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Lecture Overview

• Piezoelectric Materials

• Shape memory alloys

• Next week: Dielectric elastomers and electrostatic actuators
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First Assignment

• 2 Questions per Person

• Direct entry of text

• First deadline: February 27th, Thursday at midnight
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Millions of years of evolution have allowed animals to develop unusual locomotion 
capabilities. A striking example is the legless-jumping of click beetles and trap-jaw ants, 
which jump more than 10 times their body length. !eir delicate musculoskeletal system 
amplifies their muscles’ power. It is challenging to engineer insect-scale jumpers that 
use onboard actuators for both elastic energy storage and power amplification. Typical 
jumpers require a combination of at least two actuator mechanisms for elastic energy 
storage and jump triggering, leading to complex designs having many parts. Here, we 
report the new concept of dynamic buckling cascading, in which a single unidirectional 
actuation stroke drives an elastic beam through a sequence of energy-storing buckling 
modes automatically followed by spontaneous impulsive snapping at a critical triggering 
threshold. Integrating this cascade in a robot enables jumping with unidirectional mus-
cles and power amplification (JUMPA). !ese JUMPA systems use a single lightweight 
mechanism for energy storage and release with a mass of 1.6 g and 2 cm length and 
jump up to 0.9 m, 40 times their body length. !ey jump repeatedly by reengaging the 
latch and using coiled artificial muscles to restore elastic energy. !e robots reach their 
performance limits guided by theoretical analysis of snap-through and momentum 
exchange during ground collision. !ese jumpers reach the energy densities typical of the 
best macroscale jumping robots, while also matching the rapid escape times of jumping 
insects, thus demonstrating the path toward future applications including proximity 
sensing, inspection, and search and rescue.

jumping robot | jumping insect | insect-scale robot | artificial muscles | snap-through

Jumping locomotion is common in animals, including insects, despite their vastly dif-
ferent kinematic and biological mechanisms (1–7). In squat jumping, most large ani-
mals rely on quickly generating a large momentum by pushing most of their mass with 
a high vertical velocity, constrained by the stroke (motion range) and power of their 
muscles. Due to this high rate of motion, high stresses are generated in the animals’ 
intricate body parts. Jumping hence presents an extremely challenging mechanical task 
and requires stringent material constraints. Despite their small size, insects are phenom-
enal jumpers in comparison to large squat jumpers: !ey routinely reach heights exceed-
ing 10 times their body length, and reaching in some cases 30 times their length, which 
is equivalent to a human jumping up to the 15th "oor of a building. !rough evolution, 
these jumping skills enabled insects to survive in diverse environments. As a primary 
form of locomotion, jumping helps them escape from predators, right themselves, catch 
prey, or adapt to unfamiliar terrain. Recent studies have revealed the jumping mecha-
nisms of various insects (8–12). Many insects, such as locusts and "eas, initiate jumping 
by the traditional means of jointed appendages (9, 11). In contrast, click beetles (a term 
describing approximately 10,000 species worldwide) (Coleoptera: Elateridae) can jump 
without using any appendages; instead, they quickly snap their bodies, producing an 
audible click as well as a jump. !e jump of click beetles is enabled by skeletal muscle, 
which slowly stores elastic energy in their body and thoracic hinge leaving the body in 
a bent position (the “latched” position, Fig. 1 A, ii). When triggered, the latch is released, 
and the body of the beetle unbends extremely quickly (Fig. 1 A, iii), accelerating the 
center of mass of the click beetle upward and resulting in a powerful jump (Fig. 1 A, iv) 
for hunting, escape, or other activities (2, 8, 13, 14). Fig. 1A and SI Appendix, Fig. S1 
show snapshots of the takeo# sequence of an Alaus oculatus (mass = 754 mg, and body 
length = 31 mm) click beetle. !e snapshots show the extremely fast unbending move-
ment which results in the center of mass acceleration and legless jump. Beetles amplify 
the power of muscle, storing energy slowly before releasing it rapidly. In this paper, we 
present a robot inspired by the click beetles’ energy storage and take-o# process, includ-
ing its ability to perform legless jumping by using muscles to store elastic energy that 
is released in a jump.

Significance

Fleets of insect-scale robots 
could perform unique functions 
enabled by their size to address 
needs in agriculture, inspection 
in restricted spaces, and search 
and rescue. Inspired by recent 
advances in understanding the 
mechanism of power 
amplification in jumping beetles 
and ants, we conceive and realize 
a jumping robot that matches or 
surpasses both natural creatures 
and robots. The jumping 
mechanism uses dynamic 
buckling cascading and allows for 
a single stroke from a coiled 
artificial muscle to actuate an 
automatic sequence of shape 
transformations in a buckling 
beam. This mechanism stores 
large elastic energy in miniature 
robots, which match the energy 
density of macroscale robots, 
while maintaining the small size, 
extreme acceleration, and fast 
escape response times of insects.
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Electricity and Actuators

• Electrostatic

• Electrochemical 

• Electromechanical 

• Electromagnetic

4
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bending actuators by 3D printing SMA wires (Figure 3f, left). 
Subsequently, these elements are embedded between a rigid  
layer and a soft-matrix layer. The material system is able to realize 
dexterous motion including twisting, bending, and extension. 
The concerted effort of multiple finger-like modalities is shown 
to perform lift-release cycles of 15 g every 15 s (Figure 3f, right).

2.2.2. Twisted Configurations

Twisted SMA geometries (such as coils and springs) can 
realize comparatively larger strokes than straight wires, ena-
bling differentiated performance in robotics.[36] Twisted SMA 
configurations (wire coils) have been used by Uchikoba and 

Adv. Mater. 2020, 32, 1906564

Figure 2. Stimuli-responsive materials: (clockwise from upper left) shape memory alloys (SMAs), inorganic and polymeric piezoelectrics, dielectric 
elastomer actuators (DEAs), ionic electroactive polymers (IEAPs), shape memory polymers (SMPs), pneumatics and hydraulics, hydrogels, and liquid 
crystalline elastomers (LCEs). Image for Shape Memory Alloys: Adapted with permission.[594] Copyright 2016, Elsevier. Image for Inorganic Piezoelectrics: 
Adapted with permission.[593] Copyright 2019, Elsevier. Semicrystalline & electrets image subsets for Polymer Piezoelectrics: Adapted under the terms of 
the CC-BY Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/).[77] Copyright 2018, The Authors, published by MDPI. 
Nanocellulose image subset for Polymer Piezoelectrics: Adapted with permission.[96] Copyright 2018, The Authors, published by InTech Open. Image for 
Ionic Electroactive Polymers: Adapted with permission.[217] Copyright 2018, Springer Nature. Image for Shape Memory Polymers: Adapted with permis-
sion.[369] Copyright 2013, Elsevier. Image for HASEL image subset for Pneumatics and Hydraulics: Adapted with permission.[8] Copyright 2018, AAAS. 
Image for McKibben image subset for Pneumatics and Hydraulics: Adapted with permission.[311] Copyright 2018, Taylor & Francis.



Electricity and Actuators

• Piezoelectric effect: Crystals materials (e.g. tourmaline, topaz, 
quartz, cane sugar, Rochelle salt) producing electrical charges 
across their boundaries in response to applied mechanical stress

• Discovered in 1880 by Jacques and Pierre Curie brothers

• First practical application: sonar device, World War I

• Ferroelectric materials (man-made) exhibit piezoelectric constants 
many times higher than natural piezoelectric materials

– Barium Titanate and Lead ZirconateTitanate (PZT)

6



Inversion Symmetry in Crystal Structure and 
Electrostrictive Effect

• Centrosymmetric dielectric materials 
– When subjected to external electric field, the movement of cations and 

anions are such that extension and contraction get canceled out 
between neighboring springs and the net deformation is zero. 

– There are second order effects (chemical bonds are not perfectly 
harmonic) which lead to a small net deformation

– Deformation is proportional to the square of the electric field 
(electrostrictive effect)

• Non-centrosymmetric dielectric materials
– When subjected to external electric field, there will be asymmetric 

movement of the neighboring ions, resulting in significant deformation of 
the crystal

– Deformation is proportional to the applied electric field (piezoelectric 
effect)

– Second order effects are also present but negligible

7



Ferroelectric materials

• Spontaneous polarization
– Inherent alignment of dipoles in the absence of external electric field

• Reversible polarization
– Spontaneous polarization can be reversed by applying an external 

electric field

• Ferroelectric domains: small microscopic regions within which all the 
electric dipoles are oriented in the same direction due to a short range 
electrostatic interaction

• When an external electric field is applied, the domains tend to get 
oriented in the direction of the applied field 

• Eventually the material consists of a single domain (saturation 
polarization)

8



Piezoelectric Effect
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• Piezoelectric crystal is placed between two plates. The material is in 
perfect balance and does not conduct an electric current.

