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Abstract—An orthotic device is used to assist movements ~ suffering from different spinal cord injuries or stroke,
of the patients having physical disabilities. The objectivesof  orthotic devices (can be called as Orthoses) are used.
this study are to develop an analytical model of kinematics ~ Orthoses [4] are artificial instrument to support the
and dynamics of human walking, and to design an external skeletal system to modify proper functional characteristics
orthotic device for assisting patients with impairment at  of neuromuscular activity. The patients for whom,
kngejoipt. A mechanism i§ .incorporated yvith thig device, recovery is possible, these devices may be used by
which will reduce the knee joint torque during walking. The  hysintherapist to restore the limb’s original movement by
values of knee joint torque and power consumption are  ,oner training of patients with the device. The patients

?;irc?::nenieéﬁ;mt;"n? gﬁ’tsﬁ'écezggnv\\/’;?g:é l.tjl;en t‘;ﬂ‘f for whom, recovery is not possible, this device can be
9 : 9 used as a permanent support.

works. For maintaining the stability of the human body
while walking, loci of Zero Moment Point and Dynamic The increase in number of older people or motor
Balance Margin are also obatined. For the orthotic device  jmpaired patients indicates a large demand for orthotic
with mechanism, a reduction of 92% in maximum torqueis  devices. Although there exist a number of orthotic
obtained in comparison to the device without any such  geyices developed by several researchers throughout the
mechnaism. Thus, a novel design of an optimized orthotic  \yqrid, the majority of them are in prototype or laboratory
device has been obtained with the above torque reducing  gtaqe  Moreover, higher cost of fabrication of these
mechanism. devices makes them unaffordable to common people for
use. There is a scarcity of development of such devices
based on human gait cycle. This paper is focused on
design and development of such an orthotic device based
. INTRODUCTION on the kinematics and dynamics of the human gait cycle.
Design of the orthotic device is also attempted by

Considering the demography [1] of older individuals, considering cost effectiveness and suitability of use for
it is found that during 1950s only 4.9% of the world’s patielnts.l 9 v uttabiity u

population was over the age of 65. In 2007, almost 20%
of world’s population was over 65. According to World II.  LITERATURE REVIEW
Health Organization [2], the world’s population of people
within the age group of 60 years and above, has been
doubled since 1980. It has been predicted to reach

illi 1 I 0,
bilion by 2050 that will be approximately 35% of the into the provision attached with these devices and then

total population. Rehabilitation robotics plays an_ . ; : :
important role in taking care of older people to regainw'th the actuator’'s motion, his/her leg could be moved

their physical activity. Application of rehabilitation thg?rzdltn\?vaf rﬁggg'?éhgggfgs ;S;trtlij\j:(telocrg n::c())l\llt\;?\?ﬁrb rr(;(()e ;
robotics is not only limited for serving patients of older P p p

age but they can also be used by patrts, who alf, ML 1N palents and physolierapits eguienent
suffering from motor impairment due to neurological ; P

disorder. These robotic devices can also be utilized irﬁina!gisrﬁsojslﬁlwe; gmblgrggtrlgo?c?rw?l'ehéolin%(ghmlggi%?] Wads
military applications to help soldiers, who have lost their PJ 9 9 )

; ; P controlled by a cam profile generated based on joint

limbs in wars. There are primarily two types of X . . X .

rehabilitation robotic devices, namely prosthetic device%ﬂ%liso%?r\(;drsg gx;yg;n:rt:g :leeﬁfe% E;?gzevxaégﬂ?é d
rosthesis) and orthotic device (orthosis). In prosthesis .’ . : :

Fg], the in)dividual’s missing Iingbs are)replgced by ut with the proposed dgwce worn by patients. Zh_ang,

artificial parts or devices that usually replicate the motior.TIan and Guo [7] designed a passive lower limb

exerted by original limbs. However, the patients who areexoskeleton, which was accompanied by an omni-

Keywords— orthotic device; knee joint; zero moment point;
dynamic balancing margin; real coded-Genetic Algorithm.

