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Abstract 

A new piezoelectric actuator design, called “Stake” actuator, is proposed and demonstrated in 

this work. As an example, the stake actuator is made of four d32–mode PZN-5.5%PT single 

crystals, each of 25mmL  8mmW  0.4mmT in dimensions, bonded with the aid of 

polycarbonate (PC) edge guide-cum-stiffeners into a square-pipe configuration for improved 

bending and twisting strengths and capped with top and bottom pedestals made of 1.5 mm thick 

anodized aluminium. The resultant stake actuator measured 9 mm x 9 mm x 28 mm. The hollow 

structure is a key design feature, which optimizes single crystal usage efficiency and lowers 

the overall cost of the actuator. The displacement-voltage responses, blocking forces, 

resonance characteristics of the fabricated stake actuator, as well as the load and temperature 

effects, are measured and discussed. Since d32 is negative for [011]-poled single crystal, the 

“Stake” actuator contracts in the axial direction when a positive polarity field is applied to the 

crystals. Biased drive is thus recommended when extensional displacement is desired.  The 

single crystal stake actuator has negligible (<1%) hysteresis and a large linear strain range 

of >0.13% when driven up to +300V (i.e., 0.75 kV/mm), which is close to the rhombohedral-

to- orthorhombic transformation field (ERO) of 0.85 kV/mm of the single crystal used. The stake 

actuator displays a stroke of -36.5 µm (at +300V) despite its small overall dimensions, and has 

a blocking force of 114 N. The single crystal d32 stake actuator fabricated displays more than 

30% larger axial strain than the state-of-the-art PZT stack actuators of comparable length as 

well as moderate blocking forces. Said actuators are thus ideal for applications when large 

displacements with simple open loop control are preferred.   
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Introduction 

In recent years, lead-based relaxor-PT solid solution ferroelectric single crystals, such as 

Pb(Zn1/3Nb2/3)O3-PbTiO3 (PZN-PT) and Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT), have attracted 

much attention due to their superior piezoelectric properties comparing to Pb(Zr0.48Ti0.52)O3 

(PZT) piezoceramics [1]. They are promising materials for new-generation high-performance 

piezoelectric devices. One such popular device is piezoelectric actuator, which finds 

application as precision positioners for metrology, interferometry, and scanning microscopes 

[2].  

There are still many challenges in developing compact but yet high-performance piezoceramic 

actuators to meet the application demands. One of the issues is the strain (or displacement) – 

electric field (S-E) hysteresis.  Many research works have showed that S-E hysteresis in PZT 

ceramic stack actuators is quite significant and largely attributed to electric field induced 

domain switching and domain wall movement in the piezoceramic [3, 4].  

A large hysteresis generates two problems. The first is control complexity. When the 

relationship between output displacement and input voltage is no longer linear, feedback 

control is often needed for achieving displacement accuracy and reproducibility [5, 6].  The 

second is heat generation notably in high power application.  For instance, Yao et al. reported 

a temperature rise of more than 50 °C when a 9-layer PZT stacked actuator was driven at 220 

V (0.88 kV/mm) and 100 kHz [3]. Senousy et al. also reported a temperature rise of more than 

60 °C when a 54-layer PZT stacked actuator was driven at 1.4 kV/mm and 300 Hz [7]. 

Excessive heat generation degrades the material properties which in turn reduces the lifetime, 

durability and positioning accuracy of the actuators. There have been intensive research efforts 

in addressing the S-E hysteresis in piezoceramic stacks, of which many focused on the 

development of suitable control schemes to compensate for the undesired hysteretic strains [8, 

9]. Due to S-E hysteresis, the control schemes used are rather complex and costly to implement 

[10, 11]. 