• Mechanical pressure forces electric charges within the crystal out of 
balance. Excess negative and positive charges on both sides.

• Metal plates collect these charges to produce a voltage.

10

Piezoelectric Effect



Piezoelectric Effect

11

• Piezoelectric crystal is placed between two plates. The material is in 
perfect balance and does not conduct an electric current

• Electrical energy is applied which shrinks or expands the crystal

• Deformation of crystal released mechanical energy in the form of sound



Poling

• The process of generating net remnant polarization by applying 
sufficiently high electric field (to attain saturation polarization) at a 
temperature slightly less than the transition temperature

• 2-3h of electric field application (several kV/mm)

• Most of the domains remain frozen in the oriented state even after 
cooling to room temperature (remanence)

12



Piezoelectric Effect
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Electromechanical coupling
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𝐷 = 𝑑×𝑇 + 𝜀!×𝐸

𝑆 = 𝑠"×𝑇 + 𝑑#×𝐸

𝐷: 	electric	*lux	density 𝑇: 	mechanical	stress

𝑆: 	mechanical	strain𝐸: 	electric	*ield

𝑑: 	piezoelectric	charge	coef*icient	[C/N	or	m/V]

𝜀!: 	permittivity	(dielectric	constant)	for	constant	stress	[F/m]

𝑠": 	elasticity	coef*icient	for	constant	electric	*ield



Piezoelectric Materials

• Quartz (crystalline form of silicon dioxide, natural)
– Crystal cut, chemical etching, watches, computer clocks 

• Lead zirconate titanate (PbZr(Ti)O3, PZT).

• Electromechanical coupling coefficient

15

Converted mechanical energy

Input electrical energy
k2 = 𝑘!!

" =
𝑑!!
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Piezoelectric Characteristics
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𝑑II
Piezoelectric charge constant

Electrodes are perpendicular to axis 3
Induced strain is in direction 3



Fabrication Techniques

• Powder form
– Solid-state reaction technique: Oxides PbO, TiO2, and ZrO2 are 

mixed, heated to 650℃  for 2-3h, the product is heated to about 
850℃  (calcination process), the mixture is milled (ball milling) to 
obtain microscale particles.

– Coprecipitation of the oxides from solution. Filtration of the 
precipitate, drying, thermal process.

– Sol-Gel Technique: Formation of a gel with polymerization. The gel is 
dried, ground to get fine powders.

17



Fabrication Techniques

• Shape forming
– Mix powder with a polymer binder and process in molds using high 

pressure (press). 
– Tape casting: A fine powder is suspended in aqueous solution 

consisting of solvents and binders to form a slurry. The slurry is 
allowed to flow on a cellulose sheet spread on a carrier. The carrier 
is passed under a doctor blade. The solvent is allowed to evaporate.

18



Fabrication Techniques

• Thin film formation
– RF Sputtering deposition (PVD): plasma is generated in a low-

pressure chamber using an inert gas (argon) by applying high-
frequency voltage across two electrodes. Energetic ions of the plasma 
strike target PZT plate and dislodge the molecules. Molecules travel 
through the plasma as vapor and get deposited on the substrate. 

– Spin Coating of PZT slurry

– Chemical Vapor Deposition (CVD): Vaporization of molecules at high 
temperature (>500 C) with precursors (halides), diffusion of molecules 
to the substrate, adsorption, formation of solid films.

19



Coating

20

• Surface conditioning

– Preparation of the wafer surface to improve or reduce adhesion

– Dehydration + HMDS (HexaMethylDiSalizane) – Hydrophobic surface

• Resist deposition

– Critical step as it determines thickness and uniformity

– Spin Coating: resist is dispensed on top and wafer spins at a certain 
speed

– Balance between centrifugal force and viscous forces

– Higher speed and lower viscosity ® thinner layer

• Soft bake

– Step to remove solvent from the slurry

– Solidifies the ceramic layer



Lithium Niobate (LiNb03 or LN)

• Grown as a crystal

• MOCVD (metalorganic vapor-phase epitaxy) process

• Can be bought as wafers

• Transparent material

• High-speed sound processing with surface acoustic wave devices

• Wireless communication

21



Thin film PMUTs

• Piezoelectric Micromachined Ultrasound Transducers

• Applying direct current (DC) voltage across the piezoelectric layer 
tends to strain it due to the d31 piezoelectric effect. 

• This strain is then restricted by the underlying device layer, leading 
to in-plane normal stress 

• Since plate PMUTs are thick, the neutral axis rests in the device 
layer 

• The difference (lever arm) between the piezoelectric layer’s 
centroid and the neutral axis, results in a bending moment M that 
bends the structure in an out-of-plane manner. 

• Thus, applying an AC voltage makes the structure vibrate. 

22



Why Use Piezo?

• Position precision
– Almost linear dimensional change free of stiction effects
– Down to sub-nanometer range

• Speed
– Solid-state actuation: speed of sound (kHz)
– Can respond to an input in milliseconds (valve control)

• High Force
• Reliability, generate little heat, nonmagnetic, vacuum compatible, 

few mechanical components (wear)

• Small actuation strain
– Typically, 0.1 percent of the length at max voltage
– Lever amplifiers

• Brittle ceramics and large excitation field (MV/m range)

23



Amplification Mechanisms

• Flexure-guided (flexure linkages, flextensional mechanism)

• With increasing amplification ratio, both stiffness and 
responsiveness are reduced (preloading?)

• Bending actuators

24



Bimorph configuration

• Bonding two strips with opposing piezoelectric expansion axes

• For a cantilever mounted bimorph, the unloaded deflection d of the 
beam resulting from the applied voltage V

Where a is the width of each strip, L is the length, d31 = 2x10-11 m/V 
for PVDF. As an example, a = 0.5 mm, L = 30 mm, V = 300 V then d = 
13 µm.

25



Bimorph configuration

• Coupling with a passive layer

26

L = Bending displacement [m]
d31 = Transverse deformation 
coefficient
n = Number of stacked layers
V = Operating voltage
lf = Bender length
hp = Height of piezo
Rh = Ratio of substrate height 
and ceramic height
RE = Ratio of elastic moduli of 
substrate and ceramic

Timoshenko Beam
Theory



Monolithic Fabrication of Mechanisms

• Printed circuit board techniques

• Multilayer laminates, alignment pins, 

• Leaving small tabs or bridges connecting parts to the bulk material

• Laser micromachining (355 nm): 1-150 um thickness, 8um beam

• Electropolishing, ultrasonic cleaning, plasma treatment

• Acrylic sheet adhesive for lamination

27



Monolithic Fabrication of Mechanisms (video)

• Pop-up book folding: multiple rigid-flex folding layers are stacked and 
bonded together. 

• Model is released by trimming each bridge and opening the 
mechanisms like a book.

• Springs to perform self-folding of pre-strained layer

28



Example: milliDelta Robot
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Example: milliDelta Robot
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Example: milliDelta Robot
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Example: HAMR

32

• Harvard Ambulatory MicroRobot

• HAMR3 is 1.7g and 48 mm long

• Max speed: 4 cm/s

HAMR
3
: An Autonomous 1.7g Ambulatory Robot

Andrew T. Baisch1, Student Member, IEEE, Christian Heimlich1,3, Michael Karpelson1, Student Member, IEEE,
and Robert J. Wood1,2, Member, IEEE

Abstract— Here we present an autonomous 1.7g hexapod

robot as a platform for research on centimeter-scale walking

robots. It features six spherical five-bar linkages driven by

high energy density piezoelectric actuators and onboard power

and control electronics. This robot has achieved autonomous

ambulation using an alternating tripod gait at speeds up to 0.9

body lengths per second, making this the smallest and lightest

hexapod robot capable of autonomous locomotion.