Bradley et al. [5] designed a robotic device, which
Iped physiotherapists to manipulate the patient’s limb to
turn their activities. A patient used to insert his/her legs
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directional vehicle in order to enable the patients to mové& herefore, the aim of this study is to design an optimal
in all directions. The main purpose of that device was tarthotic device with a suitable torque reducing, geared
reduce physical cost of patient by selecting the desigfour-bar mechanism

parameters through an optimization to get minimum

power consumption. This device assisted spinal cord lll. THEORITICAL FORMULATION

injury patients for swing phase only. No mechanism_wa _ Device Without Mechanism

incorporated for stance phase. Agrawal et al. [8] designe . . :

a gravity balanced passive orthotic device, where no " Fig. 1(a), different parts of lower limb are shown,
motor was used as power source. The unloading of lim§here the part HAT denotes the combination of Head,
was achieved through gravity load within its range of'MS and Trunk, because these three parts are assumed to
motion. Here, the device was used to get different level&Ct like a single part for the sake of simplicity of analytical
of assistance starting from 0% to 100%, according to thE1odeling. An elliptical metal belt of light weight is
patient’s need. This exoskeleton was used by patients tf';lched with the waist of patient. The belt's thickness and
recover normal locomotion through training but could not'€ight are taken to be equal to 4.0 mm and 40.0 mm,

be used by the patients who needed permanent assistanfgsPectively. The lengths of major and minor axes of the
Yamamoto, Ishii, Hyodo, Yoshimitsu and Matsuo [9] elliptical belt are considered as 170.0 mm and 120.0 mm,

developed an orthotic device to assist nurses to transfégSPectively. Thigh and shank of both the legs are attached
patients, where pneumatic rotary actuators were used féfith hollow cylindrical braces (denoted as thigh and shank
knee flexion/extension.The method of attachment adoptegelders) having the dimensions, approximately same to
for this device with user and nature of unactuated joint§10Se of an average human being. Inner radii of thigh and
were not mentioned in this work. Lemaire, Goudreau anghank holders are assumed to be equal to 108.0 mm and
Yakimovich [10] presented an orthotic device, where thé®8-0 MM, respectively. Height and thickness are taken to
driving unit was a rotary hydraulic mechanism. The basi®€ €qual to 100.0 mm and 4.0 mm, respectively, for both
principle lies on the fact that knee flexion velocity wasthe holders. Length of thigh link is assumed to be equal to
more during knee-collapse event than that during walking?80-0 mm. Thigh link, shank Ink and metal belt are
lts operation was based on the valve and springlterconnected using several pins of 6.0 mm
mechanisms, used to control the flow in the device. Th&iameter.Those hollow cylindrical braces are cut across the
scarcity of detailed understanding of position and time offid-plane of the cylinder, such that they are divided into
knee engagement during walking or stumble were th&VO parts (refer téig. 1(b)). There is a slot on the surface
major drawbacks of this device. Nikitczuk, Weinberg,©f one part of each brace and a slider is welded on the
Canavan and Mavroidis [11], designed a novel orthoticurface of the other part, such that it can freely slide within
device which was capable to provide variable damping he slot to connect two parts of a brace. There are several
knee joint. Electrorheological fluid was used in the brake0l€s on the outer surface of the slot, where a pin can be
By varying the electric field, the fluid’s viscosity could INSerted to lock the two parts of the brace according to the
also be varied to provide different torques. This deviceZ€ Of a patient's thigh and shank.

was not tested with the patients during real walking.

From all the above studies, it is found that there had
been an inadequacy of generalized modelling of human
walking dynamics. Moreover, most of the devices that had
been developed were of high cost and tested in treadmill
instead of real walking.

