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Abstract: The aim of this paper is the biomechanical evaluation of the interaction between load forces to which
a sitting man and the seat are exposed. All loads, which consider actual anthropometry histograms of human
population (i.e. segmentation of human weight, height, centroids, gravity and shape of seat) are determined using
the direct Monte Carlo Method. All inputs are based on the theory of probability (i.e. random/probabilistic inputs
and outputs with respect their variabilities). A simple plane model (i.e. probabilistic normal forces and bending
moments) shows a sufficient stochastic/probabilistic evaluation connected with biomechanics, ergonomics,
medical engineering (implants, rehabilitation, traumatology, orthopaedics, surgery etc.) or industrial design.
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1 Introduction

Sitting can be source of medical problems, e.g. influencing or even causing injuries or
deformities in spine or in dorsum in general (i.e. oedema, hyperplasia, dermatitis, Secretan's
syndrome, Scheuermann's disease, scoliosis, etc.). Treatment of dorsal back pains or diseases
is quite often and it is usually “optimally” directed toward a diagnosed or suspected specific
cause (see Fig. 1).

Fig. 1 X-ray snapshot of a human with lumbar dextroscoliosis and thoracic levoscoliosis (a)
preoperative, (b) postoperative; (c) archeology — a middle ages women with severe scoliosis
(Limburgs Museum, Venlo, The Nederlands).
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Human scoliosis (i.e. abnormal sideways curve/curves of spine) generally firstly occurs in
children, when they experience their growth spurt. However, it can occur at other ages if it's
caused by something else like a muscle disease, such as muscular atrophy, cerebral palsy, old
age etc.

To analyze loads acting on a sitting human, a simple and easy to apply model was created.
Stochastic (i.e. fully probabilistic) approach is used to take the real variety of human
population into account. The probabilistic evaluation is done using direct Monte Carlo
Method — random simulations (generated results) restricted by given variable inputs, where
the inputs are chosen according to the real (measured or published) anthropometric
parameters, different shapes of chair and location on Earth.

Application of probabilistic approaches is a new and modern trend in science research and
development; see reference [3] to [9], [12], [13].

2 Model of Sitting Human — Normal/Reaction Forces and Bending Moments

In mechanics and engineering approach, truss structures appear to be the easiest ways of
introducing, explaining and solving geometrical and material linearities or nonlinearities; see
Fig. 2 and reference [10] and [11]. However, truss structures can be easy applied in
biomechanics too; see the following text.

Fig. 2 Example of truss structure loaded by vertical force F - (a) general description, (b)
solution according to the theory of 1 order (Method of Joints), (c) solution according to the
theory of 2" order (Method of Joints)

In the following text, the theory of 1% order is applied (i.e. fully linear model).

Simple (2D, plane) model of a sitting human (see Fig. 3 and 4), similar to truss structure, is
constructed from 4 segments (segment [1] — feet and legs, segment [2 — thighs, segment [3 —
lower part of torso, segment |4 — upper part of torso and head with neck) and 5 joints (A — E)
(see Fig. 3 and 4). Gravitational forces acting in centroids (see Fig. 4a) are distributed to
adjacent joints too (see Fig. 4b and 5). Model was derived by using the Method of Joints.
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Fig. 4 Model of a sitting man as a biomechanical truss structure
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Fig. 5 Free body diagrams (application of Method of Joints)
2.1  Normal and Reaction Forces

Derivations of reaction forces and normal (internal) forces are very important for
biomechanics of a sitting human or design of a seat.

From equilibrium equations of each joint (see Fig. 5), the final formulae of reaction R; [N]

and normal forces N; [N] (in Fig. 5, the chosen orientations represent pressure) were derived;
see eq. (1) to (10).

(0.56 - G; + 0.43 - G;) * cos(B)

1 sin(a + ) @)
(0.56-G; + 0.43 - G,) - cos(a)
N, = sin(a + ) @)
_ [0.5-Gj + G,] - sin(8) 5
3T cos(6 —y) )
N, = 0.83 - G, - sin(8) (4)
_ (0.56- Gy +0.43 - Gy) - cos(B) - cos(a) 5
X sin(a + 8) ©)
B (0.56 - G; + 0.43 - G,) - cos(B) - sin(a)
Ry; = 0.43- Gy + (@t B) (6)
[0.5 - G - sin(6) + G, - sin(8)] - cos(y)
Rys = — +
cos(6 —vy)
(O 56 - G; + 0.43-G,) - cos(a) - cos(B) @)
sin(a + B)
B _ _ (0.56-G; + 0.43 - G,) * cos(a) - sin(B)
Rys = 0.57 -G, + 0.5 G5 + TICET)) o
[0.5- Gz + Gg4] - sin(6) - sin(y)
+
cos(§ —y) . .
R, =0.5-G;5-cos(6) +0.17 - G, - cos(5) + (0.5 Gs + Gy ] 5in(6) - sin(é ) 9
cos(§ —vy)
Rs = 0.83 -G, - cos(6) (10)
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2.2  Bending Moments

Derivations of bending (internal) moments are very important for biomechanics of a sitting
human or design of a seat.

