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Abstract: Deep squat, bench press and hard pull are important ways for people to improve their
strength. The use of sensors to measure force is rare. Measuring strength with sensors is extremely
valuable for people to master the intensity of exercise to scientifically effective exercise. To this end,
in this paper, we used a real-time wireless motion capture and mechanical evaluation system of the
wearable sensor to measure the dynamic characteristics of 30 young men performing deep squat,
bench press and hard pull maneuvers. The data of tibia were simulated with AnyBody 5.2 and
ANSYS 19.2 to verify the authenticity. The result demonstrated that the appropriate force of the deep
squat elbow joint, the hip joint and the knee joint is 40% 1RM, the appropriate force of the bench
press is 40% 1RM and the appropriate force of the hard pull is 80% 1RM. The external force is the
main factor of bone change. The mechanical characteristics of knee joint can be simulated after the
Finite Element Analysis and the simulation of AnyBody model are verified.

Keywords: sensors; resistance training; deep squat; bench press; hard pull

1. Introduction

At present, wearable devices have been widely used in mass fitness and competi-
tive sports [1], and the devices can monitor the training load, competition quality and
injury recovery of athletes. Additionally, these devices can scientifically and effectively
detect the kinematical indexes of the exercisers, can correct the wrong actions in real-time,
and can standardize the movement technology. Wearable equipment is a new product
of modern science and technology, with the devices possessing good quality, low weight,
a strong ability to function for long time periods without electricity and a reduction in
the verification of performed actions. Moreover, the application of wearable devices with
fine-tune sensors in strength training can allow for more suitable exercise load plans for
athletes [2]. Additionally, the evaluation of the teaching effects on students through the
use of wearable devices has a certain guiding significance for allowing for timely feed-
back [3]. In regard to strength training, scientific research in the aspect of biomechanics
has been more developed in foreign countries [4], and further in-depth research has also
been conducted in China. Squat, bench press and hard pull have become a significant focus
of biomechanical research [5]. The purpose of this study was to test the strength factors
of squat, bench press and hard pull, in order to provide a scientific basis and theoretical
reference for strength training.
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2. Materials and Methods
2.1. Participants

Thirty-eight male college students were recruited as the subjects. The morphological
data of the subjects were collected in various dimensions. Furthermore, the mean age of
the subjects was 21.52 &£ 0.95-years-old, the mean height was 1.75 £ 0.05 m, the mean BMI
(Body Mass Index) was 21.73 £ 1.80, the mean waist value was 78.35 + 5.40 cm, and the
waist-to-hip ratio was 0.79 & 0.04. The test was completed at the same morning for all
subjects to avoid fatigue in the afternoon. The warming up activity consisted of jogging
and stretching the muscles of the upper and lower limbs for a low-intensity exercise,
which ensured that the muscles were in a state of natural relaxation during the test. The test
process was completed by the same tester, 30 subjects completed the test.

2.2. Experimental Process
2.2.1. Data Acquisition

The FAB (Functional Assessment of Biomechanics) real-time wireless motion capture
and mechanical evaluation system is produced in Canada. It is a motion evaluation system
based on wireless inertial sensing technology. It can also be separated from the limitations
of cameras and can be detached from a fixed site, possesses a wireless transmission range
of up to 20 m with self-contained storage equipment. Furthermore, data can be stored in
a memory card, with no loss of data, and a complete real-time acquisition and display of
the captured person’s action measurement data through the use of wireless transmission
to computer analysis software, the values of the different load intensity test data’s come
from the sensor output (Figure 1). Finally, the synchronous analysis and comparison of all
of the real-time data can be conducted, sensing output is impedance, after which the data
can be exported into Microsoft Excel and into the motion capture general file format BVH
(Biovision Hierarchy motion file).
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Figure 1. Software analysis interface.
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The sampling rate of the gyroscope was adjusted to 100 Hz, and the acceleration
was adjusted to 100 Hz. Furthermore, the magnetometer was adjusted to 25 Hz, and the
angular resolution was set to 0.05 degrees in the FAB wireless real-time mode. The USB
port was connected to the computer, the data were collected and transmitted to a small
receiver at a sampling frequency of 100 Hz to capture the angles, angular velocities,
angular accelerations, forces, torques and power data of the subjects. The video signal
was synchronously collected. Additionally, the video duration was no more than 10 min,
and the wireless transmission between the signal and the computer was realized (Figure 2).
The system was able to play back the captured data and to evaluate the effects of exercise.

