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Control of lonic Polymer Metal Composites
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Abstract—Robotic devices are traditionally actuated by hy- TABLE |
draulic systems or electric motors. However, with the desire to NAFION PLATING PROCESS
make robotic systems more compact and versatile, new actuator
technologies are required. In this paper, the control of ionic Stage Reason
polymer metal composite actuators is investigated from a practical -
perspective. The actuator characteristics are examined though l'Ngi‘]’“ surface Rgﬁ‘gh"“ P°1ylm°r Surﬁ;ce to ensure platinum
the unblocked maximum displacement and blocked force output. ;a';) lasting ::1 etres ;0 PO yx;;erdsur aier e
Open-loop position control then closed-loop position proportional, ; rrimary cetrochemically ceposit a thin fayer o
. o . - . plating platinum on the Nafion surface
integral, and derivative (PID) control is then applied to a strip of 3 Seconda Deposit a thicker laver of platinum on fon of
actuators. Finally, the performance of the polymer is investigated ~econdary pos rlayer ot p P

. . . o plating the primary plating

when implementing an impedance controller (force/position
control).

Index Terms—Actuator, EAP, force control, lonic polymer metal Research is ongoing to improve the performance of these

composites (IPMCs), impedance control, , proportional, integral,

and derivative (PID), position control actuators by methods such as increasing the thickness of the

polymer [7] and an additional coating of metal [8], [9] however,
at their present state of development, these actuators exhibit
. INTRODUCTION excellent power to weight ratio combined with large relative
ONVENTIONAL actuators such as electric motors, pnewdisplacement. Research has proven the response of IPMC
matic cylinders, and hydraulic cylinders are traditionactuators difficult to model [10]-[12], and few control strategies
choices for robot actuation. Over the last decade, the devieve been applied to IPMC actuators [13], [14].
opment of new actuators has gained momentum resulting inHere, control of the actuators is investigated by considering
several actuator technologies that may be suitable for robdtie open-loop-position control response and comparing it to the
actuation. These alternative actuators include pneumatic musgtesed-loop PID response. For modern robotic applications po-
actuators (PMA) [1], piezo electric actuators [2], and electroasition control is no longer sufficient. A form of force/position
tive polymers [3], [4]. Of these recent advances, electroactigentrol, termed impedance control, has been applied to the ac-
polymers are the least developed with the first patent of eldtator to demonstrate its performance.
troactive polymers granted in 1993 [5]. A type of electroactive Section Il provides an overview of IPMC actuators. Sec-
polymer called ionic polymer metal composite (IPMC) offer§ion Il assesses the actuator characteristics. Section IV applies
great potential due to its relatively large displacement, greiie three different control strategies to the actuator and dis-
force to weight ratio, and the ease at which it can be shapesses the results. Finally, the conclusions of the study are
and manipulated to form device specific actuators. Actuatigriesented in Section V.
is achieved under a low applied voltageq V). Miniatur-
ization of these actuators can be achieved by micro cutting Il. OVERVIEW

of the material. Due to the early stage of development, theseI . .
. . oo PMCs are currently not commercially available because they
actuators are not commercially available. Fabrication of IPMC

. : reguire on-site fabrication. The fabrication process is described
actuators requires the base Nafion polymer to be electrochem? . S :
. . in[6]. During the fabrication process, sheets of Nafion polymer
ically plated to form an electrode pair [6].

are electrochemically plated with platinum to form sheets of
IPMC. The major steps in this plating process are outlined in
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membrane and expansion on the other. Hence, the membr
bends. Under the dc electric field, the material strain is nc.
maintained with the actuator eventually returning to its oriqfig
inal state. The bending motion is illustrated in Fig. 2. Bending

occurs across the whole length of the IPMC. However, due to

the surface resistance of the platinum and the properties of %Jévature [17]. If the displacement is small, then the end-point

e L motion can be measured using a laser position sensor. A force
membrane, the greatest electric field and bending is close to the . ; )
$ehsor measures the applied forces. This force is measured

clamp. The IPMC actugtor performance is subject to the ammfﬂrough a spring when implementing impedance control.
of hyd_ratlon and material r.u.story [L5] At the current stage of development, IPMCs are required to
.To |IIusFrate the versatility of the actuator technology, hydrated as water is a major part of the actuation process.
Ec,::rinplg) g_rrlm)eeer Sﬁgssb;elg&rgﬁf:a??;:de;?n ?c;?js \t;\xllhgn ever, rubber coatings are being developed to restrict the
g. o) 1 P g . w§ter from evaporating [18], increasing the life of the actuator
a voltage is applied, the polymers bend and grasp the Objecut of water to more than three months. Also, alternatives to

Itis interesting to compare the simplicity of this arrangemel\%ater are under consideration for the actuation mechanism that

to that of a similar device actuated by electric motors @ g
y 0[0 not evaporate [19]. In this instance, tests were performed by

hydraulic/pneumatic systems. To use conventional actuat%ﬁy hydrating the polymer and then attaching it to the elec-

would require significant mechanical design with gears of . .
| 'ea S19 . g 9 ?rodes. After each test, the actuator was soaked in water again.
evers, increasing the system complexity.

