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Abstract This paper describes the development of

slender millimeter-size hollow (tube) and sub-mil-

limeter-size solid (rod) shaped ionic polymer-metal

composite (IPMC) actuators. The outer electrodes on

the IPMC actuators are sectored to enable control for

multiple degrees of freedom motion. Such small-size

slender (high aspect ratio) IPMC actuators can be used

to create active catheter devices, bio-inspired propul-

sion mechanisms in underwater autonomous systems,

artificial cilia structures for micro-fluidic devices, and

other emerging soft mechatronic systems. An exper-

imental tube-shaped IPMC actuator is fabricated from

Nafion polymer tube with inner and outer diameters of

1.3 and 1.6 mm, respectively. Likewise, the fabrica-

tion of a sub-millimeter size square cross-section rod

IPMC actuator is described, with dimensions of 150

lm by 150 lm and 500 lm by 500 lm. The outer

surface of the IPMC actuators are plated with platinum

metal via an electroless plating process. The platinum

plating is sectored into four isolated electrodes using a

custom surface milling technique. Independent control

of the patterned electrodes on the outer surface of the

tube results in three-dimensional motion. A strain

sensor is developed and integrated with the tube-

shaped IPMC to sense the bending motion of the

actuator as an example of its functionality. The

integrated sensor is low cost and avoids the need for

bulky external sensors such as lasers for measuring

deflection. Thus, the sensor can be employed in

practical applications including feedback control. The

actuators are characterized and experimental results

are presented to demonstrate performance.

Keywords Electroactive polymers � Ionic polymer

metal composite

1 Introduction

Electroactive polymers (EAPs) convert electrical

energy to mechanical energy and vice versa. They

can be used to develop soft, flexible solid-state, bio-

inspired actuators and sensors, and emerging soft

mechatronic systems [1, 2]. Ionic polymer metal

composite (IPMC), a type of EAP, can produce large

strains in comparison to other active materials such a

piezoelectric ceramics [3]. Additionally, IPMCs can

be driven with low voltages (\5 V), are light weight,
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and can operate in aqueous environments. These

attributes make them desirable in the development of

novel bio-medical devices and emerging bio-inspired

underwater systems. For example, IPMCs have been

used to create biomedical tweezers [4], robotic

snakes [5] or worms [6], micropump valves for

microfluidic systems [7], and bio-inspired active fins

for underwater robots [8, 9]. These are a few instances

of how the advantages of IPMC actuators and sensors

have been exploited in the development of emerging

soft mechatronic and robotic systems.

An active area of research is the creation of custom

shape IPMCs, and IPMCs with multiple pairs of

(patterned) electrodes. IPMCs are generally fabri-

cated as thin sheets, because the ionomeric material

that IPMCs are fabricated from are most readily

available in this form. Electrodes are created by

plating the ionomer’s two opposing sides. Such an

IPMC that has a single pair of electrodes is only

capable of unidirectional sensing or a simple bending

motion if used as an actuator. By fabricating cylin-

drical or other custom shape IPMCs, and creating

these IPMCs with multiple pairs of electrodes, more

complex modes of operation can be achieved. More-

over, IPMCs with multiple pairs of electrodes can be

used simultaneously as actuators and sensors [10].

There is a number of custom shape IPMCs and

IPMCs with multiple pairs of electrodes that have

been developed to date. For example, disc-shaped

IPMCs were developed for mechano-electrical appli-

cations [11]. Rod-shaped IPMCs were created for

active catheter biomedical devices [12, 13]. Recently,

IPMCs with patterned electrodes were created to

realize multiple degrees-of-freedom motion [14] and

for mitigating IPMC back-relaxation effect [15]. A

boot-like structure in which strips of IPMCs were

embedded was used to create a bio-inspired active fin

for underwater applications [9].

The contribution of this work is the development of

two slender millimeter-scale IPMC actuators (one in

the form of a hollow tube and the other a square rod)

with multiple pairs of electrodes for realizing multiple

degrees-of-freedom motion. Additionally, a custom

resistive strain sensor designed especially for sensing

the bending of such slender IPMC actuators is

presented. Such slender IPMC actuators can be used

in applications like active catheter systems, integrated

micro actuator and sensors, micro-propulsors, soft

mixers, artificial cilia structures, and other soft

mechatronic systems as illustrated in Fig. 1. One of

the advantages of the hollow structure of tube-shaped

actuators is that the internal cavity can be exploited

for transporting chemicals and fluids, routing power

and signal wires, or insertion of tools, probes, and

cameras.

