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OPTIMAL DESIGN OF ACTIVE ORTHOSIS WITH REDUNDANT COMPOSITE
POLYMER-METAL CONTROLLABLE STIFFNESS ACTUATORS

Anactive orthosis model with controllable stiffness polymer-metal composite actuators
is considered to produce slow (driftless) and accurate limb movements. It can be used for the
patients with neuromuscular diseases, such as Parkinson’s disease, stroke etc. Optimal stiff-
ness values of actuators, joints and endpointare determined. The relationship between actua-
tors activation, stiffness and control input (voltage) are revealed from the actuator activation
dynamics. The optimization approach for redundant actuation system is proposed and the
forces developed by actuators are determined. Dynamic modelling using ADAMS program is
performed and numerical results are presented.
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ONTUMAJIbHOE MPOEKTUPOBAHVE AKTVBHbIX OPTE3OB C PEIMY/INPYEMOW YXECTKO-
CTbIO KOMMO3UNTHBLIX NONMMMEP-METAJIJTMHECKIX NMPBOAOB

CunTaeTcsa, YTO aKTUBHAas MOAeNb OpTe3a C PerynmpyeMoint >XecTKOCTb MNonuMep-
MeTaNIMYeCKUX KOMMO3UTHbIX NPVBOAOB NPON3BOANT MeA/IeHHble U TOYHbIE ABU>KEHUS KO-
HeyHocTel. OHa MOXKET OblTb MCMOMb30BaHa A1 NALUWEHTOB C HEPBHO-MbILLEYHbIMU 3a00-
NeBaHMsAMU, TakuMy Kak 60ne3Hb MapkuHCOHa, UHCYNLT U T.4. OnpefeneHbl onTUMabHble
3HAYeHNs XKECTKOCT Y NPUBO/OB, LLIAPHMPOB U KpalHEro NonoXKeHus. BbisiBneHa B3avMOCBsI3b
Me>XAy aKTVBalmeli NPpUMBOA0B, XKECTKOCTbI0 U BXOAALWMM CUTHANOM ynpasneHus (Hanps-
>KeHUs) 0T akTwuBauuy AuHaMuku npueoga MNpeano>keHa. onTUMU3NLMA NOAXOAA K pe3eps-
HO cucTeme NpMBoOAa U ONpeaeneHbl CUAbl, BbIpab0TaHHbIE UCMONHUTENbHbIMI MeXaH13Ma-
MW. BbINO/HEHO AMHAMUYeCKOe MOAenMpoBaHne ¢ nMomollbo nporpammbl ADAMS n npea-
CTaB/NeHbl YNCNIEHHbIE pe3ybTaThl.

KnoueBble €noBa: aKTUBHbIA OPTE3, yrpaBnsemMa >eCTKOCTb, Pe3epBHbIA NpuBoAd, Yayy-
LLIEHHbIN METOA, AMHAMUYECKOe MOAENNPOBaHME

Introduction.

An accurate manipulation of objects in such operations as writing requires slow and
accurate movements of the finger and whole limb [1]. Reasons of such inaccuracies can be
neuromuscular diseases such as Parkinsons disease, stroke etc. For the rehabilitation purposes
we need to develop a fundamentally new type of orthosis which will provide controllable
stiffness of joints by the controllable stiffness of joints. And like a human neuromuscular sys-
tem it is expected that it will have minimal energy consumption.

In controlling actuator stiffness to produce equilibrium limb postures we do not expect
a unique solution due to the redundancy of the orthosis actuation system, thus, the same pos-
ture can be achieved by multiple combinations of the stiffness parameter values. Therefore,

© Zakaryan N.B., Harutyunyan M. G., Sarkissian Y.L.; 2016
86


mailto:narek@gmail.com
mailto:mharut@seua.am
mailto:yusarg@seua.am

ISSN 2073-3216  TMporpeccuBHble TEXHOMOMMN N CUCTEMbI MalMHOCTPoeHnss  Ne 3(54)’2016

we formulate the problem of actuator stiffness control as an optimization problem that mini-
mizes the strain energy of the limb. We assume that each actuator acts as an ideal spring
whose stiffness parameter is set by the electrical command. Then the total strain energy of the

system (£ ) for the actuators excursions As is given by
1
E =—(as +al Y KQs + al),
2

where the stiffness matrix & is an ™ XM diagonal matrix of the entries

ki(i=1,2,..m):

.k, O
k= 3«'»«,)'
The redundancy leads us to look for the optimal stiffness values Xovt that minimize

the strain energy function while satisfying the permissible actuator stiffness values, namely:

min
i e g L

K[E=T|:_—R*-.‘16-Afc) K(-RT26+21,)

—RK(-RTA8 + alg) =0 kpmin < Ky € Kmax.

where® is the arm moment matrix, A€ is the angular displacement.