I. INTRODUCTION

Insect-scale mobile robots have been envisioned for ex-
ploration of a variety of hazardous environments, including
collapsed buildings or natural disaster sites. A swarm of
small-scale robots with embedded sensors would have the
capability to access confined spaces and quickly search
large areas to assist rescue efforts by locating survivors or
detecting hazards such as chemical toxicity and temperature.

With these goals in mind, numerous small-scale walking
robots have been developed in prior work. At the centimeter-
scale, RoACH [1] (3cm long and 2.4g), dynaRoACH [2]
(10cm long and 24g), and DASH [3] (10cm long and 16g)
represent the state-of-the-art in small-scale legged locomo-
tion performance. They have demonstrated speeds up to 15
body lengths per second on flat ground, high-speed dynamic
turns, scaling small obstacles, and traversing granular media
[4].

At the millimeter and milligram scale, silicon-based walk-
ing robots have been fabricated using MEMS processes
[5], [6]. Systems at this scale have demonstrated potential
benefits such as large relative payload and use of batch fab-
rication. However, onboard power and effective ambulation
have not been achieved in a MEMS-scale device.

Our work focuses on developing a centimeter-scale, sub-2
gram walking platform; larger than those achievable with
MEMS fabrication but smaller than DASH and RoACH
[7],[8]. The primary motivations of this work include study-
ing the dynamics of locomotion on the insect scale and
improving meso-scale design and fabrication techniques.
Previous work on the second generation Harvard Ambulatory
MicroRobot (HAMR2) demonstrated successful locomotion
of a 2g, 5.7cm hexapod. Composed of piezoelectric actuators
and flexure-based transmission linkages, HAMR2 performed
well on flat ground, achieving speeds up to 4 body-lengths

1School of Engineering and Applied Sciences and the 2Wyss Institute
for Biologically Inspired Engineering, Harvard University, Cambridge, MA
02138. 3École Polytechnique Fédérale de Lausanne (EPFL), Lausanne,
Switzerland (contact email: abaisch@seas.harvard.edu).

per second. However, mobility suffered from tethered power
and control.

This work describes the third generation Harvard Am-
bulatory MicroRobot, HAMR3: a 1.7g, 4.7cm long, au-
tonomous hexapod robot that will become a platform for
future centimeter-scale robotics research (see Fig. 1). This
paper details the design, fabrication, and assembly of the
robot, including piezoelectric actuators, the onboard high
voltage electronics necessary to drive them, flexure-based
linkages, and circuit board body.

Fig. 1. The third generation Harvard Ambulatory MicroRobot (HAMR3),
a 1.7g hexapod robot capable of untethered locomotion.

II. MECHANICS

The mechanical design of the HAMR robots have to
date been focused on achieving walking gaits by prescribing
appropriate outputs at the ”hip” joint. Each hip has been
generalized to a two degree of freedom (DOF) spherical five-
bar joint with a ‘swing’ motion to provide locomotive power
in the walking plane and ‘lift’ to raise the leg from of the
walking surface.

Nominally there are twelve total degrees of freedom,
which are reduced to six by a coupling scheme described
below. Although the results in Section V describe HAMR3

walking straight on a flat surface, a goal for future work is
to investigate a variety of gaits to enable turning, climbing,
and traversing rough terrain. Therefore the actuator coupling

2011 IEEE/RSJ International Conference on
Intelligent Robots and Systems
September 25-30, 2011. San Francisco, CA, USA

978-1-61284-456-5/11/$26.00 ©2011 IEEE 5073
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scheme remains general enough to accommodate future trials
as opposed to only prescribing a single gait. The mechanical
components of HAMR3, illustrated in Fig. 2, are detailed
below.

Integrated circuit 
board / body

Piezoelectric actuators

Leg and foot

Flexure-based hip joint

Fig. 2. The mechanical components on HAMR3. Piezoelectric actuators
provide mechanical power through the flexure-based hip joint transmission
to drive the legs.

A. Hip joint, legs, and feet

Each leg requires two degrees of freedom for walking:
lift and swing. The flexure-based spherical five-bar (SFB)
mechanism in Fig. 3, which was introduced in the previous
version of HAMR [8], is used to achieve this desired output.
The SFB maps two decoupled drive inputs to a single end ef-
fector, in this case the leg, through a parallel mechanism that
can be idealized as a ball-in socket joint sans axial rotation.
Input is taken from two decoupled piezoelectric cantilever
actuators through four-bar slider-crank mechanisms to the
output. Besides being a simple and compact solution, the
SFB enables actuation of two DOFs from two proximally-
mounted actuators, thus concentrating mass on the robot
body rather than distally as in a serial manipulator.

The SFB is fabricated using the Smart Composite Mi-
crostructure (SCM) paradigm [9], which combines rigid
carbon fiber links with flexible polyimide joints in a single
planar layup. The resulting links may be folded or mechan-
ically interfaced with other parts to form 3D flexure-based
mechanical linkages. Each hip joint is fabricated as three
planar parts: the two-DOF SFB, swing slider-crank input, and
lift slider-crank input. Assembly of each joint requires two
folds, followed by mating the three parts using the built-in
clip interface (see Fig. 3). The linkages are then fixed to the
robot body using a similar clip interface, which is described
in Section IV.

The variability in terrain that will be experienced by a
walking robot makes a priori knowledge of the complete
system dynamics impossible. Furthermore, complex feed-
back on such a small-scale system is a challenge due to the
added mass and power requirements for sensors and control

Lift Input

Swing Input

Mechanical Ground

θ

φ

2DOF Leg Output

a)

2mm

b)

θ

φ

Lift actuator input

Swing actuator input

Leg output

c)

Fig. 3. a) The flexure-based spherical five-bar hip joint for HAMR3, which
provides swing (f ) and lift (q ) outputs to the leg. b) The three planar
components shown are assembled into c) the complete hip joint linkage.

electronics. Therefore, a goal of the HAMR project is to
investigate the use of passive feedback mechanisms such as
compliant legs similar to cockroaches [10]. In order to test
the effects of varying leg dynamics on performance, the legs
are modular. Similarly, the feet are fabricated independently
from the leg. Legs and feet are assembled in-plane using
mating features, and affixed using a thermoplastic adhesive
(CrystalbondT M , Aremco Products, www.aremco.com).
Legs were attached to the hip joints using a sliding clip inter-
face and are similarly adhered with thermoplastic adhesive.
This design will allow future tests on varying leg dynamics
and foot attachment mechanisms.

B. Actuation

Consistent with the previous HAMR prototype and other
robotic insects [11], optimal energy density piezoelectric

5074
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bimorph cantilevers [12] are used for actuation on HAMR3.
These actuators have proven to be suitable for the energy
requirements of millimeter-scale mobile robots and have a
high bandwidth, enabling quasi-static operation. The optimal
energy density design, which consists of a tapered clamped-
free cantilever beam, is used to minimize the actuator mass
for a desired output (see Fig. 4).

Sliding clip interface
Vbias

VsignalGND

3mm

Fig. 4. Optimal energy density piezoelectric bimorph actuators provide
mechanical power to the hip joint transmissions on HAMR3. As shown,
the clamped-free cantilever produces motion into and out of the page. The
clip interface at the bottom of the actuator creates a simple attachment to
the circuit board body, where the three signals are provided from onboard
electronics.

The nominal actuator design, composed of a central carbon
fiber layer, two 125µm thick lead-zirconate-titanate (PZT-
5H) plates, and electrically-insulating fiberglass reinforce-
ments, was modified from previous versions to include a
mechanical clip interface and solderable connections for the
three input signals (see Fig. 4). Signals are traced to the
PZT plates and central electrode layer using 125µm copper-
clad FR-4 printed circuit board, which additionally provides
a rigid mechanical ground at the base of the cantilever.

Nine piezoelectric actuators drive the twelve nominal de-
grees of freedom on HAMR3; three actuators are associated
with swing, and six with lift. The swing DOFs of each
contralateral leg pair are asymmetrically coupled such that
driving the actuator left moves the left leg back and the right
leg forward and vice versa. The lift DOFs are driven using six
actuators to satisfy the energy requirements of supporting the
robot’s mass, as well as to simplify board layout. Individual
leg lift control enables a large variety of gaits for future
testing, however in this version of HAMR, lift actuators share
input signals to reduce complexity of the required electronics.
Here, each contralateral pair of lift DOFs are also coupled
asymmetrically by sharing a drive signal and inverting the
actuator’s bias and ground.