The resistive strain sensor is comprised of a

50 AWG ni-chrome (20 % nickel and 80 % chrome)

wire and is strategically attached to the outer surface

of a tube shaped IPMC actuator to measure the tube’s

bending motion. This strain sensor is better suited to

measuring the deflection of slender millimeter scale

IPMC actuators than conventional strain sensors [17].

Therefore, they are uniquely suited for IPMC-based

micro autonomous systems that require sensor feed-

back, in which compact integrated sensing schemes

are highly desired. Other sensing schemes for IPMCs

have also been explored [18]. In the following, the

fabrication of an example tube-shaped actuator with

an integrated sensor is described in detail.

2 Slender hollow and solid IPMC actuators

Traditional IPMCs are composites of a thin ionomeric

material, like Nafion, that is plated on opposing sides

with metal electrodes [19]. IPMCs have applications

as actuators and sensors because they deform in

response to an applied voltage and produce a voltage

when mechanically deformed. An element of IPMC

material is shown in Fig. 2a. When an IPMC is

hydrated with a solvent of the ionic groups in the

ionomer, the cations of theses groups dissociate from

the sulfonate anions they are bonded to and then

constitute free charges in the hydrated composite [20].

The free, hydrated cations have the ability to migrate

within the ionic polymer matrix and, when a voltage is

applied across the surface electrodes, the induced

electric field across the thickness of the membrane

causes the hydrated cations to move towards the

cathode creating a cation rich zone. At the same time,

the region near the anode is depleted of cations [19,

20]. This redistribution of hydrated cations causes an

internal change in volume, where the region near the

cathode ‘‘swells’’ and the region near the anode

‘‘contracts’’, inducing internal strains that cause the

IPMC material to bend towards the anode as shown in

Fig. 2b. When a voltage of opposite polarity is applied

to the electrodes, the same phenomena occurs but in
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the opposite direction [19]. A cantilevered IPMC

structure will thus bend down towards its anode when

a voltage is applied, as shown in Fig. 2c. IPMCs can

have multiple pairs of electrodes which permits more

complex motion of an actuator than simple bending.

For instance in [21] segmented IPMC actuators were

used to produce an artificial fish fin capable of bending

and twisting motion.

Slender IPMC actuators with multiple pairs of

electrodes can be fabricated from hollow tube-shaped

or solid rod-shaped Nafion polymer material by

plating the ionomer and then using the resulting

composites shape to facilitate the sectoring of the

plated surfaces into individual electrodes. These

IPMCs can then be actuated to realize complex

motions. For example, a tube-shaped IPMC actuator

with sectored electrodes can achieve multiple degrees-

of-freedom motion as illustrated in Fig. 3b by inde-

pendently controlling each of the sectored electrodes.

The IPMCs will bend parallel to the direction of

Fig. 1 Application

examples for slender tube-

and rod-shaped IPMCs:

a the multi-degree of

freedom tube IPMC can act

as an active guide for

catheter systems [16],

b micro-propulsion

mechanism, c IPMC cilia-

like structures can be used

for flow sensing, and

d IPMC cilia-like structures

can be used for mixing

applications

Fig. 2 aRepresentation of a
small element of a strip

IPMC, b its bending shape

under an applied voltage

potential across the

electrodes, and c a strip
IPMC fixed at one end
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electric potential as shown in Fig. 3a. The electrode

pairs can also be stimulated simultaneously, which

results in composite bending mode as shown Fig. 3c.

Likewise, for a solid square cross section actuator with

two pairs of opposing electrodes, the bending response

will be similar to the tube-shaped actuator.

