October 2018, Vol. 18, No. 5 MANUFACTURING TECHNOLOGY ISSN 1213-2489

Mathematical Model of the RRR Anthropomorphic Mechanism for 2D Biomechanical Analy-
sis of a Deep Squat and Related Forms of Movement
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The aim of this study was to create a mathematical model of the RRR anthropomorphic mechanism for a 2D
biomechanical analysis of a deep squat and related forms of movement. The segment stick model is designed to
diagnose the movement with sagittal plan symmetry. Based on the input data from kinematic and dynamometric
analysis, and from the anthropometric data of the monitored person, it is possible to estimate the resulting mo-
mentum of the forces acting on the main joints of the lower body. The technology may be applied in analysing deep
squats, studying the dynamics of vertical reflection as well as in the biomechanical analysis of related forms of
movement (e.g. standing-up, squatting with a dumbbell, skiing in downhill posture, etc.). The derived motion equa-
tions may be used to analyse the dynamics of the movement of anthropomorphic or mechatronic systems with the
same geometry.
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1 Introduction

One of the most topical biomechanical issues of today
is the deep squat. It represents the basic movement model
of primates and ranks among their natural postural posi-
tions. It is a posture where the flexion in the knee joint
enables the back of the thighs to touch the calves, the
heels stay on the ground and the spine is upright in a neu-
tral position. This posture may be seen in young children.
Based on an innate movement model, they instinctively
use a deep squat if they want to reach the ground with
their hand. They also play in this posture.

Practical experience shows that the majority of the
Euro-Atlantic population in developed countries is losing
the ability to reach the bottom position of a deep squat, or
they are not using this movement pattern at all. However,
studies proving the positive effect of the deep squat on the
production of muscle power production and the perfor-
mance of lower limbs may be found in world literature
[1],[21, [3], [4]- Doubts regarding the overstraining of the
knee joints are then disproved by Bryanton [2]. He found
out that together with the engagement of the glutaei, it is
mainly the load of the hip joints that increases with the
depth of a squat, not the knee joints.

Most studies on the deep squat are based on a kinesi-
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ologic analysis and the combination of a kinematic anal-
ysis with EMG. These methods cannot be used for objec-
tive conclusions on the momentum of the forces acting on
particular joints during the respective stages of a deep
squat. Therefore, the aim of this study is to create a model
of an anthropomorphic mechanism that would enable
such a biomechanical analysis of a deep squat and related
forms of movements. The study focuses on the diagnosis
of movement in the sagittal plane.

2 Segment structure and parametrization of
the model

The model is created to diagnose the lateral movement
projection of a person with the permanent support of both
feet. It is based on a 3-segment 3D stick anthropomorphic
mechanism when the feet, shins and shanks of both limbs
are aligned, see Fig. 1. To derive motion equations, the
weight of shank m;, thigh m, and half the weight of the
upper body (head - 4, upper limbs - a, trunk - r) is re-
spected as a unit m;, due to the symmetry. The weights
and respective moments of inertia (I, I, I») of particular
segments may be estimated based on the method of
Zatsiorsky et al. [5] from the body height (v [cm]) and
total weight (m [kg]) of a person according to the equa-
tions (1).
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where constants k. define the position of the centres of
gravity of a shank and a thigh in relation to the axes of
rotation, see below. Constants /g represent the distance of
the centre of gravity of a respective upper body segment
(h, ar3, ri3) from the origin of coordinates (X2, y2), see

Fig. 1. All these constants are specific for each individual
or the respective movement pattern and thus it is essential
to ascertain them from anthropomorphic measurements
and a kinematic analysis. The values of parameters E, F'
are stated in Table 1.

Tab. 1 Values of E, F parameters to determine the weight and moment of inertia of particular segments.

a Eoo [kg] Ea[] Ex[cm!] Fo [kg.cm?] Fa [cm?] F [kg.cm]
s -1.59200 0.03616 0.01210 -1152.000 4.594 6.815
t -2.64900 0.14630 0.01370 -3690.000 32.020 19.240
B Epo [kg] Ep [ ] Ep: [cm'] Fpo [kg.cm’] Fpi [cm’] Fp2 [kg.cm]
h 0.64800 0.00855 0.00715 -56.000 0.715 0.865
ar (upperarm) | 0.25000 0.03012 20.00270 -232.000 1.526 1.343
a> (forearm) 0.31850 0.01445 -0.00114 -67.900 0.855 0.376
as  (hand) -0.11650 0.00360 0.00175 -13.680 0.088 0.092
r1  (upper) 4.10720 0.09310 -0.02920 183.500 9.150 -2.865
r,  (medium) 3.59050 0.11170 -0.03315 131.500 13.350 -4.000
r3  (nether) -3.74900 0.04880 0.02448 467.000 5.900 1.720

Note: Parameters F are given for axes of rotation perpendicular to the sagittal body plane. The trunk r and the upper
limb a are combined from three parts. With respect to the nature of the task, parameters E. and F:, are specified so that
my and I, characterised the half of the upper body (i.e. only a half of the weight of the head, trunk and one hand are

considered).