. , HAT———»
In the present article, a model of human’s lower

extremity along with the upper one (refer Fog. 1) is

drawn using solid-works. Thigh and shank of the modeMetal bel
are inserted into their respective braces. The values of tIThig
masses of different limbs of this model are assumed to tThigh lin
Iarger than that of the origin_al limbs of an average humeT‘high Holde
being to ensure a safe design. The ranges of joint ang
are taken lower than that required for the normal walkin
as the patient cannot move his/her limbs like a normal )
humans. Then, dynamic study is conducted using sc Sranklink
works to find out the values of the torque and POWEghank holde
consumption. Now, the expressions for both torque ar...
power consumption at knee joint are determinedringer
analytically using Lagrangian approach. Then, Zeroggyg
Moment Point (ZMP) and Dynamic Balance Margin
(DBM) are also calculated according to the change of
position of foot polygon with time. A mechanism is @ (b)
incorporated, which is attached to the device in order to

reduce the torque. Genetic Algorithm (GA) is used to getFig. 1. (Color online) (a) Model of human lower extremity along with
the minimum torque value at knee joint, with the body (HAT) and orthotic device without any mechanism (b) zoomed-in

L. g . view of the slider and slot to show the attachment of the thigh holder with
condition that DBM of the system is maintained. the patient's lower limb.

Shank:

slider

Lock pin
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Lagrangian approach is applied to determine the The kinetic energK(i) and potential energy(i) for i-
expression of torque at right and left knee joint with theth link are expressed in (4) and (5):
following assumptions:

A R 1., .
1) The body moves in x-direction only, without any K() =Em(|)v(|)2 +§| (uxi)?, &)
side-wise movement (i.e., in z-direction).

2) It is assumed that ground reaction forces P(i):lm(i)gy(i), (5)
generated by the floor during double support phase are 2
acted on two legs, such that the total load is equally

distributed on right and left feet. where m(i) is the mass ofi-th link and g is the

acceleration due to graviti(i) denotes moment of inertia
3) For the analysis of d_ouble support _phase, the r_]al(fkg—mnf) of i-th link, x(i) and y(i)are linear velocity of
of mass of the HAT system is considered in order to findenter of mass oitth link along horizontal and vertical

out torque and power in both the cases of with and withoWirections, respectivelyi) is angular velocity (rad/s) of
mechanism. i-th link.

to be a single link. Similarly, this assumption is alsoj.th |ink are expressed by (6) and (7), as given below:
followed in the case of shank.

5) Each of these parts, namely right finger, right L=Z(K(i)—P(i)) (6)
foot, right shank, right thigh, HAT (along with metal belt), i=1
left thigh, left shank, left foot, left finger is presumed to be
a single link in the dynamic modeling. () =i a_L) _ oL (7

6) Each and every link is assumed to be connected dt 98" 98()
with other link by a revolute joint. _Putting the expressiaof x(i), y(i), v(i), K(i), P() and
7) The lengths of foot, shank, thigh and HAT L into the equation (6), final expression for the torque

segments are considered to be equal to 260.0 mm, 43d\thout mechanisntyey(i) for i-th link can be obtained,
mm, 480.0 mm and 680.0 mm, respectively. which, as given in (8):

8) In the present study, the masses (in Kg) of foot, Tuom () = D(8(),0()) +h(8(),0()) +C(6()), (8)
shank, thigh and HAT are kept egaul to 2.6, 10.8, N .
21.4 and 62.3, respectively. where D, h and ¢ represent inertia, centrifugal and

Coriolis and gravity terms,

9) The values of moment of inertia (in Kg-rimfor ; N A B (i ;
the foot, shank, thigh and HAT are taken as 15978.3respect|velye(|) ,8(1) ands(i) are angular_displacement,

149180.6, 424249.2 and 2770835.5, respectively. velocity and acceleration foith link, respectively.
Power consumption for-th link P,o(i) is calculated

10) The total mass of the model, which represents th%y the following expression, as given below:

human body is taken as 133 Kg approximately.
11) The variation of time and different joint Paom (1) = Toom (1)6(1) ©
parameters like angular displacement, angular velocity and

angular acceleration follows the Akima cubic spline
developed by Fried and Zietz [12].

