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Abstract. In this work, we propose the use of a hybrid serial/cagle driven robot for lower limb reha-

bilitation of disabled patients. The roboi consisgf of*an exoskeleton actuated via cables. A strategies to

calculate and keep the values of the tenstgns ables positive during the motion is investigated.
We show that the Null Space method yi

hence it is a good choice for real-ti

s good s and is less demanding in computational time;

plementations. The human walking were simulated to show
the effectiveness of the proposeddamethodN@Bhesimulation results show that the values of the tensions in

the cables can be maintainedfp edurifig the motion. The presented work shows that this hybrid
b d for rehabilitation of the lower limb.

parallel-serial cable robot cou!
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In uction

Robotic Rehabilitation is getting more and more popular during the last few
ears[1]. This increase is mainly due to its relative effectiveness, in general
[2],[3],[4], and in medical applications [5], in particular. Rehabilitation is used to
recover from any movement disorder and mainly as a movement therapy for
stroke and spinal cord injury. According to [6],[7] strokes are the second cause of
disability,15 million people worldwide suffer a stroke every year. Almost, six mil-
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lion died and another five million are left permanently disabled. Rehabilitation can
be the best and maybe the only way to regain movement for these patients.

Robotic rehabilitation can be seen as a robot-assisted medical rehabilitation,
where the robot is not meant to replace the handicapped member, but rather assist
the patient to boost his autonomy. [8].

The emergence of robotic therapy as treatment for both upper and lower ex-
tremities has revealed a numerous challenges like modeling [9] of both the exo-
skeleton and the limb, dynamic identification [10],[7], controller design [11],[1
and adaptive control [7], sensing and measurement [13],. Two different devj
have been studied in the literature. The first one is an exoskeleton, where
tremity of the patient is actively driven by the robot. This type of dgvices i
used for patients that cannot recover their autonomy. The second device 19y
rehabilitation, where the patient is trained by the robot, in order,t rove the
strength of his extremity. The final objective is to have the pati€nt regeove#his au-
tonomy after a certain number of training sessions.

Actuation is also a challenging problem. Rather than eledgric motors, in
) rosthesis which
helps to reduce the cost and provides a higher power§ ratio. In this work,
we consider solving the problem of lower limbsAcha 3
hybrid serial/cable robot, which benefits from¢both\the stiffness of serial manipu-
lators and the higher power-to-weight ratio o obots, making it a good can-
didate for rehabilitation applications. Ag joints are not directly actuated, the use of
cables reduces greatly the cost@nd t lexity of the mechanical construction.
On the other hand, the unidirec&
bles suggests the use of a speciffe contro€cheme to keep a positive tension in the
cables. The problem becom ore challenging when a given dynamic response
of the exoskeleton is necg

The used robot [15
we start bystudyi '

nsfsts of an exoskeleton actuated via cables. First,

le robot (See Fig. 1). Because a total control over the lower limbs is needed,
a planar, fully constrained and fully actuated robot is used. It has three degrees of
freedom, and it moves in a vertical plane. The robot includes a serial support com-
posed of three links and three passive joints. The actuation is provided by the
mean of 4 cables attached to the exoskeleton and windings around four pulleys
which are actuated using four motors. The three links undergo the effects of gravi-
ty, which are the only external forces applied to the system, along with the four
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torques of the actuators. The geometric parameters of the system are defined in
Fig. 1.

Hybrid serial/cable robot is a combination of a serial passive arm actuated via
cables. A full study of the kinematics of the cable robot can be found in [15].

