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ABSTRACT

Artificial Muscles based on Dielectric Elastomers (DE) can
potentially enable the realization of bio-inspired actuation sys-
tems whose intrinsic compliance and damping can be varied ac-
cording to the task requirements. Nonetheless, the control of DE-
based Variable Impedance Actuators (VIA) is not trivial owing
to the non-linear viscoelastic response which characterizes the
acrylic dielectrics commonly employed in practical devices.
In this context, the purpose of the present paper is to outline a
novel strategy for the control of DE-based VIA. Although the
proposed methodology is applicable to generic' DE morpholo-

gies, the considered system is composed of a couple of conically-

shaped DE films in agonistic-antagonistic configuration. Fol-
lowing previously published results, the system dynamic model
is firstly recalled. Then, a DE viscoelasticity compensation tech-
nique is outlined together with a control law able to shape the DE
actuator impedance as desired. The operative limits of the sys-
tem are explicitly considered and managed in the controller by
increasing the operating DE actuator stiffness if required. In ad-
dition, the problem of model uncertainties compensation is also
addressed. Finally, as a preliminary step towards the realization
of a practical DE-based VIA, the proposed control approach is
validated by means of simulations.

*Correponding author
This research has been partially funded by InterMech MO.RE. Laboratory, Ad-
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1 INTRODUCTION

In the last decade, a great deal of economic and scientific
effort has been devoted to the introduction of service robots in
the fields of medicine, security, defense, entertainment, and also
in more traditional working environments [1]. Differently from
industrial robots for the manufacturing industry, which are de-
signed so as to achieve fast and accurate positioning of the ma-
nipulated parts, service robots are characterized by less demand
ing accuracy requirements but should ensure a suitable level
of safety and dependability during the interaction/collaboration
with humans.

In particular, recent research activities (e.g. [2, 3]) showed that
standard actuation and control technologies, along with tradi-
tional design paradigms originally developed for industrial ma-
chines and mainly devoted to structural stiffness maximization,
are 'not suited for dealing with tasks involving unstructured
human-robot or robot-environment interaction (such as the ma-
nipulation of unknown/fragile objects or the locomotion in rough
terrains). The major limits shown by traditional actuators (e.g.
electric rotary motors and gearboxes) are the small power-to-
weight ratio, the large inertia and mechanical impedance, the
poor (force and position) accuracy at low speeds, and the lim-
ited resilience and damage resistance [4].

On the other hand, interactive tasks are well performed by an-
imals, which are able to modulate their joint impedance by the
simultaneous activation of two actuators placed in agonistic-
antagonistic configuration (the differential activation of the same

magna and by the Interdepartmental Center for Industrial Research on Advanced muscles resulting in a joint position change [5]). For instance, as

Applications in Mechanical Engineering and Materials (CIRI-MAM), within
the framework of the Programma Operativo POR-FESR 2007-2013 of Regione
Emilia-Romagna, Italy.

previously highlighted by several authors (e.g. [6, 7], the modu-
lation of the actuator stiffness can be used for achieving a stable
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interaction with unknown environments also in presence of dis- 2 VARIABLE IMPEDANCE ACTUATOR DESIGN

turbances or impulsive forces (e.g. catching an object or landing Recalling the VIA design published in [22], the actuator
from a jump [8, 9]) or for increasing energy efficiency during CAD model and physical prototype are depicted in Fig. 1 and
locomotion [10]. In addition, stiffness tuning can be employed 2, respectively. The considered system comprises:

to obtain a suitable trade-off between accuracy and safety when A rigid frame made of two coaxial identical rings with internal
robot tasks are performed in the prOXImlty of humans. In partlc- radii equa”inng = 40mmand connected by four rods with
ular, compliant actuators with tunable properties might be used  |engths equalling @ = 40mm

to lower possible injuries in case of accidental impacts, by ensur- ¢ Two conically-shaped DE films (film #1 and film #2) connect-
ing hlgh structur_al stlff_ness for robot oper_atlng a slow v_elocmes ing the two rigid frame rings to a rigid platform (i.e. the actua-
and high compliance in case of fast motion [11]. For instance,  tor output) in an agonist-antagonist arrangement (the platform
the simultaneous decoupled control of position and stiffness in  having an external radius equalling = 12mn).

