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Abstract Millimeter-scale micro-robotic leg actuators are

described that integrate thin-film lead zirconate titanate (PZT)

piezoelectric actuationwith compliant structures formed from

parylene-C polymer. Models for out-of-plane rotation using

piezoelectric cantilevers and in-plane rotation using high-

aspect ratio polymer beams are discussed. Opportunities are

highlighted for thin polymer films to aid in load-bearing,

flexibility, and resilience of piezoelectric micro-robot

appendages. A simple 5 mm 9 2.4 mm 9 0.15 mm hex-

apod robot prototype incorporating multiple actuators in each

leg assembly is fabricated and tested within the silicon wafer

inwhich it was built. Completed robot leg performance shows

close agreement between modeled and tested static and

dynamic characteristics, with potential benefits for future

walking micro-robots from low power requirements relative

to payload capacity and large amplitude motion at resonance.

Keywords Micro-robotics � Piezoelectric actuation �
Microfabrication � Compliant mechanisms

1 Introduction

The term ‘‘micro-robot’’ has been applied to a wide range

of small robotic systems, from roughly hand-sized robots

based on conventional actuators and manufacturing pro-

cesses to entire robots just microns in size reliant primarily

on external stimuli to generate motion. Micro-robotic

systems specifically originating in the field of micro-elec-

tromechanical systems, or MEMS, are typically charac-

terized by their minimum feature sizes being at the micron-

scale, and overall size on the order of a few millimeters to a

centimeter. Conceptually, MEMS technology applied to

robotic applications could provide means to closely inte-

grate actuation, sensing, electronics and power systems for

applications requiring sensing or manipulation in small

spaces, such as searching disaster sites, monitoring

infrastructure, or performing reconnaissance. In practice,

functionality of millimeter-scale micro-robots remains

limited, particularly with respect to autonomous locomo-

tion given actuator, power, and integration challenges.

Legged robots at the millimeter-to-centimeter scale, the

focus of this work, have been demonstrated based on a variety

of transduction methods. These include electrothermal (Ebe-

fors 1999; Erdemet al. 2010;Murthy et al. 2012), electrostatic

(Hollar et al. 2005), shape-memory alloy (Sugita et al. 2016),

electroactive polymer (Kim et al. 2003), and piezoelectric

(Sanuy et al. 2008) actuation. Locomotion speeds remain low,

however, and are typically limited to occur over very smooth

or well-defined surfaces, mostly due to either power or actu-

ation constraints. Electrothermal, SMA, and electroactive

polymer actuators tend to have limited bandwidth and require

either large voltages or currents. Electrostatic actuators typi-

cally provide limited force and bulk ceramic piezoelectric

actuators have limited stroke lengths, both while requiring

large voltages. Thin-film piezoelectric actuators, relative to

other micro-scale actuators, have potential to generate large

forces (10-1–10-3 N) at relatively high bandwidth (102–

103 Hz), with modest voltage and power requirement. How-

ever, stroke lengths, especially in translation, tend to be small,

making it challenging to integrate the thin film actuators with
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other structures, and the resulting structures are often quite

fragile.

This paper focuses on potential benefits of thin-film

piezoelectric microactuators with high-aspect polymers in

micro-robotic leg joint mechanisms. An example of an

early robot prototype with schematic views of in-plane and

out-of-plane actuation mechanisms is shown in Fig. 1.

Such mechanisms take advantage of both the high work

density of piezoelectric actuation and the resilient, highly-

compliant nature of polymers used in microfabrication, at

least relative to metal and semiconductor materials com-

mon in MEMS.

Due to their very different processing requirements,

integration of polymer structures with thin-film piezoelec-

tric ceramics is rare, though examples of co-fabrication do

exist. For example, polymer films have been tested as

protective encapsulation of PZT (Guerre et al. 2010), as

PZT micromolds (Navarre et al. 2007; Park et al. 2003), for

improving properties of complementary layers in acoustic

transducers (Dellmann et al. 1997), to carry large numbers

of electrical interconnects across PZT beams (Aktakka

et al. 2014) and to tailor damping properties of a piezo-

electric accelerometer (Nemirovsky et al. 1996). However,

in these applications polymer materials are not playing a

key structural role in generating motion. Actuation devices

based on polymer-PZT integration include a micro-pump

(Luo et al. 2011) and mechanisms based on SU-8 photo-

polymer for amplifying piezoelectric displacements (Con-

way et al. 2007), but in these cases the piezoelectric ele-

ment was a manually-assembled, cut ceramic block. Much

research has also been performed on piezoelectric poly-

mers for micro-scale devices (Kim et al. 2003; Fu et al.

2005; Lam et al. 2005), but energy density of such mate-

rials is much smaller than that of PZT and related ceramics.

At larger scales, PZT or other piezoelectric ceramics have

been used in a variety of polymer-based composites

(Venkatragavaraj et al. 2000; Ritter et al. 2002), but with

limited geometries available for micro-scale devices.