III. ELECTRONICS

The walking performance of the previous HAMR pro-
totype suffered from the use of external electronics (see
Fig. 5a). In order to achieve autonomy, onboard electronics
must provide the following functions for a robot with up
to nine piezoelectric actuators: power conditioning, boost
conversion, gait timing, sensor processing, and programming
interface. Fig. 5b shows the newly developed autonomous
version with all of the onboard electronics.

High voltage 
control stage 

High voltage 
signal 
generator

HAMR

a)

b)

Fig. 5. External power and control setup used for HAMR2 (top) with the
HAMR2 robot circled. The onboard electronics for the HAMR3 prototype
is shown in the bottom image.

Commercially available control boards for microrobots,
e.g. Plantraco’s 0.9g Micro 9 receiver, are not suitable for
our ultra-lightweight multi-actuator high voltage application,
therefore a custom solution is used. Small-scale high voltage
drive circuits for bimorph piezoelectric actuators are dis-
cussed in [13], [14] and [15]. The circuits described here are
derived from those in [13], however energy recovery has been
sacrificed to simplify the design. This version uses mostly
off-the-shelf components and a single microcontroller for the
control of the entire robot.

A. Design

The overall approach is shown in Fig. 6a: a low voltage
power source is converted into a high voltage drive signal to
drive multiple piezoelectric actuators. The actuator motion
is mechanically transmitted to the legs to drive the robot
forward and sensors send information about the robot’s
environment (e.g. obstacles) back to the microcontroller to
adapt its behavior (turning, stopping, reversing, etc.).

Bimorph piezoelectric actuators can be driven in different
ways; [13] gives an overview of the different options. The
choice of the drive method depends mainly on the number
and type of actuators for a given system. In our multi-actuator
case (nine actuators), the simultaneous drive method is used,
sharing the high voltage bias among the bimorph actuators.
A two-stage design with one voltage conversion stage for all
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bimorph cantilevers [12] are used for actuation on HAMR3.
These actuators have proven to be suitable for the energy
requirements of millimeter-scale mobile robots and have a
high bandwidth, enabling quasi-static operation. The optimal
energy density design, which consists of a tapered clamped-
free cantilever beam, is used to minimize the actuator mass
for a desired output (see Fig. 4).

Sliding clip interface
Vbias

VsignalGND

3mm

Fig. 4. Optimal energy density piezoelectric bimorph actuators provide
mechanical power to the hip joint transmissions on HAMR3. As shown,
the clamped-free cantilever produces motion into and out of the page. The
clip interface at the bottom of the actuator creates a simple attachment to
the circuit board body, where the three signals are provided from onboard
electronics.

The nominal actuator design, composed of a central carbon
fiber layer, two 125µm thick lead-zirconate-titanate (PZT-
5H) plates, and electrically-insulating fiberglass reinforce-
ments, was modified from previous versions to include a
mechanical clip interface and solderable connections for the
three input signals (see Fig. 4). Signals are traced to the
PZT plates and central electrode layer using 125µm copper-
clad FR-4 printed circuit board, which additionally provides
a rigid mechanical ground at the base of the cantilever.

Nine piezoelectric actuators drive the twelve nominal de-
grees of freedom on HAMR3; three actuators are associated
with swing, and six with lift. The swing DOFs of each
contralateral leg pair are asymmetrically coupled such that
driving the actuator left moves the left leg back and the right
leg forward and vice versa. The lift DOFs are driven using six
actuators to satisfy the energy requirements of supporting the
robot’s mass, as well as to simplify board layout. Individual
leg lift control enables a large variety of gaits for future
testing, however in this version of HAMR, lift actuators share
input signals to reduce complexity of the required electronics.
Here, each contralateral pair of lift DOFs are also coupled
asymmetrically by sharing a drive signal and inverting the
actuator’s bias and ground.

III. ELECTRONICS

The walking performance of the previous HAMR pro-
totype suffered from the use of external electronics (see
Fig. 5a). In order to achieve autonomy, onboard electronics
must provide the following functions for a robot with up
to nine piezoelectric actuators: power conditioning, boost
conversion, gait timing, sensor processing, and programming
interface. Fig. 5b shows the newly developed autonomous
version with all of the onboard electronics.

High voltage 
control stage 

High voltage 
signal 
generator

HAMR

a)

b)

Fig. 5. External power and control setup used for HAMR2 (top) with the
HAMR2 robot circled. The onboard electronics for the HAMR3 prototype
is shown in the bottom image.

Commercially available control boards for microrobots,
e.g. Plantraco’s 0.9g Micro 9 receiver, are not suitable for
our ultra-lightweight multi-actuator high voltage application,
therefore a custom solution is used. Small-scale high voltage
drive circuits for bimorph piezoelectric actuators are dis-
cussed in [13], [14] and [15]. The circuits described here are
derived from those in [13], however energy recovery has been
sacrificed to simplify the design. This version uses mostly
off-the-shelf components and a single microcontroller for the
control of the entire robot.

A. Design

The overall approach is shown in Fig. 6a: a low voltage
power source is converted into a high voltage drive signal to
drive multiple piezoelectric actuators. The actuator motion
is mechanically transmitted to the legs to drive the robot
forward and sensors send information about the robot’s
environment (e.g. obstacles) back to the microcontroller to
adapt its behavior (turning, stopping, reversing, etc.).

Bimorph piezoelectric actuators can be driven in different
ways; [13] gives an overview of the different options. The
choice of the drive method depends mainly on the number
and type of actuators for a given system. In our multi-actuator
case (nine actuators), the simultaneous drive method is used,
sharing the high voltage bias among the bimorph actuators.
A two-stage design with one voltage conversion stage for all
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Fig. 6. a) Schematic of the onboard circuitry for HAMR3, taking low
voltage (< 5V ) input, boosting to the high voltage (200V ) output to drive
piezoelectric actuators. b) Detailed schematic of the high voltage conversion
stage.

actuators and one driving stage for each of the nine individual
actuators has been developed. The different components can
be seen in Fig. 7.

a) Voltage conversion stage: Given the desire to oper-
ate the actuators at maximum work output (approximately
1� 2V/µm for these materials), and the 127µm thickness
of the available piezoelectric plates, the first stage must
produce an output of approximately 200V . Most compact en-
ergy sources suitable for microrobotic applications (lithium
batteries, supercapacitors, solar cells, fuel cells) generate
low output voltages, ranging typically from 1.5V to 3.7V.
Connecting many of such cells in series is not desirable
since the packaging overhead causes a significant increase
in weight and a considerable reduction in energy density.
Therefore, voltage conversion circuits with high step-up
ratios, typically from 50 to 100, need to be developed.

Many of the existing circuit topologies are difficult to
miniaturize and/or suffer from poor efficiency at the low
output power levels typical for small-scale robots. Careful
selection and optimization of the conversion circuit is neces-
sary to avoid compromising the system’s performance with
heavy, inefficient electronics [13].

Here we use a tapped inductor boost converter (Fig. 6b),
chosen over alternatives such as charge pumps because of
scale, minimal component count and high energy density.
With the exception of the step-up transformer, all compo-
nents are available off-the-shelf; the transformer is custom
wound. Given the low input voltage and the desired high
output voltage, practical tests have shown that the primary
winding should have at least 20 turns with an inductance of
10µH or more. Best results were achieved with coils having
approximately the following characteristics:

• Turn ratio N = 11

Driver stage

MicrocontrollerProgramming interface{

Voltage conversion stage

Piezoelectric actuators

Fig. 7. Diagram of the double-sided circuit required to drive piezoelectric
actuators from an onboard power supply on HAMR3.

