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Abstract

This study deals with one of the applications afh@l manipulator as a rehabilitation robot.
This device is an over —constrained parallel malafar 5 degree of freedom with 3 legs. This
manipulator consists of a moving platform whiclc@nected to a fixed base via three legs.
Each leg is made of RRR(RR) (revolute) joints whiggdirst three joint in all legs are parallel
and the recent two joint are intersecting .Invekggematics of this device is solved by dividing
manipulator into two sub-manipulators with the fhelf three imaginary joints placed at the
intersection of platform joints with a directionnadlel to base joints.

UST EXTREMITENIN REHABILITASYONU ICiN KULLANILACAK
5 SERBESTLIK DERECEL i KISITLI MAN iPULATORUN
KINEMAT iK ANAL izi

Ozetce

Bu tezde paralel bir manipllatérin rehabilitasyonmaci ile tasarimi ve analizi
gerceklatirilmi stir. Onerilen sistem keserbestlikte ve yere 3 bacaktangtammaktadir. Her
bir bacak RRR(RR) yapilandirmasina sahiptir. Butiacaklardaki ilk ¢ mafsal birbirine
paralel iken son iki mafsallar eksenleri cghoak sekilde yerlgtirilmigtir. Sistemin ters
kinematic analizi slemleri 3 hayali mafsalin yardimiyla sistemin ikarpaya ayriimasiyla
gerceklatirilmi stir.

Keywords: Overconstrained Manipulators, Rehabilitation, Inser Kinematic Analysis .
Anahtar Kelimeler: Kisith Manipulatorler, Rehabilitasyon, Ters KinetikaAnaliz.

52



Kinematic Analysis of A 5 Dof Overconstrained Maitépor For
Rehabilitation Of Upper Extremite

1. INTRODUCTION

The field of rehabilitation robotics is one of tactogy-based solutions
that use to assist people who become unable toajlor tife activities and have
disability to interact physically with environmerRehabilitation robotics also
used for functional neural stimulation, artificidlmb development, and
technology for the diagnosis and monitoring of peogduring ADLs and
movement therapy for the upper extremity after alagic injury.

In the literature several studies include the aapilon of robotics to
rehabilitation. One of the most famous one is MMANUS [1] which is an
arm therapy robotic system develogedHogan, Krebs, and colleagues at the
Massachusetts Institute of Technology lead to s¢vew studies for the effect
of these types of parallel robots to rehabilitatiodlachiel [2]provide
descriptions of the main achievements of rehabiita robotics field and
domains of these robotics with short history alssadibes both of therapy
robots for physical therapy and training and aasist robots for people with
disabilities. For the hand rehabilitation devideisiimportant to provide some
criterion to guide the design or evaluate the perémce .Li-Chieh[3]proposed
the functional workspace of palmar opposition othwrespect to maximal
workspace of the other fingers with two-dimensioto characterize the
motor capability. Zheng [4] proposed an exoskeletbrhand rehabilitation
assistive device . The workspace and kinematiahisfdevice for thumb and
index finger rehabilitation are also consideredhiis study. To provide passive
movements in the frequency of the repetitions efrtfovements in robot-aided
therapy, a pre-determined trajectory should becssle[5-7]. Also the safety
requirement plays important role in design of relitabion robotics. As Kang
[8] studied an adaptive control strategy for exdesiom robotic of 5 dof upper
limb and try to improve the safety of robotic bynsa@ering the architecture of
robot, unknown variances and actuator faults
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Investigations show that patients who received srovement by robot
therapy make more improvement of movement abiligntwho received arm
movement by conventional therapy, in additionalrtisotic therapy do without
any adverse effects. Also, the robot group paieateived more therapy by a
robotic device for an hour each day, five days week, after several weeks,
the robot group have recovery of a brain and arnvement ability. To
improve the movement ability and movement pracsideulating, the robotic
make equivalent to computer mouse. Due to thestiré=a of the robotic
device, it becomes necessary.

In this study a manipulator for the rehabilitatifor human arm is
proposed as a 5-DoF 3RRR-(RR) mechanism as showkfigure (1). The
selection of this structure has some advantamebet other similar parallel
manipulators such as;

- Its subspace includes both planar and sphericaements which are needed
for the rehabilitation of both hand and wrist.