Setup Realtime System

Figure 2. The working interface of the sensor.

The FAB system was composed of an 11 lead standard configuration of small and light
sensors. The size of the sensor was 67 x 41 x 25 mm, and the weight was 60 g. The sensors
were fixed to each part of the subject with elastic bandages, and after which the parameters
of the subject in the neutral position were calibrated.

One repetition maximum testing (1RM) is most often determined via direct assessment
of the maximal weight which an individual can lift for one repetition [6]. 1RM refers to the
resistance of a person to repeat an action with the correct action. For example, the heaviest
bench press of an athlete can lift 100 kg, and can only be lifted once, and its 1RM is 100 kg.
In the strength test, 30%—80% was the appropriate load. Each subject filled in the weight
of their specific 1IRM when they completed the informed consent form. 1RM (maximum
load) ~w/[1.0278 — (0.0278 * r)] [7], with w being the total weight of the load, r being the
repeated weight under the load. According to Hughes et al. [8], 40%, 60% and 80% 1RM are
actually feasible intensities in strength training, 40%, 60% and 80% of the predetermined
1RM load weights were selected for the experiment. After 20 s of rest, moderate force was
applied to the individual’s maximum perception of 60% load weight. After 20 s of rest,
the individual’s maximum perception of 80% load weight was applied with severe force.
The subjects completed the test according to the sequence and content (Figure 3).
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Figure 3. Subject information collection chart.

2.2.2. AnyBody Simulation Operation

The software for data processing is AnyBody 5.2, which is used to process the mus-
cle strength after FAB action capture. The software has been verified for many times,
with strong reliability and high accuracy. Static algorithm of inverse dynamics for Any-
Body Modeling System [9,10]:

Minimize G(fM))

subject to
Cf=r
M =oie {1, a0}

@

where G(f™) is some scalar measure of the body load, n™ is the number of muscles in
the mechanism, and the set of side constraints ;) is the force produced by muscle. C is
a matrix of coefficients depending on current position of body segments, f is a vector of
unknown forces and r consists of external forces and inertia.

2.2.3. Finite Element Analysis Operation

The knee joint cross-sectional images of 2 healthy adult male volunteers participating
in this experiment were collected by CT computer scanning. The original three-dimensional
image of knee joint in DICOM format was imported into Mimics 10.01 (Materialise, Leuven,
Belgium), the tibia was extracted, and the finite element was divided into tetrahedral
elements [11], and the tibial model was derived in stl format [12]. After importing stl
file into Geomagic studio 12.0 (Geomagic company, Research Triangle Park, NC, USA),
the mesh doctor can repair the mesh, fill the holes and repair the sharp corners, and then
transfer to ANSYS 19.2 (SwansonAnalysis Inc., Houston, PA, USA) software, simulate the
biomechanical experimental model [13], add the maximum stress of knee joint in frontal
axis, sagittal axis and vertical axis direction derived from AnyBody 5.2, the Finite Element
Analysis was carried out and the data were verified effectively.