a manipulators equipped with variable stiffness actuators is dis- gach DE film is a circular membrane of acrylic elastomer (VHB-
cussed in [12], whereas a torque and stiffness controller in an 4905 by 3M) with initial thickness (in its undeformed state)
antagonistic pneumatic system can be found in [13]. _equallingty = 1.5mm subjected to an equibiaxial pre-stretch
For what concerns the practical implementation of variable stiff- equalling), = 4, and coated with a pair of compliant carbon
ness and Variable Impedance Actuators (VIA), an impressively ¢onqyctive grease electrodes. These virgin membranes are ther
high number of design solutions have been proposed in the last g pjected to preconditioning loading-unloading cycles resulting
few years. These different prototypes may be mainly classi- iy 3 residual stretch (permanent st,= 1.6) whose value has
fied into the aforementioned antagonistic systems (€.g. [14-16]) peen estimated on sacrificial specimen. A voltage differsice
where a couple of actuators is used to simultaneously adjust posi-(\,) hetween the electrode pair of the DE film #1 (#2) generates

tion and stiffness, and structure-controlled systems (e.9. [17,18]), 3 downward (upward) force on the actuator output.
where the stiffness modulation relies on the change in geometry

of some passive spring. Variable impedance has also been ob-

tained by means of elctro/magneto-rheological devices (e.g. [19] Actuator
and pneumatic systems (e.g. [13]).

In this context, Dielectric Elastomers (DE) Artificial Muscles can DE film #1
potentially enable the realization of bio-inspired VIA thanks to >
their intrinsic compliance and damping, large power densities,
low costs, and shock-insensitivity. As known, DE are deformable
dielectrics, which can experience finite deformations in response
to large electric fields. In electromechanical transducers (actua- 2d
tors, sensors [20] and generators [21]), DE are generally shaped
in thin sheets coated with compliant electrodes on both sides.
From an electrical standpoint, DE are deformable capacitors in
which the electrical parameters (resistance/capacity) vary as a
function of the imposed deformation.

In particular, the purpose of the present paper is to outline a
novel strategy for the control of DE-based VIA. The considered
VIA prototype, previously presented by the authors in [22], is
composed of a couple of conically-shaped DE films in agonistic-
antagonistic configuration (see Fig. 1 and 2). At first, the non-
linear visco-elastic model of the system is briefly recalled for
clarity. Then, a DE viscoelasticity compensation technique is
outlined together with a control law able to shape the DE ac-
tuator impedance as desired. The control system, which relies
on the actuator position information and on the measurement of
the interaction force, is composed of: 1) an observer of the DE
films internal state that allows compensating for the viscoelastic
effects; 2) a controller that shapes the actuator impedance and
modulates the stiffness for ensuring system controllability; 3) an
observer for the estimation and the compensation of model un-
certainties. Figure 2. DE-based VIA physical prototype.

output

Rigid frame

DE film #2 Rigid frame

Figure 1. DE-based VIA CAD model.
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where, having assumed= 0 fort < 0 and a differentiable dis-
placement historyl 1(x) is theelastic responsed.e. the force
generated by an instantaneous displacement, whg(eais the
reduced relaxation functignwvhich describes the time-dependant
behavior of the material. A suitable expressiond) is given
by:

External
force F "

8 r r
gt)=S e "t with ci=1 (4)
@) () © i;) I iZO I

Figure 3. Single actuator CAD model in deactivated (c) and activated (d)

states. where the coefficients; depend on the employed material
whereas the coefficientg identify the rate of the relaxation phe-
nomena (in generaly = 0). Finally, the total force at the instant

t is the sum of the contributions due to all the past changes [30],
i.e.