Linear displacements of center of massi-tfi link

To consider the heat loss of motor, an extra term will
be added to obtain the expression for actual power
consumption for-th link, as given in (10):

along the horizontal and vertical directions are given by (1) N RO N2
and (2) Pwom(l) - Twom (I)e(l) +_([ KTwom (I) dt! (10)
n(i) 0] S
N = . 1 where energy loss due to heat emission is denoted by
x() — b(l)cos;e(), @ the integral term in (10). Heré& is a constant, whose
value (dependent on the properties of motor) is taken to be
LW equal to 0.025 [13].
y(i) = b(i)siny 8(), 2 . _
= i=1 B. Device With Mechanism
wheren(i) is the total number of links up feth link. In Fig. 2(a) and (b), a torque reducing mechanism is

Here, the ternb(i) denotes length afth link, whenizn(j), ~ Shown. Here, a motor is connected to the pinion shaft.

and it denotes distance of center of magstbfink, when With the rotation of the pinion, the gear WiII.rotate and
i=n(). It is to be noted here that stance foct kk) is subsequently, the crank and connecting rod will also rotate

considered as the starting body for the analyisis. to get final rotation of shank link, causing the knee joint to
_ _ T move. A gear ratio of 3:1 is used in this mechanism (the
Linear velocity fori-th link is given by (3): number of teeth of pinion is 18).

. — . g 2 . g 2
V(i) = (X(@)* + y(i) ©)
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< |y If Xpsm <, then dynamic stability will be
2

maintained, wherd ¢, is the length of the foot in contact
with floor.
Fixed link  Motor

IV. OPTIMIZATION

For the further reduction of torque at knee joint,
optimization is carried out. For optimization, a real coded-
GA is used. The design variables are lengths of crank,
connecting rod, fixed link and shank link. In real-coded
GA, a set of initial population is generated in terms of real
number lying within the ranges of design variables. Then,
the values of objective function for different values of
candidate solution are calculated. A tournament selection

Gea IS then used for the selection of candidate solutions from
Connecting ro the initial population to form the mating pool. By using

simulated binary crossover [14], children solutions are

formed with the help of crossover probability, which

(@ (b) allows the chosen solutions to compete. A polynomial
Fig. 2. (Color online) (a) Model of human lower extremity along with mutation [15] is then utiized to further bring

body and orthotic device with mechanism (b) zoomed-in view of thediversification in the solution. It completes one cycle of the
mechanism. GA.

Thigh link —»
Pinion

Shank link——p

For this device with the external mechanism, the V.

: o : RESULTS AND DISCUSSION
torque tym(i) for i-th link can be determined as follows:

) ) A. Dynamic Analysis of the Device Without Mechanism
Ty (1) = Tom (18406 (1) 7 6 ion (1), (11) Swing and stance phases of a gait cycle (refEigo3)
. . of normal walking are considered for the dynamic analysis.
where B (i) andd,inon (i) are angular velocities of The motion starts from the stance phase of right leg, while
knee joint and pinion, respectively fioth link. It is also to Ieﬁ leg WI8” gtart th% sw;ngt_phe]}se. 'I;)hg tOt?I cyclte tlmfeo|%4
be noted that power consumption can be determined 4&<€n as 8.0 seconds starting from 0 in a time step of 0.

discussed above seconds. Cycle time is taken to be more than that of a
’ normal gait, as motor impaired patients cannot walk with
C. Zero Moment Point and Dynamic Balance Margin the same speed as that of normal human being. The first

The braces with and without mechanism are checkefalf of the cycle, starts with the stance phase of right leg
against the dynamic stability of assumed walking patterr@nd continues up to the end of swing phase of left leg,
For dynamically balanced walking cycle, the ZMP shoulghaving the du_ratlon of 4.0 seconds. The second half of the
not lie outside the sole of supporting foot, known as foo€Ycle starts with the stance phase of left leg and ends with
polygon. The friction between foot and ground is assumet’® SWing phase of right leg. The stride length during one
to be sufficient to prevent slipping. As no side-wiseCycle is assumed to be equal to 780.0 mm.
movement is considered, the ZMP of the system in x-

1OVETIET] Figs. 4 and 5show the variations of knee joint angle,
direction is expressed as follows:

hip joint angle and ankle joint angle with respect to time
for the right and left legs, respectively.