Piezoelectric and polymers materials have also seen sig-

nificant use in prior micro-robots. At the millimeter scale,

polymers have served as energy storage mechanisms for

jumping (Bergbreiter and Pister 2007), to increase thermal

actuator displacement (Ebefors et al. 1999).At slightly larger

scales (*2–10 cm), polymer and piezoelectric laminates

have found great success in flying robots (Ma et al. 2013).

Also at that scale, elastomeric leg mechanisms have been

used for high-speed walking locomotion (Vogtmann et al.

2011), and simple 3D-printed polymer robots with bulk

ceramic PZT have been used to explore small-scale contact

dynamics (Qu and Oldham 2016). Other centimeter-scale

bulk ceramic piezoelectric legged robots have been fabri-

cated by laser-cutting or conventional machining (Hariri

et al. 2016; Rios et al. 2016).

A benefit of using thin-film, rather than bulk ceramic,

piezoelectric actuation in micro-robots is that large electric

fields can be generated at much lower voltages, but robot

development has to date been done mostly at the appen-

dage level. Thin-film PZT bending beam have been used

entirely for compliant elements in multiple axis robotic leg

joints, through stress engineering to orient actuators in

varying planes, as well as to create millimeter-scale wing

structures (Pulskamp 2012). The authors have previously

examined individual (Edamana et al. 2011) and multiple-

degree-of-freedom (Rhee et al. 2012) thin-film PZT actu-

ation structures based on complex, compliant silicon

mechanisms. However, weight-bearing capabilities of these

designs remained low and yield of completed robot legs too

low for eventual multi-legged robot completion.

Fig. 1 a Example of a

30-legged ‘‘millipede’’ micro-

robot fabricated from a silicon

wafer with thin-film

piezoelectric actuators

integrated into each leg;

b schematic top-view of a single

robot leg showing locations of

high-aspect ratio polymer

flexures and tethers for

generating in-plane rotation, as

well as thin-film piezoelectric

unimorphs for actuation of both

in-plane and out-of-plane

motion; c schematic oblique

view of fabricated leg structure
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In this work, models for actuation assemblies generating

both out-of-plane and in-plane motion are discussed when

thin-film PZT is complemented with parylene-C films.

High-aspect ratio parylene-C structures are fabricated by

methods similar to that of Suzuki and Tai for non-piezo-

electric accelerometer manufacturing (Suzuki and Tai

2006), and anisotropic parylene etching has been previ-

ously reported by Selvaraseh (Selvarasah et al. 2007).

High-aspect ratio parylene-C processing in this work sup-

ports piezoelectric film integration, with preliminary

mechanical property testing and actuator designs first

reported by Shin et al. (2014). Mechanism performance in

this paper is evaluated for multi-actuator legs that are

integrated into simple robot prototypes, primarily a

5 mm 9 2.4 mm 9 0.15 mm hexapod design tested

within a silicon chip.

2 Actuator and leg design

Elastic leg joints based on thin-film piezoelectric actuation

for both out-of-plane and in-plane rotation are discussed in

this section, introducing basic mechanism design then

examining potential advantages of incorporating a polymer

thin-film, in this case parylene-C, into such actuators.

2.1 Out-of-plane rotation: piezoelectric cantilevers

The basic actuation unit of a thin-film piezoelectric device

is typically a multi-layer, unimorph beam or membrane

containing the piezoelectric layer between two metal

electrodes. High-quality piezoelectric thin-films generally

require careful surface treatment before deposition, so a

common laminate might consist of an elastic layer, bottom

electrode, piezoelectric film, and top electrode, often with

additional seed and/or adhesion layers. This work uses an

elastic or base layer of silicon dioxide followed by a tita-

nium/platinum bottom electrode, PZT (52/48) layer, and

platinum top electrode, shown schematically in Fig. 2a. An

additional metal layer, such as gold or aluminum, may be

selectively added to further strengthen the laminate, for

reasons such as manipulating the neutral axis of the beam,

improving beam stiffness, or incorporating bond pads. The

entire cantilever may also be coated with parylene-C

polymer, used to produce high-aspect ratio compliant links

elsewhere in the MEMS devices.

Simple piezoelectric cantilevers can directly generate

out-of-plane bending motion when an electric field is

applied across the piezoelectric layer. This cantilever

bending is also the primary mechanism for producing out-

of-plane rotation for proposed micro-robotic leg designs

discussed in this paper.

For beams that are thin relative to beam length and

operate over small deflections, static piezoelectric can-

tilever deflection is well described by Bernoulli beam

theory, which predicts out of plane tip rotation, htip, as.

htip ¼
L

EIð Þcomp
Mact þMextð Þ þ L2

2 EIð Þcomp
Fext ð1Þ

where L is the length of the beam, (EI)comp is the com-

posite modulus of the laminate stack [see for example

(Wang and Cross 1999)], Mact is the internal moment

generated by the piezoelectric film, and Mext and Fext are

external moment and vertical force on the beam, respec-

tively, as shown in Fig. 2b. The internal bending moment

generated by the film is determined by the applied volt-

age, V, effective electroactive piezoelectric strain coeffi-

cient at that voltage, d31,eff, and offset between the height

of the PZT film in the beam, yPZT, and the beams neutral

axis, �y, according to.