To determine bending moments, forces acting outside of joints must be considered — in this
case we can calculate the moments the same way we would on an angled beam; see eq. (11) to
(18).

Segment [1]: z; €< 0;0.56 - L, >, 2z, €< 0;0.44 L, >

Fig. 6 Segment

My z1) = Ryq * 21 cos(a) + Ryq - Z4 - sin(a) (12)
MO(ZZ) = Ry1 " (Zz + 056 " Ll) - COS(C() + RXl - (ZZ + 056 " Ll) " Sin(a) + (12)
-G * 2, - cos(a)
Segment 2 z; €< 0;0.57 - L, >z, €< 0;0.43 - L, >
Ry1 Rx1
Fig. 7 Segment
My(z3) = Ryq * (Lg - cos(a) + z3 - cos(B)) + Ryq * (Lg - sin(a) — z3 - sin(B)) + (13)

—Gy - (0.43 “Ly-cos(a) +z3 - cos(B))
My 24y = Ryq = (Lq - cos(a) + (z4 + 0.57 - Lp) - cos(p)) +
+Ryq - (Lg - sin(a) — (z4 + 0.57 - L,) - sin(B)) + (14)
—Gy - (0.44 - Ly - cos( @) + (z4 + 0.57 - Ly) - cos(B)) — G, - z4 - cos(B)
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Segment |4]: zs €< 0;0.17 - L, >,z €< 0;0.83 - L, >

Fig. 8 Segment

M, (z5) = Rs * 5 (15)
MO(Z6) = R5 " (Z6 + 017 " L4_) - G4_ " ZG " COS((S) (16)

Segment 3 z, €< 0; 0.5 Ly >, z5 €< 0;0.5- Lz >

Fig. 9 Segment 3

My 27y = Rs * c0s(8) * (Ly - cos(6) + z; - cos(y)) +
+R; - sin(6) - (Ly - sin(8) + z; - sin(y)) + (17)
+R, - cos(8) - z; - cos(y) + R, - sin(8) * z; - sin(y) +
—Gy - (0.83 L, - cos(8) + z, - cos(y))
My 28y = Rs * cos(8) - (Lg - cos(6) + (zg + 0.5+ L3) - cos(y)) +
+R5 - sin(d) - (L, - sin(8) + (zg + 0.5 - L3) - sin(y)) +
+R,4 - cos(8) - (zg + 0.5 L3) - cos(y) + (18)
+R, - sin(d) - (zg + 0.5 L3) - sin(y) +
—Gy - (0.83 - Ly - cos(6) + zg - cos(y)) — Gs - zg - cos(y).

Maximum bending moments are in centroids of each segment; see eq. (19) to (22).

Momax1 = Ryq *0.56 * Ly - cos(a) + Ryq - 0.56 - Ly - sin(a) (19)
Momax2 = Ryq * (Ly * cos(a) + 0.57 - L, - cos(B)) +
+Ry; * (Lq - sin(a) — 0.57 - L, - sin(B)) — G; - (0.44 - L, - cos( a)) + (20)

+0.57 - L, - cos(B)
Mgymaxs = —Ga - (0.83 - L, - cos(8) + 0.5 L - cos(y)) +
+Rs - sin(d) - (L, - sin(8) + 0.5 - L; - sin(y)) + 21)
+R, - cos(8)-0.5-Ls-cos(y) + R, -sin(6) - 0.5 L; - sin(y) +
+Rs - cos(8) - (Ly - cos(8) + 0.5 - Lz - cos(y))
Momaxa = R5 - 0.17 - Ly (22)
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3 Example of Normal Forces Diagram and Bending Moments Diagram

Normal forces diagram is presented in Fig. 10 (a) and bending moment diagram is
presented in Fig. 10 (b).

Fig. 10 (a) Normal forces diagram — Example of sitting human evaluation, (b) Bending
moments diagram — Example of sitting human evaluation
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4 Stochastic/Probabilistic Inputs and Outputs

All the data are described via histograms with truncated (bounded) normal distribution.
Histograms of total height and weight are given by references [1] and [2], gravitational
acceleration g is given by location on Earth. Segment angles «, 5 and § were chosen (depends
on design of chair). Angle y is related to § (see Tab. 1) to avoid unrealistic results. Lengths
and weights of segments are functions of total height/weight.