The mechanism for bending for a slender solid

actuator is similar to the bending response for a

traditional cantilever (strip) IPMC actuator. However,

for the tube-shaped IPMC actuator with a hollow

center, the bending mechanics has some slight differ-

ences compared to the bending of the strip actuator due

to the hollow geometry of the tube actuator. Consider a

thin slice of the circular tube-shaped IPMC with four

sectored electrodes as shown in Fig. 4a. The actuator

is fully hydrated similar to the IPMC strip. The hollow

center of the tube is assumed to be filled with air. A

voltage potential is applied across an opposed set of

electrodes as shown in Fig. 4b. Like the strip IPMC,

the cations within the membrane will migrate towards

the cathode, causing the material near the outer surface

of the tube to swell and the material near the inner

surface to contract. Likewise, the cations on the

farthest side of the tube from the cathode will travel to

the inner surface of the tube and it is believed that

somewill also migrate around the circumference to the

cathode as shown in Fig. 4b, assuming the hydrated

cations cannot leave the membrane. In this case, the

material near the inner surface nearest to the cathode

will swell and the material near the outer anode will

Fig. 3 a The tube-shaped

IPMC bends parallel to the

direction of the electric

potential, b a 3D

representation of (a), and
c other possible voltage
patterns and their associated

bending directions

2784 Meccanica (2015) 50:2781–2795

123



contract. Figure 4b depicts an exaggeration of the tube

IPMC’s deformed shape (inner and outer regions) due

to the redistributed hydrated cations. For a tube IPMC

with quad-sectored electrodes fixed at one end,

applying a voltage across an opposite set of electrodes

causes the tube to bend toward the anode as shown in

Fig. 4c.

3 Manufacturing process

3.1 Slender tube-shaped IPMC

The tube-shaped IPMC actuator presented in this work

is developed from a pre-fabricated Nafion membrane

tube (purchased from Global FIA), shown at the top of

Fig. 5, with inner and outer diameter of 1.3 and

1.6 mm, respectively. Additional custom diameters

are also available from the vendor. The outer surface

of the tube is plated with platinum metal using a

typical electroless plating process, where a sample

plated Nafion tube is shown in the bottom of Fig. 5.

The electroless plating process involves four major

steps: (1) cleaning, (2) ion exchange, (3) reduction,

and (4) surface electroding. The cleaning process

involves soaking the Nafion tube in a 3 % by volume

hydrogen peroxide solution, followed by a solution of

1 M sulfuric acid. The tube is cleaned again in two

sequential baths of deionized water. All solutions are

at a temperature of 65 �C and the membrane is allowed

to soak for 45 min in each solution. The ion exchange

process is then accomplished by submersing the

Nafion tube in a complex platinum salt solution 0.2

M [Pt(NH3)4] Cl2 at room temperature for three to four

hours. While the tube is soaking in this solution, the

hydrogen ions bonded to the sulfunate groups are

replaced by platinum ions. The platnium impregnated

surfaces of the Nafion tube are then metalized by

introducing a reducing agent in a solution of deionized

water in which the tube is immersed. After another

Fig. 4 aRepresentation of a
small element of a circular

tube IPMC, b its bending

shape under an applied

voltage potential across

opposite electrodes, and c a
circular tube-shaped IPMC

cantilevered at one end

Fig. 5 Top the pre-fabricated Nafion tube membrane; bottom a

platinum plated tube IPMC
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cleaning cycle, a secondary plating is applied, where

platinum is deposited on the surface of the existing

platinum to decrease surface resistivity. A platinum

salt solution is prepared and heated to 50 �C before the

tube is submerged in it. While stirring, 2 mL of 5 %

hydroxylamine hydrochloride and 1 mL of 20 %

hydrazine monohydrate are added every half hour

for three hours while gradually elevating the temper-

ature to 65 �C. Due to hydrazine’s acute toxicity, this

process especially must always be conducted in a fume

hood. Finally, the IPMC is immersed in a 1 M solution

of lithium chloride at room temperature for 24 h to

replace the remaining platinum and hydrogen cations

with lithium cations. This is done because IPMCs in a

lithium salt form exhibit the fastest response time in

comparison to IPMCs that contain other cations such

as potassium or sodium [22].