2.3. Statistical Treatment

SPSS 26.0 was used to process and analyze the data. A single factor analysis of variance
and an independent sample ¢ test were used to compare the differences of the different
indicators. p < 0.05 indicated significant differences.
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3. Results
3.1. Kinematic Characteristics of the Different Load Strength Tests
3.1.1. Peak Results of Different Load Intensity Test Angles
As shown in Table 1 and Figure 4, under the loads of 40% 1RM and 80% 1RM,
there were significant differences in the angles of the deep squat hip flexion, the deep squat
knee flexion, the hard pull hip flexion and the knee flexion (p < 0.05).
Table 1. Comparisons of the peak values of the different load intensity test angles (°).
Deep Squat Bench Press Hard Pull
40% 1RM 60% 1RM 80% 1IRM 40% 1RM 60% 1RM 80% 1IRM 40% 1RM 60% 1RM 80% 1IRM
CF 135+ 1.0 135+ 1.1 136+ 1.6 14401 14403 1.49 + 0.09 131+ 43 133+ 5.6 133+ 6.5
CE 285+56 287 £54 289+63 13402 13402 1.32+0.29 26.0 82 26.1+8.0 261+7.3
TF 247 £37 248 £32 248£30 1.8+02 1.8+02 1.92+0.2 208 £24 213£3.1 21642
TE 35.6 = 4.8 36.7 £ 5.6 36.9 £5.2 15+04 15+03 164 £06 335 +3.9 33.6 + 4.5 33.7 £3.6
SF 55.6 + 10.2 55.6 = 6.3 55.7 +7.8 162£9.0 178 £9.9 179 £89 50.2 5.6 52,6+ 14.3 53.2 4 8.4
SE 53.0 £ 59 554 +48 55.6 £ 4.3 162+ 106 163+ 8.0 173+21 533+15 534+ 1.0 53.4+12
EF 455+83 456+75 457+£79 1680185 168266 168293 403 £59 403 £66 403 £50
EE 43.0 +10.2 431467 432480  1602+172  1635+74 1757489 49.7 + 85 492+8.1 495 + 8.6
HF 1372+103  1487+186  1553+94* 35869 395 + 8.6 408+ 8.6 1268+89  133.4+103  1419+72*%
HE 1367+156  137.8+121  1389+83 305 = 6.3 32.8 £5.0 33.7 £ 69 1304+98  1336+102  1428+93
KF 816+7.8 893+106  994+88%  349+95 36.3 £10.3 37.8 8.6 813+7.3 892+£94  945+69*
KE 823102 856 %155 863 £9.7 352£85 36.4£7.2 359 £ 8.1 821£109 847 £83 85.4 £ 102

Notes: CF: Cervical Flexion; CE: Cervical Extension; TF: Trunk Flexion; TE: Trunk Extension; SF: Shoulder Flexion; SE: Shoulder Extension;
EF: Elbow Flexion; EE: Elbow Extension; HF: Hip Flexion; HE: Hip Extension; KF: Knee Flexion; KE: Knee Extension. * There was a
significant difference between 40% 1RM and 80% 1RM (p < 0.05).
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Figure 4. Comparisons of the different load intensity test angles (°). * There was a significant difference between 40% 1RM

(One repetition maximum testing) and 80% 1RM (p < 0.05).

3.1.2. Peak Characteristics of the Angular Velocity as Measured by Different
Load Intensities

As shown in Table 2 and Figure 5, under the loads of 40% 1RM and 80% 1RM,
there were significant differences in the angular velocities of the deep squat trunk flexion
and trunk extension, the bench press shoulder extension and the hard pull knee flexion
(p <0.05).
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Table 2. Comparisons of the peak values of different load intensity test angular velocities (°/s).
Deep Squat Bench Press Hard Pull

40% 1RM 60% 1RM 80% 1IRM  40% 1RM  60% 1RM 80% 1RM 40% 1IRM  60% 1RM 80% 1RM
CF 30+£05 2.6 £0.6 28+04 33+09 35+09 3.8+09 244+0.6 234+0.6 2.8 +0.6
CE 35+0.8 27+0.8 3.0+0.5 3.8+0.8 3.6+0.8 35+09 23+0.7 2.6+0.8 26+09
TF 54+ 0.6 48 +1.0 41+08* 1.8+09 1.9+0.8 20+1.0 104 +20 115421 11.1+2.0
TE 59+0.5 50+ 1.1 47+07* 19+08 1.9+ 09 21+0.9 10.1+27 119420 11.6 £ 2.8
SF 10.1 +£2.0 102 +£2.0 101+£20 100+23 11.6+26 128 £35 134+30 132421 132+ 3.3
SE 102 +24 10.1 +£24 9.7+23 104+12 116+25 129+13* 133+33 133+20 13.5 + 3.1
EF 59+1.2 57+ 1.1 56+ 1.2 9.6 +2.7 9.6+ 1.5 10.7 + 2.6 122+34 11.0+2.1 122+15
EE 59+1.0 57+1.0 57+1.0 104423 105+24 102 +24 129 +32 11.1+£20 121+ 1.0
HF 105425 115+ 3.6 122+36 73+29 83+20 8.4 +3.1 102+39 102+35 10.3 + 3.5
HE 11.0+26 1142+34 123+33 64423 73+23 7.6+24 94+32 10.0+3.8 10.6 +£3.2
KF 124+37 129 + 3.7 13.6+38 743+24 74425 73+24 13.7+18 116+3.0 109+1.2*%
KE 125+33 128 £35 129+35 74+20 75+20 75+20 181+35 172+33 16.2 +2.1

Notes: CF: Cervical Flexion; CE: Cervical Extension; TF: Trunk Flexion; TE: Trunk Extension; SF: Shoulder Flexion; SE: Shoulder Extension;
EF: Elbow Flexion; EE: Elbow Extension; HF: Hip Flexion; HE: Hip Extension; KF: Knee Flexion; KE: Knee Extension. * There was a

significant difference between 40% 1RM and 80% 1RM (p < 0.05).
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Figure 5. Comparisons of the different load intensity test angular velocities (°/s). * There was a significant difference

between 40% 1RM and 80% 1RM (p < 0.05).

