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ABSTRACT

Goswami, Debkalpa Ph.D., Purdue University, August 2020. Design and Manufacturing of
Flexible Optical and Mechanical Metamaterials. Major Professor: Ramses V. Martinez.

Metamaterials are artificially structured materials which attain their unconventional

macroscopic properties from their cellular configuration rather than their constituent chem-

ical composition. The judicious design of this cellular structure opens the possibility to

program and control the optical, mechanical, acoustic, or thermal responses of metamate-

rials. This Ph.D. dissertation focuses on scalable design and manufacturing strategies for

optical and mechanical metamaterials.

The fabrication of optical metamaterials still relies heavily on low-throughput process

such as electron beam lithography, which is a serial technique. Thus, there is a growing

need for the development of high-throughput, parallel processes to make the fabrication of

optical metamaterials more accessible and cost-effective. The first part of this dissertation

presents a scalable manufacturing method, termed “roll-to-roll laser induced superplasticity”

(R2RLIS), for the production of flexible optical metamaterials, specifically metallic near-

perfect absorbers. R2RLIS enables the rapid and inexpensive fabrication of ultra-smooth

metallic nanostructures over large areas using conventional CO2 engravers or inexpensive

diode lasers. Using low-cost metal/epoxy nanomolds, the minimum feature size obtained by

R2RLIS was <40 nm, facilitating the rapid fabrication of flexible near-perfect absorbers at

visible frequencies with the capability to wrap around non-planar surfaces.

The existing approaches for designing mechanical metamaterials are mostly ad hoc, and

rely heavily on intuition and trial-and-error. A rational and systematic approach to cre-

ate functional and programmable mechanical metamaterials is therefore desirable to unlock

the vast design space of mechanical properties. The second part of this dissertation in-

troduces a systematic, algorithmic design strategy based on Voronoi tessellation to create
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architected soft machines (ASMs) and twisting mechanical metamaterials (TMMs) with pro-

grammable motion and properties. ASMs are a new class of soft machines that benefit from

their 3D-architected structure to expand the range of mechanical properties and behaviors

achievable by 3D printed soft robots. On tendon-based actuation, ASMs deform according

to the topologically encoded buckling of their structure to produce a wide range of motions

such as contraction, twisting, bending, and cyclic motion. TMMs are a new class of chi-

ral mechanical metamaterials which exhibit compression-twist coupling, a property absent

in isotropic materials. This property manifests macroscopically and is independent of the

flexible material chosen to fabricate the TMM. The nature of this compression-twist cou-

pling can be programmed by simply tuning two design parameters, giving access to distinct

twisting regimes and tunable onset of auxetic (negative Poisson’s ratio) behavior. Taking

a metamaterial approach toward the design of soft machines substantially increases their

number of degrees of freedom in deformation, thus blurring the boundary between materials

and machines.
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CHAPTER 1. INTRODUCTION

Metamaterials are artificially structured materials which attain their unconventional macro-

scopic properties from their cellular structure rather than their constituent materials. The

judicious design of this cellular structure opens the possibility to program and control the

optical,1 mechanical,2 acoustic,3 or thermal4 responses of metamaterials. My Ph.D. thesis

focuses on scalable design and manufacturing strategies for optical and mechanical metama-

terials.

1.1 Motivation

Optical metamaterials exhibit unusual and exciting responses such as anomalous reflec-

tion5 or refraction,6 perfect absorption,7 and sub-wavelength focusing8 to incident electro-

magnetic radiation. While these properties may be predicted theoretically using Maxwell’s

equations, optical metamaterials have only flourished in the present century thanks to

combined advances in nanofabrication techniques, numerical modeling, and characteriza-

tion tools.9 The fabrication of optical metamaterials, however, still relies heavily on low-

throughput process such as electron beam lithography, which is a serial technique. Thus,

there is a growing need for the development of high-throughput, parallel processes to make

the fabrication of optical metamaterials more accessible and cost-effective.

Mechanical metamaterials, similarly, exhibit mechanical properties and functionalities

that differ from and surpass those of their constituent bulk materials rather than simply

combining them. In addition to achieving unusual (negative or zero) values of familiar me-

chanical parameters such as Poisson’s ratio, density, and compressibility, emerging classes

of mechanical metamaterials demonstrate exotic functionalities such as shape-morphing or

topological protection.10 The approaches for designing mechanical metamaterials, however,
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are mostly ad hoc, and rely heavily on intuition and trial-and-error. A rational and system-

atic approach to create functional and programmable mechanical metamaterials is therefore

desirable to unlock the vast design space of mechanical properties.