Following the electroless plating process, the

electrode on the outer surface of the tube is sectored

into four isolated regions using a surface machining

process as illustrated in Fig. 6. In this process a

computer-controlled milling machine equipped with a

micro end mill tool is used to remove a thin layer

(approximately 50–80 lm deep) of platinum and

polymer from the surface. The mill tool rotates at

approximately 2000 RPM and the IPMC is kept

hydrated and cool with deionized water.

3.2 Slender solid rod-shaped cilia-like IPMC

To fabricate the slender square-rod cilia-like IPMCs,

Nafion fibers are cut from sheet material (150 and 500

lm thick) as illustrated in Fig. 7a–c. Afterwards, the

Nafion fibers undergo the conventional electroless

plating process as described previously. After the

Nafion rods are plated, the corners of the IPMCs are

trimmed to segment the IPMC electrodes. The result-

ing cross-section is shown in Fig. 7d. Figure 8 shows

examples of plated and unplated Nafion rods. Addi-

tionally, Fig. 9 shows an example of a circuit board

manufactured to control a 2 9 2 array of cilia-like

IPMC actuators. Each IPMC actuator is held in place

with sub-millimeter scale gold-plated electrodes.

4 Integrated strain-based displacement sensor

To sense the deformation of the slender IPMC

actuators, a resistive strain sensor is developed using

a 50 AWG ni-chrome (20 % nickel and 80 %

chromium) wire. Relevant material properties of ni-

chrome wire are shown in Table 1. The wire is chosen

because of its small size, low resistivity qR, and its

availability in an insulated form. The insulating layer

is necessary to electrically isolate the sensor from the

electrode surface of the IPMC. This sensor was

implemented on a tube like IPMC actuator, but it

can also be used with other IPMC structures.

The wire was implemented as a sensor by folding a

20 cm long strand in half and adhering it to the surface

of the IPMC with a thin layer of New-Skin� Liquid

Bandage. This adhesive was chosen because it is

compliant and maintains good adhesion underwater.

Figure 10 shows a diagram of the sensors attached to

one electrode of each pair to measure deflection in the

corresponding directions.

In order to measure the tip displacement of the tube-

shaped IPMC with the mechanically coupled strain

sensor, an equation is derived relating the tip dis-

placement to the output voltage of the sensor.

It is assumed that the deflection of the tube-shaped

IPMC can be modeled as a cantilevered tubular beam

subject to a uniform distributed load as shown in

Fig. 6 Top electrode surface milling process for tube-shaped

IPMC actuator. IPMC tube is held in place using fixtures, and a

milling tool removes the electrode material. Bottom sectored

IPMC
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Fig. 11. In the figure, q is the radius of curvature, h is

the angle of the curve, l is the length of the tube-shaped

IPMC, Do is the outer diameter, Di is the inner

diameter, NA is the neutral axis,M is the moment, and

d is the deflection due to bending. The magnitude of

the arc ab is equal to the undeformed length of the

bending element, �ab ¼ qh, (since it’s on the NA). The
arc cd is equal to the undeformed length plus the

elongation at y due to bending, �cd ¼ ðqþ yÞh. The
lateral strain distribution is

eðyÞ ¼ DL
L

¼
�cd � �ab

�ab
¼ ðqþ yÞh� qh

qh
¼ y

q
; ð1Þ

where the maximum strain is at the outer diameter of

the tube, y ¼ Do=2. Using Hooke’s Law, the expres-

sion for the moment is given by

Fig. 7 Manufacturing

slender solid square cross

section IPMC actuators

from sheet Nafion material:

a Nafion sheet is positioned

relative to the blade, b An

impulsive force is applied to

the blade, c A square cross-

section fiber is severed from

the Nafion sheet, and

d Square cross-section

IPMC after having corners

trimmed to segment the

electrodes

Fig. 8 From left to right: 0.5 mm 9 0.5 mm 9 35 mm IPMC

(plated Nafion) slender rods, 0.5 mm 9 0.5 mm 9 35 mm

Nafion slender rods, 150 lm9 150 lm9 35 mmNafion slender

rods
Fig. 9 Example circuit board showing a 29 2 array of cilia-like

IPMC actuators with gold-plated electrodes for control

Table 1 Electrical and mechanical properties of a 50 AWG

ni-chrome wire

Property Symbol Value

Resistivity qR 100� 10�8 X=m

Diameter d 0.02505 mm

Cross-sectional area A 0:001971 mm2

Poisson’s ratio m 0.38
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M ¼
Z

rðyÞydA ¼ E

q

Z
y2dA ¼ E

q
I; ð2Þ

where I is the second area moment of inertia.

