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Abstract 

Currently, there is a strong and increasing demand for electric actuators. Applications 

include the automotive, aircraft and space industries. The paper presents a proof-of-

concept design of a large displacement and medium force inchworm actuator. The 

technology considered uses an electrostrictive mechanism that “walks” inside an outer 

casing. This motion emulates an inchworm, summing small steps to achieve large 

displacements.  The detailed design of the electrostrictive inchworm actuator was 

performed using finite element analysis. A prototype was constructed and tested and the 

performance matched well with the numerical simulation results.  

1. INTRODUCTION 

                                                

Over the past decade, new fields of engineering have emerged from a surge of invention 

and innovation, led by multifunctional materials. In particular, the emerging science of 

multifunctional materials has spurred progress in the engineering field to enhance the 

performance of structural systems. The new technologies have invited us to revise the 

engineering rules, not only because they spur new industries but also because they 
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embody a sweeping capacity to lower the weight and cost of designing and 

manufacturing new structural systems while improving overall performance. 

Electromagnetic linear actuators have existed for decades. This device delivers limited 

stroke and force as the total energy is restricted by the electrical energy stored in the 

coil. In addition, the device is rather bulky, expensive, limited in frequency (due to large 

inertia) and presents a potential safety hazard in the case of a power failure. 

There are several key technological developments that have combined to establish the 

potential feasibility of electrical actuator systems. One of the advances is the 

development of functional materials and their utilization in devices such as distributed 

actuators and sensors. The other development comes from the field of electrical 

engineering, with the advent of new algorithms and signal processing technologies.  The 

pursuit of advanced materials with multifunctional properties has opened up new 

horizons in terms of actuation simplicity, compactness and miniaturization potential. 

The most recognized types of materials are shape memory alloys, magnetostrictive 

materials and piezoelectrics, which develop strains (or displacements) when exposed to 

thermal, magnetic and electric fields, respectively. 

The electrostrictive phenomenon is a nonlinear property which exists in all dielectric 

materials. Some of these materials can offer higher electrically induced strains with 

lower hysteresis than piezoelectric materials. The strain is proportional to the square of 

the applied electric field and independent of its polarity. The most promising 

electrostrictive material is lead magnesium niobate (PMN); however, this material is 

still not widely available on the commercial market. Constitutive models for 

electrostrictors are not as mature as models for piezoelectrics, due to the non-linearities. 
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Piezoelectric behavior can be manifested in two distinct ways. The direct piezoelectric 

effect occurs when a piezoelectric material becomes electrically charged when subjected 

to a mechanical stress. As a result, these devices can be used to detect strain, movement, 

force, pressure, or vibration by developing appropriate electrical responses, as in the 

case of force and acoustic sensors. The converse piezoelectric effect occurs when the 

piezoelectric material becomes strained when placed in an electric field. The ability to 

induce strain can be used to generate a movement, force, pressure, or vibration through 

the application of a suitable electric field. The most promising commercial piezoelectric 

materials are lead zirconate titanate (PZT) and polyvinylidene fluoride (PVDF).  

PZT’s offer low strains (~0.06%) with significant hysteresis (~15-20%), where as 

electrostrictive PMN materials exhibit higher strains (~0.1%) with lower hysteresis (~1-

4%). However, the temperature operating limits for PMN would require that it be 

specially insulated. For all other considerations, PMN would be handled similarly to 

PZT and actuator designs for one material could be applied to the other. While PZT is a 

preferred material for most applications, future commercial applications may favor a 

direct replacement of PZT with PMN because of its increased strain capabilities and 

superior hysteresis efficiency. However, piezoelectrics have high bandwidths, they are 

more compact than magnetostrictive devices and they are bi-directional, unlike 

electrostrictives. 

The potential now exists for electric actuators to deliver high forces over large 

displacements. Larger displacements can be achieved by stacking piezoelectric or 

electrostrictive elements. These actuators are being used in micro-positioning xy-tables, 
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ultrasonic motors, impact printer heads, vehicle suspensions, and precision machining 

equipment [2-5]. 