In contrast to PZT based ceramics, domain-engineered relaxor PT-based PZN-PT and PMN-

PT single crystals have ultrahigh piezoelectric coefficients, low dielectric loss and reduced S-

E hysteresis [1]. In 1997, Park and Shrout [12] noted that <001> oriented PZN-4.5%PT, PZN-

8%PT, and PMN-24%PT single crystal can attain a strain of up to 0.6% with much reduced 

hysteresis. Similarly, near-hysteresis-free S-E behaviours have also been reported by many 

other researchers in relaxor PT-based single crystals of various compositions [13] [14] [15] [16] 
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[17]. Table I shows a general comparison of various PZT-based ceramics and relaxor-based 

piezoelectric single crystals. 

In this work, a novel and simple actuator made of [011]-poled d32-mode PZN-5.5%PT single 

crystal with high stroke and negligible hysteresis is presented, including the details of its design, 

fabrication, and testing results. A comparison of its performance with commercial PZT stacks 

and PMN-PT single crystal stacks is also provided.   

 

Experimental  

The material used in this actuator is [011]-poled d32-mode PZN-5.5%PT of [100](L) x [0-

11](W) x [011](T) cut, provided by Microfine Materials Technologies (MMT), Singapore [18]. 

This crystal cut has very high piezoelectric strain coefficient d32 of about -2600 pC/N along the 

active [100] crystal direction. The negative sign means that the crystal will contract instead of 

extending under a positive electric field (i.e., that of the same polarity as the poling field). The 

electromechanical coupling factor of this crystal cut is around 0.92. Its coercive field EC is 

about 0.55 kV/mm and its depoling field is about 0.20-0.25 kV/mm. Its rhombohedral-to-

orthorhombic transformation temperature (TRO) and field (ERO) are 110C and 0.85 kV/mm, 

respectively [19]. Phase transformation of active material should be avoided during operation 

of the actuator as it generates large, non-linear transformation strains and hence stresses in the 

material. This in turn could promote crack propagation leading to reduced lifespan or even 

device failure. Also, the composition is sufficient away from MPB which is about 9-10%PT 

[12]. 

A schematic of the stake actuator is shown in Figure 1(a). The stake actuator is made up of 4 

identical pieces of PZN-5.5%PT d32-mode crystal of 25 mm (L) × 8 mm (W) × 0.4 mm (T) in 

dimensions. The crystals were poled in the 0.4 mm thickness direction. The 25 mm length 

direction is the active direction of the actuator, which is also the [100] crystal direction in this 

case. The actuator fabricated thus operates in the d32 transverse mode. 

The four crystals were bonded into a square pipe cross-section by using non-conductive epoxy 

along their longest edges with the aid of polycarbonate guide-cum-stiffeners (Fig. 1a and 1b), 

such that the poling directions of the 4 crystals all pointed towards the internal central line of 

the resultant actuator. The four inner electrode faces were connected together electrically with 

the aid of conductive epoxy. So were their 4 external electrode faces. The actuator was 
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completed with the top and bottom pedestals which were made of 1.5 mm thick anodized 

aluminium. Other details of the Stake actuator construction can be found in Ref [20].  

A picture of the finished stake actuator is presented in Figure 1(c). It measured 28 mm in height 

and 9 mm × 9 mm in footprint. One wire was connected to the four inner electrode faces and 

the other wire to the four external electrode faces. They were respectively connected to the 

positive and negative terminals of the d.c. power supply during operation, while the latter also 

serves as the ground.   

The resonance frequencies and capacitances of the completed stake actuators were measured 

with a LCR meter (Fluke PM6306). The electric field was applied to the actuator with a d.c. 

power supply (Standard Research System PS350/5000V-25W). The induced axial 

displacement of the sample was measured using a linear variable differential transformer 

(LVDT, MP2000).  The blocking force was obtained by measuring the contraction under 

constant electric field condition via dead-weight loading. The vibrometry technique (Polytec 

OFV 3001 S and 056) was used to determine the displacement resolution of the actuator. For 

tests at high temperature, a compact laboratory-made heat insolation box was designed and 

constructed. Heating was achieved via a voltage power supply (EA-PS 2084-05 B) and heating 

tape (BriskHeat 03106-53).  The temperature was monitored and controlled via two Type-K 

thermocouples placed adjacent to the stake actuator near its top and bottom section.  The 

temperature variation along the length of the stake was controlled within 0.5C using said set-

up. 