The upper body weight is %511 re be completely compensated by the
nce e

force applied by the spring si e nf legs are tightly attached to the exo-
skeleton which is fixed in the ceffter 0 o reference frame Rj,.
One can express the dyn: of the system according the Lagrange formula-
tion:
&)
(2)

The tension exerted by cables 1 and 2 is Typ = [Ty T]7 in the same
way Tyy = [T T,17 is the tension of cable 3 and 4. Hence, the relationship be-
tween joint torques and cable tensions can be expressed as:

12(q)75(8,.8,0 Ty, + 1, (q)T5(8,.8,)Tyy = 3)
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cos(8;) n:n:nsl[E]- }]
sin{ﬂi] s[n{Ej}

The dynamics of the pulleys and the actuators cannot be neglected, however,
and the following expression represents their dynamics, where j is moment of in-
ertia and ¢ the Coulomb friction:

Where S{Hu} = -

Tm— lnf—Cuf =rT (4

Where T=[T; Tz T3 Ty]Tand 1 is the motor torque.
Let B; be the pulley’s angular position, one can express the system dyn
o

M(g) (§) + n (q.§) + p (q) = J(g)Ts(0) w _

For more convenience we define M*(g,8) =r§~!
n’ {q,q, 8. b ﬁ} =r5 18] (g)* Tn (q.q) +plg) £ C

We get: Q
M*(q.8) § +n'(q.q.0. (6)

Finally we simulate the robot according to Eq.

The actuator friction and inertia aken into account according to Eq. (4).
The simulation relies on the dyfami exoskeleton, which is defined by the
mass matrix M* and the force yector _. The solution is obtained using the ordi-

nary deferential equation nu cal solver ode23t in MATLAB.

3 Task Space C and Positive cable tensioning

The contrql eds to track the positions of both X; and X, simultane-
ously in% e [17] and also be able to keep positive and bounded ten-
sions. trac = E;].we use the inverse dynamics to get the desired motors
to

Tw=M(q. 0" (X~ J4) +n'(q.q.0.5.B) (M

Where § =J* (X— [4).

Through a PID controller Fig. 2, the desired torques for a given motion can be
calculated as follows:

Twla = M, )% (R%d + K,8 X+ K, 8X +K; [8X— [¢) +n*(q.4.0.0.1) )
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Fig. 2 Proposed controller scheme [ )

Where M*(g.8) and u"{q,l']J 8. B ﬂ}are estimation of % and
the mean

Tyl =[Tmt Tmz Tms "-'m]z the desired torques to co
of motor 1 and 2 through cable 1 and cable 2 respectively byt ean of mo-
tor 3 and 4 through cable 3 and cable 4.To track X; s®imultaneously, the

desired torque applied to the joints is:

g =M@ (X + KB X+ K, 6X+K, [ &

Cq
f bii.

nig.q) +p (g +

The minimum cable tension ?V

'I' +

Ty =rT— (I +Cuf ) (11)

T

-
—

T=T+N(J(@TS®)) k

yes

solution

Fig. 3 Real time approach to find k

©))
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4 Simulations results.

There is an infinite number of variations to where one could attach the cables
both in the exoskeleton and the fixed frame. In fact, some cable attachment point
configurations will yield a better dynamic response and more importantly, will
keep positive and bounded cable tensions. To avoid going through elaborated op-
timization strategies, we simply selected one configuration, based on some tria

and error tests. This configuration is illustrated in Fig. 4.

Ld e -0
Fig. 4 Cable attachment configuration chosen for the simmlations.

o

The two phases of a typical human walk on a tgeal 1 ag¢ presented in Fig. 5a
and 5b. In the first phase the path describing the"hgel a e toe movement is de-
fined by a set of discrete points.

Fig. 5 human walk (a) first phase; (b) second phase.

Th nd phase uses two points, the initial and final pose of the heel and toe.
Wj ectory is a straight line and described by a quintic polynomial profile.
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Fig. 6 Cable Tensions
Fig. 6 shows the tensions in the four cables andfalo hole trajectory. We
control the stiffness of the robot by varying th¢ intgrnal forces, which depend on
in the value of y a scalar describing the stiffness system.

As vy increases, tensions increase in ayerage, except for cable 4 Fig. 6 which de-
creases in our case from 40 N t%s an

5 Conclusion

@ 2d the effectiveness of using a hybrid cable-driven
jvc'®ROskeleton for lower limbs rehabilitation. Two control
rogramming method and the null space method, were

In this work, we de
robot with 1a,

trol. Two different trajectories, simulating the human walk-
. The tensions in the cables were calculated and the simulations

bilitation of the lower limb.
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