The application of electric field controlled actuators has also been addressed in a variety 

of space structures applications. Primary attention has been given to research in the area 

of variable geometry truss structures [6-10]. For example, electrostrictive actuators are 

used in the correction of the aberrations in the Hubble Telescope. Variable geometry 

truss structures can adopt a wide range of geometric configurations by lengthening or 

shortening some of their active elements, each containing a strain-induced actuator. This 

ability allows these structures to adopt configurations that maximize their structural 

strength. These structures may also use strain-induced actuators to produce damping 

effects to suppress vibrations [11,12]. This technology has been integral to many space 

truss systems including large span roof trusses, space reflectors, and robotic arms [6]. 

Other applications include release mechanisms, positioning devices, shape control of 

large flexible surfaces, dexterity and obstacle avoidance [13]. 

Past Inchworm Designs 1.1. 

During the last 40 years of development, piezoceramic inchworm actuators have 

concentrated  around a common theme. This theme incorporates piezoceramic stacks for 

gripping and extending which create the actuator motion. In 1964, Stibitz [14] used a 

magnetostrictive material on the end of three rods. Each of the three rods would grip, 

release or push the inner shaft in a predetermined sequence that would actuate the shaft. 

McNancy [15] developed an amplification device consisting of a piezoceramic stack 

that was specially positioned against ball bearings. The displacement of the 

piezoceramic was transferred and amplified though the ball bearings. In 1966, Hsu [16] 
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designed an actuator using a hollow cylinder with an inner clamping and extending 

device. 

In 1967, Locher [17] developed a mechanism that used two cams to grip and release an 

inner shaft. The center shaft contained a piezoceramic material producing the extension.  

In 1968, Brisbane [18] invented an inchworm actuator using a tube and an inner 

crawler. The crawler had three piezoceramic elements: two for gripping and one for 

extension. In 1972, Galutva [19] designed an actuator, which consisted of several 

piezoceramic elements used for gripping and extending.  

In 1975, Bizzigotti and May [20] introduced an inchworm actuator that used curved 

surfaces to grip the outside of a shaft. The piezoceramic on one end would grip the shaft 

while the center piezoceramic would extend. After extension, the piezoceramic on the 

other end would grip the shaft to capture the displacement. In 1976, Sakitani [21] 

invented the inchworm actuator that would clamp and extend on a surface providing a 

precise displacement. 

In 1979, Ishikawa [22] developed an actuator incorporating the use of two extending 

and two clamping piezoceramic elements. When energized in a particular sequence the 

upper shaft would be forced to move horizontally. In 1980, O’Neill [23] presented the 

first stacked piezoceramic actuator. The idea of stacking increased the actuator 

displacement. The design involved a cylindrical tube with an inside crawler. In 1984, 

Taniguchi [24] presented an actuator that used an outer cylindrical shell and an inner 

crawler. The inner crawler consisted of several cylindrical piezoceramic elements 

connected together. The firing sequence of the cylindrical piezoceramics was such that a 

“rippling” motion of extending and clamping made the inner body move. In 1986, Hara 
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[25] modified the design of Bizzigotti and May by incorporating stacked piezoceramics 

to increase the actuation displacement. In 1986, Staufenberg [26] created an actuator 

capable of translational and rotational motion. Many piezoceramics were used in the 

design. Some were used to grip the shaft were others were used to push the shaft 

outward (translational motion), or to push the shaft sideways (rotational motion). In 

1988, Fujimoto [27] filed a patent consisting of two similar inchworm actuators that use 

an inner crawler to creep inside a channel.  

In 1990, Murata [28] used one set of piezoceramics to engage a shaft with an extremely 

small pitch. Once engaged, the shaft would be actuated by another set of piezoceramics.  

In 1991, Shibuta et al. [29] designed an actuator for precise pointing and vibration 

suppression for anticipated use on the Geostationary Platform planned by NASDA. In 

1994, Rennex [30] used piezoceramics with flexure clamps to hold and actuate the inner 

shaft.  In 1996, Pandell and Garcia [31] designed an actuator similar to the design of 

Galutva but having one extra stage for extension and clamping. In 1997, Galante [32] 

designed an actuator having an inner shaft that would move with respect to the outer 

casing. The inner shaft had one piezoceramic used for extension, where as the outer 

casing had two piezoceramics used for gripping. Firing the piezoceramics in a special 

sequence forced the inner shaft to move. In 1999, Canfield et al. [33] developed an 

actuator for minimally invasive surgery. The proposed mechanism consists of an 

inchworm that moves a set of jaws (machined from titanium by the wire EDM process). 