 

Results  

a)  Resonance and response time 

The frequency response of the stake actuator was measured at room temperature. The 

measurement shows that under free-free ends condition, it displays a resonance frequency of 

about 15 kHz. We may thus take the response time as the reciprocal of three times the resonance 

frequency [21]. This gives a response time of about 22 μs. The overall capacitance of the 

actuator is 56.3 nF measured at 1 kHz.   

 



Published: Huang, Yue Xue Xia, Dian Hua Lin, Kui Yao, and Leong Chew Lim, “Large Stroke High Fidelity PZN-PT 
Single Crystal “Stake” Actuator,” IEEE Transactions on Ultrasonics, Ferroelectrics and Frequency Control, Vol. 
64, No. 10, pp. 1617-1624, 2017. (10.1109/TUFFC.2017.2735800) 

b)  Displacement curves and hysteresis 

For the displacement measurement, the stake actuator was driven by a unipolar field, from 0 V 

to +300 V, corresponding to +0.75 kV/mm at the maximum, and back to 0 V. For the voltage 

supply, each step in the test was 50 V. The displacement reading was recorded within 500 ms 

for each voltage step. The whole test was finished within 10 s typically.  

The results are shown in Figure 2. At +300 V, the obtained displacement is -36.5 µm, giving 

an equivalent axial strain of about 0.13%. The negative sign indicates that the actuator actually 

contracts during the measurement, due to the negative d32 value of the crystal cut used.  Hence, 

for application when extension is required, it is recommended that a +300 V bias be applied to 

the actuator first. Then by decreasing the bias voltage (corresponding to increasing negative 

applied voltage), the actuator will extend instead, as shown in Figure 3.  

It is interesting to note from both Figures 2 and 3 that negligible hysteresis is recorded even for 

an applied field of up to +0.75 kV/mm, being close to the ERO of 0.85 kV/mm for the crystal 

used.  In addition, the linearity of the actuator is very high (R2 = 0.999) over the entire strain 

range. 

 

c)  Loading behaviour and blocking force 

The displacement under various loads of the fabricated stake actuator was measured by 

applying dead weights onto it via a specially-designed load pan under short circuit condition. 

The result in Figure 4 shows a linear stress-strain behaviour without hysteresis up to the applied 

maximum load of 7 kg. The effective spring constant of the actuator as calculated is about 3.86 

N/m. Note that the force is compressive force, hence the displacement is negative.  

Conventionally, the blocking force of a piezoelectric actuator is defined as the force required 

to counter the displacement produced by the applied voltage. This definition is valid when the 

displacements produced by the applied voltage and the force are in opposite directions. In the 

present work, since d32 is negative, the single crystal Stake actuator actually contracts under a 

positive-polarity applied voltage, i.e., that of the same polarity as the poling field. In order to 

determine the blocking force in the conventional way, a +300 V bias voltage was first applied 

and the resultant position of the actuator was taken as the starting position. Then, by reducing 

the bias voltage gradually (corresponding to application of increasing negative-polarity voltage 

to the actuator) to bring the bias voltage to zero, the corresponding extension was recorded. 
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The blocking force was then determined by adding dead weights onto the actuator (via the load 

pan described previously) until the contraction produced by the added weights actually offsets 

the induced extension described above. The result gave a blocking force of 114 N. While this 

blocking force is only moderate, it is sufficient for many practical applications, such as in nano-

positioning, deformable mirrors, optical communications, low frequency sonar. 

 

d)  Displacement curves under various loads 

The displacement-voltage response of the device was measured with a pre-determined load and 

hence axial compressive stress applied onto the actuator. The load applied in this experiment 

varied from 0 to 1 kg. As in Figure 5, the displacement curves under various loads show that 

the stroke of the actuator is not substantially affected by the load of up to 1 kg. Only a small 

difference in displacement (within ±1 µm / 36 µm) was registered under different loading 

conditions.  