• Windings: N1 = 30, N2 = 330
• Primary: L1 = 13µH, R1 = 0.75W
• Secondary: L2 = 1.7mH, R2 = 95W

The quality of the transformer is influenced by the quality
of the hand-made coil. Therefore, in-depth characterization
of the transformer is the subject of ongoing research.

b) Drive stage: The drive stage creates a time-varying
command signal from the high voltage bias using two
transistors. The command signal can be of any form: square,
triangular, sinusoidal, etc., depending on the desired output
behavior of the actuator. In our case, to maximize joint torque
during each step, a ramped square wave is used to drive the
piezoelectric actuators. The ramp is introduced to drive the
actuator gently to prevent mechanical failure. The ramp is
achieved by filtering a binary output from the microcontroller
using a resistor and the capacitance of the actuator.

c) Microcontroller: A microcontroller small in size,
low in power consumption, and with sufficient digital I/O’s
to drive six actuators (12 signals) and read multiple sensors is
required. Atmel’s ATtiny861 was found to be a good match
for this application.

d) Power source: To power the robot, a compact,
lightweight and high energy density power source is needed.
Suitable power sources for small-scale robots include bat-
teries, supercapacitors, solar cells and fuel cells. Here we
use a rechargeable Lithium-Polymer battery, due to off-the-
shelf solutions (form, geometry, capacitance), high operating
voltage (3.7V ), high energy density, and high discharge rates.
The smallest known available battery is PowerStream’s 8mAh

GM300910 battery (www.powerstream.com), offering a
compromise between mass (330mg) and runtime. Using this
battery, runtimes of over 2 minutes at actuation frequencies
of 20Hz could be achieved.
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Fig. 6. a) Schematic of the onboard circuitry for HAMR3, taking low
voltage (< 5V ) input, boosting to the high voltage (200V ) output to drive
piezoelectric actuators. b) Detailed schematic of the high voltage conversion
stage.

actuators and one driving stage for each of the nine individual
actuators has been developed. The different components can
be seen in Fig. 7.

a) Voltage conversion stage: Given the desire to oper-
ate the actuators at maximum work output (approximately
1� 2V/µm for these materials), and the 127µm thickness
of the available piezoelectric plates, the first stage must
produce an output of approximately 200V . Most compact en-
ergy sources suitable for microrobotic applications (lithium
batteries, supercapacitors, solar cells, fuel cells) generate
low output voltages, ranging typically from 1.5V to 3.7V.
Connecting many of such cells in series is not desirable
since the packaging overhead causes a significant increase
in weight and a considerable reduction in energy density.
Therefore, voltage conversion circuits with high step-up
ratios, typically from 50 to 100, need to be developed.

Many of the existing circuit topologies are difficult to
miniaturize and/or suffer from poor efficiency at the low
output power levels typical for small-scale robots. Careful
selection and optimization of the conversion circuit is neces-
sary to avoid compromising the system’s performance with
heavy, inefficient electronics [13].

Here we use a tapped inductor boost converter (Fig. 6b),
chosen over alternatives such as charge pumps because of
scale, minimal component count and high energy density.
With the exception of the step-up transformer, all compo-
nents are available off-the-shelf; the transformer is custom
wound. Given the low input voltage and the desired high
output voltage, practical tests have shown that the primary
winding should have at least 20 turns with an inductance of
10µH or more. Best results were achieved with coils having
approximately the following characteristics:

• Turn ratio N = 11
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Piezoelectric actuators

Fig. 7. Diagram of the double-sided circuit required to drive piezoelectric
actuators from an onboard power supply on HAMR3.

• Windings: N1 = 30, N2 = 330
• Primary: L1 = 13µH, R1 = 0.75W
• Secondary: L2 = 1.7mH, R2 = 95W

The quality of the transformer is influenced by the quality
of the hand-made coil. Therefore, in-depth characterization
of the transformer is the subject of ongoing research.

b) Drive stage: The drive stage creates a time-varying
command signal from the high voltage bias using two
transistors. The command signal can be of any form: square,
triangular, sinusoidal, etc., depending on the desired output
behavior of the actuator. In our case, to maximize joint torque
during each step, a ramped square wave is used to drive the
piezoelectric actuators. The ramp is introduced to drive the
actuator gently to prevent mechanical failure. The ramp is
achieved by filtering a binary output from the microcontroller
using a resistor and the capacitance of the actuator.

c) Microcontroller: A microcontroller small in size,
low in power consumption, and with sufficient digital I/O’s
to drive six actuators (12 signals) and read multiple sensors is
required. Atmel’s ATtiny861 was found to be a good match
for this application.

d) Power source: To power the robot, a compact,
lightweight and high energy density power source is needed.
Suitable power sources for small-scale robots include bat-
teries, supercapacitors, solar cells and fuel cells. Here we
use a rechargeable Lithium-Polymer battery, due to off-the-
shelf solutions (form, geometry, capacitance), high operating
voltage (3.7V ), high energy density, and high discharge rates.
The smallest known available battery is PowerStream’s 8mAh

GM300910 battery (www.powerstream.com), offering a
compromise between mass (330mg) and runtime. Using this
battery, runtimes of over 2 minutes at actuation frequencies
of 20Hz could be achieved.
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Fig. 1. Quadrupedal HAMR-F with custom power and control electronics
powered by an 8 mA h lithium polymer battery.

There are two main sections in this paper. Section II describes
the hardware and software architecture of the power circuitry,
sensors, and microcontrollers onboard HAMR-F, and Section III
describes a detailed performance characterization of HAMR-F.
This research lays the groundwork for operation of HAMR and
insect-scale legged robots in real-world environments.

II. HARDWARE AND SOFTWARE ARCHITECTURE

HAMR has a 2-DOF spherical five-bar (SFB) transmission
that was designed and extensively characterized in [17]. Each
SFB is driven by two independently controlled, optimal energy
density piezoelectric bimorph bending actuators [18]. One chal-
lenge for driving these actuators in an autonomous version of the
robot is generating onboard, high-voltage drive signals. Given
the current piezoelectric bimorph actuator designs, HAMR re-
quires a minimum power of 100 mW (actuators only) to achieve
its fastest speeds at 150 V [17]. Furthermore, in order to main-
tain independent control of each DOF, eight high-voltage drive
signals are required, one for each actuator.

The control and power electronics are separated onto a low-
voltage control board and a high-voltage power board (Fig. 2)
to isolate sensitive control components from high-voltage drive
components. The circuit boards are professionally manufac-
tured to design specifications (Flex-PCB) and the 0.005” FR4
substrate is machined with a diode-pumped solid state laser sys-
tem (Oxford Lasers, E-Series) to interface with the chassis of the
robot. The control board interfaces with the high-voltage power
board via a custom eight wire flex-connector (DuPont, Pyralux
AC 091200EV substrate). It is composed of three low-voltage
power lines and three signal lines. The control board (including
flex connector) and power board (including transformer) have
a mass of 450 mg and 563 mg, respectively. The battery, an
8 mA h lithium polymer (Powerstream, GM300910H), has a
mass of 330 mg. A mass distribution is shown in Table I, and
the total mass of HAMR-F is 2.79 g. The following sections de-
scribe the design and operation of the control and power boards.

TABLE I
MASS DISTRIBUTION OF HAMR-F

Component Mass (mg)

Control Board 450
Power Board 563
Transformer 47
Battery 330
Actuators 8 × 109 = 872
Chassis 528
Total Mass 2790

A. Control Board

The control board contains the primary microcontroller
(MCU – Atmel, Atmega1284RFR2), the RF transmitter, and
the microelectromechanical systems (MEMS) inertial measure-
ment unit (IMU). The InvenSense MPU-9250 IMU is selected
as the best option because of its accurate 9-DOF measurements,
I2C communication, and its compact, 3 × 3 × 1 mm, footprint.
For initial tests, only 1-DOF (yaw) gyroscope measurements are
utilized for heading control, and noise estimates are referenced
from prior work in Helbling et al. [19]. Future work will develop
improved controllers that characterize the noise and incorporate
the other sensing modes on the chip.

The ATmega1284RFR2 is RF-enabled, communicating with
an offboard, 2.4 GHz transponder connected via serial to a PC.
The main program loop in the ATmega performs actuator con-
trol and gait timings, and also contains an RF handler and I2C
communication with the IMU. The gait cycle runs on an inter-
rupt and maintains 16 transistor states, sending them to a serial
to parallel converter on the power board. RF messages enable
various operation modes (e.g., changing gait parameters and
sending back sensor data).

A trace antenna is integrated onto the control board to
minimize the weight for RF communication. The antenna is
31.25 mm long for the 2.4 GHz radio frequency, with the ground
plane serving as the other half of the trace antenna. Consistent
RF communication at the maximum 45 mW transmission power
was observed over a 5 m distance regardless of position, orien-
tation, and partial obstructions (e.g., battery, computers, wires).

