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Children Orthotics and Prostheses Devices
Designed from Cinematic and Dynamic
Considerations

C. Copilusi, N. Dumitru, M. Marin and L. Rusu

Abstract— A study concerning the children locomotion
system is presented through this research. The research aim is
to obtain the motion laws developed by the children locomotion
system’s articulations and connection forces which are
produced in their structure in the walking activity. These
parameters are useful for orthotic and prosthetic systems
design for children with ages between 4-7 years. The study is
based on an experimental analysis developed with ultra high-
speed video equipment on 20 children. From the experimental
analysis significant data will be used for a human locomotion
system cinematic analysis. With these, a dynamic analysis will
be performed on analytical way in order to obtain the
connection forces from the human locomotion system joints.
Data obtained from cinematic and dynamic analyses represents
the input parameters for designing a modular knee orthosis
mechanism and a parameterized knee prosthesis mechanical
system which uses a cam mechanism in his structure.

Index Terms— cinematic, dynamics, locomotion system,
orthotics, prosthesis

I. INTRODUCTION

HE main motivation for these analyses was given by the

prosthesis and orthotics devices development restriction
for children. It is known that the restriction is imposed by
the fact that children are in growth continuously especially
between 4-7 years. Due to this fact modular orthotics
devices and parameterized prosthetics can be developed in
order to improve the locomotion system and to satisfy the
ability to move. For this it is necessary to perform
experimental, analytical, and design analyses in order to
create databases useful in this research direction. It can be
mentioned similar research work in this field by [24], [3],
[16], [17], [12], [15] and [11]. Similar dynamic analyses
with remarkable result can be found in [2], [16], [18], and
[27]. The research main aim was to obtain the connection
forces from each human locomotion system articulation
when the healthy subject will perform the walking activity.
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This will serve as input data for dynamic analysis developed
on analytical way.

II. EXPERIMENTAL RESEARCH

Taking into account the experimental research aim, the
motions developed by the human locomotion system [2],
[27], [5], [6], [7] presented here will be evaluated
experimentally by using motion analysis equipment, which
is called CONTEMPLAS. This has two high speed cameras
for capturing and recording sequences and a DELL
notebook for sequences analysis in real time with Templo
Standard module software [13]. The University of Craiova-
Faculty of Mechanics owns this special equipment, which is
used for the experimental research. This equipment enables
us to determine the desired points trajectories and spatial
angular variations onto either mechanical or biomechanical
mobile systems through successive identifications of the
joint centers positions in their structures. The general
procedure for experimental determinations is shown in Fig.
1.
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Fig. 1. CONTEMPLAS Motion equipment and analysis scheme

Thus, one attached markers in the rotation joints centers
with a view to determining the angular amplitude developed
by the human locomotion system. A sequence of the
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experimental analysis using this equipment is shown in Fig.
2, Fig. 3, Fig. 4 and Fig. 5. In this sequence children have to
perform 3 steps for walking activity. For this experimental
research a number of 20 children with ages between 4-7
years were used. Markers have been attached on human
locomotion system’s articulations centers, in order to
determine trajectories and angular amplitudes. These motion
laws forms a database which consists in a number of 4
segments, each segment consists in 5 healthy children with
the same age.

Fig. 2. Experimental analysis sequence for jg)iirr;sitrajectories (4 years old
child case)

5

Fig. 3. Experimental analysis sequence for hi-p joint angular amplitude

Also the height interval for all the analyzed children was:
95-136 cm. Weight of these subjects was between 21-36
kilograms. In each segment was 1 girl and the rest of the
subjects were boys. The cameras record simultaneously the
markers trajectories and angular amplitudes for each lower
limb. As an example of the final results, one presents the
motion laws for the analyzed articulations in diagrams from
Fig. 6, Fig.7, Fig.8 and Fig.9.

Fig. 4. Experimental analysis sequence for knee joint angular amplitude

1

Fig. 5. Experimental analysis sequence for ankle joint angular amplitude
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Fig. 6. Locomotion system’s angular amplitudes average for children at 4
years for walking activity

The angular amplitude of each joint is a functional angle
for lower limb joints, means useful angle for develops
movement from ADL scale (activity daily living scale)
present by the trajectories of the joints. The average angular
amplitudes during the gait cycle on the examined children
segments are presented in Table 1, where: IC-Initial
Contact, LR-Loading Response, MSt-MidStance, TSt-
Terminal Stance, PSw-PreSwing, ISw-Initial Swing, MSw-
MidSwing, TSw-Terminal Swing.
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Fig. 7. Locomotion system’s angular amplitudes average for children at 5
years for walking activity
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Fig. 8. Locomotion system’s angular amplitudes average for children at 6
years for walking activity
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Fig. 9. Locomotion system’s angular amplitudes average for children at 7
years for walking activity