The radius of curvature varies along the length. By

assuming small deflections the radius of curvature

becomes

1

qðxÞ ¼
d2d
dx2

¼ MðxÞ
EI

; ð3Þ

where the moment due to a distributed load over the

entire beam is

MðxÞ ¼ �wx2

2
: ð4Þ

Solving for the deflection as a function of x (with

boundary conditions x ¼ l; d ¼ 0 (no deflection at the

fixed end) and x ¼ l; dd=dx (zero slope at the fixed

end)) gives

dðxÞ ¼ � wx4

24EI
þ wl3x

6EI
� wl4

8EI
: ð5Þ

The maximum tip displacement dmax occurs at x ¼ 0.

Thus, the strain as a function of x and the maximum tip

displacement is given by

eðxÞ ¼ 2
EIdmaxDox

2

EIl4
¼ 2

dmaxDox
2

l4
: ð6Þ

The total strain along the beam is then found by

integrating along x. Because the sensor runs up and

down the tube, the total strain sensed will be doubled.

etotal ¼
Z l

0

4
dmaxDox

2

l5
¼ 4dmaxDo

3l2
: ð7Þ

This strain can be related to the resistivity of the

sensor. First, a small wire segment with a resistance R,

resistivity qR, length L, and cross-sectional area A, is

considered. The resistance is given by the fundamental

equation

R ¼ qR
L

A
: ð8Þ

When a strain is applied a change in the length and

area occurs

DR ¼ qR
L

A
� Lþ DL
A� DA

� �
: ð9Þ

Since the magnitude of the strain in the wire is small, it

suggests DL � L and DA � A and DR can be

Fig. 10 Top resistive strain

sensors attached to each

electrode of tube-shaped

IPMC actuator for sensing

bending deformation.

Bottom tube-shaped IPMC

with a sensor attached

l

x

y

δ

Do

Di

Cross-section

E,I

w

ρ
θ NA

a b
c d

MM

Bending element

y
y

σ(y)

Stress distribution

Fig. 11 A cantilevered tube shaped IPMC is subject to a

uniformly distributed load. The cross-section of the beam is a

circular tube. A small sliver of the beam is magnified and

represents a bending element. Another slice of the tube shows

the stress distribution induced by the bending
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approximated by an infinitesimal differential change

dR,

DR ffi dR ¼ d qR
L

A

� �
: ð10Þ

Hence,

dR

R
¼ dqR

qR
þ dL

L
� dA

A
: ð11Þ

The differential resistivity term in the equation

converges to zero because the material property does

not change. So it is assumed the resistivity does not

change. The length term is equivalent to the longitu-

dinal strain, e ¼ dL=L, along the stretched wire. The

area term, however, is related to the lateral strain, eD.
The cross-sectional area of the wire is A ¼ p

4
D2, where

D is the diameter of the wire. Taking the log derivative

of the area expression gives

dA

A
¼ 2

dD

D
; ð12Þ

where the lateral strain can then be related to the

longitudinal strain by

eD ¼ 2
dD

D
¼ �2me; ð13Þ

where m is Poisson’s ratio for the wire. Now substi-

tuting (13) and the longitudinal strain, e ¼ dL=L, into

(11) results in

dR

R
¼ 1þ 2mð Þe ffi DR

R
: ð14Þ

It is then assumed that the wire strain undergoes an

equivalent strain to the surface strain, or the maximum

strain, along the length of the beam. The strain from

the beam in (7) is then applied to the strain in (14) to

obtain

DR
R

¼ 4

3
1þ 2mð Þ dmaxDo

l2
: ð15Þ

The small changes in resistance that correspond to

strain as the beam is bending is detected by the

Wheatstone half-bridge circuit shown in Fig. 12. The

output voltage of the bridge circuit, VO (shown as VO1

and VO2), as a function of the unit change in resistance,

DR=R, of the strain gage is given by

VO ¼ 1

4

DR1

R1

� DR2

R2

þ DR3

R3

� DR4

R4

� �
Vs; ð16Þ

where Vs is the gage excitation voltage. The gage

excitation voltage is kept relatively low ð� 5 VÞ to

avoid self-heating which can degrade the performance

of the gage. For a balanced bridge, R1 ¼ R2 ¼ R3 ¼
R4 ¼ R: Neglecting the bridge nonlinearity, the