The model contains two links which anatomically rep-
resent an ankle joint and a knee joint. The third link is
located in the pelvis area. The angle between the trunk
and the thigh is maintained not only by the hip joint but
also by the lumbar spine. Therefore, this link although lo-
cated in the hip joint is not anatomically represented and
only an approximation is concerned.

Fig. 1 Stick model of the anthropomorphic mechanism

A coordinate system where the direction of the x-axis
copies the direction of the previous segment is located in
each joint. In total, three coordinate systems are involved.
The angle between the x-axis and the next segment is de-
scribed as g; - g3. Angles formed by particular segments
between themselves are described as ¢ ;- ¢3. Relations be-
tween respective angles are as follows:

Q=R L=—P5  GETEG. ()
Expressions (2) have particular practical importance. In
theoretical analysis, it is advantageous to work with so
called generalized coordinates g; (see below), angles ¢;
are used especially in experimental methods of biome-
chanics.

The centres of gravity of respective segments are de-
scribed as follows. The total centre of gravity (COM) is
determined by T in the picture, 7; represents the centre of
gravity of a thigh, 7§ is the centre of gravity of a shank.
The centre of gravity of the upper body is represented by
T». Positions of centres of gravity of particular segments
are determined again in accordance with Zatsiorsky et al.
[5]. In particular:

[xl;yl] =k, [LSCI;LsSI]
[xz;yz] = [LSCI +k Ly Ls, + ertSIZ] 3)

[xs;J’3] = [Lscl + LrCIZ + LbCIZS;LsSI + Lrs12 +LbS123]7

where constants k; = 6/10, k; = 6/9, ky = 1 define the posi-
tion of centres of gravity of respective segments with the
length of L, Ly, L, [m]. These must be ascertained for each
individual. In the interest of clarity, the following mark-
ing is used in relations:
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c, = cos(ql.); ¢, cos(ql.+ qj); Cin cos(qi+ q,+ qk);

s, = sin(q,.); S

With respect to the relations (1), it must be mentioned
for the sake of completeness that the positions of the cen-
tres of gravity of respective segments of the upper body
are located close to the hand and the trunk in 4/10 of their
total length. In case of the upper arm and the forearm it is
represented by 4/9 taken from the proximal end of the
segment (i.e. closer to the body centre) [5]. In case of the
head with the throat (taken as one segment), the centre of
gravity is located in 1/2 of the total length.

3 Form of motion equations

E, = E(ms (x12 +y12)+m, (x22 +y22)+mb (x32 +y32)+]s%2 +1, (% +Q2)2 +1, (% +49, +%)2)

E,= mg,+mgy,+mgy,

The resulting form of motion equations may be described
in a matrix form:

Blq)i+Clg;:4)i+g(q)=0- (7)
where B represents the so-called weight matrix, C is a ve-
locity matrix, g is a vector of gravitational forces, ¢ is a

b, b, b4 G
by by, by || G, || ey
by by, by )\ g, G

sin(g,+ q,); sy =

Cpn Cn

Cyp  C3 )\ Y3 &; 0,

“4)
sin(ql.+ q,+ qk); i, j, ke{l,2,3}.

The instantaneous position of the mechanism is de-
scribed by three general coordinates g; - g3. The base of
derivation of the motion equations of the model is formed
by a set of three Lagrange equations of the second order:

d (OEK)_0Ek _OEp _
di\ o4, ) oq, o,

1

0, ®)

where Ej represents the total kinetic energy and E, the to-
tal potential energy of the system. It is established as fol-
lows:

(6)

vector of independent generalized coordinates (for the an-
gles in this model, see above) and Q are generalized
forces (moments of inertia in this model). A specific so-
lution is as follows:

