximal pelvis angle was 
achieved earlier by males than by females (at 62.33% and 
70.25% respectively), and the maximal spine angle was 
obtained by males slightly later than by females (at 98.83% 
and 97.58% respectively). Other variabilities were not 
statistically different when comparing males and females 
(Table 2 and 3).  

There were moderate to very high (r = 0.49 - 0.92) 
positive correlations between ROMs of the lumbar spine, 
hips, knee and squat depth in the group of females. The 
pelvis and ankle ROMs were not related to squat depth in 
females (r = 0.14, p = 0.56; r = 0.43, p = 0.06, respectively). 
In males, the ROMs of hip, pelvis, ankle, lumbar spine and 
knee were weakly to very strongly (r = 0.32 - 0.92) 
correlated with the maximal squat depth. With no division 
into groups, the maximal squatting depth was related with 
the knee ROM (r = 0.96; p < 0.001), the lumbar spine ROM 
(r = 0.61; p < 0.001), the hip ROM (r = 0.45; p < 0.001) 
and the ankle ROM (r = 0.38, p = 0.003) (Table 4, Figure 
3). 

There was negative correlation between pelvis 
timing and squat depth in both females (r = -0.48; p = 0.03) 
and males (r = -0.71; p < 0.001). There was also a weak 
negative correlation in males between the ankle timing and 
squat depth (r = -0.33; p = 0.04) (Table 5). 
 
Discussion 
 

Range of motion 
The purpose of this study was to analyze how the ROMs of 
the lower limbs’ joints, pelvis and lumbar spine were 
related to squat depth when the squat was performed by 
untrained participants (men and women). Males and 
females demonstrated differences in kinematics and timing 
during squatting. It is worth noticing that, despite the 
similar average squat depth in both males and females and 
similar average ranges observed in the joints of lower limbs 
and pelvis,  males  showed   significantly   greater  lumbar 
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Table 2. Comparison of females and males.  

Variables 
Females Males Statistics 

Cohen d 
Mean SD Mean SD t df p 

Depth [% of leg length] 43.10 8.85 47.47 10.27 -1.62 58 0.11 0.46 
ROM pelvis [deg] 22.61 7.54 19.61 8.05 1.39 58 0.17 0.38 
ROM lumbar spine [deg] 30.08 14.44 43.74 15.31 -3.32 58 <0.01 0.92 
ROM hip [deg] 98.61 12.22 99.58 11.03 -0.31 58 0.76 0.08 
ROM knee [deg] 119.00 15.10 124.80 15.50 -1.38 58 0.17 0.38 
ROM ankle [deg] 30.81 4.86 30.27 6.36 0.33 58 0.74 0.09 
 Median Range Median Range U Z p Glass coefficient
Time max pelvis [%] 70.25 54.33 - 98.67 62.33 2.67 - 94.33 256.5 2.24 0.02 0.36 
Time max lumbar spine [%] 97.58 53.33 - 100.00 98.83 69.67 - 100.00 253.5 -2.31 0.02 -0.37 
Time max hip [%] 99.17 91.50 - 100.00 98.33 72.00 - 100.00 348.5 0.80 0.42 0.13 
Time max knee [%] 98.83 89.83 - 100.00 98.92 83.16 - 100.00 358.5 0.65 0.52 0.10 
Time max ankle [%] 90.17 66.33 - 100.00 86.75 51.50 - 99.0 279.5 1.88 0.06 0.30 
 
               Table 3. Contribution of each joint in total range of motion in the sagittal plane. 

Variables 
Females Males Statistics 

Cohen d 
Mean SD Mean SD t df p 

ROM pelvis [% ] 7.47 2.50 5.94 2.59 2.18 58 0.03 0.60 
ROM lumbar spine [%] 9.24 3.99 12.89 3.97 -3.35 58 0.001 0.92 
ROM hip [%] 32.71 1.45 31.58 2.94 1.63 58 0.11 0.52 
ROM knee [%] 40.13 2.61 39.87 2.52 0.37 58 0.72 0.10 
ROM ankle [%] 10.44 1.58 9.72 1.97 1.43 58 0.16 0.41 

 
Table 4. Results of the Pearson correlation for squat depth 
and joints ROM in the sagittal plane.  