B. Power Board

The power board houses all of the high-voltage drive sig-
nal components. The high-voltage boost and half-bridge switch
topology (Fig. 3) is adapted from Karpelson et al. [12]. The
hybrid boost converter combines the advantages of a standard
boost converter and a flyback converter, namely a small trans-
former size and a lower voltage on the switching MOSFET
(QB ). The following sections give an overview of the boost
circuitry operation and the sizing of the electrical components
given HAMR-F’s power requirements.

Operation: Fig. 4 shows a typical switching cycle of the
boost converter. When the MOSFET (QB ) is switched on and
the connection point between the primary and secondary coils
is grounded, the current flowing from the power source through
the primary coil increases linearly based on the inductance, Lp .
There is no current flow in the secondary coil as it is blocked by
the fast-switching diode (DH V ).
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Fig. 1. Quadrupedal HAMR-F with custom power and control electronics
powered by an 8 mA h lithium polymer battery.

There are two main sections in this paper. Section II describes
the hardware and software architecture of the power circuitry,
sensors, and microcontrollers onboard HAMR-F, and Section III
describes a detailed performance characterization of HAMR-F.
This research lays the groundwork for operation of HAMR and
insect-scale legged robots in real-world environments.

II. HARDWARE AND SOFTWARE ARCHITECTURE

HAMR has a 2-DOF spherical five-bar (SFB) transmission
that was designed and extensively characterized in [17]. Each
SFB is driven by two independently controlled, optimal energy
density piezoelectric bimorph bending actuators [18]. One chal-
lenge for driving these actuators in an autonomous version of the
robot is generating onboard, high-voltage drive signals. Given
the current piezoelectric bimorph actuator designs, HAMR re-
quires a minimum power of 100 mW (actuators only) to achieve
its fastest speeds at 150 V [17]. Furthermore, in order to main-
tain independent control of each DOF, eight high-voltage drive
signals are required, one for each actuator.

The control and power electronics are separated onto a low-
voltage control board and a high-voltage power board (Fig. 2)
to isolate sensitive control components from high-voltage drive
components. The circuit boards are professionally manufac-
tured to design specifications (Flex-PCB) and the 0.005” FR4
substrate is machined with a diode-pumped solid state laser sys-
tem (Oxford Lasers, E-Series) to interface with the chassis of the
robot. The control board interfaces with the high-voltage power
board via a custom eight wire flex-connector (DuPont, Pyralux
AC 091200EV substrate). It is composed of three low-voltage
power lines and three signal lines. The control board (including
flex connector) and power board (including transformer) have
a mass of 450 mg and 563 mg, respectively. The battery, an
8 mA h lithium polymer (Powerstream, GM300910H), has a
mass of 330 mg. A mass distribution is shown in Table I, and
the total mass of HAMR-F is 2.79 g. The following sections de-
scribe the design and operation of the control and power boards.

TABLE I
MASS DISTRIBUTION OF HAMR-F

Component Mass (mg)

Control Board 450
Power Board 563
Transformer 47
Battery 330
Actuators 8 × 109 = 872
Chassis 528
Total Mass 2790

A. Control Board

The control board contains the primary microcontroller
(MCU – Atmel, Atmega1284RFR2), the RF transmitter, and
the microelectromechanical systems (MEMS) inertial measure-
ment unit (IMU). The InvenSense MPU-9250 IMU is selected
as the best option because of its accurate 9-DOF measurements,
I2C communication, and its compact, 3 × 3 × 1 mm, footprint.
For initial tests, only 1-DOF (yaw) gyroscope measurements are
utilized for heading control, and noise estimates are referenced
from prior work in Helbling et al. [19]. Future work will develop
improved controllers that characterize the noise and incorporate
the other sensing modes on the chip.

The ATmega1284RFR2 is RF-enabled, communicating with
an offboard, 2.4 GHz transponder connected via serial to a PC.
The main program loop in the ATmega performs actuator con-
trol and gait timings, and also contains an RF handler and I2C
communication with the IMU. The gait cycle runs on an inter-
rupt and maintains 16 transistor states, sending them to a serial
to parallel converter on the power board. RF messages enable
various operation modes (e.g., changing gait parameters and
sending back sensor data).

A trace antenna is integrated onto the control board to
minimize the weight for RF communication. The antenna is
31.25 mm long for the 2.4 GHz radio frequency, with the ground
plane serving as the other half of the trace antenna. Consistent
RF communication at the maximum 45 mW transmission power
was observed over a 5 m distance regardless of position, orien-
tation, and partial obstructions (e.g., battery, computers, wires).

B. Power Board

The power board houses all of the high-voltage drive sig-
nal components. The high-voltage boost and half-bridge switch
topology (Fig. 3) is adapted from Karpelson et al. [12]. The
hybrid boost converter combines the advantages of a standard
boost converter and a flyback converter, namely a small trans-
former size and a lower voltage on the switching MOSFET
(QB ). The following sections give an overview of the boost
circuitry operation and the sizing of the electrical components
given HAMR-F’s power requirements.

Operation: Fig. 4 shows a typical switching cycle of the
boost converter. When the MOSFET (QB ) is switched on and
the connection point between the primary and secondary coils
is grounded, the current flowing from the power source through
the primary coil increases linearly based on the inductance, Lp .
There is no current flow in the secondary coil as it is blocked by
the fast-switching diode (DH V ).
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Fig. 2. (a) Overall placement of electrical components on HAMR. (b) The control board contains an IMU and high level gait controller, (c) the power board
handles high-voltage generation and signal switching, and (d) ground board forms electrical and mechanical connections to the actuators.

Fig. 3. Circuit schematic and system level electronics overview. The host PC (shaded green) manages high level commands that are sent over RF to the control
board (shaded blue). Gait and heading control is performed on the control board which sends signals to the power board (shaded red) that performs high-voltage
control and drive signal switching. The output mechanical interface is the piezoelectric bimorph bending actuator (shaded yellow).

When QB is off, the transformer behaves as an inductor,
(Ltot), composed of the two windings in series. The charge
stored in the primary coil is released and a current flows through
the diode to the high-voltage line (VH V ). The capacitor on the
high-voltage side (CH V ) discharges the energy as needed and
limits voltage ripple when QB is on (ton ). The current in the pri-
mary coil (Ip ) is equal to the current in the secondary (Is) while
QB is off and approaches zero as the capacitor is charged. A
voltage divider monitors the output voltage (VR ) and a switching
cycle is initiated as described below.

Pulse frequency modulation (PFM) is used to vary the fre-
quency of pulses as needed for the varying output load of the
actuators. The PFM is controlled by a dedicated MCU (Atmel,
ATtiny13A). The ATtiny13A is the smallest available MCU
(3 × 3 mm QFN10 package) that meets the necessary com-

putational requirements, namely an analog comparator with
8 MHz clock speed for < 5 V ripple for driving the high-voltage
circuit. The analog comparator is used to generate a flag when
the feedback voltage decreases past the internal bandgap refer-
ence voltage of 1.1 V. One disadvantage is that the reference
voltage is fixed by an internal resistive divider and cannot be
altered in software. A potentiometer is included (VCONTROL) so
that the feedback voltage can be manually adjusted.

Sizing: Careful sizing of each component in the high-voltage
circuit is required. Specifically, the winding ratio (N ), the pri-
mary and secondary number of turns (Np,Ns ), the PFM duty
cycle (D), the maximum voltage on the MOSFET (V max

mos ),
and the capacitance (CH V ) must be considered. The fol-
lowing section describes a physics-based sizing of the stan-
dard boost converter (parameters with subscript BST refer to
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Part Material Average thickness [μm]
Wings Titanium alloy 50 

Structure Carbon fiber 500 

Transmission (joints) Polyimide film 15 

Actuator PZT 127

Locking joints Brass 25



RoboBee (video)
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Energy Harvesting
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Piezo Motors

• Stick-slip mechanism (inertia motor, impact drive)

• A platform makes frictional contact with the ground, and on the 
platform is a piezo element and attached mass

• Reaction forces resulting from rapid acceleration of the mass by 
the piezo cause the platform to make a step (slip)

• The mass is then slowly retracted so that friction prevents return 
motion of the platform (stick)

• Saw-tooth shape signal (slow expansion, fast contraction)
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Piezoelectric Nanowires

• Growing ZnO (zinc oxide) Nanowire arrays

• Vapor-liquid-solid growth (VLS)

• Metal catalyst, gases as precursors
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Piezoelectric Nanowires

• Magnetic rotation to generate electricity
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Magnetostrictive Materials

• Generation of strain in response to magnetic field

• Terfenol-D (Terbium, iron, Naval Ordnance Lab, dysprosium), 
Galfenol (gallium-iron alloy)

• Strains up to 0.25% under 400 kA/m field (500 mT)

• Stress up to 20 MPa with bandwidths up to 20kHz

• High energy density: 25 kJ/m3  (For PZT: 1.3 kJ/m3)

• Small strain, hysteresis, brittleness (hard to machine), high 
stiffness

• Large coils are required 

• Material: expensive
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Shape Memory Alloys (video)

• Discovery in 1932 by Arne Olander.
• Alloys of nickel-titanium (e.g., NiTi or Nitinol) outperforms most 

other materials such as iron or copper-based alloys
• The shape memory property of NiTi alloy was discovered in 1960s 

in the Naval Ordnance Laboratory, hence the name Nitinol. 