Co G|l 4 & 9]

g, |+ & |=| O, | ®

where:
b,= mk’L>+mL>+mk’L>+m,(L>+L>+L>)+2(mkL.L,+m,LL)c,+2m,L,Lc,+
2m, L Lc,s+1 +1,+1,
b,= mk>L>+m,(L>+L>)+ (mkLL, +m,LL)c,+2m,L,Lc,+m,LL,c,,+1I +1,=h,,
b,= m,L>+m,L,Lc,+m,LL,c,, +1I,=Db,
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¢, = mkLL +m,LL)s,g —2m,L,Ls,q,—m,L,Ls,, (42 + q'3)
¢y = —2myL,L,s,q,
Cyy = —myL,Ls,q,+m,LL,s,.q,
¢y = m,L,Ls, (4, +2q4,)+m,L,L.s,.q,
c, = m,L,Ls.q,
c,;= 0
g = mgklLc+mg(Lc +Lkc,)+mg(Lc +Lc,+Lyc,)
g,= mgklLc,+mg(Lc,+L,c,;)

g = mglycy,
The equation (7), or (8) as the case may be, are signifi-

cantly simplified if the so-called quasi-static approxima-
tion is considered. Assuming the whole motion of the
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mechanism is very slow. In such a case, the first two
equation members may be omitted and the following is

established:
g(q9)=0. ©)

This approach may be used to diagnose the lifting of pa-
tients from sitting to standing [6] or during a permanently
lowered posture (e.g. downhill posture).

4 Model application example (quasi-static ap-
proximation)

Now an example of a model application follows in its
quasi-static approximation. For this purpose, a five-stage
kinematogram of a deep squat of a proband with the body
weight m = 55 kg and body height v = 165 cm was cre-
ated, see Fig 2.

Fig. 2 Kinematogram of deep squat (Positions 1-5)

A stick model of an anthropomorphic mechanism ac-
cording to Fig. 1 was added to each position. Further-
more, respective values of angles ¢; — g3 were deducted
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)

and resulting moments of forces in a particular joint were
determined by means of derived equations (9). Their de-
pendence on partial positions of the deep squat is depicted
in Fig. 3.

—e--Q1
— e -2
—e— (3

120 140 160 180
@(deg)

Fig. 3 Graph showing the dependence of moments of forces on the angle of flexion in a respective joint link

Legend:Q1 — ankle joint, Q2 — knee joint, Q3 — hip joint

Numbers 1-5 correspond with respective positions according to Fig. 2

The results depicted in the graph of Fig. 3 may, among
other things, be used for the following conclusions. When
moving from a deep squat to a stand (Positions 5-1):

1. The moment of force in the area of a hip joint
reaches its maximum between Pos. 3 and 4, i.e.
in the moment when the flexion in the knee cor-
responds to approximately 90°. This moment of

force continually decreases from Pos. 3 to Pos.
1.
2.The moment of force in the knee joint necessary for
its extension decreases.
3.The moment of force in the ankle joint reaches its
maximum in Pos. 3.
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5 Discussion

The model has certain limitations in its application.
One of the drawbacks is the precision in determining the
geometry from the stick model. Selection of the experi-
mental method which will provide data inputs for equa-
tions (7) is essential here. The experience gained so far
shows that satisfying results may be reached by combin-
ing 3D kinematic analysis (e.g. Qualisys system) with dy-
namographical systems (e.g. EMED strain-gauge plat-
form). The combination of these experimental methods
may be used to calibrate the model by means of the rela-
tion of COM and COP using the findings of Morasso et
al. [7].

Furthermore, it is necessary to realize that the sizes of
moments in particular joint links represent only approxi-
mative estimations. The model respects neither the pre-
cise anatomic alignment of respective joints nor related
muscle groups (it is known, for example, that the femoral
head performs a rotational sliding motion against tibia
during flexion in the knee joint).

Nevertheless, in connection with a suitable anatomic
and kinesiologic analysis, the whole approach contributes
significantly especially in the context of selected func-
tional and structural disorders of the musculoskeletal sys-
tem. But for these purposes, the model must be locally (in
a respective joint link) extended by the above mentioned
anatomic aspects. The application of clinic CT image data
is also assumed, e.g. see [8], [9]. Information about the
moment effects in the knee and ankle joints may further
be used to simulate the pressure distribution, e.g. see [10]
inside these joint links.

6 Conclusion

The presented model of an anthropomorphic mecha-
nism enables supplementing the common kinematic anal-
ysis of a deep squat with estimations of resulting mo-
ments of forces applied to the main joints of the bottom
body part. The results gained herein may be used for a
complex biomechanical analysis of this movement pat-
tern and also for the analysis of related forms of move-
ment with similar geometry (e.g. standing-up, squatting
with a dumbbell, skiing in downhill posture, two-footed
jump, etc.).

The following research will focus on the extension of
the model by dissipative processes in particular joints, in-
clusion of local anatomic aspects and furthermore by its
verification. The aim is to apply the whole technology
during studies of selected disorders of the musculoskele-
tal system of a human.
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