The voltages applied to produce actuation are low, less than 5 V.
However, if voltages above 1.23 V are applied, electrolysis will
occur, resulting in loss of water and hydrogen gas being pro-
To evaluate the performance of the actuator, a test rilgiced. As a result, many researchers limit the applied voltage
was developed to test both position and force characteristtodess than 1.23V, thus greatly reducing the actuator motion. In
(Fig. 4). The IPMC is clamped between two electrodes th#tis instance, voltages 5 V are applied to achieve the required
enable varying voltage to be applied to the platinum electrodessponse.
of the IPMC. When voltage is applied, the IPMC will bend with The IPMC actuator was manufactured on site and as such
the laser position sensor measuring the resulting displacemétstproperties differ slightly from IPMC produced by other re-
Note that the actual bending motion of the actuator followssearchers. The important parameters to ascertain are the force

. 4. Experimental equipment.

Ill. A CTUATOR PROPERTIES
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Fig. 5. Force output during bending motion of IPMC.

12 ; s T T T : : The largest displacement is achieved for the greatest voltage
: : E A and distance from the clamp.
5 : :
10 15mm from clamp - //
£ : IV. CONTROL
g 8 : - — " In this section, control of the actuator is investigated
52 5 : : /5// o through open-loop position control, PID position control, and
“§ Bpereneees g e // """"" jroeee [ """" e impedance control applied to the strip of IPMC.
Lol ¥ . . . ’ v . e
/" : : P
é 4}/ --------- S R *»‘ --------- A. Open-Loop Position Control
2 S : S 5 . ,
3 Pt g C [ e rom amp The simplest form of control is open-loop control. Due to the
2';;;:»““;"‘ """"" ﬁ_/ ' structure of the material, open-loop voltages cause movement
S PDTS t  S Yoo b of the IPMC until the elastic resistance in the material itself
DR i A I ; i 1 P balances the force generated by the voltages.
1 15 2 25 3 35 4 4.5 5 :
Voltage (V) When performing open-loop control, a voltage step response

is applied across the electrodes. The magnitude of this step input

has been empirically adjusted to give a steady-state response of

approximately 2 mm. The applied voltage cannot be too great as

{he actuator steady-state position would exceed that of what was

éjeswed The open-loop controller has approximately the correct
%ady -state gain and a slow rise time (Fig. 7).

Fig. 6. Maximum displacement at different lengths of IPMC actuator.

output and displacement. The blocked force output of the ac
ator varies nonlinearly with distance from the clamp, primaril
due to leverage effects but also due to electrical resistance of

thin platinum coating (i.e.f; in Fig. 3 is closer thar#; to the »
clamp and is therefore larger). B. Closed-Loop Position Control

As the IPMC bends under applied voltage, the force outputThe response obtained through open-loop control is limited
also decreases as the IPMC acts against its own inherefith the speed of the response dictated by the final settling po-
elasticity [i.e., in Fig. 3 the blocked forces is less thanF,  sition. Closed-loop control enables larger voltages to be applied
even though the distance from the clafap) is the same]. The to the polymer during the transient stages of the response. PID
force/displacement graph when 3 V of voltage is applied ntrol is an industry standard control technique due to its per-
shown in Fig. 5. It is important to note that the actuator fordermance and the ease at which it can be implemented. To im-
output reduces to being very small at the limits of motion. If thelement the position controller, a laser position sensor provides
actuator is to apply force at the defined extremities of motionlosed-loop feedback (Fig. 4). A PID controller has been applied
its operational range must be limited. In this instance, the the IPMC actuator with the gains obtained using the ultimate
suggested operational range is the hatched region of Fig. 5. Taén method [20]. The closed-loop response (Fig. 8) is superior
maximum displacement (unblocked) has been characterizedcethe open-loop response with a quick response time and small
various distances from the clamp and input voltages (Fig. &teady-state error. The integral elementin PID control is capable
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Fig. 8. Closed-loop position control.

of slowing the material relaxation when a constant (dc) positigheir operating environment is known, and hence, purely posi-

is required by gradually increasing the applied voltage. tion control or force control is not possible [21]. Examining how
humans interact with their environment was an integral part of
this controller’'s development. Impedance control does not con-

C. Impedance Control trol the position or force, but rather the dynamic relationship
between the two.

Impedance control has been developed over the last decadg) Theory: Impedance control utilizes a mass, spring, and
to enable robots to perform adequately when no exact modeldamper relationship between force and position (Fig. 9). The
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Fig. 9. Impedance control free-body diagram.
TABLE I
EVALUATION OF IMPEDANCE CONTROL AND ADMITTANCE
CONTROL STRATEGIES
Admittance control Impedance control
(position based) (Force based)
Most appropriate for Most appropriate for
environments environments consisting
consisting of stiffness | of inertial elements.
and damping
Advantages | elements. Easy to implement on
direct-drive electric
Only requires addition | motor systems due to
of a force sensor on the ease at which torque
conventional robotic can be controlled during
devices based around | motion.
measurement of link
position.
Requires a high gain Difficult to implement
position controller on actuator systems
robust to external where force output is
Dis- force disturbances effected by robot
advantages movement.