When the inchworm moves back and forth the jaws are force to clamp and unclamp. 

Also in 1999, Frank et al. [34] developed an inchworm for flow control.  

 6



 

 

Unfortunately, many of these designs rely on extremely high tolerances (~2.54µm) with 

no method of adjustment. In the case of Frank et al. [34], for example, the clearance 

between output shaft and the gripping surface is less than 5µm. This exceptionally high 

tolerance makes the actuator extremely delicate. Any tiny imperfections in machining 

results in significant loss of performance or prevent actuator motion entirely. 

Furthermore, most of the inchworm actuators are patented ideas and there has not been 

an effort to study in detail the design to provide real proof-of-concept performance data. 

The only designs that have reported performance results are the actuators proposed by 

Pandell and Garcia with an output force of 13N and a static holding force of 44N with a 

maximum speed of 1mm/s. The gripping device proposed by Canfield et al. produced a 

block force of 44N and also a maximum speed of 1mm/s at a frequency of 100Hz. 

This paper proposes an improved design and proof-of-concept for an electrostrictive 

inchworm actuator. The design is based on the actuator’s ability to maintain a locked 

position with no electrical power, fewer number of parts to reduce manufacturing 

complexity, and its adjustability. The design goals of the actuator are to meet the 

performance specifications presented in Table 1. 

2. ACTUATOR DESIGN AND MODELING 

The inchworm actuator concept uses small incremental steps to attain large 

displacements. This motion is achieved by a mechanism that “crawls” inside an outer 

casing, as illustrated in Fig. 1. The walking mechanism consists of two flextensional 

brake assemblies separated by a center electrostrictive stack. Each brake assembly is 

forced to clamp and unclamp in a particular sequence to capture the displacement of the 
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center stack.  Consequently, the brake assemblies are the most critical aspect of the 

actuator design.  

The Actuator Stacks 2.1. 

The amount of strain produced in a piezoceramic (piezoelectric or electrostrictive 

material) is dependent on the thickness of the element and the magnitude of the voltage 

applied across the thickness. To increase the amount of displacement, many thin 

piezoceramic elements can be stacked on top of each other. In this stack arrangement, 

the total stack displacement is equal to the number of elements multiplied by the 

displacement of each element:  

 tnEd 3333 =δ  (1) 

where 3δ  is the zero load deflection,  is the piezoelectric charge coefficient, 33d E  is 

the electric field, t  is the thickness of each stack wafer, and  is the number of wafers n

The stack is made of electrostrictive material manufactured by Sensor Technology Ltd. 

[35]. Construction of a stack is achieved by gluing many “wafers” of active material on 

top of one other. Before the wafers are ready for stack assembly, they must be 

individually fired, silvered, and poled. The wafers must be protected from excessively 

high temperatures that will cause the active material to de-pole.  The stacks are then 

encased in a protective wrapping. Lead wires protrude from the encasing for electrical 

connection. Metal washers are placed at each end to evenly distribute the load to the 

brittle ceramic. Loads must be compressive and perfectly centered to not damage the 

stacks. 

 8



 

 

Using the manufacturer’s suggested voltage of 200V with a stack wafer thickness of 

0.508mm, the electrostrictive material yields an electric field of 0.3937MV/m. The 

corresponding strain is 0.0567% (or 2.88x10-5mm per stack element). Using these 

values, the calculated d33 is equal to 0.000567/0.3937x106 = 1440pC/N. The extending 

stack of the inchworm has 133 layers (0.381mm each) and a total height of 76.2 mm. 

This stack provides a displacement of 39.9µm when subjected to 200V. table 2 presents 

a comparative analysis of the free displacement between the pieozlectric and 

electrostrictive stacks. As observed, the free displacement for the electrostrictive stacks 

is approximately four times greater than the piezoelectric stacks. 

2.2 The Flextensional Frame 

The flextensional frames are designed to have an interference fit with the outer casing. 

When the brake stacks are energized, the frames are forced to distort and reduce in 

width. This action frees the flextensional frames and allows them to move freely within 

the outer casing. When the stacks are de-energized, the frames grip the outer casing 

locking the actuator in place. 