3.1.3. Peak Angular Acceleration Results of the Different Load Intensities
As shown in Table 3 and Figure 6, under the loads of 40% 1RM and 80% 1RM,
there were significant differences in the angular accelerations of the deep squat hip flexion,
the bench press elbow extension, and the hard pull knee flexion (p < 0.05).
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Table 3. Comparisons of the peak values of different load intensity test angular accelerations (°/s?).

Deep Squat Bench Press Hard Pull

40% 1RM  60% 1RM  80% 1IRM 40% 1RM  60% 1IRM 80% 1RM  40% 1IRM 60% 1RM  80% 1RM
CF 02100 02+00 0200 0.1+0.0 0.1£+0.0 0.1£0.0 0.1£0.0 0.1+0.0 0.1+0.0
CE 1.2+£02 1.2+£02 1.3£02 0.1+0.0 0.1+0.0 0.1+0.0 0.3 +0.0 03+0.1 03+0.1
TF 02100 0200 02101 0.1+0.0 0.1 £0.0 0.1£+0.0 02+0.1 02+0.1 02+0.1
TE 0.1+£0.0 0.1+0.0 0.1+£0.0 04+01 04+0.1 04+0.1 1.6 £03 1.6 £03 1.6 £02
SF 03=£01 03 £0.0 03+0.1 09+0.5 09+04 09+04 02+0.1 02+0.1 02+0.1
SE 27+07 28+0.8 28+0.8 09+02 09+0.2 1.0£03 02+0.0 02+0.0 02+0.0
EF 1.8+£04 1.9£0.6 1.9+£0.5 23+15 25+13 26+04 0.1+0.0 0.1£+0.0 0.1+£00
EE 02401 02401 02401 25+04 29+04 34£05* 02£00 02+0.0 02+0.0
HF 47 +05 51+09 56£04* 04=£01 04+0.1 04 +0.2 22+03 22+03 23+05
HE 4.6=£09 4.6 +0.8 4.6 +09 0.1+0.0 0.1+0.0 0.1+0.0 39+1.0 39+1.2 40+13
KF 42+1.5 43+10 43+12 0.1+0.0 0.1+0.0 0.1+0.0 41+03 45+06 48=£04*
KE 44+11 44+07 4.6 +09 02101 02+0.1 02+0.1 39+09 4.0+0.8 41+12

Notes: CF: Cervical Flexion; CE: Cervical Extension; TF: Trunk Flexion; TE: Trunk Extension; SF: Shoulder Flexion; SE: Shoulder Extension;
EF: Elbow Flexion; EE: Elbow Extension; HF: Hip Flexion; HE: Hip Extension; KF: Knee Flexion; KE: Knee Extension. * There was a
significant difference between 40% 1RM and 80% 1RM (p < 0.05).
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I
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Figure 6. Comparisons of the different load intensity test angular accelerations (°/s%). * There was a
significant difference between 40% 1RM and 80% 1RM (p < 0.05).

3.2. Dynamic Characteristics of Different Load Strength Tests
3.2.1. Stress of Different Load Strength Tests
As shown in Table 4 and Figure 7, under the loads of 40% 1RM and 80% 1RM, there