TABLEI
AVERAGE ANGULAR AMPLITUDES FROM ANALYZED HUMAN SUBJECTS

Right knee =—Left ankle = =Right ankle

Segment 1 with 4 years age Segment 2 with 5 years

ints
Gait Hip Knee Ankle Hip Knee | Ankle

phase
IC 19.71° | 4.23° -6.51° 19.85° 4.78° -6.56°
LR 14.08° | 13.76° | -15.48° 14° 13.82° | -15.9°
Mst -14.5° 0.87° -5.37° -15.62° 1.02° -5.42°
Tst -22.7° 3.08° -2.17° -23.01° 5.23° -1.95°
PSw -16.4° | 39.35° 27.39° -16.51° 40.02° | 27.44°
1Sw 10.9° | 53.68° | 14.29° 10.93° 52.16° | 14.44°
MSw | 17.01° | 15.08° 11.78° 16.98° 15.59° | 12.35°
TSw | 16.17° | 7.83° 10.21° 16.23° 6.42° 11.52°

Segment 3 with 6 years age | Segment 4 with 7 years age

IC 10.98° | 5.23° -7.03° 20.36° 6.36° -10.5°
LR 14.52° | 14.11° | -16.35° 15.87° 15.99° | -18.9°
Mst -14.9° 1.12° -5.98° -16.64° 0.52° -7.36°
Tst -23.2° 6.49° -0.87° -25.61° 7.83° 0.12°
PSw -17.5° | 42.23° 28.39° -19.22° 46.29° | 30.21°
1Sw 11.01° | 54.63° 15.92° 12.21° 55.31° | 16.05°
MSw | 17.23° | 16.32° 13.62° 18.34° 17.58° | 14.21°
TSw | 16.69° | 8.42° 12.96° 18.48° 9.13° 13.62°

III. HUMAN LOCOMOTION SYSTEM CINEMATIC ANALYSIS

The method used here has a flexible character and assures
an interface for dynamic analysis especially for finite
element modeling of spatial and planar mobile mechanical
systems [5], [10], [12], [15], [16], [17] and [18]. The general
method is presented bellow.

For obtaining the general mathematic model it will be
considered a cinematic element realized from n solid rigid
bodies connected together through n-1 cinematic pairs (Fig.
10).

Fig.10. Cinematic element realized from n solid rigid bodies connected
together through n-1 cinematic pairs

For this cinematic element we make the following
notations: Ti (Xi »YirZ, ) , represents the reference coordinate

system attached to i element, having the VV,(E,J_,,k_,),

versors base with 1=1,n ;TO (XO, Yo, ZO), represents the

global reference system with V\_/O(E, j_O’k_O) versors base;

0, , represents the relative translation vector between i-1

and i elements, depending with Ti_1 tried, if exists a

translation joint between i-1 and i, (I =1,N); I, , represents
the position vector which depends with T, ,, reference
system, against with O; , point, when the relative translation

starts (1 =1,N); S_| represent the position vector of the M;,
depending with T;, attached to i element.

For determine the position vector of M, point, in rapport
with the global reference system is given by the relation:

f=0M, =Y (+3)+5, (1)

W) ®
i :{é‘ix’é‘iyaé‘iz}Ti—lz{ W

5 W) 3)
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S, ={s5.8). 8 u={s, ) W, @

We introduce the transformation coordinates matrix, for
crossing from a reference coordinate system to another:

Wi f= (A ) W} ®

We consider the following connection order:
0-1-2-3-...-i-1-i..n

The (2), (3) and (4) relation will be:

= W= 0 A W) ©)
5 =fo. Wi f= o) [A JWo ™
S, = {8, W= {5, J [A, W0} ®)

By introducing the (6), (7), (8) in (1), we obtain:

oM - {[{n y +T{-§i A ]+H w o

i=1

The speed calculus will be obtained by differentiating the
(9) depending on time. Considering the coordinates
transformation matrix as a quadratic one, the following
relation will be written:

(A ] {AT =01

By differentiating the (10) relation in rapport with time,
we obtain:

(10)

Lo IAT A Au] =0 (1

[ ] =[] = au] a7

We observe that [Aoi][Am]T - term is an non

(12)

symmetric matrix:

on|=[ A IAT

By multiplying the (13) relation with [A,]. it will

obtain:

wJnrfa]

Differentiating (9) relation in rapport with time, we obtain:

(13)

(14)

00w |+ {f;i}T .