3 SYSTEM DYNAMICS
3.1 Background on conical DE actuators models

Figure 3 depicts a schematic of a single actuator in its de-
activated and activated states respectively. It can be noticed that ;
the DE-film is characterized by a concave conical shape (Fig. Fre1(t) :/ g(t—1) Ke1[x(1)] X(T)dT (5)
3(a)) whose curvature decreases upon activation (Fig. 3(b)). In 0
particular, differently from other modeling methods [23, 24], the !
procedure described in [25] i relies on the assumption that the :/0 Kea (x)-
incompressible DE is a right circular cone with constant wall
thickness (like Fig. 3(b)) in any of its deformed configurations.
Let then first consider, for instance, the DE film #1. The expres-
sion of the overall external forc& 1, that must be supplied at
O andP (and directed along the line joining these points, Fig.
3) to balance the DE internal reaction force at a given generic
configurationx of the actuator, can be expressed as:

r
co+ S e it x(n)dr
2,°

having definee 1(X) = dFe1[X]/dx. In particular, referring to

Fig. 4, the force response given by the QLV model can be in-
terpreted as that of a nonlinear stiffness connected by a series
of r linear Kelvin models (i.e. a parallel spring-damper system).
Concerning the DE quasi-static resporisgg, a suitable expres-
sion is given by [28]:

Fr1(X,%X,V1) = Fue1(X,X) — Fem1(X,V1) 1) 3

Fgs1(X) =CoFe1 = &V [ Z\iCi A2 A2+ 2202 3)“} :
whereFe1 represents the viscoelastic response of the DE film &
andFem1 represents the so-callédaxwell force[26, 27]. )

A suitable expression for the latter terfam1, is'given by [28]:
(Mg )\13/\21)x/ [(rM —rm))\/ X+ (rm — I’m)z}

Fem1(V1,X) = XXTV2(ry + m)2€ / v )

wherev = 7i(r) — rd)to A, 2 is the DE volumeg = 4.5-8.85e— where Az = Ap/Ar and Ay = )‘2\/1+X2/(r'\" —rm)? are he
12 is the dielectric permittivity of the acrylic film, arg = 0.6 longitudinal and latitudinal stretches of the DE middle surface,
is a suitable dimensionless correction factor accounting for the C; = 304884, C, = 151Pa, C3 = 8Pa are DE constitutive
aforementioned geometrical approximation (i.e. the DE always parameters of a Yeoh-type hyperelastic strain-energy func-
assumed as a right circular cone). As for the DE viscoelastic tion [31], andé = 0.93 is a dimensionless correction factor.
response, a possible approach is to resort to a one dimensionallhis latter term, similarly to the coefficietin Eq. 2, accounts
Quasi-Linear Viscoelastic (QLV) model [29]. Henceforth, itis for the errors introduced by the simplifying assumption of
supposed that the force produced by an infinitesimal displace- the DE being a right circular cone. Concerning the reduced
mentdx(1), superposed in a state of displacemeat an instant relaxation functiony = 3, co = 0.83,¢, = 0.22,c; = 1—¢1 — Co,
of time, is, fort > t: vi = 4.30s %, v, = 0.70s"%. Note that the elastic (instan-
taneous) responsé, is simply found by multiplication of

the quasi-static respon , by the constanty (wherecy < 1).
dRes®) =gt -0 Dlaxr) wit g0)=1 3 : PonSRe:
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Figure 4. Actuator non-linear lumped parameter model.

3.2 Dynamics of the overall actuator

Concerning the agonistic-antagonistic actuator, denaling
as the actuator output position measured from the OFF-state rest
location along its axial directior = d (hereafter this location is

and integrating by parts:

Fuelt) =9(0Fl8(0)] - gO)Fd(0) - [ P9 rfae -~ pjar

referred to as actuator central position), the overall actuator force (13)

will be given by:
Mo + Fra(d+8,Vi,t) — Fro(d—8,Vat) =Fnt  (7)

where, with obvious notatiorfs » = Fye2 + Fem2 is the reaction
force of the DE film #2F;; is the interaction force, and repre-