Zn:(l (1ol +m(i)x(i)(2(i) - g) —m(i)x() (1))

XZMP = = n 1 (12)
> mi)((i) - g)
i=1

X(i)is the linear acceleration in the direction of
walking (m/$) of i-th link, Z(i) is the linear acceleration in
the z-direction (m/$) of i-th link -

Now, to ensure the stability of the system, checking i
done whether ZMP lie within the safe zone measured
the direction of movement. Dynamic Balance Margir
(DBM) is defined as the distance of the ZMP from the
boundary of support polygon. So, the DBM of the syster —e/

in x-direction is given by the expression: Toe-off Initial swing Mid swing Heel strike Cycle repeats oth:
L (DSP) (SSP) (SSP (DSP' leg (DSP)
_ foot
Xoem = (— [ Xaue) 13) . ) . o
2 Fig. 3. (Color online) Assumed gait cycle showing single support

phase (SSP) and double support phase (DSP).
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variation of knee jointangle = ==e=- variation of torque (solidworks)
variation of torque (analysis)

--------- variation of hip joint angle

45 | — — variation of ankle joint angle 120000 - '1' J/
— n [
535 70000 - ",/
By = ey
25 = ]
S £ 20000 - /!
!l.vi. 15 ZI - —-—L\.‘-“"“"’
b e S, T T J
2 s 2 30000 2 4 6 8 10
= ' 5
s 10 =
‘_15 T . LT -80000 1
25 4 Time (seconds) -130000 - Time (seconds)
Fig. 8. Plot of torque vs. time at left knee (without mechanism).
Fig. 4. Plots of joint angles vs. time for right leg. o ) )
o o = == variation of power consumption (solidworks)
45 - variation 011:1;’,18?_1,01“ anlgle --------- variation of power consumption (analysis)
""""" variation ofhip joint angle A variations of power consumption with heat loss
35 — — variation of ankle joint angle 20000
‘o
B 251 Z 15000
o -
=15 %’
o 5]
® 5 7 X 2. 10000
= 7 T —-— — T 1 =
Z 5 / 2 BRI 6 s 10 z
Sas oy ' S 5000 A
] e 2
25 - Time (seconds) o 0 . 4 — : .
2
Fig. 5. Plot of joint angles vs. time for left leg. - 4 6 8 10
-5000 - ,
The variations of torque and power consumption over Time (seconds)
the CyC|e t|m_e Of. 8.0 seconds, for the rlght and left knees Fig. 9. Plot of power consumption vs. time at left knee (without
are shown inFigs. 6 and 7, and Figs. 8 and 9, mechanism).
respectively. . _ .
P y FromFigs. 6 and 7, it is clear that the magnitude of
----- variation of torque (solidworks) torque and power consumption for right knee, calculated
. variation of torque (analysis) by solid-works and analytical method are almost the
120000 A AoA same, with an average percent deviation of 0.002067% in
20000 n ) case of torque and 0.001969% in case of power
e ! (A consumption. For the left knee, magnitudes of torque and
T 20000 - o power consumption obtained by the solid-works and
e Y . . L
e ' S — s analytical method match with an average percent deviation
530000 2 1 6 8 10 of 0.0020675% and -0.001983%, respectively (refer to
= Figs. 8 and 9). It is to be noted that solid works show the
-80000 - magnitude of the torque values only. But, knee joint moves
both in clock-wise and anti-clockwise directions, which
-130000 - Time (seconds) causes the torque values to be negative also, which is

Fig. 6. Plot of torque vs. time at right knee (without mechanism). shown in the analytical results.

- , , B. Dynamic Balance of the Device without Mechanism
= == variation of power consumption (solidworks)

......... variation of power consumption (analysis) Fro_m (12) and (13), the locus qf ZMP ar_ld DBM over
20000 + variations of power consumption with heatloss  the gait cycle (0.0 to 8.0 seconds) is determined, as shown
in Fig. 10.
515000 i 500 . T locus of ZMP
g ] — Jocus of DBM
= 10000 - = -
E £ :
E S E 2004 e P,
£ 5000 - 29
5] =
5 0 . - -— — \ 24
& N o
2 4 6 8 10 gE .
-5000 - Time (seconds) N A 0 r : r 7 \

0 2 4 6 8 10
Time (seconds)

Fig. 7. Plot of power consumption vs. time at right knee (without Fig. 10. Plot of ZMP, DBM values vs. time without mechanism.