For the next step we should define the joint stiffness and endpoint stiffness [2]. It is an
index of mechanical impedance. Considering the upper limb model and assuming a linear re-
lationship between a single actuator activation and the corresponding actuator stiffness, the
joint stiffness K:(s) in the static condition can be expressed as the following function of ac-
tuator controlling sums:

Ki(0) = k; (Cs + Cse Ce Cw + Cs‘w) )

Ce Ce + Cse Cw
m

Wherek: ("\T m) is a gain constant to convert the joint control matrix to joint stiff-
ness.

Assuming that in our case hand force is minimal, the endpoint stiffness Kend (€. €) can
be obtained as follows:

Kena(e.8) = (15,0) " Ki(0)-J2©).

JI.(@) = 2% Y:2) 2
where’ 9(8:. 8., 8.) is the Jacobian matrix that associates the joint space with
the task space in Cartesian coordinates.
Endpoint stiffness also can be expressed by the ratio of applied torque Tt} to resulting
angular velocity®@z:
h'gr'd(fo 9) - m -
. Pre
The spring-like property of an actuator is approximated by a linear relation between its
stiffness K:iand the torqueT: that it generates [3]:
Ty = piki + b;
Here #: is a constant that determines the shape of torque-angle curve, and i is pas-
sive torque. T(t) can be expressed as follows:

T,(t) T,q(t) Ty, (1)
T(t) = (Tz(t)) = (rm (t)) + (r,,. (t)) .
T,() Rkl Tay(t)
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The model takes into account the viscous property of the actuator by a lumped viscous
torque, which is proportional to the joint stiffness:

Tl:-(t) e:l(r)
T20(t) | = -6K ()] 6.(0) |-
Tav(®) 82(0)

where © is a damping coefficient, T2 (t), 72::(t) and 72 (%) are the viscous torques at
the shoulder, elbow and wrist joints, #:1(t), €z(t), €2(t) are the angular velocities of the
shoulder and elbow joints, T1a(t), T2a(t), T2a(t) are the total actuator torque at the shoulder,
elbow and wrist joints respectively.

The actuator stiffness is proportional to its activation, such that:

Kt)=k;a;,(t)0<2a; <1, (1)

where @: is the muscle activation, and %: is the maximal actuator stiffness achieved at
a;=1,

Substituting the parameters of polymer-metal composite actuators [4, 5], the equation
(1) can be written as follows:
(@ - 2v)q} + 4cV?ay)25,E

= a;(t).
(1 - 2v)cu;? + o

From this expression we can define the electrical voltage values for each actuator:

! K ()
- 0y
(a;(r) . ((l - 2'.')qf - 4(‘1.-"::0';)25;5 )/
(1 - 2v)

Where @ -electrical charge, V- the volume of the actuator, 5:-the transverse section of
the actuator, ¥ - Poisson’s ratio, £ -Young’s modulus, ¢ -capacity, @: -mechanical stress and
i; -electrical voltage.

Actuator activation dynamics can be described by a first order equation

rray:grda:(t) = _ﬂ1(I)d: + ll:(.‘.')ﬂ'f .

Here ©:() is the electrical control input (voltage) of actuators andfeons: is the time

constant of the actuator activation.

K(®) =

Redundant control system optimization and determination of actuators forces.