 

e)  Resolution check 

A displacement resolution test was carried out with a laser scanning vibrometry under a.c. 

condition [22]. The sample was secured on the testing table where the laser was located at the 

top of the sample. Some rubber blocks were located at the bottom of the table to damp the 

vibration from the ground. Before the measurement, the background noise was measured. The 

result showed that with the set-up used, the background noise was very small in sub-nano range. 

For the displacement resolution measurement, the applied voltage to the actuator was changed 

from 0.1 to 0.9 V at 0.1 V interval and a much smaller interval of 0.01V was used from 0.90 

to 0.95V.  As shown in Figure 6, the resolution of the actuator is in nano-meter range (i.e., 

about 1 nm) corresponding to 10 mV voltage increment. Accordingly, 0.1 nm resolution may 

be expected when the d.c. power supply can be controlled to 1 mV or smaller. This fine 

displacement arises from the intrinsic piezoelectric effect, being the induced relative 

displacement of the ions in the crystal under the external excitation field.  

 

f)  Temperature effect 

For evaluating temperature effect, the actuator was placed in the middle of the lab-built heat 

insulating box, to which heat was supplied via evenly wrapped heating tapes on the outside. 

Two thermocouples were located inside the box at both ends of the actuator to confirm that the 
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temperature inside was uniform. After the desired sample temperature was stabilized for 30 

minutes, the displacement vs electric field experiment was carried out. The results are provided 

in Figure 7. 

At a given voltage, the displacement increases with temperature. For instance, under 300 V, 

the displacement (L) is -44.3 µm at 55C compared with -36.5 µm at 20 C. This is because 

of the temperature dependence of piezoelectric strain coefficients for lead-based relaxor single 

crystals. Temperature may also affect L through the thermal expansion but this effect is 

negligible compared with the former. More interestingly, the present result shows that 

hysteresis becomes apparent at sufficiently high temperatures (i.e., 55 °C). 

Ignoring the hysteresis, the curves in Figure 7 can be fitted to the expression:  

                       ∆𝐿 ≈ {𝑎 + 𝑏(𝑇 − 20)}𝑉𝐿                                                                                                        (1) 

where a= 4.8x10-6 /V and b=8x10-11 /(VC), 𝑇 is the temperature, V is the voltage, L is the 

initial length and ∆𝐿 is the displacement.  

For lead-based relaxor single crystals, the rhombohedral-to-orthorhombic (R-O) phase 

transformation field decreases with increasing temperature. At elevated temperature and large 

applied voltage, PZN-PT single crystal may undergo electric field induced R-O transformation 

leading to non-linear behaviour. This is evident in Figure 8. Thus, care must thus be taken to 

avoid such a phase transformation from occurring in practical applications. 

 

Discussion 

a)  Comparison with commercial PZT stacks and PMN-PT single crystal stack actuators  

Table II compares the performance of the stake actuator described in the present work with 

state-of-the-art commercial PZT stacks and other actuators. Three high-end commercial 

products, from PI®, Tokin® and Thorlab®, are chosen for comparison [21, 23, 24]. Also shown 

in Table II is a stack actuator made of PMN-PT single crystals reported by Jiang et al [25]. 

High-end commercial stack actuators are of multilayer construction, in which each PZT 

ceramic layer could be 0.1 mm or smaller in thickness, and up to hundreds of layers in each 

stack are possible. Because of the small PZT thickness, the electric field applied in said 

thickness direction is typically very high which could be close to or even exceed the phase 
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transformation field of the PZT ceramic used. This gives rise to large displacement strain but 

also large hysteresis and the non-linearity in their S-E behaviours, as evident in Table II. .   