• Reversible transition between two phases, martensite (low-temp) 
and austenite (high-temp)

• Martensitic phase is yield-able (shapeable, plastic deformation)
• Deformations of the martensitic phase, occurring above a critical 

stress, are recovered completely during the transformation at 
austenite phase

• Fabrication conditions determine the shape-memory effect and 
phase transition temperatures 
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Shaping Procedure

• Start with a wire or cut pieces from a sheet using pulsed 
ultraviolet laser micromachining system

• Fix the structure in a jig, fixture, or mandrel to hold the desired 
shape

• Anneal at high temperature (400 C) for an hour

• This annealing process resets the undeformed martensitic state

• The actuator will remember its programmed shape when heated 
above its transition temperature (70 C)
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Generation of Heat

• Joule (resistive) Heating
– Current passing through electrically resistive material

– Electrical conductivity of Nitinol is 1 uOhm m: uniform heating

• Convective or conductive Heating/cooling
– The surrounding medium is heated (air, water) and used as coolant
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Generation of Heat

• Joule Heating
– Current passing through electrically resistive material

– Electrical conductivity of Nitinol is 1 uOhm m : uniform heating

• Convective or conductive Heating
– The surrounding medium is heated (air, water)

• Photothermal excitation (absorption, plasmon resonance)
– Surface coating with high light-absorption, high thermal conductivity

– Gold nanoparticles and antennas
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Actuation performance

• SMA wires intrinsically can contract up to 8% in length 
(recoverable strain)

• Increase strain to more than 100% with helix or zigzag geometry
– Lower stress

• Bending actuators

• Torsional actuators
– Linear actuation of several SMA wires (pulley)

– Shape recovery of a twisted fiber or tube: untwisting of individual 
fibers in a yarn (small displacement)
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Actuation performance
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Limitations: thermal hysteresis in the strain, low cycle life, high fabrication 
cost, relatively low efficiency



SMA Coiled Springs

• Once winding finishes, the actuator is baked in the furnace

• Annealing temperature: 300-600 C

• Actuated at 6V and 0.55 A.  

• Energy density 1.2kJ/kg
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SMA Rotary Actuator

• Sequentially activated SMA wires
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Modular SMA Sheet Actuators
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Self-folding Machine
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Self-folding Machine
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SMA Millirobots

54

LETTERRESEARCH

forms the flexure hinges. The integrated design of the actuators, mech-
anisms and surface-mounted electronics enables miniaturization of 
the robot; however, for the current version of Tribot, the major factor 
determining its size is the capacity of the off-the-shelf battery (3.7 V, 
40 mA h), which occupies almost half of the robot’s PCB surface area 
and 40% of its body mass (Extended Data Table 1).

To validate the efficacy and repeatability of Tribot’s locomotion 
gaits, we conducted twelve original locomotion experiments: eleven 
independent gait tasks across the five gaits: height jumping, distance 
jumping, somersault jumping, walking and crawling, for various  
terrain, power and load conditions, each repeated six times, and one 
continuous ‘parkour’ (obstacle course) scenario employing multiple 
gaits, with smooth and rough terrain and an obstacle (Fig. 2, Extended 
Data Table 2). We studied the robot’s motion by recording each exper-
iment on camera at a high frame rate of 250 frames per second (fps) 
for jumping and in real time (25 fps) for the walking and crawling 

gaits, and tracking the central Y-hinge using video analysis software. 
We assessed the robot’s vertical leaping capacity by studying height 
jumps on a flat surface, from its edges with and without the latches 
with rubber pads (Fig. 2a, Supplementary Video 1). For a trigger Joule 
heating power of 3.7 W to the flexor SMA spring actuator, Tribot 
jumps to a height of 140.6 mm on average (almost 2.5 times the robot’s 
height) from the edge without latches, owing to the minimal friction 
during take-off, and to a height of 72.5 mm from the edge with latches 
(Fig. 3a). We studied the robot’s horizontal distance jump for a trigger 
power of 3.7 W (Fig. 2b) and 2.7 W, and with an added payload of 5 g 
(more than 50% the robot’s body mass) at a trigger power of 3.7 W; 
the average jumping distance was 230 mm (almost four times its body 
length), 140 mm and 110 mm for these tests, respectively. The somer-
sault jump gait was tested with a trigger power of 3.7 W; the average 
height and distance travelled were 88 mm and 100 mm, respectively, 
with an average two-thirds body rotation around its central axis in 
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Fig. 1 | Design and fabrication of the trap-jaw-ant-inspired Tribot 
multi-locomotion millirobot. a, The untethered millirobot Tribot with 
a Y-hinge controlled by SMA actuators. b, The trap-jaw ant uses the snap 
of its mandible and its hind legs for jumping. c, The Y-hinge that connects 
the three legs ‘snaps through’ when compressed uniaxially with high force, 
and bends at low forces and angles less than 180°. d, Selective snapping 

and bending of the Y-hinge generates five locomotion gaits: height (jaw) 
jumping, distance (leg) jumping, somersault jumping, flic-flac walking  
and inchworm crawling. The activation pattern is shown by the  
red-highlighted springs. e, The multilayer two-dimesional rapid 
fabrication and folding assembly process of Tribot.
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SMA Microactuators

• Focus Ion Beam milling of 25 µm wire

• Activation with UV laser (high absorption coefficient for metals)
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Focused Ion Beam Milling 

• In electron microscopy, relatively low-mass electrons interact with a 
sample non-destructively to generate secondary electrons which, when 
collected provide high-quality images (sub nanometer res)

• Focused ion beam (FIB) instrument uses a beam of ions 

• Lightest ion has 2000 times the mass of an electron

• Control the energy and intensity of the ion beam

• Capable of cutting away or building up structures on a surface with a 
resolution of 50 nm. Structures can be imaged in real-time using 
scanning electron microscopy mode.
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SMA Microactuators
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SMA Microactuators
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SMA Microactuators: Performance
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SMA Microrobot
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laser spot was moved from the back to the front of the robot, 
the robot moved forward. We directed robot movement along 
a 100 µm straight path (Figure 2c and Video S2, Supporting 
Information). At a laser scanning speed of 10 mm s−1, the 
robot moved at 3.0 µm s−1. Also, we explored the change in 
robot speed by laser scanning speed. As shown in Figure 2d, a 
laser scanning speed of 40 mm s−1 was optimal, i.e., the robot 
attained a maximum velocity.

The direction of laser scanning controlled the direction of 
motion of the robot. Tilted laser scanning, in terms of robot 
alignment, caused the robot to rotate and then move in a 
new direction. By using the phenomena, the robot turned. 
The position of the robot was automatically tracked, and it 
was directed to the next waypoint. Figure 3 and Video S3 
(Supporting Information) show how the robot was induced 
to turn.