were significant differences in the peak stress of the deep squat hip joint, the deep squat
knee joint, the hard pull hip joint and the hard pull knee joint (p < 0.05).
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Table 4. Comparisons of peak stress in different load strength tests (N).
Deep Squat Bench Press Hard Pull
40% 1RM 60% 1RM 80% 1RM 40% 1RM 60% 1RM 80% 1RM 40% 1RM 60% 1RM 80% 1RM
Cervical 32.6 58 35.7 + 6.4 355+76 13.6 £4.2 121 +34 115+ 4.6 17.6 £4.3 184 + 3.6 189 £4.7
Trunk 165.3 +10.2 167.4 +13.6 167.7 9.3 944 +16.5 93.5+19.1 913 +204 371.3 £56.3 3783 £67.9 3821 +714
Shoulder 2975+ 52.3 295.8 + 54.1 298.7 + 55.6 575.7 + 50.9 573.6 £ 48.5 561.9 £+ 52.6 1629 +74.3 163.5 4+ 86.4 169.5 + 10.9
Elbow 2289 £753 223.6 £ 87.4 2214 +£723 439.6 £ 42.7 436.7 £ 53.4 430.2 £ 46.2 56.3 £10.9 58.6 + 14.8 59.3 £9.6
Hip 495.3 + 289 465.9 £ 50.6 4456 £22.5* 151.5 +23.2 147.3 +38.2 145.6 +25.5 434.6 £35.2 456.7 £ 34.3 4985 £32.6*
Knee 566.5 +21.3 543.6 + 58.7 520.8 £23.4* 120.6 £ 25.6 113.7 £325 110.8 £35.7 4323 £ 34.6 4754 £29.7 4932 £29.1*
Notes: * There was a significant difference between 40% 1RM and 80% 1RM (p < 0.05).
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Figure 7. Comparisons of the different load intensity test peak stress (N). * There was a significant difference between 40%
1RM and 80% 1RM (p < 0.05).

3.2.2. Torque of Different Load Strength Tests

As shown in Table 5 and Figure 8, under the loads of 40% 1RM and 80% 1RM,
there were significant differences in the peak torques of the deep squat hip joint, the bench
press elbow joint and the hard pull knee joint (p < 0.05).

Table 5. Comparisons of peak torques in different load strength tests (Nm).

Deep Squat Bench Press Hard Pull

40% 1RM  60% 1RM  80% 1RM  40% 1RM 60% 1RM  80% 1RM  40% 1RM 60% 1RM  80% 1RM

Cervical 56+15 57 %16 58 £1.0 48+12 47408 43+1.6 53+18 59+16 59+ 15
Trunk 83+238 9.4+35 9.6+59 131+38 128+42 116+34 197+43 174458 185+6.7
Shoulder 135+48 138+45 116+59 276+13 237+12 209+11 132+27 138+23 139+21
Elbow  142+56 143+42 143+63 283+25 255+26 223+£39* 107+46 11.7+42 11.8+42
Hip 265+34 237+55 204+31* 123+26 105+£34 102+40 234+79 23.6+68 231x77
Knee 271+£83 259+76 239+83 138£59 129435 126+43 209+£28 237+£33 265+32*

Notes: * There was a significant difference between 40% 1RM and 80% 1RM (p < 0.05).



Sensors 2021, 21, 647 90f 13

6
=y *
£ 40— Z. 40+ *
< | : |
E g
[=2 [=]
§ =
e
«
- 5]
g =9
o z
= 2
= )
- w
:
g 2
§' T § !
= 40% 1RM  60% IRM  80% IRM 2 40% IRM  60% IRM  80% 1RM

40

hard pull knee peak torque (Nm)

T
40% IRM  60% IRM  80% 1RM

Figure 8. Comparisons of the different load intensity test peak muscle strength (N). * There was a significant difference
between 40% 1RM and 80% 1RM (p < 0.05).

3.2.3. AnyBody Simulation Results

As shown in Table 6 and Figure 9, under the loads of 40% 1RM and 80% 1RM,
there were significant differences in the x-axis force of the deep squat knee joint, the y-axis
force of the deep squat knee joint, the z-axis force of the deep squat knee joint and the hard
pull knee joint (p < 0.05), under the loads of 40% 1RM and 60% 1RM, there were significant
differences in the y-axis force of the deep squat knee joint, the z-axis force of the deep squat
knee joint (p < 0.05).

Table 6. Force on knee joint in different directions (N).

Deep Squat Hard Pull
40% 1RM 60% 1RM 80% 1RM 40% 1RM 60% 1RM 80% 1RM
x-axis force 30.93 £ 3.40 33.46 £ 3.91 3732 £336* 9.25 £ 3.39 10.65 +1.42 12.84 +3.20
y-axis force ~ 229.25 £ 17.62 280.37 + 20.38 * 290.36 +26.53*  453.13 + 30.46 489.17 + 40.31 517.21 + 40.05
z-axis force 3791 + 6.34 50.58 4 7.44 % 55.91 £5.46* 41.54 £ 3.52 45.42 + 4.38 49.93 + 4.56 *

Notes: * There was a significant difference between 40% 1RM and 80% 1RM (P < 0.05); * There was a significant difference between 40%
1RM and 60% 1RM (p < 0.05).