ST B .[Ao.ifl ]+ . (13)
'mo = +{§i }T 'iia)(),l—l} ~{N(,}
i=1
+ {Sn }T . |:w:)n :| : [Ao‘n ]
We obtain the following non symmetric matrix:
0 w,, —o),
|:(00,p:|: —a)ozp 0 a)oxp (16)
), -0, 0
Where:
@op =, ,1 +op, ]+ K (17)

For each vectord,, T

and S_i, (i=1,_n), a non

symmetric matrix can be attached, as has been done in (16).
The used terms in (15), in the following form can be
written:

6 o
.7 o |- o0 T |
7 o0 | = toudJ | 5.
o = 05,0005 ] en

In this case, the (15) relation can be written:

£ ({o) 1)

(18)

(20)

)
} (19)
}

(22)
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For the acceleration calculus it can be obtained by
differentiating the (22) depending on time.

For this analysis the cinematic model presented in Fig.
10, will be considered. The cinematic analysis will be
performed for walking; only one gait when a foot is fixed
with the ground and the other perform the desired motion.
The cinematic parameters variation laws were obtained by
processing with the MAPLE software aid the mathematical
models which are defining the human locomotion system
experimentally cinematic analysis.

From a structural viewpoint, the cinematic chain it

consists in 16 rotation joints. The T vector, has the

following expression:

(23)
+1Ijg+ 1 Ly 13 H1, H 15+ + S5

Fig. 10. Human locomotion system cinematic model

The connectivity order willbe: OT-1-2-3-4-5-6
-7-8-9-10-11-12-13-14—-15-16.

A. Position calculus

The position vectors are given by relation (24).

Changing the versors base at crossing from a reference
coordinate system to another (introducing the coordinate

transformation matrices), one the relation (25) to (41) it will
be obtained.

o= {r]x ' } n - {W}

r_z.: {’2X7r2y= ) }: & 3 {—

ry = {rsx=r3y’ ry’ }: i ) {W%

ry = {f4x"4y’ ry }: {ra }' {W—?

rs = {fsx"sy rs }: s W

re = {fax’rr»y’ re }= {re }' W s

;o= {’7X’r7y= }: {3 W

e

T RS AT AN B O {w—%

T: {rl? B ST St } {fn } {W

K: {r&( B SE A St } {rlz } {Wg

r:.— {'ux 1y L3 } {r13 } {W

Ef {rlf N ST O } {fre 3 W

OE Ei .

S, = %W’Sl}:/ }* £ 3 {W}

{Wl }: [Aom ] {WOT} (25)

{W2}=[A12] {Wl}=[ OTZ] {V_VOT} (26)

53}:[‘423] {W2}:[A0T3 {_OT} 27)

{W4}:[A34]'{W3}:[AOT4] {WOT}’ (28)

WS}:[A45]'{W4}:[ TS] WOT}a (29)

{W6}:[A56] {WS}:[ OT6] {WOT}’ (30)

W7 = [Ag ] {We f=[Aor ] {Wor } (1)

{WS}: [As] {W7 }: [Aors]: {WOT}» (32)

{W9}:[A89]'{W8}:[AOT9] WOTk (33)

{Wlo}: [A910]'{W9}:[AOT10]' WOT}’ (34)

{W”}:[AIOH]'{WIO}:[AOTll]'{WOT}s (35)

{WIZ}:[Amz]‘{wll}:[Aom]'{WOT}s (36)

{WB}: [A1213]' {WU}: [A0T13]' {WOT}a (37)

{WH}: [A1314]' Wl?ﬁ }: [A0T14]‘ {WOT}a (38)

{Wlﬁ}:[A1415]'{Wl4}:[AOTls]'{WOT}? (39

{WM}: [AISIG]' {WIS }: [Aoné]‘ {WOT}s (40)

{W”}:[A1617]'516}:[A0T17]' WOT} (41)
By analyzing 25) to (41) we observe that

[Aomal=[An]Aor} [Aors]=[Ax][Aon )

[Aora]=[Asa] [Aors} [Aors]=[Aus]- [Aork

[AOTé] = [Ass] [AOTS]v [AOT7] = [A67]' [A0T6]§

[AOTS] = [A78]' [A0T7]§ [AOT9] = [A89]' [AOTS];

[A ] [A910]’[A0T9]§ [AOT11]=[A1011]'[AOT10]; “2

[Aom] [Amz]‘[Aom]; [A0T13]=[A1213]'[A0T12]§

[AOT14] [A1314] [AOT13] [AOT14] [A1415]'[A0T13]§

[AOTIS] [A1516] [A0T14l [A0T16] [A1617]'[A0T15]
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Based on (42) we identify the coordinates transformation
matrices for each cinematic joints, with  «;,,, =90, and

i=1,16. Point: A, B,C, D, E, F, G, H, I, J, K, L, M,N, O, P
and R positions in rapport with Typ coordinate system,
bounded to the left foot, will be identified through the (43)

to (50). Similarly, we obtain the displacements of other joint
centre points. The displacement for R point is given by (51).