mechanism).
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From Fig. 10, it is clear that during the first half of So, the constrained optimization problem may be
cycle, all the values of DBM throughout the cycleformulated as follows:

(maximum value is 125.19 mm) are found to be less than ,. . . . .
Minimize: maximum value of (i)
foot

L
that OfT Wwhich is equal to 134 mm, during 0.0 t0 2.96  gypject to

seconds, as the whole foot and finger are in contact with 2,42 - pn2

the ground. For the time duration of 3.0 to 3.96 seconds, —1susl,
when only fingers are in contact with the ground, the 2qd

length of contact zone of foot with ground becomes equal s o o

to 106.81 mm. During this time period, the maximum <P *d’-q <1
value of DBM is 91.05 mm, which is less than the length 2pd

of contact zone of foot with the ground. For the second

half, the same scenario is observed for the other foot, L oot
which will be in contact with the ground. As the DBM Xoem < 2
values are found to be positive, it can be concluded that

dynamic stability is maintained throughout the cycle. and

C. Dynamic Analysis of the Device With Mechanism 0<s<100, 25<p <75, 100<g< 300, 100<1<200,

To reduce the torque, a mechanism is introduced (refer where s represents the length of fixed linkindicates
to Fig. 2(b)). The optimal values of lengths of different the length of cranky denotes the length of connecting rod
components of that mechanism are obtained by using and | stands for the length of shank link. Hesédenoted
real-coded GA. The GA starts with an initial population ofby AB in Fig. 11), p (indicated by BC inFig. 11), q
solutions selected at random. The objective function igrepresented by Cih Fig. 11) andl (represented by D
taken as the maximum torque value (denoted, Qi) for  Fig. 11) are the decision variables.
i-th link) obtained during the whole cycle time, for the leg . . . .
which is in the stance phase in each half of cycle, as this Now, a parametric study is carried out to obtain the

; ; timal GA-parameters [16]. In the first stage, by varying
Ieg_ experience more torque compared to the leg that is E‘roossover probability (p from 0.6 to 1.0 in a step of 0.1

the mechanism cannot move. These solutions are calléf'd Keeping other parameters, such as mutation probability
Pm), population size (N) and maximum generation 455

infeasible solutions. For, this valid configuration of } q 0.06. 100 and 100 velv. th s
mechanism the values of different components of thdx€d at 0.06, an , respectively, the minimum
orque value is obtained atH0.7. In the next stage,s

mechanism (refer tBig. 11) must follow some constraints,

; varied from 0.01 to 0.11 in a step of 0.01 after keeping
as shown in (13), (14) and (15). other parameters,pN and G fixed at 0.7, 100 and 100,
d =\/(Sz +12-2 cos@ ) 14 respectively, the minimum value of torque is obtained at

pm =0.03. Then, in the third stage, by varying N from 52 to
148 in a step of 8 and keeping other parameters, namely p

2 2 2
cosh =q+d—p (15) , Pmn @nd G fixed at 0.7, 0.03 and 100, respectively, the
2qd minimum torque value is obtained at N=116. In the final
s s stage, Gaxis varied from 50 to 150 in a step of 10 and
cosp= p-+d"-q (16) after putting p= 0.7, p,=0.03 and N=116, the optimized

value of torque is obtained af,=150.

The optimal values of decision variables for the
minimum value of torque are found to be as follows:

become invalid, is replaced by a penalty term of higt=67.82 mm, p=2541 mm, @=160.55 mm and
value. Again, to maintain dynamic stability, ZMP must lie'=173-14mm.

within the foot (which is in contact with ground) polygon.  The lengths of different components (namely crank,
So, another penalty term is to be added to the previoushank link, connecting rod and fixed link) of the
term, if the dynamic stability is not maintained. mechanism incorporated in the device are taken to be equal
to the values of decision variables obtained through the
optimization process

To get valid configurations of the mechanism, the
value of objective function for which the mechanism will

A

The variations of torque and power consumption over
the cycle time of 8.0 seconds, for the right and left knee are
shown in Figs. 12 and 13, and Figs. 14 and 15,
respectively, for the device with the geared four-bar
mechanism, which are discussed below.