Fig. 2 a Oblique view of

generic thin-film piezoelectric

leg architecture with expanded

laminate out-of-plane bending

structure (not to scale);

b schematic beam bending

geometry and load definitions
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Mact ¼ d31;eff ðVÞ
V

tPZT
EPZT wtPZTð Þ yPZT � �yð Þ ð2Þ

where thickness of the PZT, tPZT, beam width, w, and PZT

elastic modulus, EPZT, determine how free-strain of the

PZT layer is related to equivalent internal axial force

within the beam.

Several phenomena related to use of a piezoelectric thin-

film, as opposed to bulk ceramic piezoelectric materials

common at larger scales, are worth noting. First, due to the

very small film thickness (on the order of 1 lm or less),

electric fields across the PZT exceed the coercive field for

the material at just a few volts. Thus, unidirectional volt-

ages are usually applied, as significant negative voltages

(treating the initial poling voltage as positive) will re-orient

the piezoelectric film. Second, the large electric fields

result in substantial nonlinearity in strain vs. field, so an

empirically-measured, voltage-dependent, effective piezo-

electric coefficient, d31,eff, is used in place of a constant

linear piezoelectric coefficient. Hysteresis in the thin-film

is modest, on the order of 10% of actuator amplitude or

less.

Figure 3 displays trends in blocking force (htip = 0,

Mext = 0) and absolute tip rotation (Fext = 0,Mext = 0) for

a 300 lm long, 100 lm wide beam at 20 V as a function of

select layer thicknesses under three scenarios: using the

initial piezoelectric stack layers alone (SiO2 through top Pt

electrode), adding a metal reinforcement layer of alu-

minum, and further increasing beam thickness with a par-

ylene-C coating over 1 lm of aluminum. Nominal layer

thicknesses and other properties are listed in Table 1;

effective piezoelectric coefficient at 20 V is taken to be

approximately -120 pC/N.

Generally speaking, as passive layers in the beam are

made thicker, blocking force increases while bending angle

decreases. However, because the height of the neutral axis

of the beam and its composite modulus are not directly

proportional, these trends are not necessarily monotonic.

Relatively thick, low-modulus layers such as parylene-C,

for example, affect composite modulus more significantly

than neutral axis position. For the sample configurations in

Fig. 3, a beam coated with a 5–10 lm parylene layer can

maintain blocking forces comparable to beams that would

require 2–3 lm of SiO2 or Au. While the associated range

of motion is reduced by 20–60%, large load-bearing is

critical for walking micro-robots, and parylene films can be

deposited to the thicknesses in question with lower residual

stresses and lower probability of fracture failure. These

benefits are not unique to parylene; several other polymers

used in MEMS devices could provide similar advantages,

but nevertheless complement the use of parylene-C for in-

plane elastic bending elements, described in the following

sections.

2.2 In-plane rotation: high-aspect ratio beam

properties

The main benefit of using high-aspect ratio polymer

materials in micro-robot leg joints is to enhance load-

bearing of in-plane bending beams under actuation con-

straints. As a simple illustration, consider the length, Lreq,

of a uniform rectangular beam required to achieve a

specified bending angle, hd, with a given actuation

moment, Md, under Bernoulli beam bending assumptions,

Fig. 3 Analytical results for a blocking force and b tip angle for a

300 lm long, 100 lm wide PZT beam with layers shown in Fig. 2, as

a function of layer thickness for either: SiO2 (no metal or polymer

reinforcement), Al (0.5 lm SiO2, no polymer), or parylene-C (0.5 lm
SiO2, 1.0 lm Al)

Table 1 Nominal PZT stack materials and moduli used in actuator

modeling

Material Thickness (lm) Elastic modulus used

in model (GPa)

Silicon dioxide 0.5 65

Platinum (bottom) 0.2 170

PZT (52/48) 1.0 70

Platinum (top) 0.1 170

Aluminum 1.0 69

Parylene-C 5.3 3
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Lreq ¼ Eb

1

12
w3
btb

� �
hd
Md

ð3Þ

where Eb is the elastic modulus of the beam, and wb and tb
are its length and thickness, respectively. The maximum

load force, Fy, that can be supported in the transverse

direction while ensuring out-of-plane rotation below a

maximum permissible transverse deflection angle, /d, is

given by.

Fy ¼
2Eb

1
12
wbt

3
b

� �
L2req

ud ¼
Md

hd

� �2
24r

Ebw
4
b

ud ð4Þ

where the right hand term is obtained by applying (3) to

compute Lreq, and r is the aspect ratio of the beam,

r = tb/wb. Equation (4) and the assumptions made above

can be read as indicating that when:

• finite actuation moments are available, and,

• out-of-plane vs. in-plane deflection must be

constrained,

then, transverse load bearing, i.e. robot payload capacity, is

increased by using:

• materials with a low elastic modulus, and/or,

• materials with high aspect ratio and small minimum

beam width (which are typically associated with one

another in micro-machining processes.