All n=60 r(X.Y) r2 t p 
ROM pelvis 0.23 0.05 1.79 0.08 
ROM lumbar spine 0.61 0.37 5.89 <0.001 
ROM hip 0.45 0.20 3.84 <0.001 
ROM knee 0.92 0.86 18.52 <0.001 
ROM ankle 0.38 0.14 3.10 0.003 
Females n=20     
ROM pelvis 0.14 0.02 0.60 0.56 
ROM lumbar spine 0.49 0.24 2.40 0.03 
ROM hip 0.74 0.55 4.68 <0.001 
ROM knee 0.92 0.85 10.17 <0.001 
ROM ankle 0.43 0.19 2.03 0.06
Males n=40     
ROM pelvis 0.33 0.11 2.16 0.04 
ROM lumbar spine 0.63 0.40 4.98 <0.001 
ROM hip 0.32 0.10 2.10 0.04 
ROM knee 0.92 0.85 14.92 <0.001 
ROM ankle 0.38 0.14 2.56 0.01 

 
spine ROM  than  females  did. Moreover, females had a 
greater contribution of pelvis ROM during squatting and a 
smaller contribution of lumbar spine ROM than males The 
movement pattern used by females when squatting 
involves a much stiffer lumbar spine position. A more 
flexed posture during squatting can generate greater stress 
to passive tissues of the spine in males. This finding is 
consistent with the findings of McKean et al (McKean et 
al., 2010b). However, in the McKean study the depth of the 
squat was not controlled. Moreover, only the sacrum and 
lumbar spine motion was investigated by McKean et al. 
The sex-dependent difference in kinematics during 
squatting should be considered in training programs of 
recreational athletes.  

Another finding of the present investigation is that 
the knee ROM contributed most significantly to squatting 
depth  from  all  joints  in  both  males  and   females.  As  

Table 5. Results of the Spearman correlation for squat depth 
and timing parameters.  
All n=60 R Spearman (rs) T(N-2) p 
Time max pelvis -0.64 -6.26 <0.001 
Time max lumbar spine 0.10 0.79 0.43 
Time max hip -0.09 -0.73 0.47 
Time max knee 0.07 0.54 0.59 
Time max ankle -0.29 -2.34 0.02 
Females n=20  

Time max pelvis -0.48 -2.31 0.03 
Time max lumbar spine 0.20 0.86 0.40 
Time max hip 0.15 0.66 0.52 
Time max knee 0.16 0.70 0.49 
Time max ankle -0.08 -0.34 0.74 
Males n=40  

Time max pelvis -0.71 -6.14 <0.001 
Time max lumbar spine -0.07 -0.45 0.66 
Time max hip -0.27 -1.70 0.10 
Time max knee 0.03 0.18 0.86 
Time max ankle -0.33 -2.18 0.04 

 

expected, the squat depth seems to be determined mostly 
by knee kinematics.  Thus, the knee angle of flexion during 
squatting is recommended as a parameter for describing 
squat depth very well. Other valuable results from this 
study are: (1) squat depth was not correlated to pelvis and 
ankle ROMs in females and (2) squat depth was correlated 
to all investigated ROMs in males. It had been previously 
reported that there are significant differences in movement 
patterns between female and males during exercise 
performance (McKean et al., 2010a, 2010b). Ankle 
mobility was considered in many studies to be crucial to 
keeping a proper movement pattern during squatting and 
squat depth (Dill et al., 2014; Macrum et al., 2012). Kim et 
al. reported that the ankle dorsiflexion ROM with flexed 
and extended knee measured by a goniometer correlated 
significantly with squat depth in male and female subjects 
(Kim et al., 2015). However, analysis of the strongest 
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correlations suggest that squat depth in females depends 
mostly on knee and hip kinematics and in males depends 
on knee and spine kinematics. These dissimilarities 
between the sexes should be considered during deep squats 
training. 
 

Timing 
Males reached their maximal angle of pelvis significantly 
earlier than females in this study. The spine maximal angle 
was reached by males slightly later than by females. 
Nevertheless, the order in which maximal angles are 
reached is similar for both genders. First, the pelvis reaches 

its maximal anterior tilt and the tilt stays constant or 
decreases for the rest of the descent phase. Second, the 
ankle reaches its maximal angle of dorsiflexion and after 
that the spine, the knee and the hip reach their maximal 
angles almost simultaneously at the end of the descent 
phase. This is consistent with the findings of McKean et 
al., who showed a similar relation in the timing of lumbar 
flexion (McKean et al., 2010b) This author also reported 
that maximum hip and knee angles are achieved almost 
simultaneously with the deepest part of the squat (M. 
McKean and Burkett, 2012). 
 

 
 

 
 

              Figure 3. The Pearson correlation coefficients for the ROM and the squat depth in females and males. 
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To the best of the authors’ knowledge, this is the 
first report of a correlation between the timing parameters 
of joints’ motion and squat depth.  We have shown that 
increased squat depth is related to the pelvis reaching the 
maximal angle of anterior tilt earlier during the squat. It is 
probably caused by the retroversion of the pelvis in a 
deeper squat position. Also, the ankle dorsiflexion in males 
was reached earlier when the depth of squat increased. 
Other joints show a similar coordination without relation 
to squat depth. These two joints (pelvis and ankle) clearly 
show a different ability to adjust to increasing squat depth 
as compared to other joints. It is well known to coaches and 
physical therapists that the ankle and pelvis motion 
restriction can be a cause of compensatory motion in 
adjacent segments (Dill et al., 2014; Macrum et al., 2012). 
For this reason, both kinematic and time-related 
parameters variables of these elements should be 
considered during examination for sports training and 
medical diagnosis.  