- Parallel structure can carry more loads and doeéd to carry all motors.

- 3 legs are optimum for this kind of subspacetds simpler in structure and
less in potential interference than same 5-DOF Rt @or 4 active legs.

- Its workspace is larger than that of 5-DOF withchive legs PM.
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Figure 1. 5 DoF over —constrained parallel manipioia
2. GEOMETRY OF THE MANIPULATOR

The selected parallel manipulator is shown in Fgyd). This
manipulator is composed of a moving platform at&acko the base by three
kinematic independent chains. The point O represkrihe center of the
reference coordinate system O _xyz. Each limb eostive joints where first
three from the ground have parallel axes and later joints axes are
intersecting in a point P. The mechanism needsdotaators thus one motor is
attached to the base revolute joint of the firg (1) and two motors are
attached to first two revolute joints from the gndwon the second legZ, ¢3).
For the third leg same procedure is carried witlo tmotors ¢4, ¢5).
Manipulator is designed symmetrical. To supply sytmn the distances
between base joints are selected equal and alde hetyveen platforms joints
are selected equal. All three legs have identicahitectures, first two link
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lengths are defined as; and b where i is the index for the limb. Connection
between % and 4" joint is described by distancePas rand angle between
the axis of the % joint and AP is a1;. Angle between @ and % joint is
described as;;. orientation of the platform joint is described;by

3. METHODOLOGY (INVERSE KINEMATICS)

The kinematics model investigates the analytichltiens between the
values of the actuated joints (input variables) #mal location of the moving
platform (output variables). This section dealt hwifinding the inverse
kinematics to solve the values of the actuatedtgomth respect to the end-
effector pose. The inverse kinematics model comanstinding the value of the
joints displacements with respect to configuratidrihe platform. The inverse
kinematics is essential for control of locationtleé platform of parallel robots
and an urge for the analysis or synthesis of th&kspace of the manipulator.
For designed manipulator 5 degree of freedom willg3 the desired position

and orientation of the output link (x, §1 , 62 &3 ) s given and the problem
is finding the required values of the input actdgtents (1, ¢2, 03, ¢4, ¢5).

To solve inverse kinematics, the manipulator wél divided in to two
sub-manipulators in subspace3 with the help of three imaginary joints placed
at the intersection of platform joints with a ditiea parallel to base joints as
shown in figure 2. The upper part will be a 3 D#RRR) spherical
manipulator where input axes are coaxial as showfigure 3a. The lower part
wil be a redundant 5 Dof - 3 RRRR manipulator asashin figure 3b.
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Figure 3. (a) The upper spherical mechanism (b) [Blager planar mechanism

The orientation of the platform is either given @s3x3 matrix or
calculated using angleégz, 6y andox as the rotation matrices around z, y, X in

Euler angles with angled, 52, 53 respectively ag = 6z - 8y - 8x
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As the orientation of the platform is known origmia of the axes of
each joint on the platform as shown in figure 4 chhare defined by unit
vectors w={wy;, Wy, W} can be calculated by using equation (1).

(61, 62, 63) w,

L -
Y U!'

Figure 4. The vectors of spherical part

'E; Cos[y;] —Sin[y;] 0% /1 0 0
W; = G’Fi) = (Sin[‘n] Cos[y;] ﬂ)-(ﬂ Cos[B; —Siﬂ[ﬂf]).(:;) )
Wz, 0 0 1/ \0 Sin[B;] Cos[p;] /) \1

Wheref; is the orientation with respect to z axis for egmht around x axis
andy; is the orientation around z axis for each jointifel,2,3.Now for each

leg, orientation of each joint on the platfoMx ={, , } with respect to ground

can be calculated with respect to rotatic#t (62 | 3 ) as shown in equation
(2) fori=1,2,3
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W; =48 w; (2)
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Figure 5. The orientations of the platform and fdam joints in space
According to the structure of mechanism in splaripart the

of joints on platfornW; is equal to the orientation of the

orientation
coordinate system at point P to & using joint angle$1,i and62,i and link

anglesul,i ando2,i.
T
WE- = REL;‘.-Z - Rﬂj}f;z . REZJEJZ - Rﬂz,iz' [ﬂ, ﬂ, 1] (3)