Various optimization approaches have been proposed to model the optimization prin-
ciple in redundant actuation systems and to solve this problem by minimizing a cost function
[6]. The main difference among these approaches is the structure of cost functions that repre-
sent performance criteria based on which the control system optimizes the activation of actua-
tor forces. The most simple and accurate method is using as a cost function the proportion of
sum of actuator forces (£m.i(f)) and the maximal actuator force (£ max.i):

min lz rn :ELJ ]L

whereA¢ represents the actuator co-contraction, which for slow (drift less) and accu-
rate movements can be chosen from 0.04 to 0.2.

reamazx,i sz,I = 0

Kinematics of redundant upper limb actuator system.
All the actuators can only be linearly deformated and are not curved on the way [7].
The geometric parameters and variables are shown in Figure 1. The lengths of the actuators
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(I+) are formulated as the distances between the insertion points of the actuators. They can be
expressed as follows:

1
I, = (r2 + s +2rysycos0,)7,

1
l, = (r} +s% — 2r,s, c0s 6,)Z,

1
I3 = (1§ + s3 + 21353 cos 6,)2,

1
l, = (r + s — 21454 cos6,)2,

Figure 1.Upper limb redundant actuation
1
gs = (hgi + h;: + Li + 2"51{41 COs 91 + Zhsth COs 6: +2h51h5= C08(91 + 9:))2 »
1
le =(hi, + h%, + L3 - 2hg,L, cos B, - 2hgzL, cosB; + 2hg hez cos(, + 63))3.
l; =0F + 5%+ 2ry5,cos 9,)% ’
lg = d + 52— 215 COs 8,)% .
1
lg =(h3, + h3; + L3 + 2hg,L; cos8; + 2hg;L; cos6; + 2hg,hg; cos(8; + 6,))F .
wherel;(t = 1,2 ...,9) are the lengths of the actuators, and #: (i = 1,2,3) are the
joint angles. Also, 7:(t = 1,..,4, 7,..,8) and si (0 = 1,....4, 7,..,8) are the

distances between the centre of each joint and the insertion point of each mono-articular ac-
tuator, and h; (¢ = 51,52,61,62,91,92) are those of bi-articular actuators.

Numerical results.

The admissible joint angles are taken to lie in the range €1 € [0°,90°7] 6; e [-60",07]
63 €[-307,0°] For each o we explore optimal transitions to equilibrium postures in a small
square neighborhood centered at 0 and of side length 10", We compute the optimal stiffness
values for the change in joint angles associated with a transition from the initial posture to

each of these postures. Optimal stiffness values®or: depend on & also. Thus for the shoulder
joint we will have 9 groups of optimal stiffness values, for the elbow 6 groups and for the
wrist 3 groups accordingly. The differences between optimal stiffness values of actuators for
each group are not big and for the simplicity of control algorithms and presentation we use
their average values:

Kope1 =124 N/m, Ky = 118 N/m,Kyp3 = 113 N/m, Kpppg =
100 N/m,Kypes = 600 N/m,Kypee = 544 N/m,Kope7 = 100 N/m,Kypeg =
120 N/m,K,peg = 550 N/m.
Joints stiffness values also are variable and depend on actuator controlling sums,
therefore we use again their average values:

K: =60 me, K¢ =30 N/m, Ky =20 N/m, Kena = 1.3'10° Nms.
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Dynamic modelling using ADAMS.

Dynamic modelling is performed with the following parameters of the biomechanical
system: Marm = 26 kg 1%\; =42 x lﬂ'zkgm‘ I,a, =41x10%kgm?* ’
18, = 4.4 x 10%kgm?* Mmyrarm = 1. 3 kg i'f =5.1x lO“I\‘gm2 ff =5.1x10%kgm?
[":Z=8.3 x107%kgm?* Mpana = 0.3 kg | If-‘\.:Bxlﬂ_" IPy = 7.9 x107*
12, =19 %107 andlyy =0, Izxy =0, Iyz=0 for all segments. Simulation is started
from the equilibrium position.
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Figure 2. Energy consumption values in shoulder, elbow and wrist Jomts respectively.
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Figure 3.Optimal force values of nine actuators.

Conclusion.
Proposed conception of the orthosis actuation system allows providing slow and accu-
rate movements of upper limb and has a great potential for the future clinical applications.
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There is a possibility for the finger and lower limb implementations too, which needs just
changing the size and the power of actuators. The numerical results show the effectiveness of
the proposed redundant actuation system and adventages of controllable stiffness actuators
which can a basis for the next generation active orthosis design.
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