This last equation represents the response of a linear system with
input Fe[6(t)] and outputR.(t). Then, by introducing as the
internal state of the DE film, the overall viscoelastic force of the
DE actuator can be expressed by means of the linear system:

sents an inertial load acting on the VIA output (refer to Fig. 4). V= AveV+ BreFe(0) (14)
By explicitly considering the viscoelastic and electric effects of Fue(9,Y) = Crey+ DveFe(9) (15)
the DE films, one can write:
where
mé + Fe l(t) —Fe Z(t)—l-
' ' Fe(0) =Fe1(d+90) —Feo(d—0 16
Fendd+ V) +Femdd— 3 Np) = Fe  (8) o) = Fedld o) Fedd =) (19
Fve(aa V) = Fve,l(t) - Fve,z(t) (17)
= — 1 e = — e T
The electric effects can be expressed as: Ave = —diaglv, -~ w], B"er ici/Co - vrcr/Col (18)
Cve:[l"' 1]7 Dve:1+_zlci/co 19)
Fem,a(d+0,V1) = a[d + O]Vf 9 -
Fem2(d — 8,V2) = ald— &)V§ (10) This model allows resembling both the instantaneous and the
q = XHZ(FM + rm)zs/v (11) quasi-static (el_astic) response of_the DE actuator.
Also the electric terms can be suitably grouped together:
On the basis of Eq. 5 and by summing the effects of the two DE Fem(0,V1,V2) = — Fem(d + 0,V1) + Fem Ad — 8,V,)

films, the viscoelastic force can be also written as:

Fve(t) = Fve,l(t) - FveZ(t)
[t 2l 00 Feald = 3(0)

ot
t OFe[3(T)] t  OF[O(t—T)]
/Og(t—r)TdT:/og(T)TdT
(12)

= ad[-VZ +VZ] — ad[VZ + V2] (20)
Then, the overall DE actuator dynamics can be written as:
md + Fue(3, y) + Fem(3,V1,V2) = Fint (21)
As an example, Figs. 5(a) and 5(b) report the simulated

Force-Position (FP) curves of the prototype actuator for two
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Figure 5. Actuator response for 1mHz (a) and 0.5Hz (b) position cycles

sinusoidal trajectories with 40m amplitude and frequencies  DE displacement, and computing the derivativAetith respect
equalling InHz and Q5Hz respectively. The FP curves are to the system state
computed for the voltage setd/; = 0,V, = 0} (solid line),

{V1 = 6.7kV,V, = 0} (circle marks) andV; = 0,V, = 6.7kV} 10 0

(dotted line), in case of negligible inertial load and negligible in- 01 0

teraction force i~ 0 andF; =~ 0). These plots highlight that, dA 00 Cpe

within the considered range of motion, the quasi-static response dz ~ |* * CweAwe (24)
of the considered DE actuator is rather elastic and linear, whereas ..

its dynamic behavior is severely affected by the hysteresis of *x x Cue Algt

the acrylic elastomeric material, which worsens the actuator re-

sponse as the motion speed increases. This time-dependent effeghat gives the observability matrix of the system (the stars denote

renders actuator control very challenging and, in practice, limits non-meaningful values). Since this matrix is full rank, the system

the functioning of this prototype to applications involving move- s fully observable. It is then possible to assume the complete

ments with limited dynamics (less than 0.5Hz position cycles). knowledge of the system state as the result of the state estimation

For larger movement dynamics, different DE materials, such as by means of a properly designed observer. Given this property,

silicone elastomers, should be employed. it is possible to define as control objective the regulation of the
actuator impedance, and in particular of the interaction f&;ge
and of the positiord (or, in other words, the stiffnes§ of the

4 CONTROL SYSTEM DE actuator compensating for the viscous DE actuator behavior.

Recalling Eq. 20, for control purposes, it is now convenient - Then, the control objective can be achieved by posing:

to make a change of variables for the system inputs by posing

up = V{ andup = V3. This assumption implies that the inputs  F.(5,V1,Va) = —Fue(3, ) — Mg+ b(3 — &) + Sa(5 — &)

must be non-negative, fact that will define the operative limits of (25)

the system as detailed in the following.