change in the output voltage as a function of the unit

change in resistance is

VO ¼ 1

2

DR
R

� �
Vs: ð17Þ

As shown in Fig. 12, the bridge voltage is amplified by a

differential amplifier with a gain of A1 followed by two

inverting amplifications (not shown in the diagram)

with gains A2 and A3; resulting in an output voltage of

VO ¼ A1A2A3

DR
2R

� �
Vs; ð18Þ

where A1 ¼ 15;A2 ¼ 20; and A3 ¼ 10 for a total

amplification of 3000. Finally, substitute (15) into (18)

to obtain the output voltage as a function of the tip

displacement of the beam

VO ¼ 2

3
ð1þ 2mÞ dmaxDo

l2
A1A2A3Vs: ð19Þ

This final linear equation is used to find the displacement

sensed by the strain sensor for the tube-shaped IPMC.

If the sensor was attached to a slender rectangular

cross-section IPMC actuator, the equation relating the

output voltage of the sensor to the deflection of the

actuator could be obtained from (19) by changing the

second moment of inertia to be for that of a square

beam as opposed to a tube.

To validate the sensor model, the model’s output is

plotted in Fig. 13 alongside experimentally measured

results. The experimental data was obtained by

incrementally displacing the tip of an IPMC with four

attached strain sensors, by 0.25 mm through a range of

-1 to 1 mm. From the results in Fig. 13, the maximum

error was approximately 25 % across the full range of

motion ±1 mm. Based on the comparison of the

measured response and model output, the error can be

minimize by appropriately scaling the sensor output

signal, through a calibration procedure comparing the

measured output and the model output.
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5 Characterization and performance

5.1 Surface characterization

Scanning electron microscopy (SEM) was used to

inspect the surface of the tube-shaped IPMC and

confirm complete electrode isolation. In this process,

small samples were cut from the end of a sectored

tube-shaped IPMC then dehydrated for the SEM

imaging environment. The resulting images are shown

in Fig. 14. Figure 14a shows a cross-section of a

portion of the wall of the tubular structure. It can be

seen from this image that platinum penetrates the outer

surface by about 25 lm and only very shallowly

penetrates the inner surface by comparison. It is

thought that the platinum was unable to plate

completely on the inner surface due to capillary forces

and air bubbles in the tube preventing solution from

entering the tube. Figure 14b shows a cross-section of

a portion of the wall of the IPMC in which the

composite material was milled out to segment the

platinum surface into electrically isolated electrodes.

The depth and width of the cut is shown to be

approximately 80 and 170 lm, respectively. Fig-

ure 14c shows an image of the surface of the IPMC in

which the platinum electrode stands in relief against

the milled section. It can be seen from this image that

the milling operation resulted in a relatively clean cut.

5.2 Surface resistance

A low electrode surface resistance is an important

feature of a responsive IPMC actuator to minimize the

large voltage drop along the length of the electrode. So

the surface resistances of each electrode of each

sample was measured using the two-point contact

method with a digital multimeter (HP 34401A). The

Vs
+

-

Rx1

Rx1

Rx2

Rx1+ΔR

Rx1+ΔR

Rx2

Rx2+ΔR

Rx2+ΔR

Ra

Ra

Rc

Rc

Rd

Rd

-

+

-

+

Rb

Rb

-

+

-

+

Re

Re

Rf

Rf

C1

C1

VO1
-

VO1
+

VO2
-

VO2
+

Signal amplification

Active low pass
filter

x1 signal

x2 signal

Half bridge for sensing in x1 direction

Half bridge for sensing in x2 direction

Excitation
voltage

Fig. 12 A half Wheatstone

bridge, amplifier, and active

low pass filter circuit are

used for conditioning the

signals of the two strain

sensors. Vs is the bridge

excitation voltage and VO1

and VO2 are the output

voltages from the sensors

−1 −0.5 0 0.5 1
−0.1

−0.08

−0.06

−0.04

−0.02

0

0.02

0.04

0.06

0.08

0.1

Maximum tip displacement, δmax, (mm)