My Ph.D. thesis consists of two parts: the first part presents a scalable manufacturing

method for the production of flexible optical metamaterials, specifically metallic near-perfect

absorbers. The second part introduces a systematic design strategy based on the Voronoi

tessellation algorithm to create soft robotic structures with programmable mechanical meta-

material properties.

1.2 Background and Literature Review

1.2.1 Challenges in Scalable Fabrication of Metallic Nanostructures

Exploiting the potential applications of metallic nanostructures in a variety of fields such

as plasmonics,11–14 electronics,15 and biosciences16–18 requires the large-scale manufacture of

such structures with high quality and nanoscale resolution. Although many nanopatterning

processes enable the cost-effective fabrication of metallic nanostructures over large areas,

the required post-patterning steps (such as metallization and lift-off) increase the cost, com-

plexity, and processing time of these techniques, reducing their throughput. Additionally,

post-patterning processes generally affect the crystallinity, sharp corners, and homogeneity

of the lateral walls of the final nanostructures.19,20 The development of a high-throughput

manufacturing method capable of producing ultrasmooth crystalline metallic nanostructures

at ambient conditions using a roll-to-roll approach still remains a challenge.

1.2.2 Soft-Lithographic and Imprint-based Nanopatterning Techniques

Several patterning techniques have been developed to enable nanofabrication over large

areas in a relatively rapid and low-cost fashion using nanostamps.21–24 Soft elastomeric

nanostamps, most notably made of polydimethylsiloxane (PDMS), have been used to repli-

cate nanoscale features in a variety of low cost and highly parallel “soft lithographic” pro-

cesses, enabling sub-100 nm resolution patterning over curved surfaces and large areas.25 The
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low Young’s modulus of the PDMS stamps, however, makes it difficult to replicate < 100 nm

patterns as well as high aspect ratio (> 2) nanostructures due to the self-adhesion of the

features of the stamps as a consequence of electrostatic attraction, mechanical stress, or

capillary forces.26 After patterning, typical soft lithography processes—such as microcon-

tact printing, solvent-assisted micromolding, replica molding, and nanotransfer printing—

often require additional time-consuming etching or metallization steps to fabricate metallic

nanostructures.27 Nanoimprint lithography (NIL)28 and step-and-flash imprint lithography

(SFIL)29 circumvent the resolution limits of soft lithographic techniques by using hard stamps

to pattern photoresists with sub-50 nm accuracy. Additionally, nanoimprint lithography has

demonstrated the continuous production of polymeric nanopatterns over large areas using

a roll-to-roll system (R2RNIL).24,30 Although R2RNIL is scalable, the required etching of

the residual polymer layer, and the subsequent metal deposition and lift-off steps needed to

generate the final metallic arrays add complexity to the process and reduce the throughput

of this nanomanufacturing technique.

1.2.3 Lasers as Micro- and Nanofabrication Tools

Lasers are extensively used as processing and manufacturing tools due to their unique ad-

vantage of being a non-contact process with flexible setups that can operate in air, vacuum,

or liquid environments.31 Lasers offer many attractive possibilities as a micro- and nanofab-

rication tool since their intense radiation can be easily focused down to the micrometer

scale and can cause the melting and ablation of a large variety of materials, enabling their

drilling,32–34 cutting,35,36 welding,37,38 annealing,39,40 and surface modification.41–43 Laser

interference lithography (LIL) has proved to be a versatile technique to cure large areas

coated with photoresist so that, after developing, metallization, and lift-off, uniform arrays

of metallic nanostructures (typically lines and dots) can be fabricated.44–46 The generation

of internal reflections in the photoresist layer limits the resolution of LIL, requiring the de-

position of an anti-reflection coating layer between the substrate and the photoresist, adding

further complexity to a process that often requires cumbersome laser systems, cleanroom fa-

cilities, and special vibration isolation to operate. Purdue researchers recently demonstrated