Sensors 2021, 21, 647

10 0of 13

*
_ 50 * __ 400+ <
5 1 5 ..................
g 404 T ]
g S 300 —1—
& B
2 30- 2
; 5 200+
= 20+ z
< [
= Z 100-
Z 104 B
0 i T 0 T T
40% IRM  60% 1IRM  80% IRM 40% IRM  60% IRM  80% IRM
*
__ 80+ * | 60— ]
< * Z T
5 60 ' 1 £
< £ 404
—— 2]
2 2
3 40 g
N N
- —
520 i 27
o E
Y <
g =
0 0

T T
40% 1IRM  60% 1RM  80% 1RM

T T
40% 1IRM  60% 1RM  80% 1RM

Figure 9. Comparisons of the different force on knee joint (N). * There was a significant difference between 40% 1RM and
80% 1RM (p < 0.05). * There was a significant difference between 40% 1RM and 60% 1RM (p < 0.05).

3.2.4. Finite Element Analysis Results

Figures 10 and 11 are the distribution of Solution Max (SMX) and Solution Min (SMN)
in three directions of deep squatting and hard pull, the change of deep squat stress is
greater than hard pull, with the increase of load, the stress area of cortical bone increased.
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4. Discussion

The wearable device can record the data accuracy of the motion test information,
can monitor the path target parameters, can adjust for the angles and calculation accuracy.
Research involving resistance training is of great significance, which can stimulate muscle
growth. Tables 1-3 calculates the characteristics of the kinematic parameters, and Tables 4-6
calculates the characteristics of the dynamic parameters.

Squatting is a movement in which the body speed is added to the vertical track.
To ensure that the core area is tight, the human body relies on the ground reaction force to
complete the knee and hip extension actions, in order to accelerate muscle growth and to
improve the metabolic rate [14]. Walilko et al. [15] found that the deep squat can improve
hamstring muscle flexibility, bilateral symmetry and balance ability, which is an important
method for developing the maximum strength of the lower limbs. This study is consistent
with these results. When squatting, the hip joint is flexed and extended in the sagittal
plane. The bending of the hip joint and the knee joint changes the center of gravity of the
trunk’s forward tilt. When lifting the bar, the tendon senses the stimulus feedback and
receives feedback from the nervous system, thus allowing for the simultaneous control of
the muscles. The muscle is then stimulated and quickly reacts to complete deep squat.

The bench press is an important method of upper limb strength training [16].
Sakamoto et al. [17] found that the muscle activation and fatigue degree are different
when different speeds of the bench press. Yamanaka et al. [18] found that, if the wrist
posture is wrong, then small muscle will weaken the weight of the bench press. Therefore,
the feet cannot be lifted of the ground to prevent the human body from losing the power
of the feet. Ramos et al. [19] studied the bench press tests of 20-70% 1RM of the subjects,
and they found that there was no significant difference between adjacent loads and that
the optimal output power was 1RM of 20—40%. Similar to the results of Thiesfield and
Ramos, we found that the optimal power of the bench press was 40% 1RM, which indicates
that resistance exercise has a consistent influence on human motion performance and
functional mode.

The hard pull mainly focuses on back and hip leg training. Suchomel et al. [20] studied
the hard pullmaneuvers of college students to make their back arches straight. With the
help of the flexibility and force detection of the thigh, the back muscle group maintained
static contraction. It was found that the main muscle groups involved in the hard pull
were the quadriceps femoris, the hamstring muscle, the erector spinalis and the trapezius
muscle. It was also found that 70-80% of the training limit weight can produce the best
training effect. The results showed that the maximum peak force appeared at the 70-80%
1RM load intensity. The results of this study showed that the hard pull force of 80% 1RM
are the highest, which indicates that the best explosive force training with this weight can
produce significant effects. Therefore, it is suggested that people with certain strength
training bases should perform explosive force training with an 80% 1RM load in the future.

The knee joint provides support when people walk, sit, squat. In the process of knee
joint modeling, the distribution of trabeculae and bone cortex is positively correlated with
stress. The denser the trabeculae is, the more active osteoblasts are and the greater the
stress is. The conventional material properties of knee joint are cancellous bone and dense
bone, and Poisson ratio and elastic modulus are given in the same direction. Based on the
different mechanical properties of bone region during deep squat and hard pull, the results
are different. The stress distribution of the above model shows the relationship between
the force and the load weight, which indicates that the external force is the main factor of
bone change.