(=) Work (43)
{gor}:{ﬁ}T {WOT}+{ } '[AOTI]'{WOT}’ (44)
{TCOT}:{H}T'{WOT}*{ }T'[Aon]'{wm}+ (45)
+{r3 ! [AIZ] [AOTI] ﬁo }
{a“} {67 Wor )" Taom fWor f+ (46)
[ Aon ) Wor bl [Aa] [ [Aon ] Wor}
{ } ﬁ }+{ [AOTI ﬁ }*’

el T Haon - Wor b )" s} Haon - Vo e @7

+is)T (A [ [As ] AL [Aon ] W ﬁm}
{EOT}:{H} '{70T}+ r2 '[AOTl]'ﬁOT}+
+ {r3 }T '[Alz]' [AOTI]' {WOT }"' {r4 }T '[A23]' [Alz]' (43)
'[AOTl]' {WOT }+ {r5 }T ‘[A34]' [A23]'[A12]' [AOTI]'
Wor f i [k Al A 8] Ao ] Wor
{0 Wor e [Aon - Wor +
el A Ao} Wor b+ [} 4]

(49)

fAon ] {WOT }+ i) [As ] [As] AL ] Ao ] {WOT }+
+1rg I olas] A [As] AL Ao ] {WOT }+

+ {r7 }T '[Ass]' [A45]'[A34]' [Azs]' [Alz]'[AOTl]' {WOT}a
{5}t Wor e} faon} ¥or -+

+{r )" '[AIZ]’[AOTl]'{WOT}+ ' '[A23]’[A12]'[AOTI]'{WOT}"'

+ {rs}T '[A34]'[A23]' [AIZ]'[AOTI]' WOT }+ {rs}T '[A45]'[A34]'[A23]'
A Ao Wor r7} Tase (A asHAx]

[AL][Aon] {70T} )" [ [ [Ase] [Aus] Az
At Aon]-Work
d o }: {rl }T 'WOT }+ {I’2 }T '[AOT 1]' WOT }+
+ {I’ }T [A12] [ OTI] W } {r }T [ 23]’[A12]'
[Aon] {N ot } {I’ }T A34] [Azs] [ 12]'[A0T1]'
A or (A ] (AT (AR T [A ] [Ar )
’ WOT }+ {I‘7 }T ’ [A56 ] [A45 ] [A34 ’ [A23 ] [AIZ ]
'[AOT 1 ] WOT }+ et {rlﬁ }T ! [Ams ] [A1314 ] [A1213 ]
’ [A1112 ] [A1011 ] [A910 ] [A89 ] [A78 ] [A67 ] [Ass ]
: [A45 ] [A34 : [Azs : [AIZ ] [AOT | ] WOT }+
+ {817 }T '[Alsle ] [Ams ] [A1314 ] [A1213 ] [Amz ]
’ [Amn ] [A910 ] [Axo ] [A78 ] [Am ] [A56 ] [A45 ]
AT A (AT TAor 1 W o }

(50)

(51

B. Speed calculus

We follow to determine the R point speed depending with
Tor reference system. For this we differentiate
successively (43) to (51), but for achieve this calculus is
necessary to build the anti symmetric matrices for each

joint, like the form from (52).

B 0 Ocxi  ~ Ocxi
|:0)CX1:||:0)Cxi 0 Oy ] , withi, j= L16 . (52)
Ocyj  ~ Ocyj 0
For this:
Ao | —'mgﬂ][Aml]; {A;n}:[miz}-mm];
Aoz |= 0’;3_'[A0T3]; _A(.)T4_: 0;34 '[AOT4];
Agts |=| 00 [ Aorsh | Aara | =] 0% | TAoreh
'A;w}— o | [8ord [Acrs |=] o | [Aors}
Acto | =] | [Aors} _A;m}!w;m]mom];
Aomt | =| oo [TAorE | Aoria |=| 01 |-[Aom b
A} o | o} | Aams | =| oms | [Aon}
Aoms |=| s |- aorsk [Aoms |=| o516 |- Aok
Aomr |=| o617 | [Aom7] (53)

By differentiating (43) to (51) for each joint centre point
we obtain the speed equations. For A, B and C, we will
obtain the speed (54), (55) and (56). Similarly, we obtain
the velocities of other joint centre points. The velocity for R
point is given by (57).