Output data are calculated in Anthill software 2.6 Pro (direct Monte Carlo Method) using
107 random simulations for very accurate results.

Inputs:

Tab. 1 Input data (human anthropometry, design of a seat and Earth's gravity)

Min.

Mean

Median

Max.

Variable name Symbol value | value | value | value Graph
Total weight [kg] m 45 89.998 | 89.951| 135 | Graph1l
Total height [m] h 1.2 1.8 1.8 2.4 | Graph 2
Angle of segment [deg] a 60 74998 | 74991 90 | Graph3
Angle of segment [deg] B 0 9.998 | 9.981 20 | Graph 4
14
Angle of segment [deg] V=T ) 60.67 | 69.999 | 69.988| 79.33 | Graph 5
Angle of segment |4 [deg] 5 65 | 74.999 | 74.987| 85 | Graph6
Gravitational acc. [m/s?] g 9.78 9.806 | 9.806 | 9.832 | Graph7
Segmentl] | L, =0285-h | 0.342 | 0513 | 0.512 | 0.684 | Graph8
Segment | L, =0245-h | 0294 | 0.441 | 0.441 | 0.588 | Graph9
Length
[mg] Segment[d | L;=024-h | 0.288 | 0.432 | 0.432 | 0576 Grl"’gph
Segmentd | L,=0.165-h | 0.198 | 0.297 | 0.297 | 0.396 Grf‘lph
Segment[l] | m, =0.124-m| 558 | 11.158 | 11.138| 16.74 Grlazph
Graph
Segment 2 —0.248-m| 11.16 | 22.317 | 22.275| 33.48
Weight 9 e m 13
k
]| Segmentd | my=04-m | 18 | 35.996 | 35.928| 54 Gr1a4ph
Segmentd | m, =0.228-m | 10.26 | 20518 | 20.479| 30.78 Grlzph
Segment [1 G, 54.58 | 109.429 | 109.435|164.567 GrlaGph
Gravit.| Segment[ G, 109.161 | 218.859 | 218.87 |329.134 Grla7ph
force
[N | Segment[g Gs 176.066 | 352.998 |353.016/530.862 Grlzph
Segment [4 G, 100.357 | 201.209 |201.219302.591 Grlagph
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Graph 16 G. force — segment |1] Graph 17 G. force — segment [2|Graph 18 G. force — segment

G, € (54.58;164.567) N
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|| ™ I~ Dscrete  Steps: 10000000 Anthill
s o eropans ity Quantie
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Mean: 20120895340  SiDeviation:33.07259594 [0 00000000 [0.80000000
CoVar 016435940  Variance: 1093.79660200

Skewnes: 0.00086775 | Kurtosis: -0.17076732 IV 00000000 070000000
Median: 201.21883990 1Mo 00000000 0.60000000

Graph 19 G. force — segment [4]
G4 € (100.357;302.591) N

Note: The sum of all lengths of segments is smaller than total height (i.e. X7 L; < h). The
reason is, the head is propped on chair in half of its length; see Fig. 3 and 4.

Outputs:
Tab. 2 Output data (calculated normal and reaction forces and bending moments)

Variable name Symbol S, JUSED | (BB IR Graph
value value value value

Segment N, | 73367 | 1542 | 154.145 | 262.296 G;%ph

Internal Graph

netel | segment2 N, 0 40535 | 39554 | 128811 | o

fE’,(lC]e Segment[3 N, | 172.652 | 365.611 | 365.535 | 566.686 Gr2a2ph

Segment |4 N, | 76.115 |161.038 | 161.006 | 249.36 Grza3ph

Feet — X Graph

fiection R,, |-128.809 |-39.856 | -38.879 0 o

Feet—Y Graph

Moo Ry: | 91425 |196529 | 196.475 | 305431 | ¢

) Buttock — X Graph

Rigi(t:fn direction Rys -240.59 | -84.724 | -83.425 | 12.204 26

Buttock — Y Graph

IN] P Rys | 305726 | 651419 | 651.192 | 1029.748 | .7

Dorsum R, | 28.091 | 86.332 | 85.601 | 172.559 Grzasph

Head Re 7546 | 4315 | 42.456 | 105.244 Grzzph

segment[l] | Mowaxa | O 3566 | 3.464 | 12567 G;%ph

Max. Graph

internal | Segment? | Mowax, | 7796 | 23.257 | 23088 | 46.975 | "o

bending Granh

moment | Segment[d | Mowaxs | 3011 | 1302 | 12771 | 34983 | o
[Nm]