Firing each stack in a predetermined sequence creates the actuator motion. First, the left 

piezo stack is energized. This action compresses the pre-stress material and forces the 

diagonal arms connected to the brake pads to move up and in; this action releases the 

top brake pads. Next, the center stack is actuated, pushing the top brake assembly 

upward. Afterward, the left stack is de-energized, forcing the brake pads to grip the 

outer casing. The right stack is then fired, releasing the pads. Subsequently, the center 

stack is de-energized, moving the right brake assembly up.  Finally, the right stack is 
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de-energized, forcing the pads to grip the outer casing and capture the displacement. 

This sequence is repeated in rapid succession emulating the movement of an inchworm. 

The material for the flextensional frame was chosen to have a coefficient of thermal 

expansion similar to that of the electrostrictive stack to minimize the thermal effect so 

as to reduce any temperature dependant dimensional variation between the stack and the 

surrounding material.  

The metals chosen must have a high Young’s modulus to efficiently transfer the stack 

force to the brake pads, and a coefficient of thermal expansion similar to the selected 

actuator stack material. The materials with the highest Young’s modulus are oil 

hardened tool steel, stainless steel 304, and titanium (6% Al, 4%V).  The titanium was 

chosen, however, because it is the closest match to the coefficient of thermal expansion 

of the piezoceramic (~1x10-6/C). Moreover, titanium (6%Al, 4%V) has a high strength 

to weight ratio (density = 4730Kg/m3).  

A rod with adjusting nuts has been inserted through the center of the actuator. In this 

design, each brake assembly incorporates two pre-stressing adjustments: one for the 

stack and one for the frame. As shown in Figure 2(a), when adjustment nuts 1 and 2 are 

tightened, the stack is pre-stressed. This ensures the stacks always remain in 

compression. When adjustment nuts 1 and 3 are tightened, the frame is pre-stressed. 

Pre-stressing the frame allows a fine width adjustment within the outer casing. 
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2.3 Parametric Optimization 

The dimensions were broken down into two categories: the fixed dimensions and the 

free dimensions.  

Fixed Dimensions 

The fixed dimensions were set due to the size and shape of the electrostrictive stacks 

quoted from the manufacturer. These stacks have an outer diameter of 25.4mm, an inner 

diameter of 6.35mm, and height of 57.15mm. The resulting fixed dimensions are shown 

in Fig. 2(b). 

The minimum clearance required to adjust Nut 2 was 10mm. The pre-stress on the PMN 

stack was chosen to be 4.45N/mm2 as this is significantly lower than 40N/mm2, which 

is the maximum compressive loading for typical piezoceramic stacks [36]. The last 

fixed dimension was the threaded rod diameter. It was chosen to be 4.7625mm since it 

was the next nominal size smaller than the PMN stack hole of 6.35mm. 

Free Dimensions 

The free dimensions are presented in Figure 2(c) The dimensions having the greatest 

impact on the design were selected first. The order in which the dimensions were 

examined is the following: notch thickness (NT). shoulder thickness (ST), arm thickness 

(AT), arm angle (AA), notch diameter (ND), and casing pre-stress (CP). 

2.2. Performance Criteria 

To assist in the selection of the free dimensions, three performance criteria were 

defined: the range, the block force and the fatigue safety factor, as outlined next. 

The Range  
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Referring to Fig. 3(a), when adjustment nut 3 is tightened, the flextensional frame bows 

outward and the brake pad moves out to position “A”. Now energizing the PMN stack 

forces the threaded rod to lengthen allowing the flextensional frame to move inward to 

position “B”.  The distance between brake pad locations “A” and “B” is defined as the 

“range”. The range is important because it is a measure of the brake pad movement 

during actuation. Too small a range may not allow the brake pad to free itself from the 

outer casing. 

The Blocked Force  

The brake pad blocked force is related to the actuator output force through the 

coefficient of friction constant “ µ ” defined by NFout **2 µ= , where is the 

actuator output force, 

outF

µ  is the static coefficient of friction, and  is the brake pad 

blocked force. The coefficient of friction constant “

N

µ ” is dependant on many factors 

such as material, counter-material, lubrication, temperature, speed, loading force, 

surface finish, surface finish of the counter-material, and type of motion (reciprocating, 

rotating). Published values can have large variations and range from 0.05 to 0.90. The 

inside crawler is made from titanium and the outside casing can either be made from 

titanium or oil hardened tool steel. A typical value is 0.65 for titanium against steel and 

0.38 for titanium against titanium [37]. Using these values the actuator output forces are 

presented in Table 3. For reduced cost of machining and increased frictional force the 

material choice for the prototype is oil hardened tool steel.  