The above analysis is, of course, simplistic. For one,

Bernoulli bending models lose accuracy when beams can

be made very thick relative to their length, either through

high aspect ratios or short beam lengths. In addition,

loading conditions for real robots are more complex than

just a force at the end of a beam. For example, if out-of-

plane translation is a stricter constraint than rotation,

keeping elastic modulus low to allow small beam lengths

becomes more important, while if body weight acts more

as moment arm from the end of a long leg, aspect ratio

becomes more important. Nonetheless, in general a robot

relying on elastic beam deflection to generate motion is

likely to accommodate smaller joints and actuators if

constructed from low modulus materials, and support

greater weights when those materials can be fabricated

with high aspect ratios.

With those traits in mind, a variety of materials com-

patible with high-aspect ratio micro-fabrication are com-

pared in Table 2. Out-of-plane stiffness (�/N) is calculated
for a 5 lm beam long enough to produce 5� of bending

with a 10 nN-m torque (approximately the conditions for

in-plane actuators described later in this paper). Also

shown are the minimum curvature achievable from a 5 lm
wide beam, based on yield stress and elastic moduli of the

materials, and the bending moment required to achieve that
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curvature. Silicon, for example, is commonly machined to

very high aspect ratios by deep-reactive-ion etching

(DRIE), but due to its large elastic modulus, achieving

angles of several degrees with small actuation torques

requires beams long enough that weight bearing is limited.

This also limits desirability of elastic bending joints based

on other semiconductor materials or metals.

Parylene-C, in contrast, can achieve large bend angles

with much shorter beams and actuating moments, which

allows it to maintain substantial payloads so long as aspect

ratios are respectable. In the current work, 23:1 aspect ratio

is achieved, sufficient for greater out-of-plane stiffness than

silicon or metal beams achieving comparable bend angles

under input moment constraints. This ability is not unique

to parylene-C: poly(methyl methacrylate) or PMMA, for

example, used for high-aspect ratio photolithography, has

been demonstrated to achieve even higher aspect ratios

with a similar elastic modulus, though requiring X-ray

lithography to do so. On the other hand, relative to high

aspect ratio photopolymers such as PMMA and SU-8,

parylene-C does support larger strains at yield and failure,

which is advantageous for the resilience of fabricated

structures, especially when many polymer elements are to

be used in a single device.

2.3 In-plane rotation: piezoelectric actuator

coupling

While Sect. 2.2 discusses why high-aspect ratio polymer

beams may be desirable, it does not address how piezo-

electric actuation force might be coupled to such beams for

in-plane rotation. One method to do so is to attach a

piezoelectric cantilever to a rigid element supported by the

polymer beam at a slight offset. As a given piezoelectric

cantilever will tend to deflect either upwards or down-

wards, as discussed in Sect. 2.1, piezoelectric beams for

lateral actuation in this arrangement are constructed of a

combination of bend-up and bend-down elements, shown

schematically in Fig. 4a and b. Behavior for such beams,

given perfect end constraints, has previously been pre-

sented in (Oldham et al. 2008).

In this work, parylene-C is used to construct both a thin

parylene tether from the PZT beam to a rigid link being

rotated, as well as the main elastic flexure, which is the

primary weight bearing element and pivot point for rota-

tion, with performance dependent on both in-plane and out-

of-plane compliance. A typical rotational mechanism is

shown in Fig. 4c. Although general trends with material

selection and elastic flexure aspect ratio will follow those

Fig. 4 a Schematic (side view)

of bend-down/bend-up

piezoelectric cantilever

designed to generate in-plane tip

displacement; b conceptual

view of non-ideal cantilever

bending in presence of residual

stresses; c schematic (top view)

of cantilever driving in-plane

rotation of a load through

coupling to a high-aspect ratio

flexure with an offset flexible

tether
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discussed in Sect. 2.3, total motion of the combined rota-

tional joint is more complex, depending on relative com-

pliance of actuator, flexure, and tether components, in both

in-plane and out-of-plane directions.

Generalizing cantilever bending for a bend-up/bend-

down actuation element, the out-of-plane deformation of

the piezoelectric unimorph, w, as a function of distance

along the beam, x, is described by.

d2w

dx2
¼ 1

ðEIÞcomp
MactðV; xÞ þMRðxÞ½

þMh � Fx wðLÞ � wðxÞð Þ þ FyðL� xÞ
� ð5Þ

where L is the unloaded beam length, (EI)comp is the com-

bined compositemodulus andmoment of inertia of themulti-

layer thin-film laminate,Mact is the now a position dependent

internal moment generated by the thin-film PZT layer,MR is

net residual stress in the PZT unimorph, and Fx, Fy, and Mh

are external force andmoment loads. Typically,Mact andMR

are constant through bend-up vs. bend-down segments,

denoted as M1 andMR,1 vs. M2 andMR,2, respectively.