Se
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or
 o

ut
pu

t, 
V

o,
 (V

)

Theoretical output
Trial 1

Trial 2
Trial 3

Trial 4
Trial 5

Fig. 13 The theoretical output of the strain sensor due to a

displacement is plotted and compared to step measurements

where two strain sensors are attached to the tube-shaped IPMC

and the tip is displaced in increments of 0.25 mm between -1

and 1 mm.
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resistances were measured along the length of the

actuator, at increments of 10, 20, 30, and 40 mm from

one end, for each of the four electrodes. Then, average

values were computed for each location as shown in

Table 2. The results are shown in Fig. 15. The plot in

Fig. 15 shows that the surface resistance increases

along the length of the actuator at a rate of approx-

imately 0:32 X=mm.

5.3 Stiffness

Another important consideration was to what degree

the attached sensors would stiffen the actuator.

Therefore, stiffness measurements were made for

tubular IPMC samples, with and without attached

strain sensors. Additionally, predicted stiffness values

using Hooke’s Law and finite element analysis (FEA)

are also determined.

As shown in Fig. 16, in order to experientially

determine the stiffness of the samples, they were

cantilevered from a vertically translating linear bear-

ing that moved relative to a graduated scale and was

adjusted up and down via a screw drive. The IPMC tip

was aligned with the probe of a load cell. Therefore

when the linear bearing was adjusted down from its

calibrated position, a blocking force could be corre-

lated to a tip displacement. By knowing the load and

the displacement, the stiffness of the sample can be

found from the relation F ¼ kd, where F is the

reaction force from the load cell, k is the stiffness, and

d is the displacement. From Hooke’s law, ‘‘theoretical

stiffness’’, k, is given by

k ¼ 3
EI

l3
; ð20Þ

where E is the Modulus of Elasticity, I is the second

moment of inertia, and l is the length of the sample.

This equation is valid for the linear regime of the

actuator stress-strain curve for small deflections.

Fig. 14 SEM imaging of

tube-shaped IPMC a outer

surface, b inner surface,

c outer suface in comparison

to the milled-out section,

and d cross-section with

milled cut

Table 2 Average and standard deviation of the resistances

versus distance along tube for five samples

Distance (mm) Average ðXÞ Standard deviation ðXÞ

10 5.22 1.90

20 8.39 2.78

30 10.81 3.16

40 14.92 4.48
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The tube-shaped IPMC samples have a length of

40 mm, an inner diameter of 1.3 mm and an outer

diameter of 1.62 mm (which includes the platinum

layer). Table 3 includes the Modulus of Elasticity for

both wet (100 % hydrated) and dry samples and the

theoretical stiffnesses for both wet and dry states.

A FEA model of the IPMC tube was created based on

these and it was in turn employed to obtain values for

theoretical stiffness. These properties are also reported

in Table 3.

In the experiment, an average stiffness was found

from five samples of tube-shaped IPMCs in a hydrated

state. The strain sensors were then attached to these

same samples and the stiffness experiments were

repeated.Measurements were taken to ensure that both

sets of experiments were conducted with samples at

the same state of relative hydration. In particular, all

hydrated samples were stored in deionized water, then

remove and quickly patted dry, and the stiffness

measured. The results of both sets of experiments are

presented along with the theoretical stiffness of the

fully hydrated and dry actuators as well as with

simulated data produced by the FEA model. The

experimental stiffness values were calculated using

the least squares linear fit method. The results are

shown in Fig. 17. The experimental stiffnesses of the

tube-shaped IPMCs lie between the theoretical values

for dry and hydrated states suggesting that samples

were in a semi-hydrated state during the tests.