Fig. 11. Schematic diagram of mechanism showing the geometrical
configuration
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----- variation of torque (solidworks)

13000 - fati ‘
variation of torque (analysis)
\
8000 1\, .
= \ "
= \ "
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Fig. 12. Plot of torque vs. time at right knee (with mechanism).
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= == variation of power consumption (solidworks)
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Fig. 13. Plot of power consumption vs. time at right knee (with
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Fig. 15.

mechanism).

----- variation of torque (solidworks)
variation of torque (analysis)

8 10

Time (skconds)

Plot of torque vs. time at left knee (with mechanism).

= == variation of power consumption (solidworks)
--------- variation of power consumption (analysis)
variation of power consumption with heat loss

J Time (seconds)

Plot of power consumption vs. time at left knee (with
mechanism).

Figs. 12 and 13 display the variations of torque and
power consumption for right knee as obtained by solid-
works and analytical approach for the device with
mechanism. The values of average percent deviation in
predicting the torque and power consumption by the above
two approaches are found to be equal to 3.9 % and 4.3 %,
respectively. Again, fronFigs. 14 and 15, it can be
observed that for left knee, the values of torque and power
consumption obtained by the solid-works and analytical
approach differ by 3.9 % and 4.3 %, respectively.

The average absolute percent (A.A.P.) saving in torque
over the gait cycle can be determined as follows:
L [T ®)-Tun 9] [Tuom ®) - T 1)
m t=1 Wom( )

where m is the total time step, which is kept equal to
201 (0.0 to 8.0 seconds with 0.04 seconds time increment).

x100%,

For the optimal lengths of different components of the
mechanism obtained above, A.A.P. is calculated as 92%
by solid-works and 92 % by analytical approach for both
the right and left knees. The values of torque and power
consumption obtained from solid-works are found to be
the same with those yielded by analytical method, in case
of the device without mechanism, which provide the whole
study a strong ground for verification. In case of device
with mechanism, though there are some differences in
values of torque and power consumption calculated by the
solid-works and analytical method, it is not significant.
The reason of these differences may be as follows: solid-
works approximates up to two decimal points, whereas in
analytical approach, it is taken up to fourth decimal point.
To calculate the composite moment of inertia of the links,
there are some differences between their calculated values
by solid-works and those obtained analytically. In case of
real walking, the maximum torque required to move the
knee joint is around 54000 N-mm in case of average
human being [10]. In this study, the maximum torque
(without mechanism) is found to be equal to 118504.81 N-
mm, which is larger in comparison to that required for real
walking. The reason for this discrepancy is that, in the
present study, almost the double mass for each body part
has been considered. This torque is found to decrease to
10,530.15 N-mm by attaching the mechanism with the
device.

D. Dynamic Balance of the Device with Mechanism

Fig. 16 displays the variations of ZMP and DBM with
time for the device with the external mechanism.

Zeromoment point,
Dynamic balance margin

Time (seconds)

Fig. 16. Plot of ZMP, DBM values vs. time with mechanism.
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The nature of variations is found to be similar to that5]
shown inFig. 10. It indicates that dynamic stability is also
maintained after attaching the mechanism to the device. 6]

VI. CONCLUSIONS

The torque required by the device with mechanism to
move the knee joint for the assumed gait cycle is
considerably reduced in comparison to that of the devicE!
without mechanism. Since there is a notable decrease of
92% in torque requirements, the driving unit will require a
low capacity motor and consequently, yields a compactg
cost effective design. Dynamic stability of the designe
orthotic device with the above mechanism has been
checked and it is found to be stable and thus, safe for the
users. It may, therefore, be concluded that a novel orthotic
device has been designed, which can assist the patients[ép
reducing the effort during walking after maintaining the
stability of the whole body.

Vi, [10]

Modeling can be made more generalized by varying
the angular movement of different parts of lower extremity
to obtain different types of gait cycle during normal[ ]
walking. Side-wise motion may also be included in the
analysis. The dynamic study of the device with mechanism
may be carried out in order to incorporate more flexibility
to the device, in case of staircase ascending and
descending. Experimental validation will be done in futurd!2]
by developing a suitable set-up.

SCOPE FOR THE FUTURE WORK
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