The state vector of the system can be then express@=as |t is important to note that, whence the viscoelastic effect of the

65 y]T, the input vector isi = [uy U, Fin] " hereFiy is consid- BE films has been compensated, from Eq. 20 and 25 the stiffness
ered as a non-controllable but measurable input, and the outputyf the DE actuator resulis[uy + Uy] = . Then, putting Eq. 20
isy = [0]. The whole system dynamics can be then written as: 5 25 together:

7= 1f(2) +9(2)u (22) ad[—uy + Up] + ad[us + U] = —Fue(8,y) +b(5 — &)
y=h(2+1(2u (23) ~myy+Su(6-&)  (26)
afui +u] = (27)
An important point to note is that the system is fully observ-

able form the outpud. This can be verified by denoting as whereéd,éd,éd define the desired displacement trajectory. By
A=1[505 --- 3@ DT the vector of the time derivative of the  denoting the displacement error @s- 5 — &, the DE actuator

5 Copyright © 2013 by ASME



dynamics becomes:

mé+ be+ Sye = Fint (28)

Position [m]

It follows that the value of the inputg andu; is

oy — Fee(8.Y) (5 — 84) + M8y + Sy(d+ 25— &y)

40 T
- zad . (29) 35 S
b, Fel8y) b b)) mbyiS@-2518) o Ea
2ad @ 25
g 20-
Now, considering tha¥; = ,/Uz, V2 = /U, the control is ad- 15-
missible iff ui, u, > 0, that means the desired stiffness should be 10 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
large enough and the desired displacement small enough forthe  ° > 10 15 20 28 30 35 40 45 50

control system to operate properly. A possible way automatically 740
satisfy this condition is to inscrease the desired stiffness in case  cooo- , T

one (or both) of the two inputs; or u, become lower than zero: = 000 S T A GU T2
GO TN VT e
2 3000F NN Y Y NN
0 = MaX Umin — Ui (31) P B A S " -7
L2 if 0 1000F - \ ," “. "/ ‘\ R "I 1
" Y 1 1 1
T P A S P N C T R ——
. . . ) 0.5 A Tree - = Foll
where,/Unin > 0 is the desired minimum value of the inputvolt- Tt Y
age. 5 O———o S ' el
The designed controller has then been tested in different con- = Y 4
ditions by means of simulations. In Fig. 6, the response of 7] ‘\_______-" N )
the system in case of a large value of the damping coefficient » ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
b = 50Ns/m and null interaction force is reported. In this simu- o sy s

lation the desired stiffness is selected to be a sinusoid with mean

value 25N/m and amplitude 12.5N/m. From these plots it is pos- Figure 6. Response of the DE actuator with large value of the damping
sible to see that, as long as the stiffness is sufficiently high to coefficient b.

guarantee the inputs voltage to be strictly positive, the system
follows the desired dynamics, imposed by the param&geand

b, whereas if the desired stiffness is too small, the control system
reacts by increasing the actuator stiffness. Indeed, in this condi-
tion, one of the two inputs reaches the desired minimum value
(1V in the reported simulations). It is also worth noticing that,
from the last plot, the change in the desired stiffness does not
influence the viscoelastic force of the DE acutator. The second
simulation reported in Fig. 7 shows the response of the system
with the same desired position and stiffness trajectory but with a
lower value of the damping coefficiebt= 10Ns/m. It is possible 4.1 Compensation of Model Uncertainties

to note from these plots that the response of the system is faster  In case of model uncertainties, in particular for what is re-
but also the imposed changes in the desired stiffness are larger tdated to the viscoelastic model of the DE films, the ideal behav-
allow maintaining positive values of the input voltages. Finally, ior of the system can be recovered, at least within a certain fre-
in Fig. 8 the response of the DE actuator in case of non-null in- quency range, by means of a proper disturbance estimation algo-
teraction force with constant desired stiffn&gs= 50N/m and rithm based on the system generalized momenta [32, 33]. This
dampingb = 10Ns/m is reported. In this case, from the position estimation algorithm relies on the desired DE actuator dynamics