The loaded length of the piezoelectric beam is governed

by both contraction of the piezoelectric layer under an

applied voltage and external axial loading. This length can

be equated to the total length of the beam’s curved profile

through arc length approximation, producing an equation

for tip displacement, u(L), in the x-direction,

L 1þ
d31;eff V

tPZT
EPZTwtPZT þ Fx

ðEAÞcomp

 !

¼
ZLþuðLÞ

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� dw

dx

� �2
s

dx ð6Þ

where (EA)comp is the combined axial modulus and cross-

sectional area of the multi-layer laminate.

The displacement of the actuator tip must match that of

the elastic load under the same force, or.

F0 ¼
Fx

Fy

Mh

2
4

3
5 ¼ K

uðLÞ
wðLÞ
hðLÞ

2
4

3
5 ¼ Ku0 ð7Þ

where F0 is a vector containing the external forces at the

actuator tip, K is a stiffness matrix describing the resis-

tance of the external load, and u0 is a vector of lateral (u),

vertical (w) and rotational (h) tip displacements.

The total elastic resistance to the piezoelectric beam, K,

is based on dimensions of the compliant tether and rigid

load, as well as the main elastic flexure. These elements are

shown schematically in Fig. 5, with their analytical model

provided in the Appendix. For a given design, once K is

calculated, Eqs. (5)–(7) can be solved numerically to

evaluate actuator tip displacement under various forces and

associated rigid load rotation.

Resulting actuation units only approach their maximum

bendangle if the small stroke length of thePZTactuator canbe

as fully coupled to the bending mechanism as possible. This

raises a second potential benefit of high-aspect ratio elastic

flexures, though residual stresses in the PZT stack after fab-

rication are even more important. Under certain fabrication

outcomes, sufficient initial curvature of the beam may

increase nonlinear arc length effects of (6). In turn, this may

increase the magnitude of in-plane translation of the PZT

beam, as shown in Fig. 6. For example, upward-bending

residual stress (MR & M1 in Fig. 6) pre-bends the actuator in

its direction of motion, amplifying nonlinear beam displace-

ment by approximately 20–25% over an unstressed beam,

with largest strokes reachedwith the largest out-of-plane to in-

plane stiffness ratio of the flexure and tether.

2.4 Integrated leg and robot design

Robotic legs tested in this work are constructed from

combinations of lateral and vertical actuation units

described in Sects. 2.1, 2.2 and 2.3. The primary robot

design evaluated is a hexapod design shown schematically

in Fig. 7. Larger robots, such as the 30-leg ‘‘millipede’’

shown in Fig. 1, are generated by altering the number and

location of legs and/or actuators in each leg.

The nominal hexapod design from Fig. 7 is 5 mm wide

and 2.4 mm long, using three out-of-plane bending beams

at each ‘‘knee’’ to generate vertical foot motion and one in-

plane actuation assembly at each ‘‘hip’’ to generate lateral

foot motion. Each out-of-plane actuator is 300 lm long by

100 lm wide. Anticipated rotation for each knee joint at

20 V with a 5.3 lm parylene-C coating is 5.1� (see Fig. 3;
Sect. 2.1). In-plane actuators were optimized with respect

to parylene-C flexure and tether length and width to max-

imize in-plane rotation when using 750 lm by 100 lm

Fig. 5 Elements of in-plane rotational actuator assembly used in

compliant bending mechanism analysis (see Appendix)
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wide piezoelectric bend-up/bend-down actuators. In-plane

translation of the bend-up/bend-down PZT beams was

anticipated to be 0.20–0.25 lm at 20 V, dependent on

residual stress levels after fabrication (see Fig. 6;

Sect. 2.3). Acting across an optimized 4 lm long moment

arm offset between the parylene tether and flexure, this

would produce in-plane rotation in the range of 2.9–3.6�.

3 Robot fabrication

Actuators and robots formed from integrated thin-film PZT

actuators, silicon links, and parylene beams may be fabri-

cated from silicon or silicon-on-insulator (SOI) wafers,

with key fabrication steps shown in Fig. 8. In the current

work, SOI wafers with a 30 lm thick device layer, and thus

30 lm robot chassis thickness, are used. Rigid element

geometry is pre-defined by deep-reactive ion-etching

(DRIE) of narrow trenches that are refilled with TEOS

silicon dioxide (Fig. 8a). These trenches, nominally 30 lm
deep and 3 lm wide, protect free standing silicon elements

from being damaged during eventual release steps, and also

provide anchor points for the parylene film. Surface SiO2 is

Fig. 6 Lateral displacement of piezoelectric beam tip as a function of

forcing under residual stress and out-of-plane load stiffness scenarios

(actuation force normalized to d31,eff(V)�V at 20 V to isolate

nonlinear bending contributions from nonlinear piezoelectric forcing.