For the brake pad to come in and out of contact, the outer casing must be located 

somewhere between the maximum and minimum brake pad lateral displacements. To 
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ensure the brake pads release from the outer casing during actuation there should be a 

clearance. The minimum suggested clearance is 25.4µm. To make certain the pad 

release, the design aims for a clearance between 25.4µm and 50.8µm. For the brake pad 

to come in and out of contact, the outer casing (“C”) must be located somewhere 

between “A” and “B”, as shown in Fig. 3(b). 

Suppose the PMN stack was energized, and the location of the outer casing “C” was 

positioned at “B”. The brake pad and the outer casing would be in contact but without 

force. If the PMN stack was now de-energized, the flextensional frame would try to flex 

back to position “A” but would be stopped by the outer casing. The normal force 

exerted on the outer casing is coined the “zero clearance blocked force”.  

The Fatigue Safety Factor 

The operation of the actuator requires the flextensional frame to bend back and forth a 

high number of cycles. Each cycle induces a fluctuating stress, which over time may 

results in the possibility of fatigue failure. To safeguard against this, a fatigue analysis 

was preformed. Using the modified Goodman relation [38], along with the surface 

roughness taken as machined, the allowable stress amplitude was calculated. 

Subsequently, the actual stress amplitude was also determined for each design. Dividing 

the allowable stress amplitude by the actual stress amplitude gives the fatigue safety 

factor. Investigating the possible locations for fatigue failure it was determined that the 

most critical location was at the center notches. 
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The maximum and minimum Von Mises stresses were analyzed. Using these upper and 

lower limits of stress, a fatigue analysis was preformed. The modified Goodman 

relation rearranged for aσ  is presented in Eq. (2),  

 1=+
ut

m

e

a

SS
σσ

 (2) 

where aσ  is the stress amplitude,  is the endurance limit, eS mσ  is the mean stress, 

is the ultimate stress and  utS

 )1(*
ut

m
ea S
S

σ
σ −=   (3) 

The minimum ( minσ ) and maximum ( maxσ ) stresses were evaluated. The mean stress 

( mσ ) was then calculated using Eq. (3), 

 
2

)( minmax σσ
σ

+
=m  (4) 

Using this value of mean stress ( mσ ) in Equation (3) with the endurance limit of 

machined titanium ( 279MPa) and the ultimate strength of titanium ( =900MPa) 

yields the maximum allowable stress amplitude (

=eS utS

allowa σσ =  ). Now, using the minimum 

( minσ ) and maximum ( maxσ ) stresses the actual stress amplitude ( actσ ) is determined 

using: 

 
2

minmax σσ
σ

−
=act  (5) 
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Finally the “Fatigue Safety Factor” is calculated by dividing the allowable stress 

amplitude by the actual stress amplitude as:  

 
act

allowFS
σ

σ
=..  (7) 

Investigating all the possible locations for fatigue failure it was determined that the most 

critical location was at the center notches of the flextensional frame.  

2.3. Results 

The parametric analysis results are quite extensive. For illustrative purposes, some 

representative graphs and trends are shown in Figures 4 and 5. 

Notch Thickness (NT): the first and most sensitive dimension that was studied was the 

notch thickness. To study the notch thickness all dimensions were fixed (to an initial 

guess at the best design) while only the notch thickness was varied. The notch thickness 

was varied from 0.75mm to 2mm. The design goal of the brake assembly aims for a 

range of not less than 90µm, a blocked force of over 15N (on each brake pad), and a 

fatigue safety factor greater than 2.5. A range of 90µm should provide adequate 

adjustment should there be any slight tolerance inconsistency when the design is 

prototyped. A minimum force of 15N on each brake pad will generate a 30N normal 

force on the outer casing. This force multiplied by the coefficient of friction for the 

outer casing material (usteel on Ti = 0.69) will lead to a acceptable actuator pushing force 

of 20.7N. A fatigue factor of safety over 2.5 will safeguard against the high number of 

cycles the design must endure over its lifetime. Choosing a notch thickness of 1.00mm 

gives acceptable values for the range, the blocked force, and the fatigue safety factor.  
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Shoulder Thickness: The next dimension that was considered was the shoulder 

thickness. Again, all the dimensions were fixed except the shoulder thickness which 

was varied from 5mm to 10mm. Increasing the shoulder thickness favorably increases 

both the range and the blocked force; unfortunately, the weight, and the actuator length 

also increase. A tradeoff between these parameters was met by selecting a shoulder 

thickness of 9mm.  