Requires robot inertial
model, which can be
difficult to obtain.
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[22], but a summary of the advantages and disadvantages of
each type of impedance controller is given in Table Il. As high-
lighted by [23], position-based impedance control (admittance
control) is suitable for actuators with nonlinear characteristics.
Note that full implementation of impedance control includes an
inertial element so that robots can mimic the physical proper-
ties of objects for applications such as haptic interfaces [24].
For movement purposes, the inertial element is not used with
the controller required to mask the physical inertia of links and
joints.

2) Controller Structure: Fig. 10 illustrates the impedance
controller structure. The heart of the controller is a PID position
controller, which controls the position as previously. However,
unpredictable external forces are now applied to the actuator.
The measured external forces feedback through an impedance
filter to modify the desired position in a predictable manner de-
pending upon the specified mass, spring, and damping parame-
ters. Assuming small displacements, the actuator is considered
to move in a linear way enabling a standard spring and damping
model to be used, as in Fig. 9. For larger displacements, a more
complex beam stiffness and damping model would be required.
In the experimental system, a force sensor and spring apply and
measure external forces applied to the IPMC (Fig. 4).

The force sensor measures the forces applied to the IPMC
through the spring. Ideally, the actuator would have force sen-
sors mounted upon it so that it could interact freely with any
environment. Due to size limitations and the IPMC low-force
output, the force sensor has been mounted externally. When the
IPMC moves into contact with the spring, a force is exerted
upon it with the specified impedance characteristics determining
whether the IPMC moves the spring or whether the spring re-
stricts IPMC motion.

3) Results: The results of the impedance controller imple-
mentation are detailed in this section. It is important to note
there are now three position traces: the virtual position, desired
position, and actual position. The virtual position is the initial
demand position specified before commencement of motion.
The desired position includes the effect of external forces acting
through an ideal spring and damper system. The actual response
is the actual IPMC position as measured by the laser sensor.

transfer function connecting force and position, considering ptote that if the controller behaved ideally, the actual and de-
sition as an input and force as an output, can be specified in #igd would be identical. Results were obtained for a selection

s domain as

wherez; is the change in position due to external fofég ), M
is the inertial componeng; is the damping component, aadis

Tq

F,
f:M52+Cs+K

of damping and stiffness parameters.

The first response implemented a damping coefficient of
0.1 N/ms! and a stiffness of 50 N/m. As a result of the
relatively high stiffness, the virtual position and the desired
position are almost identical (i.e., the external forces encoun-
tered are too small to noticeably compress the impedance filter

the stiffness component. Rearranging (1) so that force becoragging and damping arrangement). This requires the IPMC to
the input and position the output, results in

xZ; 1

F, Ms2+Cs+ K

A controller formed from (2) is known as admittance contrdPMC is slower, and there is an increased potential difference
or position-based impedance control. Equations (1) and (2) amplied across the polymer to produce the additional force to
known as the duality of impedance control. These two subthct against the spring. However, the IPMC achieved the desired
different approaches require different controller structures. #ieady-state position. Decreasing the stiffness of the impedance
more detailed discussion of these differences can be foundcomtroller causes external forces to have a greater influence.

exert sufficient force to move through the spring. Fig. 11 is
the IPMC response with the above-mentioned damping and
stiffness parameters. After 15 s, the spring and force sensor are
placed in the line of motion of the IPMC. The response of the
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Fig. 11. IPMC impedance respong€ (= 50 N/m,C = 0.1 N/ms—1).

The controller responsek{ = 1 N/m C = 0.1 N/ms!) is to include a feedforward force element to reduce some of the
shown in Fig. 12. The external force causes the desired positlmrden on the position controller due to these external forces
to change significantly. Note that the spikes in the desired p@5]. However, an approximate model of the actuator force
sition are caused by the delay in actuator response. The deswatput response would be required.
position is tracked. However, there are delays in response.

Finally, the spring is brought into permanent contact with the
actuator (Fig. 13). In spite of the presence of external forces,
the actuator still moves, with the IPMC movement effected in The control of IPMCs has been discussed and also demon-
a predictable manner. The output voltage approaches saturatitated by experimental implementation. In its current form, the
when these forces are applied. IPMC actuator would have limited practical applications due to

The PID controller behaves well and offers some robustneb® small force output obtainable. However, it has been demon-
to external forces (i.e., the IPMC actuator almost follows th&trated that force and position controllers can be effectively im-
desired trajectory inspite of the external forces). It is possibgemented on the polymer actuator. To rigorously analyze the

V. CONCLUSIONS
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controller performance, the frequency of the applied exterrthiat it is capable interacting autonomously in any environment.
force and the impedance characteristics both need to be variegrther work will investigate improving the force output of the
Including a feedforward force element would improve the posiPMC and improving the controller strategy.

tion controller’s robustness to external forces [25].

Increasing the force output of these actuators through
improved fabrication or multiple elements would increase the
potential applications. For practical applications of interaction The authors wish to acknowledge the support of the National
control, force sensing must be mounted on the actuator itselfldeart Research Fund, U.K.
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