Table II shows that in comparison to state-of-the-art PZT multilayer stack actuator, the Stake 

actuator studied here, made from d32-mode PZN-5.5%PT single crystals, produces about 30% 

higher equivalent axial strain (and hence stroke for actuators of the same length). More 

interestingly, it has very low to negligible S-E hysteresis and very large linear strain range. Due 

to the high elastic compliance of the crystal and the hollow construction of the device, it 

exhibits low-to-moderate blocking force, being half-to-one-order of magnitude less than that 

attainable by commercial PZT stacks. 

It should be mentioned that single crystals are expensive active material, the multi-stake hollow 

structure of the present design minimizes the active material needed for cost effectiveness. Its 

moderate blocking force is sufficient for many industrial applications. The large axial stroke 

with negligible hysteresis and large linear strain range offer significant advantages in simple 

open loop control in nano-positioning and help reduce heat generation in high power 

applications.   

Also shown in Table II is the measured performance of a PMN-PT single crystal stack reported 

by Jiang et al.  Surprisingly, while having similarly large axial strain, said single crystal stack 

also displays fairly significant S-E hysteresis of close to 7%. We shall discuss this in greater 

details below. 

 

b)  Large strain, low hysteresis S-E behaviour of single crystal Stake actuator  

As discussed earlier, existing piezoelectric actuators have S-E hysteresis problems and this has 

been a major issue in many actuator applications.  Such actuators require feedback and complex 

logic controller to compensate for the hysteresis in displacement in precision positioning 

applications [21, 26]. 

In the present work, [011]-poled domain engineered PZN-5.5%PT single crystal of a high 

macroscopic symmetry domain structure are used to fabricate the stake actuator. In addition to 

the extremely large axial displacement, low to negligible hysteretic S-E behaviour of large 

linear strain range are unique features of the single crystal stake actuator fabricated.   

The extremely large piezoelectric coefficients and the extremely low hysteresis of lead-based 

relaxor-PT solid solution single crystals have been the subject of many investigations [13, 27, 

28, 19].   
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It is the general consensus that for compositions close to the morphotropic phase boundary, the 

energy profiles of the various phases in lead-based relaxor-PT solid solution single crystals are 

relatively flat and this facilitates polarization rotation from one stable phase through possible 

low energy metastable phase with ease [29]. When poled along low-index such as [001] or 

[011] crystal direction, a high symmetry engineered multi-domain structure results in the 

crystal in which the remnant polarization vectors make large angle with the poling axis. This 

gives rise to extremely large shear piezoelectric coefficients [1], which in turn also account for 

the extremely large longitudinal and transverse piezoelectric coefficients and hence axial 

strains of [001] and [011]-poled single crystal active material.  

More recently, Li et al. has shown that this phenomenon is closely linked to the existence of 

polar nano-regions in lead-based relaxor single crystals. Their experimental measurements and 

phase field study result showed that at sufficiently high temperatures, the polar nano-regions 

could line up to lower strain gradient and elastic energy in the crystal with their polarization 

vector lying at large angle to the external excitation field. Such collinear configuration of polar 

nano-regions, together with the relatively flat energy profiles of the various phases in both the 

polar nanoregions and the ferroelectric matrix of near MPB composition, give rise to an abrupt 

increase in the transverse dielectric permittivity and piezoelectric shear coefficients of the 

crystal, which accounts for close to 50-80% of the values at room temperature. As pointed out 

by these researchers, the large shear piezoelectric coefficients not only give rise to large 

longitudinal and transverse strain in [001] and [011] poled domain engineered crystals via an 

easy polarization rotation path in relaxor single crystal but also such a piezoelectric effect is 

non-hysteretic in nature [30].  