{KOT} =0; (54)
(o} =00 )" oom aon - for} 3
e =0l oon | Taan o )7 56
|| rors ] Wor
o S L RS R A P
P Tor 6] 0 |-l Wor 16

(57)

[ Cor s W 7 o | ] e
+otng ) '{‘01;14} [Aoria] WOT }+ ) '[a’;m]
o Wor 15,17 01 Do) )
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C. Acceleration calculus

These will be obtained by differentiating successively the 31
speed equations. For A, and B, we will obtain the ‘
accelerations (58) and (59). Similarly, we obtain the

accelerations of other joint centre points. The acceleration 2
for R point is given by (60). I
N '
{3} =0 (58) !
. A | e S R N A
{gm} =0+ {rz }T '|:m(;T]:l.[AOTI]' {WOT }"’ {rz }T '|:U)(N)T1] (59) o P[:LC] o o
[o0n ] taan 1 or} g
{f: }: 0+ {rz} '|:worl'[A011]'{N or }+ {rz} [ OTI} [ OTl:l 10‘:_
. [AOT 1 ] WOT }+ {rz }T {a;m } ° [AOT 2 ] WOT }+ {rz }T ‘:f‘;lz } ‘:f‘;lz } : e ;
'[AOTZ]'WOT }+ {r4 }T {w:zz}'[AOTJ]'{NOT }+ {I’4 }T '[w"23:|":“;23:|' Q?[dei]‘i =
: [AOT 3 ] WOT }* {rs }T : |:”J:34 } : [AOT 4 ] Wo‘r }+ et {rIS }T '|:[”1i|4 } : z f
o} .
: [AOT 14 ] WOT }* {rIS }T {w(m } {wl;m } : [AOT 14 ] {/\701 }* {rm }T . _22 02 ffgéfl-] 06 o8

'|:w14|5 j| . [AOT Is ] Wo‘r }+ {rm }T . [wms } '[‘”ms } : [AOT Is ] {/\701 }+ -4}
Fig. 11. Generalized coordinate motion law equivalent with the hip joint
R for walking activity in the case of a 4 year old child: a-left lower limb; b-

+ {S 17 }T . |:wl;l6 } . [AOT 16 ] WOT }+ {517 }T '|:‘U1;m } '|:‘U15m :i : [AOT 16 ] right lower limb.

'WOT}

(60)

D. Numerical processing

For cinematic analysis, the geometrical elements are
known. The computing algorithm was elaborated with the a2 (dea] |

MAPLE aid. The geometrical elements dimensions are in ol @
millimeters: Lor=70; L;=65; L,=65; L;=200; L,=5; Ls=225; I
L6:5; L7:5; Lg:220, L9:5; L10=5; L“:ZZS; L]ZZS; L13:200; |
L,4=65; L15=65; L;=70. The generalized coordinate system 1]
variations for the equivalent locomotion system active joints I
in walking activity’s case are presented in Fig. 11, Fig. 12, ol IR o B O T B DSBRD C RO AR
Fig. 13, Fig. 14, Fig. 15 and Fig.16. These were processed | el
in a 4 and 7 years old children. The angular amplitudes of 30;
these motion laws were validated by consulting specialty |
literature data and represents a single gait for walking [8], 291
(91, [10], [27]. _
The 4 years old children segment represents the lower 20;

limit for the desired design parameters and the 7 years old 9 [deg] |
children segment represents the upper limit. 155 .

10}

5

P — oz 04 o 0.8

t [sec]

Fig. 12. Generalized coordinate motion law equivalent with the knee joint
for walking activity in the case of a 4 year old child: a-left lower limb; b-
right lower limb.
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Fig. 13. Generalized coordinate motion law equivalent with the ankle joint
for walking activity in the case of a 4 year old child: a-left lower limb; b-
right lower limb.
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Fig. 14. Generalized coordinate motion law equivalent with the hip joint
for walking activity in the case of a 7 year old child: a-left lower limb; b-
right lower limb.
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Fig. 15. Generalized coordinate motion law equivalent with the knee joint
for walking activity in the case of a 7 year old child: a-left lower limb; b-
right lower limb.
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Fig. 16. Generalized coordinate motion law equivalent with the ankle joint
for walking activity in the case of a 7 year old child: a-left lower limb; b-
right lower limb.
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IV. CHILDREN LOCOMOTION SYSTEM DYNAMIC ANALYSIS

The dynamic analysis aim is to identify the connection
forces variation laws depending on time. Mathematical
models adopted were designed so that we can develop an
interface with finite element method. This interface will
allow excitation of each joint in normal operating conditions
or critical ones appropriate with those existent in reality.
The correct finality of this objective is guaranteed by the
design of the integrated dynamic model - experiment, finite
element modeling and simulations.