Segmentl | Mowaxa | 0.324 | 2179 | 2126 | 663 Gr3""3ph

106 ©2019 SjF STU Bratislava Volume 69, No. 2, (2019)



= I~ Dscrete  steps:10000000 Anthill I Wiio S Anthill i
Variable: i1 - ey P, Varabl: 12 | = <l o T Anthill
Minimun: 73 36630764 Maximum: 262 29550260 M| 00000000 [0.90000000 | pramum: 0.00000000  Mamum: 12831065650 Z° 0 [N90000000 o 17265207650 Maximum: 56668626990 2B 00000000 [0.90D0O000
Mean:  154.20080540 ~ StDeviation:26.51691207 8000000000 [0.80000000 | Mean: 4053543599 Siblewation: 1512599060 [ UB000000  Mean: 365 61103210  StDeviaion 60 35227789 (s ouononoo  [0.8080R000
CoVar 016547846 Variance: 65111280160 CoVar: 037315475 Variance: 228 79558160 ~H 070000000 CoVar 016513174  Variance: 3647 22722900
Skewnes: 0.01403352  Kurtosis: 01584729 ZJ|0.00000000 070000000 Skewnes: 0 37794969 Kunosis: 0 18993510 Skewnes:0.00865931  Kurtosis:  -0.16525350 0 0 0 70000000
Median:  154.14508970 [0 00000000 0.60000000 Median: 39 55438139 o @ 9 0.60000000 Median: 365.53524520 7000000000 060000000

120 180 o E 8 ) 120

Graph 20 N. force — segment [1) Graph 21 N. force — segment 2| Graph 22 N. force — segment
N; €(73.367;262.296) N N, € (0; 128 811) N N5 € (172. 652 566.683) N

r I Dsre  sieg oo Anthill I~ oscrele  stepsitooosooe Anthill |, oo [~ Dscrete  steps:o000000 Amthill
m Vanable: [Rr! | Probabilty Quantie e | Probabilty Quantie.
sanuom Minimum: 9142430570 Maximum: 305 43+18530 | ZI|0.00000000 030000000 Minimum: -128 80876580 | Maximum: 000000000 ZJB|1.00000000 0.90000000
Mean.  161.03761010  StDewiation: 26 59532834 l—nooo Mean:  196.52853470  StDeviation:32.46365310 V&[0 00000000 0.80000000 Mean:  -39.85619503  StDeviation:14.68997618  [v]i#l[1 00000000 0.80000000
CoVar 016514380  Vemance: 707 31148370 0.8000 CoVar: 016518544 Variance: 105388877200 - Colar. 037369262 Warance: 22171139060 | g oronoo 070000000
Skewnes: 000831261 Kurtosis:  -0.16545786 E' .70000000 Skewnes: 0.01063856  Kurtosis:  -0.16433020  JM|0.00000000 0.70000000 Skewnes:-0.38340591  Kurtosis:  0.20236947 :
Median: 161.00553400 % | O] 1060000000 Median:  196.47493870 ~Ml[0.00000000 0.60000000 Median: -38.87927635 IJl[1-00000000 060000000

Minimum: 76.11451525  Maximum: 249.36033840 E.

120

Graph 23 N. force — segment Graph 24 R. force — foot (X) Graph 25 R. force — foot ()
N, € (76. 115 249.36) N Ry; € (91.425;305.431) N Ryq € (—128.809;0) N

[~ Discrete. ps: Anthill r [ Discrete  Steps:tonsooos Anthill r I Omcrete  Steps-tococons Anthill
Varable: <3 E Probatity Quantie arabe: [32 I=| Probaity Cusntie Varisble [f+ =l frota Ouante
Ui L) Minimum: 28 09108296 Maamum: 172 55923050 Z0.00000000 [0:90000000

Minimum: 240 69038470 Maximum: 1220303311 |0 99996373 [0.90000000  pisimurn 305 72623200 Maximum 1028 74777200 I 09000000

Mean:  -84.72379270  StDeviation:25.46217704 V&[0 99998299 0.80000000 Mean: 65141329930 ~ StDeviation: 107.64522180 [0 0.80000000 Mean 8633171918  SwDeviation 17 29725785 [0 00000000 [0 80000000

CoVar:  -0.30053160 Variance: 648 32245940 CoVar 016555423 Vanance: 11630 53186000 CoVar  0.20035808 Variance: 29919513020 —