Another key reason for the extremely low hysteresis of the S-E behaviour of lead-based relaxor 

single crystal is the unique domain-engineered state.  Unlike piezo-ceramics, in which domain 

switching and domain wall movement are the key loss mechanisms responsible for their large 

hysteresis [31]. When single crystal is poled along certain low index non-polarization crystal 

direction, say, along either [001] or [011] crystal direction, a high macroscopic symmetry 

multi-domain structure is formed in which there are very few stable polarization states, such as 

the 4R and 2R domain-state in [001] and [011]-poled single crystals, respectively, R denoting 

the room temperature rhombohedral phase. The polarization vectors of the resultant domains 

in both cases lie at large angles to the applied electric field, which typically is also in the same 

crystal direction as the poling field. The large angular difference of the polarization vectors 

between adjacent domains and their high symmetry deposition make the engineered domain 
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structure highly stable, which is effective in resisting domain switching and domain wall 

movement even at applied electric field close to the transformation field of the crystal. All these 

have concertedly account for the large but non-hysteretic longitudinal and transverse strains in 

[001] and [011]-poled lead-based relaxor-PT solid solution single crystals, as noted in the 

present study.   

As described above, attempts had also been made by contemporary researchers to fabricate 

multilayer stack actuators from domain-engineered single crystals [27] [28] [25]. However, S-

E hysteresis behaviour could be noted despite of a reduced extent, being about 7-11% compared 

to 10-20% for PZT ceramic stacks, as shown in Table II.   

Two reasons may account for the unexpectedly large S-E hysteresis displayed by the single 

crystal stacks as opposed to individual single crystals. Firstly, in most of the studies quoted 

above, the single crystal active material was very thin and the crystal was driven at very high 

electric field which could be quite close to the phase transformation field of the crystal.  This 

may result in partial phase transformation in the crystal. Secondly, the complex structure of the 

single crystal stack actuator with intermittent piezoelectric and non-piezoelectric layers may 

also plays a role. Structurally, the non-piezoelectric component in the stack will produce a 

constraint effect to the responding piezoelectric component. For instance, Feng et al. noted that 

the electrodes in-between the crystals produce a clamping effect to the piezoelectric material, 

reducing the piezoelectric response [27]. Said constraint effects introduce internal stresses and 

strains in the device during operation which are a likely source of S-E hysteresis. In hint sight, 

such large constraint due to the multilayer construction may also partly account for the high S-

E hysteresis in commercial piezoceramic stacks as shown in Table II.   

The simple stake construction used in the present work thus plays a key role in its low hysteretic 

behaviour. In said construction, only 4 relatively soft edge guides, which are made of 

polycarbonate strips, are used and the number of epoxy joints is kept to the minimum.  In such 

a construction, the crystals are free to deform under the influence of the external field, thus 

minimizing possible mechanical hysteresis arising from differential strains in the device. In 

fact, the hollow structure of the stake actuator serves another important function; that is, it helps 

to limit the volume of the single crystal needed for cost effectiveness purposes. And, despite 

the edge guides are made of soft polycarbonate strips, their use not only simplifies the 

fabrication process but also greatly increases the bending and twisting strength of the resultant 

stake actuator. In the multi-stake construction, the single crystal plates are bonded via the thin 

PC strips into a pipe-like structural member along their long edges. The crystals in said 
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structure thus reinforce one another and the resultant stake actuator will not break as easily as 

when individual single crystals are unconnected and unreinforced.  

Thus, near-hysteresis-free linear S-E behaviour can be attained in the present stake actuator 

when domain-engineered single crystals are used and the applied electric field is kept below 

the transformation field of the active material, taking into consideration both the temperature 

and stress effect as well.   

 

Summary 
 

A single crystal “Stake” actuator, consisting of four stakes of PZN-5.5%PT d32-mode single 

crystals bonded in a square pipe configuration with caps bonded on both ends, has been 

fabricated and studied. Said stake actuator, of 9 mm x 9 mm x 28 mm in overall dimensions, 

displays about 30% larger axial strain with negligible (<1%) hysteresis, as opposed to state-of-

the-art PZT stacks of comparable lengths. The induced displacement under positive unipolar 

drive is negative though, due to d32 being negative for the crystal cut used. Biased drive is thus 

recommended when extensional displacement is needed (via decreasing bias voltage). The 