A mathematical model used for inverse dynamic analysis
of the human lower limb, will be elaborated by taking in
account the ground contact. This dynamic model starts from
the cinematic scheme presented in Fig. 10. Similar analysis
and procedures can be found in [1], [4], [6], [7], [12], [14],
[16] and [26]. Input data: For an inverse dynamic analysis
one consider known the geometric elements (Lot, Ly, L;...
L16) and generalized coordinates variation laws from
cinematic joints: q;, 2, J3,...,q16 Obtained from cinematic
analysis. A calculus algorithm was elaborated with MAPLE
software’s aid. Output data: It will be followed to obtain the
connection forces components, which will appear in the
walking activity, for a gait cycle, at the each joint level from
the mathematical model structure which is equivalent to
human locomotion system. The constraint equations are:

®(q, 1) =0. 61)

0, - Generalized coordinates vector considered when the

elements are rigid ones; t- time.
Or customizing for ,,i” elements, we obtain:

a-{f@f ]

(62)
T
Tex _JyTex yTex 5Tex | .
[rCi } _{XCi Yei - 4ci } ©3)
Will make the following notations:
C_y T,y _yTex. 5. _ 5Tex,
Xj = XCi Vi _YCi 32 _ZCi > (64)
Xi-X&* =0
Y —YZ =0
Yi-Y =0
(65)
From where shall obtain:
xg‘i:x —Exj =0
T
yC(i:X —Eyj =0
zg‘i:x ~Ezj =0 I
, with: 1=11 (66)

By differentiating relation (61) depending on time, will be
obtained:

L]
ot (67)

Or relations (66):
o 1CX B

. Tex _
o 1CX

0\, Tex

Yei —Yeim =0
o 1CX 5

. Tex _
ZCi _EZC| =0

(68)

We differentiate relation (67) depending on time, and we
obtain:

oo . . 2 e o
Jg-q+(Jg-a| -Q H+2J -q=0
q q P q
g & (69)

By differentiating relations no (68) in rapport with time,
we obtain:

oo | CX 82
X Ci ——2Exi =0
ot
0o 1CX 82
Yei ——5E¥i=0
| 8t2

0o 1CX 82
Z Ci ——zEzi =0
ot

(70)

Equations no (67) and (69) can be written in a compact
form by introducing the notations:

° oo
J q-d=——F=V
ot (71)
(1] [ ] [ ] [ ] [ ] 62
Jq -q :_2\]q.q_(‘]q qJ .q_?j):a
g (72)
The mechanical work of mass forces is:
T T
oL =or." -G, +or.5 -G, +...
Tex > Tex (73)
L O Gy =S -Gy
i=1
The motion equation has the following form:
M JT (1] Q
] El S B B
q A a

Where: M, represents the mass matrix with:
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M= diag (m;, J); i=116. (75)

The vector of active forces:

(76)

o - 00 -mq 0,000 -m,g,..., }T

~100-m,,9 0,00 0-m,q

A mathematical relation between mass matrix and the
active forces vector is given by:

M -g+J,-2=Q, (77)

We obtain the Lagrange’s multipliers are:

x:[Jq]{Qa—MH}

The motion laws are known:q(t), q(t) and q(t) ,

(78)

from the cinematic analysis. From (78) we determine )
Lagrange’s multipliers, with the aid of a programming
algorithm accomplished in MAPLE software. With these it
will be process an inverse dynamic analysis from it were
obtained joint connection forces. These forces were
determined by taking into account the Lagrange multipliers:

E) =[Rpl" [Ay] -] (79)

Based on the elaborated algorithm the connection
forces for each joint were obtained. The joints are from the
model presented above, and the connection forces
components are oriented on 3 directions for a xyz
coordinate system.

The force components for knee joint are presented in Fig.
17 and Fig. 18, and are used to design orthotic and
prosthetic mechanisms especially for children on 4-7 years
age. The high values and high oscillations onto these
diagrams are from the foot with ground contact when the
analyzed subjects are in the Tst and Tsw gait phases.

The knee connection force value in case of a 4 year old
child is 9.845N on swing phase. In case of a 7 year old
child, the knee connection force is 18.908N on swing phase.
This data help us to design orthotics and prosthesis
mechanisms. In order to validate these mechanisms is
necessary to simulate with Dynamic Module from MSC
Adams environment.