That leads three equations;
cos[az]sin[al] sin[f1;] + sin[a2] (cos[allcos[B2;]sin[f1;] + cos[81;] (4

—cos[a2]cos[681;] + sin[allsin[a2](-cos[al]cos[f1;]cos[62;] + sin[f1;] (B
©
)

cos[al]cos[a2] — coslf2]sinlallsin[a2] = Wzi

Solving equations (4) and (5) for d83:1 and Sii82:] yields
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cosl82,]1 = csc[a?]sec[z1](WyiCos[081;] + WxiSin[081.]) - cotlaZltanla1l (7)
(8)

We can eliminatd#2; by substitute equations (7), (8) in equation (6)aktain

cos[al]cos[a2] — sinlallsin[a2](csc[@2]sec[al](—Wyi cos[81,] + Wx é
)

using half tangent formulas where t =t&f12 1i/2] in equation (9) we
obtain:

Sec[al] ([1 +t2 )Cns[aZ] + (-2t Wxi + Wyi- tZWyi}Sin[ul]) (10
= Wi
14+t2 )

We can solve equation (10) and obtain the valueasf

[
SinlallWx; + ||Sin[a1]2fo“ + Sin[a1]?Wy? — (Cos[a2] — 2Cos[al]Wz;)?
N

t =
Cosle2] - Sinlal1lWy, - 2CoslallWz,
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Which gives?1; = 2*Arctan [t] ,results two solution for , for
i=1,2,3

In the second step for the inverse kinematics efglanar manipulator

the point (P={X,Y}) which is the position of the éreffector is given an§1;
which are found in the previous part representdtientation forr: around z
axis. Thus the position di can be found.

Where represent the position
of third joint in each legs as show in figure fel j2,3.

(11)

XA;i= *Cos[f1:]+ X

(12)

YAi= *Sin[f1;]+ Y
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Where:T: represent the distance of link from point PAtq €1; represent the
rotation angle for this link about z axis. From atijon (11) and (12), we obtain
the position of (iYA ) for each leg. Finding position $iYA ) leads to

find the input anglespll,02,03,04,05). For the first leg as shown in figure 7 a.

Figure 7. (a)The first leg of manipulator, (b)Therend leg of manipulator
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From the geometry of the leg we can write a vedtap equation
OA, = OD +Da, (13)
Expressing the vector loop equation in fixed cooati frame gives
XA; = alcos[¢pl] + blcosle1l + 1]
(14)

YA, = alsin[g1] + blsinle1 + 1]

Sincey is passive joint angle, It should be eliminateshfrthe equation above
by summing the squares of two equation yields

elsin[¢1] + eZcoslgp1l+e3 = (15)

where: , ,

Substituting half tangent formulation where t =[#&h/2]1 in equation (15), we
obtain

e2 +e3d +2elt+(-e2 +e3k’ =0 (16)

(o —eliVel? +e2? —e3?
By solving equation (16) we get e3 —e2 which gives
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_ [y 2 _ 2
el +vel= 4+ e2 e3 (17)
ed —pl

@l = ZArctan

From the equation (17), there are two solutio@bf and there for two
configurations of leg 1. when equation (15)yielddaauble root ,the two links
OB and BA are in a folded —back or fully stretcteed configuration called the
singular configuration. when equation (15) yields neal root , the specified
location of moving platform in not reachable]. Fbe leg 2 which is shown in
figure 7.b. The location of poir}z is calculated from the second step and the
problem is to find the joint angle®Z,03). From the geometry of Figure (22)
we can write a vector- loop equation

OA,=OR+ RE +H» (18)
Expressing the vector loop equation in fixed cooate frame gives
XA, —XR = a2 * cos[@2] + b2 scoslep2 + ¢3] (29)
YA, — YR = a2 = sin[¢@2] + b2 *+sinle2 + ¢3] (20)
Since@3 is active joint angle and shouldn’t be eliminatEcom figure
7.b we observe that the distance from point RAto is independent 0§2,

hence we can eliminatg2 by summing the squares of equations (19) and (20)
yields:

(XA — XR)2 + (@YAz - YR)I? = 252 + by’ + 2a2b2Cos[e3] (21)

Solving equation(21), we obtain
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@3=Cos 'k (22)

where

equation (22) yields (1) one double root if ||=2),tvo real roots if || and (3)

{1,p3 =3

no real roots if || . In general, if || is a solution®3 = —¢3
is also solution wher& = ¢320  We call¥3 = ¢3 the elbow-down solution
and®3 = —¢3 elbow-up solution. If ||=1, the arm is in a fubjretched or

folded configuration. If || the position is not cbable. Corresponding to
each®3 we can find?2 by expanding equations (19) and (20) as follow:

XA, — XR = a2 + b2 cos[¢@3]cos[@2] — (b2 sin[¢3])sinle2] (23)
YA, — YR = b2 sin[¢3]cos[¢2] + (a2 + b2 cos[¢3])sinlgz] (24)

Solving equations (23) and (24) for Ce2] and Sing2], yields:
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. —(XAZ — XR)b2 sin[¢3] + (YA2 — YR)(a2 + b2 cos[¢3])
Sln[fpz:l - i P

(XA2 — XR)(aZ + b2 cos[¢ E]j + ( YAZ — YR)b2 sin[¢p3]
p

cos[p2] =

Where £ = b2? + a2? + 2b 2a2 cosle3]. Hence, corresponding to eagB,
we obtain a unique solution fog:

@2 = Atan2(Sin[¢2], Cos[¢Z2]) (25)

From equation (25) we can obtain unique solutiang® by using the
function Atan2(x,y) In a computer program. Howevirese equation yields
real or complex solution. A complex solution mehe end _effector position
that is not reachable. The third leg has same feitimthe second leg and same

procedure can be applied to fir@* and ¢5 for known As position and

lengths a3,b3,r3. Now we will describe the oriantatand position of platform
which are given for 50 sec as shown in figure 8@ (b).
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[
=3
|
\
|
|
/

T I I ‘ :
12 —

—
0

10

& — X

orientation (rad)
—
=)
position (mm)

— v

wn

=
e
\

I R )

10 20 30 40 50 1 L L . .
time (sec) 0 10 20 30 40 50

time (sec)

b

a

66



Kinematic Analysis of A 5 Dof Overconstrained Maitépor For
Rehabilitation Of Upper Extremite

Figure 8. (a) The given orientation of platform vitespect to time, (b)The
given translation of platform with respect to time

The results of the motion can be found as motoentaitions from inverse
kinematic equations (18), (23) and (26) resultisven in figure 10.

motor orientations
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Figure 10. The position of motors orientation wiéspect to time

4. CONCLUSION

This study deals with one of the possible applweti of a parallel
manipulator in rehabilitation robotics. The focagpiaced on the study of robot
therapy to improve physical or cognitive functiaor fpersons who becomes
unable to move their hands. However, this device geovide the hand by
necessary movement. The selection of this stredeads to advantages to the
other similar parallel manipulators such as; thiespace including both planar
and spherical movements which are needed for thebiiation of both hand
and wrist, by using parallel structure to carry entwad and don’t need to carry
all motors.3 legs are found to be optimum for tkiisd of subspace so it is
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simpler in structure and less in potential integfee than same 5-DOF PM
with 5 or 4 active legs.

For solving the inverse kinematics and reduce dexity of the
manipulator, it was divided in to two sub-manipafatin subspac&=3 with
the help of three imaginary joints placed at thergection of platform joints
with a direction parallel to base joints. The uppart being a 3 Dof -3(RRR)
spherical manipulator where input axes are coaal the lower part being a
redundant 5 Dof - 3 RRRR manipulator. This divisismesulted in the easiness
of calculations and then the inverse kinematic ymialis made for the
manipulator.The results are a manipulator which lmarcontrolled using these
calculations and achieve the necessary motion Her rehabilitation of the
human arm. This study is a base for a more detailedy of rehabilitation of
the arm and wrist. For the future, the optimizatidrihe design parameters for
a given workspace should be done. For the desigrbgaising parallelograms
the floating motors can be transferred to groundoAtrol algorithm should be
applied to the system for the defined rehabilitatimovements and forces.
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