resolution of the actuator is about 0.1 nm corresponding to 1 mV voltage increment. The stake 

actuator is able to take 1 kg preload without substantially affecting the maximum displacement 

and shows little sign of S-E hysteresis when loaded up to 7 kg. One drawback of this design is 

its low-to-moderate blocking force, which is 114 N for the stake fabricated and studied. The 

relatively low blocking force is due to the hollow construction adopted, a key design feature to 

improve material usage efficiency and cost. Despite so, hysteresis becomes apparent at 

sufficiently high temperature (i.e. 55 C), notably when the applied electric field and/or load 

are sufficiently large to induce phase transitions in the single crystal.  The present work shows 

that, with a small foot-print, large stroke and linear strain range with negligible hysteresis and 

moderate blocking force, single crystal “Stake” actuators are promising for many potential 

applications when large axial displacements with open loop control is preferred.   
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Table I: Properties comparison of PZT ceramic and single crystal materials [1, 32] 

  d33 Qm tan (%, @ 1 kHz)) k33 

PZT-5H (soft) 593 65 2.0 0.75 

PZT-4 (hard) 285 500 0.4 0.7 

PZT-8 (hard) 225 1000 0.4 0.64 

PMN-PT 1540-2800 100-150 0.4 >0.9 

PZN-PT 2200-2500 100-200 0.3 >0.9 
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Table II: Performance comparison of PZN-PT single crystal (SC) “Stake” and PMN-PT single 

crystal (SC) and PZT piezoceramic Stack actuators [21, 23, 24, 25]  

Feature 
PZN-PT SC 

“Stake” 

PMN-PT SC 

Stack 

PI Stack 

(P-885.91) 

Tokin Stack 

(AE0505D44H40DF) 

Thorlabs 

Stack 

(PK4FYP2) 

Actuator Size (mm) 9 x 9 x 28 [1] 10 x 10 x 50 5 x 5 x 36 5 x 5 x 40 5 x 3 x 36 

Maximum Stroke 

(m) 
37 @ 300V 65 @ 150V 42 @ 120V 43 @ 150V 38 @ 150V 

Equivalent 

Maximum Strain 

(%)[2] 

0.130 0.130 0.115 0.108 0.105 

Blocking Force (N) 114 @ 300V 
Not 

measured 

3500 @ 

120V 
850 @ 150V 1000 @ 150V 

Hysteresis & 

Linearity 

negligible 

(<1%); 

highly linear 

7%; 

non-linear[3] 

15%; 

non-linear [3] 

12%; 

non-linear [3] 

12%; 

non-linear [3] 

Estimated liner 

elongation range 

(%)[4] 

0.130 0.080 0.058 0.050 0.035 

[1] Of which 3 mm is non-piezoelectric material which makes up the top and bottom pedestals 

of the “Stake” actuator. 
[2] Taken as the ratio of maximum stroke to the overall length of respective actuators. 
[3] By roughly linear or non-linear we mean here the strain-voltage response when the 

hysteresis effect is ignored. 
[4] Below which a high linearity (>98%) in strain-voltage response is observed.  
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Captions for figures 

 

Figure 1 (a) Isometric and enlarged cross-sectional views and (b) a picture of the square-

pipe stake actuator  

Figure 2 Displacement-electric field response under nil bias drive for the stake actuator 

Figure 3 Displacement-voltage response under +300 V bias drive for the stake actuator 

Figure 4 Displacement-load response curve for the stake actuator 

Figure 5 Displacement-electric field response under varies load for the stake actuator 

Figure 6 Resolution testing results for the stake actuator 

Figure 7 Temperature effects for the stake actuator. Test at 65C was stopped at 0.5 kV/mm 

to avoid complication due to electric field induced R-O phase transformation at 

higher electric field at this temperature (see, e.g., Fig.8). 

Figure 8 Electric field induced R-O phase transformation at various temperatures under high 

driving field. 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 

 