Arm Thickness: The thickness of the arms was examined next. The arm thickness was 

varied from 4mm to 8mm. Increasing the thickness of the arms increases range and 

blocked force, but decreases the fatigue safety factor. A compromise between these 

variables was chosen by selecting the arm thickness to be 5mm. 

Arm Angle: The next free variable that was studied was the arm angle (AA). The angle 

was varied from 1.19° to 9.42°.  Interestingly, as the angle of the arm increases past 

3.49°, the range begins to decline. Analyzing, the points before and after AA=3.49° 

shows the arms undergo a “snap through” condition. This means for angles of AA less 

than 3.49° (AA < 3.49°) the arms are concave where as at angles above 3.49° (AA > 

3.49°) the arms are convex. If the arm angle was chosen to be 3.49° the range would be 

at its maximum of 109µm with the a resulting blocked force of 28N (clearance=50.8N) 

and the fatigue safety factor of 2.9. However, if the arm angle was chosen to be 4.87° 

the range would be decreased slightly to 106µm along with a decrease in the fatigue 

safety factor to 2.8, but the blocked force would be drastically increased to 39N.  

Therefore, the angle of the arm was chosen to be 4.87°. 
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Notch Diameter: The next free variable that was tested was the notch diameter. The 

notch diameter was varied from 1mm to 3mm. The notch diameter has little effect on 

the range or blocked force. Therefore, the notch thickness was chosen to be 2.5mm to 

ensure a acceptable value of 3.3 for the fatigue safety factor. 

Casing Pre-Stress: the last free variable that was investigated was the casing pre-stress. 

The casing pre-stress was varied from 400N to 800N. The range, blocked force, and 

fatigue safety factor decrease as the casing pre-stress is increased. Therefore, it is 

desirable to have a low casing pre-stress. However, the casing pre-stress must not be so 

low that Nut 3 comes out of contact with the outer casing during actuation. Choosing a 

casing pre-stress of 565N provides a force of 206N between Nut 3 and the casing during 

actuation. Note that for adjustment Nut 1 the positive force is taken downward where as 

for adjustment Nuts 2 and 3 the positive force is taken upward. The dimensions of the 

brake assembly for the final design are shown in Fig. 6. 

3. 

3.1. 

ACTUATOR PROTOTYPE AND TESTING 

A prototype of the computer model was built to attain physical measurements to 

validate the final design of the actuator. To accomplish this, the procedure was 

performed in three steps: the assembly of the inner crawler, the manufacturing of the 

outer casing and the design of the controller. Upon completion of each component of 

the actuator, the prototype was assembled and tested.   

The Prototype 

A pictorial representation of the stacks can be seen in Fig. 7. Two brake stacks and one 

extending stack were used to assemble the inner crawler. 
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The inner crawler is assembled from two flextensional frames, two brake stacks, one 

center stack, and a center rod with adjustment nuts to hold everything together, as 

shown in Fig. 8. Because the flextensional frames have a complex geometry and need to 

be manufactured with a tolerance of 12.7µm , Electro Discharge Machining (EDM) was 

the chosen manufacturing method. This process cuts each solid block of titanium using 

a fine copper wire passing a high voltage enabling tolerances up to 2.54µm. 

 It should be noted that the prototype frame has extra protrusions (called, guide bumps) 

along its outer perimeter. These protrusions were an after thought to help keep the inner 

crawler aligned within the channel during operation. Since the guide bumps are located 

in regions of low stress, they will not cause any significant discrepancies with the 

computer model results.  

After the flextensional frames were machined, the inside crawler was ready for 

assembly. To accomplish this, the components were fitted onto the threaded rod and 

pre-stressed using the adjustment nuts. In order to apply the proper pre-stress the nuts 

are tightened using a two step sequence. 