In addition, previous studies have focused on neuromuscular characteristics, which can
be combined with kinematics, dynamics, and neuroelectromyography parameters to ver-
ify data consistency, It has been observed that different levels of research objects muscle
strength levels were different, which may cause errors. Additionally, the lack of compar-
isons of different load cases at different speeds will have a certain impact on individual
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differences. Based on the improvement of anti-interference, it is necessary to perform joint
research on neuromuscular characteristics.

5. Conclusions

The hip joint and knee joint exhibit increased angles, angular velocities and angular
accelerations of the deep squat and the hard pull, whereas the elbow joint exhibited
increased angles, angular velocities and angular accelerations of the bench press. The best
force and power of the deep squat elbow joint, the hip joint and the knee joint is 40% 1RM,
that of the bench press is 40% 1RM and that of the hard pull is 80% 1RM. The main force
producing portions of the deep squat are the hip joint and the knee joint, the dominant force
producing portions of the bench press are the shoulder joint and the elbow joint, and the
main force generating portions of the hard pull are the hip joint, the knee joint and the
trunk. The external force is the main factor of bone change. The mechanical characteristics
of knee joint can be simulated after the Finite Element Analysis and the simulation of
AnyBody are verified.
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editing, B.P,, funding acquisition, G.J.; methodology, Z.J. and Y.S.; data curation, C.M.; writing—
original draft preparation, X.H. All authors have read and agreed to the published version of the
manuscript.

Funding: This work was supported by the National Social Science Foundation of China (No. 20BTY070).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethics Committee of School of physical education and
sports, Beijing Normal University (20201015001).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Rosenberger, M.E.; Buman, M.P,; Haskell, W.L.; McConnell, M.V,; Carstensen, L.L. Twenty-four hours of sleep, sedentary behavior,
and physical activity with nine wearable devices. Med. Sci. Sports Exerc. 2016, 48, 457-465. [CrossRef]

2. Jung,J; Leung, W.C,; Case, L.K.; Yun, J. Not all are created equal: A meta-analysis of wearable devices for tracking physical
activity. Med. Sci. Sports Exerc. 2018, 50, 673. [CrossRef]

3. Plasqui, G.; Bonomi, A.G.; Westerterp, K.R. Daily physical activity assessment with accelerometers: New insights and validation
studies. Obes. Rev. 2013, 14, 451-462. [CrossRef]

4. Samsonova, A.G.; Ponomarev, G.N.; Tsipin, L.L. Strength training biomechanics concept for athletic training systems. Teor. Prak.
Fiz. Kult. 2018, 8, 65-66.

5. Mcbride, ].M.; Skinner, ].W.; Schafer, P.C.; Haines, T.L.; Kirby, T.J. Comparison of kinetic variables and muscle activity during a
squat vs. a box squat. J. Strength Cond. Res. 2010, 24, 3195-3199. [CrossRef]

6. Kraemer, WJ.,; Ratamess, N.A. Fundamentals of resistance training: Progression and exercise prescription. Med. Sci. Sports Exerc.
2004, 36, 674-688. [CrossRef]

7. Collins, J.; Longhurst, G.; Roschel, H.; Gualano, B. Resistance training and co-supplementation with creatine and protein in older
subjects with frailty. J. Frailty Aging 2016, 5, 126-134. [PubMed]

8.  Hughes, L].; Jeremiah, J.P.; Scott, B.R. Load-velocity relationship 1RM predictions: A comparison of Smith machine and
free-weight exercise. J. Sports Sci. 2020, 38, 2562-2568. [CrossRef]

9. Rasmussen, P.; Damsgaard, M.; Voigt, M. Muscle recruitment by the min/max criterion—A comparative numerical study.
J. Biomech. 2001, 34, 409—415. [CrossRef]

10. Saraswat, P.; Andersen, M.S.; MacWilliams, B.A. A musculoskeletal foot model for clinical gait analysis. . Biomech. 2010, 43,
1645-1652. [CrossRef]

11. Small, S.R.; Berend, M.E.; Rogge, R.D.; Archer, D.B.; Kingman, A.L.; Ritter, M. A. Tibial loading after UKA: Evaluation of tibial
slope, resection depth, medial shift and component rotation. J. Arthroplast. 2013, 28, 179-183. [CrossRef]

12.  Hopkins, A.R.; Mew, A.M.; Rodriguez-y-Baena, F.; Taylor, M. Finite element analysis of unicompartmental knee arthroplasty.