9.845N ﬂ f

100
Ry_I[N]

\f\ b

=1
Mo BT Teon [y
v

LN
) Y

(o]

-100 L

-200

Fig. 17. Connection force component on Y direction for knee articulation
(I-joint) [Newton] vs. time [sec] for 4 years children segment

200 ﬂ

18.908N f P
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100

iy {\ \
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Fig. 18. Connection force component on Y direction for knee
articulation (I-joint) [Newton] vs. time [sec] for 7 years children segment

V. ORTHOTICS AND PROSTHESIS DESIGN BASED ON
DYNAMIC CONSIDERATIONS

Based on the dynamic analysis presented here, the
obtained results are useful for design a knee modular
orthosis for 4-7 years old children and a parameterized knee
prosthesis which has a cam mechanism in his structure. The
virtual models are presented in Fig. 19 and Fig. 23.

For virtual simulations the knee modular orthosis was
imported in MSC Adams Environment by creating an export
interface from SolidWorks. Two virtual models were
created, one for a 4 years old child and other for 7 years old
as it shown in Fig 19 - a, b.

As a dynamic viewpoint for knee modular orthotics
through virtual simulations it wants to be determinate the
cable forces for both cases. For this the connection forces
components from Fig. 17 and Fig. 18 were applied on knee
orthotics final module.

The connection force from figure 17 was applied in case
of the modular knee orthosis from Fig. 19-a, and the other
connection force from Fig. 18 for the virtual model from
Fig. 19-b.
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Primary module

Intermediate module

Final module

Cable no. 1 Cable no. 2

Cable no.2

Cable no.1

Final module

Fig. 19. Knee modular orthosis virtual model with components
identification (a-case of a 7 years old child; b-case of a 4 years old child).

In Fig. 20 and Fig. 21, an aspect of virtual models in the
MSC Adams environment is shown (applying the force laws
and knee motion definition).

The forces from cables are presented in Fig. 22 and Fig.
23. It can be observe that the maximum value is 112.5N for
a 7 years old child, which means that the cable diameters are
correctly choose.

The diameter in this case is a 1.75 millimeters stainless
steel. In the 4 years old child case this was smaller and the
obtained value was 68.75N (Fig. 23).

In the knee parameterized prosthesis case, presented in
Fig. 24, the component identification is: 1-femur
component, 2-cilindrical joint, 3- cam follower, 4- cam, 5-
tibia component, 6-FESTO shock absorber, 7-aditional
shock absorber mechanism. For this through VisualNastran
simulations dynamic response was determined.

Dynamic response was represented through von Misses
stress, displacements and deformations of the knee
prosthesis mechanism.

These results were obtained in a dynamic mode by
applying the connection forces from figure 18 onto femur
element, and the knee motion law from figure 15 was
applied onto the drive element for a single gait.

The drive element was the Festo shock absorber. The foot
element was considered as fixed one and at knee joint level,
as it shown in Fig. 25

Fig. 20. Aspects regarding the applied force laws (a-case of a 7 years old
child; b-case of a 4 years old child).

Fig. 21. Defining the modular orthosis motion in case of a 7 years old child.

model_1
MOTION_1: MOTION/1
1200

——MOTION_1.FZ

1000 -

Forcs (newton)

60.0 4

400 | m
a0

-400

oo ‘ 0‘5 ) 1 ‘U ‘ 15
Analysis: Last_Run Time (sec) 2011-10-30 1
Fig. 22. Force variation diagram for cable no. 1 of the knee modular

orthosis in a 7 years old child case.

The results are shown in Fig. 26, Fig. 27 and Fig. 28. Von
Misses stress average value was 21 MPa, displacements
were 0.034milimeters and total deformations were
0.000061. Also the variation diagrams of these results are
shown in Fig. 29, Fig. 30 and Fig. 31.
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These values were obtained for aluminum alloys which
confer a small weight and can be easy to wear for the
children with one amputated leg.

model_1
MOTION_1: MOTION/1

80.0

——MOTION_1.FZ

70.0

60.0

50.0

40.0

Farce (newton)

300

200

100

oo

0.0 ) Djﬁ ‘ WIU ) 15
Analysis: Last_Run

Fig. 23. Force variation diagram for cable no. 1 of the knee modular
orthosis in a 4 years old child case.
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Fig. 24. Parameterized knee prosthesis for 4-7 years old children with

component identification

Applying the
variable force

DOF on foot.
Ux=Uy=Uz=0

Fig. 25. Applying loads and establishing the DOF conditions for the
parameterized knee prosthesis for 4-7 years old children
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Fig. 26. Von Misses stress of the parameterized knee prosthesis
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Fig. 29. Von Misses stress of the parameterized knee prosthesis variation

during one gait depending on time

‘—knee mechanism von Mises deformations ‘

2.50E-04

2.00E-04 +

1.50E-04 -

1.00E-04

5.00E-05 -

von Mises deformations [mm/mm]