Laser Shock Imprinting (LSI), a cost-effective nanopatterning method for the fabrication of
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smooth metallic nanostructures at ambient conditions.47 LSI uses ultra-short laser pulses to

compress metallic sheets into silicon nanomolds, generating metallic nanopatterns over large

areas. Unfortunately, LSI has only been demonstrated, with nanoscale resolution, using

costly nanomolds and high-energy nanosecond laser systems that are expensive and not as

vastly used as CO2 lasers for manufacturing and rapid prototyping.47,48

1.2.4 Soft Machines and Current Design Challenges

Soft machines with continuously deformable bodies are advantageous for safe physical

human-robot interactions49 and the manipulation of delicate objects,50 as well as for with-

standing large impact forces51 and achieving multiple locomotion gaits—such as crawling,52

undulation,53 hopping,54 rolling,55 or growing56—to adapt to their environment. Despite

their advantages in safety, adaptability, and maneuverability, soft robots suffer from the lack

of rigorous engineering methods since traditional rigid-body mechanics cannot adequately

describe continuum soft robotic motion.57 Heuristic and intuition-driven approaches typi-

cally used in the design and fabrication of soft robots58 are further strained in the case of

multi-functional soft robotic systems, which have only been able to demonstrate reconfig-

urability via the removal and re-addition of parts relative to each other.59

1.2.5 Need for Architected, Mechanical Metamaterial-based Soft Robots

The structure—architectural design—of a material determines its mechanical properties

and performance.60–62 In other words, it is possible to tune the mechanical response of a ma-

terial by controlling its architecture. Mechanical metamaterials illustrate this close relation-

ship between architecture and functionality by exhibiting unusual physical properties such as

negative Poisson’s ratio,63–65 multistability,66,67 phase shifting,68 or programmability.69 The

structure of most mechanical metamaterials previously reported consist of periodic arrays of

unit cells, which lead to materials with uniform mechanical responses upon actuation. Latest

advances in soft robotics, wearable devices, and prosthetics, however, require spatially dis-

tributed functionality, which can only be produced by complex aperiodic architectures that

are difficult to design. Näıve implementations of complex aperiodic structures often lead to
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geometrical frustration zones (areas of the material where local constraints cannot be sat-

isfied), which impede the coherent operation of the material and prevent metamaterial-like

functionality.70 The lack of rational design algorithms capable of rapidly creating aperiodic,

yet frustration free, architected materials exhibiting localized actuation has hindered the

development of soft machines that benefit from metamaterial behaviors.

1.2.6 Exploiting Mechanical Instabilities for Soft Robotic Actuation

Harnessing mechanical instabilities—considered signs of structural failure in hard actuators–

has recently emerged as a robust strategy to design and fabricate functional soft actuators

with highly controllable nonlinear behavior.71,72 The reversible buckling of elastomeric beams

is an example of a mechanical instability that can be harnessed to enable applications in

stretchable electronics,73,74 switchable metamaterials,68 and soft fluidic actuators.75,76 Flu-

idic, buckling-based soft actuators typically consist of an elastomeric slab patterned with

two-dimensional periodic arrays of holes perpendicular to the slab sealed by elastomeric

membranes.75,76 Upon applying negative pressure (vacuum), the buckling of the internal cav-

ities of the soft actuator produces a regular and reversible deformation capable of generating

linear75 and rotational motion.77 Fluidic actuators can achieve motions with faster response

times than actuators made of electroactive polymers58 and larger amplitudes than dielectric

elastomers78,79 and ionic conducting polymer films.80 The variety of motions achievable by

fluidic actuators is, however, limited by the need of bulky pneumatic or hydraulic sources,

and the difficulty to design and manufacture soft actuators with tailored three-dimensional

(3D) architectures.

1.2.7 Magnetic and Tendon-based Actuation Mechanisms

Recently, small soft robots with embedded magnetic microparticles demonstrated fast

and untethered actuation using rotating and alternating magnetic fields.69,81 Unfortunately,

the scalability of this actuation mechanism is limited by the difficulty to enlarge the area

where the magnetic fields can be tuned, since the actuating electromagnets must be at least

as large as the desired field of motion of the robots.81 Motor-tendon actuation approaches
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in soft robotics have also demonstrated fast actuation using relatively small and inexpensive

motors.82 Due to their small size, tendons can be attached at multiple locations within a

soft robot—even in places where it would be difficult to house other actuators otherwise—

providing distributed and continuum actuation. Additionally, tendons offer a lightweight,

low inertia platform for long-range force transmission with negligible backlash.83 The friction

between the tendons and the soft body of the robot, however, introduces nonlinearities that

reduce the controllability of the system.