Med. Eng. Phys. 2010, 32, 14-21. [CrossRef]


http://doi.org/10.1249/MSS.0000000000000778
http://doi.org/10.1249/01.mss.0000538221.78906.0f
http://doi.org/10.1111/obr.12021
http://doi.org/10.1519/JSC.0b013e3181f6399a
http://doi.org/10.1249/01.MSS.0000121945.36635.61
http://www.ncbi.nlm.nih.gov/pubmed/27224505
http://doi.org/10.1080/02640414.2020.1794235
http://doi.org/10.1016/S0021-9290(00)00191-3
http://doi.org/10.1016/j.jbiomech.2010.03.005
http://doi.org/10.1016/j.arth.2013.01.004
http://doi.org/10.1016/j.medengphy.2009.10.002

Sensors 2021, 21, 647 13 of 13

13.

14.

15.

16.

17.

18.

19.

20.

Burkhart, T.A.; Andrews, D.M.; Dunning, C.E. Finite element modeling mesh quality, energy balance and validation methods:
A review with recommendations associated with the modeling of bone tissue. . Biomech. 2013, 46, 1477-1488. [CrossRef]
Faigenbaum, A.D.; Kraemer, ].W.; Blimkie, ].R.; Jeffreys, I.; Micheli, L.]J.; Nitka, M.; Rowland, T.W. Youth resistance training;:
Updated position statement paper from the national strength and conditioning association. J. Strength Cond. Res. 2009, 23, 60-79.
[CrossRef]

Walilko, T.J.; Viano, D.C.; Bir, C.A. Biomechanics of the head for Olympic boxer punches to the face. Br. J. Sports Med. 2005, 39,
710-719. [CrossRef]

Calatayud, J.; Vinstrup, J.; Jakobsen, M.D.; Sundstrup, E.; Colado, J.C.; Andersen, L.L. Influence of different attentional focus on
EMG amplitude and contraction duration during the bench press at different speeds. J. Sports Sci. 2017, 36, 1162-1166. [CrossRef]
Sakamoto, A.; Sinclair, PJ. Muscle activations under varying lifting speeds and intensities during bench press. Eur. J. Appl. Physiol.
2012, 112, 1015-1025. [CrossRef]

Yamanaka, T.; Farley, R.S.; Caputo, J.L. Occlusion training increases muscular strength in division IA football players. J. Strength
Cond. Res. 2012, 26, 2523-2529. [CrossRef]

Garcia-Ramos, A.; Haff, G.G.; Padial, P; Feriche, B. Optimal load for maximizing upper-body power: Test-retest reproducibility.
Isokinet. Exerc. Sci. 2016, 24, 115-124. [CrossRef]

Suchomel, T.J.; Beckham, G.K.; Wright, G.A. Effect of various loads on the force-time characteristics of the hang high pull.
J. Strength Cond. Res. 2015, 29, 1295-1301. [CrossRef]


http://doi.org/10.1016/j.jbiomech.2013.03.022
http://doi.org/10.1519/JSC.0b013e31819df407
http://doi.org/10.1136/bjsm.2004.014126
http://doi.org/10.1080/02640414.2017.1363403
http://doi.org/10.1007/s00421-011-2059-0
http://doi.org/10.1519/JSC.0b013e31823f2b0e
http://doi.org/10.3233/IES-150608
http://doi.org/10.1519/JSC.0000000000000748

	Introduction 
	Materials and Methods 
	Participants 
	Experimental Process 
	Data Acquisition 
	AnyBody Simulation Operation 
	Finite Element Analysis Operation 

	Statistical Treatment 

	Results 
	Kinematic Characteristics of the Different Load Strength Tests 
	Peak Results of Different Load Intensity Test Angles 
	Peak Characteristics of the Angular Velocity as Measured by Different Load Intensities 
	Peak Angular Acceleration Results of the Different Load Intensities 

	Dynamic Characteristics of Different Load Strength Tests 
	Stress of Different Load Strength Tests 
	Torque of Different Load Strength Tests 
	AnyBody Simulation Results 
	Finite Element Analysis Results 


	Discussion 
	Conclusions 
	References