0.00E+00

0 0.1 0.2 0.3 0.4 0.5 0.6

time [sec]

Fig. 30. Deformations of the parameterized knee prosthesis variation
during one gait depending on time
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Fig. 31. Displacements of the parameterized knee prosthesis variation
during one gait depending on time

VI. CONCLUSION

As final conclusions it can be mentioned that this type of
analysis has an original approach because it was started by
creating a database from an experimental research and
finally to obtain connection forces diagrams used for
orthotics and prosthesis design. With these it can be
presented here real models of a modular knee orthotic
device (Fig. 32, Fig. 33, Fig. 34, Fig. 35 and Fig. 36) and
parameterized knee prosthesis (Fig. 39 and Fig. 40).

The motion laws developed through the experimental
research can be useful to joint actuators program and control
from an exoskeleton structure specially designed for
children with temporal locomotion disabilities according
with biomechanical features of children.

Fig. 32. Prototype experimental research in case of a 4 years old child

The experimental tests of both knee modular orthosis are
validated by testing these on children with locomotion
disabilities. These prototypes were tested on two children,
one of a 4 years old and other of a 7 years old. The
acquisition data used in this case was the CONTEMPLAS
Motion Analysis equipment. The results are presented in
diagrams from Fig. 37 and Fig. 38.

In these diagrams one it can be observed that the motion
variation law is almost the same as in case of a healthy
child.

The angular amplitudes and lower limb segments
dimensions are used as entry data for dynamic analysis.
Also the angular amplitudes represent the motion laws
which dictate the prosthetic and orthotic devices motions
specially designed for children.

Fig. 33. Prototype experimental research in case of a7 yéars old child

If we analyzed the joints values movement during the gait
cycle we can observe difference between group of age and
this is important for design the assistive devices in
according with biomechanical features of children.
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Fig. 34. Prototype experimental research in case of a 4 years old child

wi 2 3 4 5

5 G

Fig. 35. Prdtdfype experimental research in case of a 7 years old child

Fig. 36. Aspect regarding the knee modular orthosis command and control
motion

The database that we try to create beginning from
healthy people, in this research, help us to design the
assistive devices for children with neuromotor pathology,
depending of age and anthropometric features that means an
improvement and development of fast and well
rehabilitation program.

Chuld with knee modular orthosis

j%@NTEMPLAS
0 0.2 0.4 06 0.8 timeseq 1.2 1.4 1.6 1.8

Fig. 37. Angular amplitude in case of a 4 years old child

Child with knee modular orthosis

angle [deg]

j % ONTEMPLAS

0 0.2 04 08 0.8 1 12 14 16 18
time [sec]

Fig. 38. Angular ampiitude in case of a 7 years old child

Analyzed of joints kinematics for each phase of gait help
us for design the construction of assistive devices and
improvement the motor control for each joint in according
with biomechanical rules. That means to improve the
movement and stability of joint without decrease the role of
dynamic stability involved by muscle system. Much more is
possible to integrate the movement pattern of child in
normal pattern of gait and to improve the balance during
gait.

Analyzing the forces from Fig. 8 and Fig. 9, it help us to
training the muscle group close to normal pattern of gait,
because the assistive devices can involve a normal pattern of
gait. So is possible to restore or to improve the normal
central nervous system activity in the situations o cerebral
palsy. The system of assessment the gait phase using
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biomechanical assessment can help to monitoring the
rehabilitation program and to develop the skills for each
phase of gait, at each joint.

Aditional
shock absorber
mechanism

— [ ]

Femur component

Cam follower

FESTO shock
absorber

Fig. 39. Real model of pér:élmeterized knee prosthesis for children (exploded
view)

Fig. 40. Real model of parameterized knee prosthesis for children

The knee angular amplitude obtained on experimental
tests by a 7-years old child with an amputated leg is
63degrees for one gait (Fig. 41).

180,00
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160,00°
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120,00°

110,00
0,00 0,50 1,00 1,50 2,00 2,50 3,00

[ ] Unghi fiexie X
Fig. 41. The new knee prosthesis flexion/extension angular displacement
variation, depending on time.

According with the experimental tests and the literature
data [25], [27], this value certificate the parameterized knee
prosthesis prototype.

The major problem for knee prosthesis mechanical
system is the fabrication procedures, which are expensive.
In the knee orthosis case the problems consists in its size,
which is bigger than some children knee articulation size.
On the future the research presented here will be continued
in order to increase the mechanical systems performances.
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