A possible explanation of our results could be the 
controlling role of the pelvis and ankle in squatting 
performance (Fuglsang et al., 2017). Once the pelvis/ankle 
reaches its maximal angle, the angle remains constant (the 
plateau is maintained) or the motion can occur in the 
opposite direction. The mechanism present in a specific 
moment of movement can be important in keeping balance 
during squatting and can lead to achieving the desired 
depth. Interestingly, retroversion of the pelvis at the 
deepest point of the squat seems to be important in 
characterizing a good execution of squatting (Bagwell et 
al., 2016; Lamontagne et al., 2009) However, these 
hypotheses require further research. Moreover, pelvis and 
ankle demonstrate a smaller ROM than other segments in 
the sagittal plane during squatting and therefore have 
limited ability to adjust to increasing squat depth. 
 
Practical Applications 
This study may provide additional knowledge for 
improving teaching and monitoring of squat techniques. 
Moreover, results of this study can establish guidelines for 
movement coordination in the sagittal plane of the lower 
limbs and the lumbar spine. Such guidelines could be used 
as a standard for squatting. 

Examination of movement patterns, as our study 
shows, should be done very carefully due to significant 
differences that exist in the manner in which men and 
women perform the squat. Females showed a greater 
contribution of pelvis ROM and a smaller contribution of 
lumbar spine ROM in squatting than males. Because this 
finding is consistent with previous reports, it may be 
considered as a typical way of squat executing by young 
males and females. The ROM of each joint in the sagittal 
plane generally, except the pelvis in females, seems to 
increase with the squat depth. On the other hand, pelvis 
timing showed to be significantly correlated with squat 
depth in both males and females, ankle timing was 
correlated with squat depth in males. Coaches and 
therapists should consider that knees, hips and lumbar 
spine reached their maximal angles almost at the deepest 

point of the squat no matter how deep the squat was. 
However, they should also consider that deeper squat is 
related to the earlier achievement of pelvis and ankle 
maximal angles.  Exercises that increase joints mobility 
may be beneficial in improving squatting, but right timing 
should also be included in training practice. We 
recommend greater attention to the pelvis-ankle regulatory 
mechanism in keeping a balanced movement pattern of the 
deep squat. 
 
Limitations  
First, we are unable to generalize our findings to other age 
groups. All subjects participating in this study were in their 
early twenties. A future study might also examine 
experienced weight lifters. Second, we focused only on the 
ROM in the sagittal plane. A compensatory mechanism can 
also occur in the frontal and transverse planes, especially 
in the knee and ankle (Lee et al., 2015; Macrum et al., 
2012). However, we consider the sagittal plane motion as 
the most important factor during a squatting descent. Third, 
the ROM in joints was not tested in this study in the way it 
is normally executed during a physical examination using 
a goniometer. However, the ranges observed in this study 
can be considered as functional ROMs for joints during 
squatting (Rabin and Kozol, 2017). We are also aware that 
sex-dependent differences in the kinematics might also be 
due to the anthropometric differences since males 
displayed a greater body weight and body height than 
females. Results of this study should be interpreted bearing 
in mind that the sample size was small (which is a common 
problem in motion capture investigations) and the numbers 
of males and females were not equal. 
 
Conclusion 
 
The current study has demonstrated that the knee ROM 
contributed most significantly of all joints to squatting 
depth in both males and females. Movement patterns are 
different for females and males during the requested squat. 
Differences in kinematics and timing between the sexes 
should be considered by coaches and therapists when they 
instruct untrained persons about bodyweight squatting. 
During squatting maximal ankle dorsiflexion and pelvis 
anterior tilt are reached earlier than maximal angles of the 
knee, hip and lumbar spine. Pelvis and ankle kinematics are 
generally weakly affected by squat depth, but their timing 
is related to this parameter. When increasing the squatting 
depth, the normalized time when the pelvis and the ankle 
reach maximal angles is earlier during the squat. This 
suggests that pelvis and ankle timing can be important in 
keeping balance during squatting and can lead to achieving 
the desired depth of the squat.  
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Key points 
 
 This study aimed to analyze the relationship of 

range of motion (ROM) in the sagittal plane and 
timing parameters to the squat depth during a 
bodyweight squat. 

 Pelvis and ankle timing was negatively correlated 
with the squat depth, which suggests that pelvis and 
ankle timing can be important in keeping balance 
during squatting and can lead to achieving the 
desired depth of the squat. 

 During squatting maximal ankle dorsiflexion and 
pelvis anterior tilt were reached earlier than the 
maximal angles of knee, hip and spine. 
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