Initially, Nut 3 is loose and the stack is not energized. Choosing a pre-stress of 565N, 

Nut 1 and Nut 2 are tightened to a value of 2676N, while Nut 3 remains loose.  Now, 

Nut 1 is tightened against Nut 3 to a value of 565N. The action of tightening Nut 1 and 

Nut 3 reduces the force between Nut 1 and Nut 2 to a value of 2111N. The 

corresponding pressure on the stack is therefore 4.45N/mm2, (which is the 

recommended pre-stress by the manufacturer [35]).  
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The nuts on the center stack are also tightened to a value of 2111N to achieve a stack 

pre-stress of 4.45N/mm2. To apply the correct pre-stress the necessary tightening torque 

was evaluated using:  

 
2sectan1

sectan
2

np

r

rr dFFd
T

µ
αλµ
αµλ

+







−

+
=  (7) 

where T  is the tightening torque,  is the pre-stress force, d  is the mean diameter of 

threaded rod, 

F r

rµ  is the coefficient of friction on nut threads, λ  is the thread lead angle, 

α  is the thread angle, pµ  is the coefficient of friction of nut surface against the stack, 

and   is the outer mean diameter of nut. nd

The rod is made from titanium with a 10-32 thread ( = 4.318x10rd
-3m, λ  = 3°, 

α = 30°). The outer mean diameter of the nut is = 2.395 x10nd
-2m. The coefficient of 

friction is taken as a lubricated thread ( rµ = pµ = 0.15). Using this information to 

achieve a pre-stress of 2676N the necessary tightening torque is 6.12N·m. Similarly, to 

achieve a pre-stress of 565N the necessary tightening torque is 1.29N·m.  

Insertion of the inner crawler into the outer casing is shown in Fig. 9. To create motion 

of the inner crawler, the stacks need to be fired in a particular sequence. This is done by 

means of a controller. 

3.2. Controller Design 

A controller was designed to control the actuation of each stack. The controller was 

made with two modes: one for assembly, and one for actuating. The assembly mode, 

energized the braking stacks to allow insertion of the crawler into the outer casing. The 
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actuation mode was designed to fire each stack in a sequence that would cause the inner 

mechanism to linearly translate.   

In actuating mode the waveforms supplied to the stacks were varied in frequency, 

amplitude, duty cycle and form.  This was accomplished by using a PicStic 4x 

microprocessor that was programmed in the PicBasic language. The features of the 

microcontroller consist of: its two channel 12 bit digital to analog converter, its 8 

bi-directional bit programmable high current input output lines and its high performance 

processor.  In order to supply a voltage differential to the stacks to excite them a 

two-step power amplification circuit was designed.  The first stage amplified the 

waveforms output by the PicStic using high accuracy instrumentation amplifiers.  The 

amplifier design allows a very high bandwidth over a wide range of gains making it 

ideal for rapid data acquisition [39].  The amplifier gain is set using a single external 

resistor (RG) and can range from 1 – 10,000.  The gain, G, is given by 

 150
+

Ω
=

GR
kG  (8) 

For a chosen  value of 33kΩ the gain is 2.5.  The output from the amplifier can then 

be further amplified by using a high voltage power amplifier. 

GR

Three model SA-10 high voltage power amplifiers and one SA-20 high voltage power 

supply were obtained from Sensor Technology Limited.  The SA-10 is a two-channel 

high voltage power amplifier, it can be used as two individual ground referenced 

amplifiers providing a gain of 15, or a single bridged amplifier providing a gain of 30.  

Each channel gives a maximum ground referenced voltage variation of nominally 280 V 
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peak-to-peak. In bridged mode, the SA-10 provides a differential voltage variation of 

560V [40].  During prototype testing the high voltage amplifiers and instrumentation 

amplifiers were configured to obtain a voltage of 285V across each stack. The diodes 

are used as a visual representation of the firing of each stacks, where R1 is 333Ω.  A 

picture of the circuit is shown in Fig. 10. 

The actuating mode of the controller has two options.  The first used square waves 

output from the PicStic that were then varied in amplitude, frequency and duty cycle.  

These waveforms were constructed using high and low logic levels cycled over chosen 

input-output pins of the PicStic. This firing sequence is intended to make the inner 

crawler move within the channel with a maximum controller frequency of 170Hz. The 

second actuation option uses a ramping waveform applied to the center stack.   

From previous papers [33,34] it was discovered that ramping the signal of the center 

stack provided an increase in velocity of similar actuators when compared against the 

square wave signal at frequencies above 100Hz (due to less jarring motion).  The 

ramping of the center stack was accomplished by using the digital to analog converter of 

the input-output coprocessor on the PicStic; to create four intermediate steps between 

the high and low voltage levels. Because the ramping function requires several 

intermediate steps, the maximum operating frequency of this signal is limited to 45Hz. 