6 Performance of integrated system

Having successfully manufactured tubular IPMCs

with multiple pairs of electrodes a set of experiments

were performed to assess how well the actuators

achieved the essential functionality they were

designed for. The bending performance of the tubular

IPMC actuator was first qualitatively assessed by

recording its motion using a video camera. Stills of the

video data are presented in Fig. 18. In these experi-

ments, the tube is fixed at one end and the free end

extended up towards the camera. The experiments

were performed in air. The individual pairs of

electrodes were then driven. The pairs of electrodes

were then individually driven to demonstrate that the
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Fig. 15 Resistance is measured for all four electrodes of a tube-

shaped IPMC for five samples with increasing distance along the

length

Sample cross section

Inner diameter, ID [mm]

Outer diameter, 
OD [mm]

Displacement, δ [mm]

Sample

Force of beam
on sensor probe

Force of sensor
probe on beam

Length = 40 mm

Load cell

Probe

Fig. 16 Experimental setup for measuring the stiffness of the

tube-shaped IPMC

Table 3 Mechanical properties of IPMC material

Property IPMC

E 90 MPa(hydrated); 650 MPa (dry)

I 0:1979 mm4

Theor. stiffness 0.83 N/m (hydrated); 6.03 N/m (dry)

FEA stiffness 0.83 N/m (hydrated)

Exp. stiffness 3:95 N/m (dry)

The value for the Modulus of Elasticity for a hydrated IPMC

were taken from [20]
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IPMC was capable of actuating along two different

directions (x and y), where the maximum displacement

along the x and y directions is approximately ±3 mm

(with input voltages of ±6 V). As expected, the

behavior were not perfectly orthogonal due to the

asymmetry of the electrode sectors (caused by man-

ufacturing errors) as well as inhomogeneity of the

material characteristics. However they still can be

used to trace any given trajectory shape since any two

independent vectors spans a two dimensional space. A

controller can be designed for this system which

would permit the actuator to be driven in two

orthogonal directions.

Next, Fig. 19 shows the experimental IPMC tube

actuator submerged in deionized water. The resistive

strain sensors are attached to the IPMC tube actuator.

The response of a resistive strain sensor attached to

one electrode where the tip of the tube experiences a

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
0
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1
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Fo

rc
e 

(m
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)
Theoretical Hydrated
Theoretical Dry
ANSYS FEA without Sensors 
(hydrated)

Experimental
Rehydrated
Two Sensors
Four Sensors

Fig. 17 The stiffness was

measured and compared to

theoretical and simulated

values for samples of tube-

shaped IPMCs with two

sensors and four sensors

attached. The dashed line

indicate the stiffness of a wet

(100 % hydrated) IPMC.

The solid line indicates the

stiffness of a dry IPMC. The

blue ‘‘?’’ points refer to the

rehydrated case

Fig. 18 IPMC tube actuator bending motion. Actuator is

oriented such that it points out of the plane of the paper

Fig. 19 The experimental IPMC tube actuator submerged in

deionized water. Electrical power to actuate the IPMC tube is

delivered to each set of electrodes via a four-point electrical

connector
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displacement of �0.5 mm is shown in Fig. 20. Two

input signals were applied to deflect the tube: a

sinusoidal and a triangular input signal, both signals

applied at a frequency of 0.1 and 1 Hz. As shown in

Fig. 20, the strain sensor’s output response (measured

in volts) corresponds to the displacement of the end of

tube actuator, where (19) was utilized to convert the

voltage signal to units of mm. Thus, the strain sensor is

able to sense the bending motion of the tube actuator.

7 Conclusion

This paper described the development of slender

millimeter-scale tube-shaped and solid rod-shaped

ionic polymer-metal composite actuator with sectored

electrodes. The actuators were manufactured from a

pre-fabricated Nafion polymer tube and sheet material.

The plated platinum electrodes were sectored into four

isolated electrodes using a custom surface milling

process. A custom-designed strain sensor comprised

of 50 AWG ni-chrome wire was developed and

attached to an IPMC tube’s surface to sense the

bending motion. The actuators were characterized in

terms of surface morphology, surface resistance,

stiffness, and bending performance. The experimental

results demonstrate the ability of the slender IPMC

actutors for multiple degrees of free motion and the

integrated displacement sensor’s ability to measure

displacement.
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