Residual stress may increase (MR[ 0) or decrease (MR\ 0) actuator

displacement due to pre-bending of the actuator; this effect is greatest

when out-of-plane vertical stiffness is high

Fig. 7 Schematic overhead layout of a hexapod prototype for in-chip

micro-robot leg testing, combining out-of-plane (Sect. 2.1) and in-

plane (Sect. 2.3) actuation units Fig. 8 Actuation unit and robot prototype fabrication process:

a silicon dioxide isolation trench refill on Si or optional SOI wafer;

b thin-film PZT and Pt electrode deposition and patterning; c deep

trench etching and parylene refill; d parylene lithography with timed

photoresist/parylene etch; e deep trench etching for rough geometry

definition; f XeF2 isotropic etch to complete Si removal
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removed by chemical mechanical polishing, followed by

deposition of LPCVD high-temperature SiO2 which serves

as a high-quality elastic layer for thin-film PZT deposition.

A titanium oxide adhesion layer (40 nm), platinum elec-

trode layers (bottom: 150 nm/top: 100 nm), a piezoelectric

(PNZT, 4/20/80) seed layer, and thin-film PZT (1.0 lm
combined) are deposited by a combination of electron beam

evaporation and chemical solution deposition. For the

devices tested, these deposition steps were performed by

Radiant Technologies, Inc. (Evans and com 2001). Platinum

and PZT layers are patterned by reactive-ion etching, fol-

lowed by deposition of a patterned Ti/Au layer by lift-off for

bond-pads and bend-down unimorph definition (Fig. 8b).

After PZT stack processing, locations of high-aspect

parylene beams were defined by an additional DRIE etch.

Chemical vapor deposition (CVD) of parylene-C then

refills the trenches, with typical depth of 70 lm and trench

widths ranging from 3 to 10 lm (Fig. 8c). Parylene depo-

sition leaves a relatively thick (*5 lm) layer of parylene

on the surface of the wafer. To pattern surface parylene, a

thin protective silicon dioxide coating is deposited at low

temperature by plasma enhanced chemical vapor deposi-

tion (PECVD), then photoresist is spin-coated to an

approximately equal depth to that of the parylene on the

surface, then patterned lithographically (Fig. 8d). A timed

O2 plasma RIE then etches through both exposed parylene

and the patterning photoresist, exposing portions of the

silicon wafer surface to be exposed for further patterning.

To release moving parts, additional DRIE trenches are

etched, through either the entire exposed wafer surface

after parylene etching or after an additional lithography

step. These trenches are etched to a depth approximately

equal to the parylene beams, cleaned with O2 plasma, then

exposed to XeF2 gas to isotropically etch underneath rigid

silicon and flexible parylene structures (Fig. 8e, f). If a bare

silicon wafer is used, timed etching is required to avoid

etching upward to the wafer surface during the XeF2 etch;

if a SOI wafer is used, the buried oxide layer acts as an etch

stop, fully encapsulating silicon structures when combined

with the initial silicon dioxide isolation trenches.

Sample structures generated by this process are shown

in Fig. 9. Figure 9a shows a single completed in-plane

actuator test structure, indicating locations of its PZT and

parylene elements. Figure 9b shows the relative locations

of the in-plane and out-of-plane elements in the simple

hexapod prototype. Also shown in Fig. 9b are serpentine

silicon springs used to make electrical connections between

the silicon die and the PZT elements, and foot locations.

Feet are manufactured by opening a significantly wider

DRIE trench than other locations, which leads to deeper

etching at those locations due to loading effects during the

DRIE process. Feet are formed by the same coating of

parylene-C applied to the remainder of the wafer, but to a

depth of approximately 150 lm as a result, vs. thicknesses

of 30–70 lm elsewhere in the structure.

4 Testing and results

An oblique detail image of one set of robotic feet in a

hexapod prototype is shown in Fig. 10. Static deflections of

in-plane and out-of-plane actuators were estimated from

optical images by scaling motion against dimensions of

known features at equivalent image depths. Measurements

of dynamic leg motion were made using a laser Doppler

vibrometer (LDV), shown in Fig. 11. To obtain a clear

return of the laser, LDV measurements are made on the

surface of the out-of-plane bending cantilevers, rather than

Fig. 9 Sample (a) in-plane actuation mechanisms and (b) in-chip

hexapod produced by the proposed thin-film PZT/parylene-C inte-

gration process
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the micro-robot foot. Although the LDV only directly

measures out-of-plane motion, there is sufficient out-of-

plane component to the nominally in-plane motions within

the robot to obtain natural frequency information of those

modes, though not their dynamic amplitudes. Frequency

response was acquired under a swept sine excitation, with

both actuators in a leg connected in parallel to the voltage

source; the robot was suspended from ground by the silicon

tethers used to apply voltage during this test.