To mimic shrimp locomotion, the robot was detached 
from the ground and is then propelled in fluid, eventually 
landing once more. Therefore, actuation required a detaching 
trigger, propulsion to drive forward motion, and drag to stop. 
The relevant physics are shown in Figure 4a. The trigger 

featured shape recovery by the TWSMA actuator. The robot 
was attached to the ground by the van der Waals force. When 
the normal force is <10 s µN, the adhesion by van der Waals 
force becomes a significant source of friction force.[30] The 
calculated weight of the robot was about 0.1 s µN, so the 
van der Waals force was significant. The combined friction/
adhesion force between the robot and ground was about 
10 s µN. As this considerably exceeded the propulsion force, 
the friction/adhesion force must be eliminated prior to pro-
pulsion. Experimentally, the contraction force induced by the 
TWSMA actuator was about 100 µN, thus larger than the com-
bined friction/adhesion force. In addition, the shape changed 
out-of-plane. Finally, the robot surface left the ground and the 
friction/adhesion force became close to zero (for details, see 
the Supporting Information 1).

We explored whether laser heating raised the temperature 
above the SMA actuation temperature (As). The robot tem-
perature was estimated theoretically and then experimentally 
validated; it is difficult to measure temperature directly at the 
microscale. To analyze SMA thermal behavior during laser 
heating, we used a model of thermodynamic equilibrium. When 
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Figure 1. a) Concept of intraocular surgery as a promising application of laser controlled microrobot. b) Robot actuation comprised of jumping, forward 
movement, and landing. c) Design of the microrobot. d) Prototyping process (scale bar: 10 µm). e) The prototyped microrobot (scale bar: 25 µm).  
f) The control system of the shape memory alloy (SMA) microrobot.
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thermal energy Qs is generated by the interaction between the 
laser and SMA, heat loss via conduction Qconduction, convection 
Qconvection, and radiation Qradiation, and the thermal energy used 
during SMA transformation Qtransform, are candidates for heat 
transfer within the system, as expressed by Equation (1)

ρ = − − − −d
d

s conduction convection radiation transformCV
T
t

Q Q Q Q Q
 

(1)

where ρ, C, V, T are the density, specific heat, volume, and 
temperature of the SMA microrobot, respectively. The thermal 
energy Qs generated by the laser can be estimated by Equa-
tion (2) with consideration of SMA’s material properties, such 
as absorptivity α, reflectivity R, and the interacting area A 
(for details, see the Supporting Information 2)

α )(= − α−1s 0Q I R e Az

 (2)

The rate of heat transfer via natural convection from a solid 
surface can be expressed by Newton’s law as Equation (3)[31]

)(= −convection surface eQ hA T T  (3)

The heat transfer coefficient, h, was assumed to be 20 000 W  
m−2 K−1; and the heat transfer surface area, Asurface, of the 
robot was calculated as 2.90 × 10−12 m2. Te is the temperature 
of the environmental liquid. The thermal energy Qtransform used 
during SMA transformation from martensite to austenite can 
be calculated as Equation (4)

=transform austeniteQ LVr  (4)

From the Nitinol datasheet, the latent heat of transforma-
tion, L, was 24.18 J g−1 (5.78 cal g−1).[22] Assuming that the 
SMA of the microrobot was fully transformed, the ratio of 
the austenite volume to the total volume (raustenite) was 1. 
Conduction and radiation were ignored because their effects 
were small. The temperature of the SMA microrobot varied 
over time. Thus, heat transfer via convection was calculated 
numerically. The appearance of bubbles caused by vaporization 
of ethyl alcohol indicated whether the estimated temperature  
was reasonable. As the laser irradiation time increased, the 
input thermal energy also increased, and robot temperature 
was elevated. Finally, the temperature exceeded the ethyl alco-
hol’s boiling point and bubbles were detected. As shown in 
Figure 4b, the theoretical and experimental estimations were 
well-matched, suggesting that the model was appropriate and 
that temperature increases under other laser conditions would 
be narrowly bounded. The temperature exceeded the SMA 
actuation temperature (As); thus, shape recovery occurred 
and served as a trigger. The effect of shape recovery on actua-
tion was experimentally confirmed by comparing actuation of 
the robot made of titanium. In addition, the effect of shape 
recovery was solely evaluated by the actuation on the ground. 
(for details, see the Supporting Information 3, Videos S4 and S5,  
Supporting Information).

The principal propulsion force (i.e., the optothermal trapping 
force) used the thermal gradient induced by laser heating; this 
force was derived from thermophoresis. The thermophoretic 
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Figure 2. a) SMA microrobot control setup (simplified). b) Sche-
matic of the robot actuation method. c) Forward motion over 100 µm 
(scale bar: 50 µm). d) Changes in robot speed imparted by varying the 
scanning speed (scale bar: 50 µm).
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trapping force, Foptothermal, was the same as the drag force, FD. 
On the microscale, the drag force can be calculated by Stokes’ 
equation, as shown in Equation (6)

F F v
e

∑ πµ= =
!"!

6optothermal D T

 
(6)

We assumed that the robot was a set of unit elements, e, all 
of which were small particles; the optothermal trapping force 
exerted on the robot was about 100 s pN. As the robot begins 
to move under propulsive force, drag was induced in the oppo-
site direction. The drag was again calculated using the Stokes’ 
equation. Therefore, robot displacement was calculated numer-
ically after a single laser scan. To simplify the model, it was 
assumed that propulsion was in pulsed form and controlled by 
laser scanning; the displacement after a laser scan is shown in 
Figure 4c (for details of the numerical calculation, see the Sup-
porting Information 4). The theoretical and experimental values 
were not identical, but are similar. Also, the trends were similar 
in terms of variation in laser scan speed. Thus, our theoretical 
propulsion model was both reasonable and reliable.

As shown in Figure 4d, when the laser acted, the robot 
was rotated to become aligned in the scanning direction. The 
optical trapping force controlled robot direction. Several appli-
cations use the pN force afforded by optical trapping to move or 
trap micrometer-sized particles, such as cells or small neutral 
particles. For metals, optical trapping may appear to be impos-
sible because metals are not transparent but, on the microscale, 
optical trapping was possible given the scale effect.[28] The gra-
dient force (optical trapping force), Fg, in the direction orthog-
onal to the laser beam direction was calculated by Equation (7)

θ= sin 2gF
npR

c  
(7)

where n, p, c, R, and θ are the refractive index, trapping laser 
power, speed of light, reflectivity of light at the metal surface, 
and incident angle, respectively. Assuming that the robot com-
prised a set of small elements, the net force was the integral of 
forces on these units. The optical trapping force was estimated 
to be about 10 s pN, which was sufficient to control robot direc-
tion, because the value was similar to that of the propulsion 
force.

We chose laser power and scanning speed conditions 
that maximized the speed of the SMA microrobot. Figure 5a 
shows that robot speed changed as laser conditions varied. At 
a higher power and a lower scan speed, or a lower power and 
a higher scan speed, the SMA microrobot moved faster. At a 
high laser power and a low scan speed, the robot moved rapidly 
but bubbles were generated, rendering control impossible. At a 
lower laser power or a higher scan speed, the energy imparted 
was insufficient for actuation.

We evaluated robot actuation, including propulsion speed. 
We calculated parameters used during macroscale evalua-
tion: the maximum speed (especially that relative to body 
length, s−1), minimum radius of curvature, and minimum reso-
lution. The maximum speed of the microrobot along a path was 
about 10.0 µm s−1, corresponding to about 0.2 s−1. The min-
imum radius was 5.1 µm (Figure 5b). The minimum resolution 

(the average minimum displacement after laser scanning) was 
30 nm (Figure 5c).

Furthermore, we evaluated the performance of the TWSMA 
actuator, triggering the microrobot actuation. The maximum 
work per unit volume, estimated by the product σmaxεmax, was  
1.04 × 105 J m−3.[33] The maximum work per unit mass  
was 16.1 J kg−1. In terms of cyclic performance, the actuator 
was actuated after 3000 cycles as ever, with the actuation strain 
reduced from 2.6% to 2.1%. As the microrobot was actuated 
up to 10 000 cycles for demonstration, however, the TWSMA 
would have been actuated over 10 000 cycles.

On the other hand, in terms of a lifetime of microrobot, we 
should consider the effect of the bioenvironment. The Nitinol, a 
biocompatible material,[34] has pros and cons in bioapplications. 
It has been widely used as biomaterials for vascular stents, an 
orthodontic dental wire,[35] and implants.[36] In the microrobotic 
research field, laser lithography 3D printed polymer robot was 
coated by nickel and titanium for biocompatibility.[10] However, 
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Figure 5. a) Robot speed by laser power. b) Radius of curvature during 
turning. c) Average displacement by a single scan (minimum, 30 nm).