Skewnes: 029515300 Kurtosis: 0.08419568 099995225 [070000000 " syuunes 001209631 Kumosis -0 1626549 M| 0 [OTO000000 gy pmes: 024534260  Kutosis: 002052465 IO 00000000 [0.70000000
nsnnnnaoo Median: 5 60122312 FG 0000000 [0.60000000

Median: -83.42485998 [0 99998177 060000000 Median: 65119157090 i |

2400 -180 -120 310 @ 870 850 1030

Graph 26 R. force — buttock (X) Graph 27 R. force — buttock (YY) Graph 28 R. force — dorsum
Ry3 € (—240.59;12.204) N Rys € (305.726;1029.748) N R, € (28 091;172.559) N

r D-m st 000 Anthill e oz =] [~ Discrete  steps: 10000000 Anthill
Probabity Quantie
E. [0.50000000 Minimum: 7. 79569297 Maximum: 46.97451743  ZIW|0-00000000 0.90000000
(0000000 |Mean:  23.25668392  StDewation.62128031  [WJB[000000000  [0.80000000
CoVar. 010870762  Variance: 2135623174
Skewnes: 025035625 Kurtosis: -0.00396368  JBJ0 00000000 0.70000000
Median: 23 05758332 “l[0.00000000 0.60000000

—r s e sopetosoms Ahill [l e T

Minimum, 7 54575654 Maximum, 10524382400 B0 00000000 [DISO000000 | Minimum: 0.00000000  Maximum: 12 66647619
Mean: 4315024703 StDevation:1 74657415 B0 0000000 (080000000 || Meam 356613298 StDeviatin: 1 36574391
CoVar 027222496  Variance: 13798200430 CoVar: 038297616  Vaiance: 186525643

Skewnes: D 14522830  Kumosis: 006659203 Lino 0.70000000 Skewnes 043392530 Kurtosis: 0 28779790 El

Madian: 42 45587667 FM[ o000 (60000000 | Median 34642346 Pl0 00552431

s 0

Graph 29 R. force head Graph 30 Moment segment I Graph 31 Moment - segmentl
Rs € (7.546;105.244) N MOMAXl €(0;12.567) Nm  Momax, € (7.796;46.975) Nm

|| ™ Mz ] A.utlnll e |
Minimum:3.01122276 Maximum: 34 98309349 :.“ 00000000 [0.90000000 Minimum: 0.32442590  Maximum: 6 62956984
Mean: 1301950786  StDeviation:3.23870514 [0 00000000 [0.80000000 Mean 217864325  SiDewiation:0 64272831
CoVar: 024675635  Variance: 1048921100 CoVar 029501310  Varlance: 041303968
Skewnes: 045304423 Kurosis: 0.24738266 (ZIM[0 00000000 070000000 Skewnes: 048933178 Kunosis: 030401790
Median:  12.77096389 000000000 [0.60000000 Median. 2 12564602

1 18 35 04 19 EY 49 €e

Graph 32 Moment —segment [ Graph 33 Moment — segment 4
MOMAX3 € (3011, 34983) Nm MOMAX4— € (0324‘, 663) Nm

In some output histograms we can see skewness/kurtosis of histograms. This is OK and it
is caused by combination of mathematical and statistical operations.

5 Probabilistic Diagram of Normal Forces and Bending Moments

By putting the histograms of normal forces and bending moments into diagrams we can
better visualize the range of normal forces and bending moments that are acting in segments.
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Fig. 11 Normal forces diagram with histograms
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Fig. 12 Bending moments diagram with histograms

CONCLUSION

The aim of this paper is a biomechanical evaluation of the interaction between load forces
to which a sitting man and the seat are exposed. All loads and dimensions given by real
anthropometry (histograms with normal distribution) and are determined by direct Monte
Carlo method (software Anthill). Hence, the stochastic/probabilistic approach is used.

Plane model for the stochastic solution of seat and seating man interaction was applied.
This model shows sufficient biomechanical evaluation. The output data show the biggest
normal force Nyax = N3max = 566.7 N in dorsum (see Graph 22 or Tab. 2). Maximum
bending moment Momax = Momaxz = 46.975 Nm is in thighs (see Graph 31 or Tab. 2), but
those are not as susceptible to injury as dorsum is.

For the further calculations, shear forces and dynamic effects (e.g. by dynamic factor)
could be added and finally a curvilinear or spatial (3D) model can be applied. This analysis
can serve e.g. as an initial part in designing or improving chairs or as a good support for
ergonomics, rehabilitation, implant design etc.
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