Measured static rotations and natural frequencies of the

robot joints are listed in Table 3. Static actuator and leg

displacements are in agreement with model predictions, to

within the resolution of our measurements. Predicted nat-

ural frequencies are about 5–7% lower than observed,

implying less inertia than anticipated in the robot leg,

possibly due to over-etching of openings used to form

robot feet. It is also known that elastic modulus of a

Piezoelectric film will vary under an applied voltage, but

the magnitude of this effect is not well characterized for

PZT thin films. Also of interest is that dynamic out-of-

plane rotation achieves sufficient amplitudes at resonance

to induce mild nonlinear softening effects caused by the

rigid foot load moving over large angles. Other important

characteristics of the fabricated structures are related to

issues such durability, power consumption, and payload

capacity. Adhesion strength between parylene films and

silicon dioxide surfaces to which they are attached was

estimated from dedicated test structures at 4.4 MPa, suffi-

ciently large that failure of silicon dioxide/parylene inter-

faces was not observed in micro-robotic leg structures

(Shin et al. 2014). Maximum static stress in the tether

element at its thinnest point is estimated at 4.1 MPa, dis-

tributed over a larger area at the adhesion interface. Max-

imum static stress is larger in the vertical bending beams,

due to the relatively large offset of the parylene surface

from the neutral axis, but still estimated at 24 MPa using

our laminate beam model, vs. an estimated parylene-C

yield stress of 55 MPa from literature (Shih et al. 2003).

Total capacitance of piezoelectric elements in the hex-

apod design was approximately 0.3 nF, which is the pri-

mary determinant of power consumption for actuation,

depending on the operating voltage and step frequency

applied. While load-bearing capacity could not be directly

measured for the fabricated structures, due to the presence

of the silicon tethers for electrical power connections,

relatively close agreement of resonant frequencies with

analytical results suggests that bending models for actuator

behavior should provide reasonable estimates for payload

capacity, though again this will be affected choices of

specific leg operating voltages and desired range-of-mo-

tion. Variability in leg electrical properties can also not be

assessed individually, but based on experience with single

actuator test structures, capacitance of individual legs is

likely to vary by approximately 10%. This variation arises

mostly from variation in parasitic capacitance at the elec-

trical interconnects and bond pads, but in part from vari-

ations in PZT properties due to local variation in thermal

environment experienced during fabrication.

5 Discussion

To examine the overall utility of robotic leg structures

described in this paper, Table 4 compares hexapod proto-

type functionality to a selection of other small-scale robots

Fig. 10 Optical microscope image of hexapod legs during actuator

testing at 19 V

Fig. 11 Frequency response, actuation voltage (4 Vpp) to out-of-

plane LDV velocity measurement taken from center of vertical

actuators

Table 3 Predicted and observed robotic leg joint characteristics

Predicted Observed

Out-of-plane rotation 5.1� 4.9 ± 0.5�
Out-of-plane natural frequency (Hz) 3080 3300

In-plane rotation 2.9–3.6� 4.2 ± 1.4�
In-plane natural frequency (Hz) 862 895
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from literature for which substantial performance infor-

mation is available. Thin-film PZT/parylene hexapod

capabilities are described both as tested and in a hypo-

thetical loaded configuration, in which payload is added to

analytical actuator models until free out-of-plane range of

motion is reduced by approximately half. Leg bandwidth is

then estimated from elastic joint models with the effective

inertia from this payload added.

First, the most basic limitation of the thin-film

PZT/parylene hexapod is that it is presently only a chassis

with leg actuation, and issues of assembling power and

computational elements to produce an autonomous system

remain to be addressed. Regarding leg functionality, range

of motion remains much smaller than is typical of macro-

scale legged robots, and even of several existing micro-

robots. On the other hand, leg stroke relative to body length

is still respectable (2–3% vs. up to 5% in representative

micro-robots). Estimated payload capacity is also quite

small, on the order of 1–10 mg, but again quite

respectable given robot size.

The key opportunities for the proposed robot architec-

ture are related to its lightly damped, low-power actuation.

Power consumption shown is provided for ideal capacitive

loading with a square wave actuation voltage at the first

robot natural frequency. With such small capacitive actu-

ators, relatively low projected natural frequencies when

carrying a payload result in power consumption on the

order of just tens of microwatts. Divided by payload

capacity, this corresponds to a required power density of

just 5 W/kg, supposing that 50% of payload is allocated to

power. Such low power density is critical at small scales, as

effective power densities of sources generally decline as

they become smaller. For example, power densities of

solid-state Li-ion batteries can exceed 100 W/kg, but once

packaging and other components are taken into account,

effective power densities of existing millimeter-scale bat-

teries are less than 10 W/kg (General Electronics Battery

Co. 2011; Cymbet Corp. 2016). Even if higher power

densities can be maintained in future micro-batteries, it is

also true that substantial power may be required to

accommodate sensing, computation, and inefficiencies of

power electronics (Edamana and Oldham 2014; Oldham

et al. 2011).

Low damping coefficients in integrated piezoelectric

actuation elements become important because at low nat-

ural frequencies under payload and with modest static

actuator stroke, opportunities for dynamic locomotion

become critical. The damping ratio of resonant modes in

the tested micro-robot range from 0.025 to 0.05, sufficient

for an up to 10- to 20-fold increase in foot displacement

near resonance. If lightly-damped resonant behavior can be

leveraged with near-resonance running gaits, it may be

possible to produce micro-robots with similarly improvedT
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speed and/or even lower voltage and power requirements,

as has been demonstrated in some macro- and meso-scaled

systems (Qu and Oldham 2016; Birkmeyer et al. 2009; Pelc

et al. 2008; Rios et al. 2017; Hariri et al. 2016). On the

other hand, leveraging underdamped motion can be com-

plicated by leg-to-leg mechanical and/or electrical vari-

ability. Robot mobility and/or speed might alternatively be

enhanced by incorporating greater numbers of piezoelectric

actuators into larger legs and/or robots, but with even more

challenging implications for power and payload capacity.