3.3. Prototype Results  

The prototype was tested. The experimental and numerical results are presented in 

Table 4. 
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The quickest time the stacks can become charged (87% of maximum charge) or de-

charged (13% of maximum charge) is 0.075s. Since there are six steps in each cycle of 

the actuator motion, the quickest time for one cycle of the inchworm movement is 

6*0.075s = 0.45s. This corresponds to a maximum operating frequency of 2.22Hz. 

Multiplying this value by the extending stack displacement per step (7.2µm) gives the 

theoretical actuator speed of 1.0mm/min. The difference in results between the model 

and the prototype differ by less than 9%, therefore validating the modeling and proof-

of-concept demonstrator. 

4.  CONCLUSIONS 

This paper investigates the design of an electrostrictive inchworm actuator. The design 

is based on its ability to maintain a locked position with no electrical power, fewer 

number of parts to reduce manufacturing complexity, and its adjustability. Parametric 

optimization design analysis of the brake assembly model were performed to select 

dimensions providing appropriate force/displacement characteristics. 

To validate the computer model, a prototype was built. Frequency response (and 

actuator output speed) was limited in this case by the stack RC constant, however 

improvement in the stack design and manufacturing would increase the response speed 

of the actuator. The controller driving circuit has a maximum upper limit of 170Hz, 

whereas the limiting frequency of the inchworm cycle is 2.22Hz. Future work may be 

done to the stacks to enhance the maximum operational frequency and displacement. 

Moreover, the natural frequency of the actuator system may be investigated through 

future experimentation. At high frequencies, the ramping signal of the controller may 

also prove useful. 
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Table 1 - Actuator design specifications 

Minimum Displacement (mm) 15
Minimum Force Output (N) 20
Maximum Operating Voltage (V) 200

Actuator Specifications

 

Table 2 - Comparison of free displacement of BM500 and BM600 

 Ansys Exp Ansys Exp
Free Displacement (um) 7.2 7.3 30.0 28.8

PZT PMN

 
 

Table 3 Actuator output force 

Brake
Pad

Clearance
(um) Ti on Steel Ti on Ti

0 112 65
25.4 84 48
50.8 54 32
76.2 25 15

Actuator
Output Force

(N)

 

 



Table 4 - Summary of inchworm actuator results 
 

Inchworm Ansys Ansys Measured
Actuator Design Prototype from
Results Model Model Prototype

Brake Stack Free Disp. (um)

30.0 27.1 26.0

Brake Pad Disp. (um)

107.4 78.2 71.1

Extending Stack Free Disp. (um)

39.9 16.7 16.0

Brake Pad Blocked Force (N):  
25.4 Clearance 64.2 18.6 ---
50.8 Clearance 41.6 7.5

Actuator Output Force (N):  
25.4 Clearance 83.5 24.2 15.1
50.8 Clearance 54.0 10.0

Max. Operating Freq. (Hz) --- 2.22 0.33
Actuator Speed (mm/min) --- 1.0 0.2  



 

 

 

Figure 1 – The proposed electrostrictive inchworm actuator concept 

(a) 

 

(b) (c)

Figure 2 – (a) Schematic of the flextensional frame and stack with pre-tension nuts;          (b) The 

actuator fixed dimensions; and (c) the actuator free dimensions 

 

(a) (b) 

Figure 3- (a) The brake assembly range; and (b) the contact with outer casing 
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Figure 4 – Parametric design optimization of free dimension design parameters  
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Figure 5 - Variation of notch diameter and casing pre-stress with free dimension design parameters 

 

Notch Thickness (NT) = 1mm 
Shoulder Thickness(ST)= 9mm 
Arm Thickness(AT) = 5mm 
Arm Angle(AA) = 4.87° 
Notch Diameter(ND) = 2.5mm 
Casing Pre-Stress(CP) = 565N 

Figure 6 - Final design modeling results 



 

 

 

Figure 7 - Design and prototype stacks 

  

  

Figure 8 – Flextensional frame and the inner crawler 

  

Figure 9 - Assembly of outer casing and inner crawler 



 

 

  

Figure 10 - Controller assembly and waveforms 
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