error plot, it is important to see that the steady state displace-
ment caused by the interaction force is exactly the value that it
can be expected given the desired stiffness of the actuator, while
the transient response is governed by the damping coefficient.
Moreover, in case of a large and abrupt change in the desired po-
sition, as fort = 30s, the control system automatically increase
the actuator stiffness to ensure positive input voltages.
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Figure 8. Response of the DE actuator in case of non-null interaction

Figure 7. Response of the DE actuator with small value of the damping force

coefficient b.

whereFgist represents the effect of the model uncertainties. Then,

(28). The generalized momenta of the DE actuator can be then by assuming the disturbance estimation law

expressed as:
p=md (33) Faist = —L {/ (m5d —bé— e+ Fint + 'fdist) dt— p} (35)

Note thatp can be measured knowing the actuator velocity to- the disturbance estimation dynamics becomes
gether with its own inertia. In particular, the actuator velocity
can be recostructed by digital filtering from the position infor-
mation, or can be estimated by means of the same observer used
for the estimation of the DE internal stateThen assuming that

no other external force is acting on the system the interaction
force apart (sinc&,; is measureable), the DE actuator dynamics
can be written as the time derivative of the generalized momenta

Faist = L (Faist— Faist) (36)

For a better understanding of the estimation algorithm, it is pos-
sible to write the transfer function between the disturbance force
and its estimated value as

o . L
p=md = mdy — be— Sye+ Fint + Faist (34) Faist(8) = 5 Faisi(S) (37)

7 Copyright © 2013 by ASME
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Figure 9. Scheme of the overall DE actuator controller.

From this transfer function it is possible to note that repre-

sents a filtered version (through a first order filter which band-
width determined by. > 0) of the disturbance force acting on
the DE actuator. The disturbance estimation algorithm can be

then rewritten as:

6: méd —bé—Se+ Fint + Ifdist

Faist= —L(P— p)

The compensation of the disturbance force can be then achieved,
within the bandwidth of the trasfer function (37), by including

(25). A schematic representation of the overall DE actuator con-
troller is depicted in Fig. 9, whereas Fig. 10 shows the DE ac-
tuator response in case of non-null interaction force, constant
desired stiffnes§; = 50N/m and dampin@ = 10Ns/m, model
uncertainties and a value bf= 100 s1. These plots show that,

in almost all the working conditions (the fast disturbance force
transient apart), the DE actuator behaves as in the ideal case
where model uncertainties are neglected. In particular, the last
plot shows the effective disturbance folgg, the estimated one
Faist and the estimation errdtysi— Fyist, highlighting the effec-
tiveness of the proposed algorithm in estimating the effects of the

model uncertainties.

5 CONCLUSIONS

In this paper, the design of an impedance controller for a
linear actuator based on a couple of conically-shaped Dielectric
Elastomer films in agonist-antagonist configuration has been ad-
dressed. The visco-hyperelastic behavior of the polymeric mate-
rial and the force generated by the electric field on the DE films S
have been accurately modeled, and an observer able to estimate(g ~0-05

(38)
(39)
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the DE actuator state has been defined. The designed controller? -o1 ‘

then shapes the DE actuator impedance by: 1) implementing a
reciprocal activation strategy of the agonist-antagonist DE films;
2) compensating for the DE intrinsic viscoelasticity; 3) modulat-
ing the actuator stiffness according to the operative limits of the

Figure 10.

0 5

20 25 30 35 40 45 50
Time [s]

Response of the DE actuator in case of model uncertainties.
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sydems (e.g. in case the desired stiffness is too small). Kinall

a second observer for estimating the effects of model uncertain-
ties has been designed and tested. The developed control system
requires the measurement of the DE actuator displacement and
interaction force. Future activities will be devoted to the experi- [14]
mental validation of the proposed controller.

(13]
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