6 Conclusions

Simple micro-robotic leg joint designs for in-plane and out-

of-plane motion based on thin-film piezoelectric actuation

have been presented, making use of benefits of polymer

film integration in a high-aspect ratio micromachining

process for parylene-C. Integrated into a simple robot test

system on a silicon chip, leg assemblies demonstrate close

agreement with modeled range-of-motion and bandwidth

based on elastic structure modeling. Relative to other

micro-robotic systems, resulting range-of-motion and

payload capacity are modest, but respectable relative to

robot size. Key potential advantages for long-term micro-

robot development are extremely low piezoelectric actuator

power consumption relative to force generation and hence

payload capacity, and very low damping ratios that may

support eventual high-speed, dynamic locomotion.
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Appendix

Combined behavior of multiple polymer elements from in-

plane rotation mechanisms is modeled by series of force

balance, compliance, and geometric constraint equations

for the elements previously introduced in Fig. 5. These

equations are applied in up to five dimensions, neglecting

torsion of beams in the parallel direction of the actuators

(about the x-axis as defined in Fig. 5). Force balances about

the individual components can be summarized as

F1 ¼ T1F0;F2 ¼ T2F1; F3 ¼ T3F1 ð8Þ

where F0 is the input force from the piezoelectric beam and

F1, F2, and F3 are the force vectors at the right-hand side of

the elements (tether, rigid link, and tether respectively),

where T1, T2, and T2 are matrices computing static force

balances from forces on the left-hand side of the elements

in their neutral position, i.e.

T1 ¼

1 0 0 0 0

0 1 0 0 0

0 �Lt 1 0 0

0 0 0 1 0

0 0 0 Lt 1

2
6666664

3
7777775
;

T2 ¼

1 0 0 0 0

0 1 wb 0 0

0 0 1 0 0

0 0 0 1 �wb

0 0 0 0 1

2
6666664

3
7777775

ð9Þ

where Lt is the tether length, wb is the width of the rigid

link, and T3 is identical to T1 but using flexure dimensions.

Deformation of the elastic parylene elements is calculated

as the difference between tip positions and their projected

neutral location based on their initial rotation angles,

u3 � Vfu2 ¼ CfF3

u1 � Vtu0 ¼ CtF1

ð10Þ

where u1 and u3 are tip displacements of the tether and

flexure, respectively (with u3 = 0 when anchored to the

substrate). In (10), Vf and Vt are matrices projecting the

neutral position of the tether and flexure tips given rotation

of earlier links, and Cf and Ct are compliance matrices for

the tether and flexure, respectively. Projection matrices are

given by

V1 ¼

1 0 0 0 0

0 1 Lt 0 0

0 0 1 0 0

0 0 0 1 �Lt

0 0 0 0 1

2
6666664

3
7777775
;

V2 ¼

1 0 0 0 0

0 1 Lf 0 0

0 0 1 0 0

0 0 0 1 �Lf

0 0 0 0 1

2
6666664

3
7777775

ð11Þ

with Lf being the flexure length. The compliance matrix for

the flexure in the tether-flexure assembly is calculated from

simple Bernoulli bending theory with a simple shear stress

adjustment in the y-direction,

Cf ¼

Lf
EpAf

0 0 0 0

0
L3
f

3EpIf ;z
þ Lf

GpAf

L2
f

2EpIf ;z
0 0

0
L2
f

2EpIf ;z
þ 1

GpAf

Lf
EpI;zf

0 0

0 0 0
L3
f

3EpIf ;y;

L3
f

2EpIf ;y;
L3
f

2EpIf ;y;

Lf
3EpIf ;y;

2
6666664

3
7777775

ð12Þ
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where Af is the flexure’s cross-sectional area, If is its area

moment of inertia about z or y axes, and Ep and Gp are the

elastic and shear moduli of parylene-C, respectively.

Geometric constraints for the rigid element are compiled

in matrix form,

u2 ¼ S2u1 ð13Þ

where S2 is a matrix projecting displacement at u2 from u1
for small angular rotations,

S2 ¼

1 0 0 0 �Lact
0 1 wb 0 0

0 0 1 0 0

0 0 0 1 �wb

0 0 0 0 1

2
66664

3
77775 ð14Þ

Equations (8)–(14) can be solved by linear algebra to

either relate a specified input force to a multi-axis dis-

placements of the flexure and tether endpoints and rigid

link, or more generally to calculate the combined stiffness

matrix, K, used to calculate actuator displacement

numerically when accounting for nonlinear arc lengths

effects introduced in (5)–(7) in Sect. 2.3.
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