1.2.8 Approaches to Manufacture Soft Robots and Mechanical Metamaterials

Several manufacturing strategies have been proposed for the design and assembly of

3D soft actuators and metamaterials, including casting using custom-designed molds,50,52,65

lithographic etching of silicones,84 lost-wax approaches,85 and inducing porosity in elas-

tomeric composites.86 Recent advances in the direct writing of elastomeric inks66,87 and

other 3D88 and 4D89 additive manufacturing processes have expanded the number of flexible

and stretchable polymers that can be printed and actuated with a high degree of control.90,91

In particular, 3D printing has enabled the fabrication of architected foams and mechanical

metamaterials that bend along preferential directions to control the distribution of compres-

sive forces or their deformation upon human interaction.60–62 The dense spatial distribution

of beams in the volume of these structures, however, complicates their interfacing with ac-

tuation mechanisms, limiting their use in robotic applications.

1.2.9 Achieving Compression-Twist Coupling with Mechanical Metamaterials

The in situ conversion of a linear motion into rotation is an advantageous property ubiq-

uitous in multi-component mechanisms and machines, yet unavailable in monolithic isotropic

materials due to the invariance of the Cauchy elasticity tensor under space inversion.92 In

a seminal 2017 work, Frenzel et al.93 were the first to illustrate, using periodic arrays

of tetrachiral unit cells, a microstructured 3D mechanical metamaterial which twists upon

compression. These structures, however, could not sustain significant strains (> 1.5%) or

twist beyond 3◦ owing to mechanical frustration. More importantly, the chiral response
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of these metamaterials was strongly size-dependent: the magnitude of the twist decayed

as the system size increased. Although multiple researchers have since reported structures

with compression/extension-twist coupling exhibiting larger absolute twists and a range of

Poisson’s ratios,94–101 these designs still suffer from size effects, which compromise their scal-

ability. Moreover, the design processes for these metamaterials are ad hoc, and simultaneous

control of twisting and Poisson’s ratio remain a challenge.

1.3 Organization of this thesis

This introductory chapter outlined the primary motivations for undertaking the research

projects detailed in the rest of this thesis, in light of the existing state of the art.

Chapters 2 and 3 deal with the fabrication of optical metamaterials. In Chapter 2, I de-

scribe a high-throughput and scalable nanomanufacturing process—roll-to-roll laser induced

superplasticity (R2RLIS)—to create large arrays of robust, metallic optical metamaterials

supported on flexible substrates. In Chapter 3, I propose a “bare-bones” ultra-low-cost

version of R2RLIS, which uses a ∼$200 diode laser to directly pattern thin metal foils.

Chapters 4 and 5 discuss automated design strategies of mechanical metamaterials for

soft robotics. In Chapter 4, I introduce Voronoi tessellation as an accessible method to create

3D-printable soft actuators with metamaterial properties from any 3D CAD model. Chapter

5 describes mechanical-frustration-free twisting mechanical metamaterials designed using a

generative parametric algorithm and exhibiting programmable properties.

Finally in Chapter 6, I unify and link the similar underlying principles governing both

optical and mechanical metamaterial design.
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CHAPTER 2. ROLL–TO–ROLL NANOFORMING OF METALS

USING LASER–INDUCED SUPERPLASTICITY

Reproduced in part with permission from Ref.102 Copyright 2018 American Chemical Society.

2.1 Introduction

This chapter presents R2RLIS, a roll–to–roll laser–induced superplasticity method capa-

ble of fabricating ultra–smooth metallic nanostructures on a variety of polymeric substrates

using a CO2 laser as the radiation source. The relatively low acquisition price of CO2 laser

engravers compared to nanosecond pulsed-laser systems facilitates the adoption of R2RLIS

for nanofabrication, particularly in academic research or resource–limited industrial settings.

The basic principle of this roll–to–roll nanofabrication method is the induction of a high–

strain–rate superplastic behavior into metallic films using shock waves generated by the laser

ablation of graphite, enabling the cold nanoforming of metals using a low–cost, polymeric

nanomold. R2RLIS is scalable, inexpensive, and can be easily implemented in conventional

CO2 laser cutters and engravers, improving their functionality, so they can also be used

for fabricating metallic nanostructures and welding them to polymeric substrates to facil-

itate their manipulation. Moreover, the capability to control the hardness and the aspect

ratio of the fabricated nanostructures by tuning the intensity of the laser makes R2RLIS

an attractive high–throughput nanomanufacturing technique for the development of flexible

plasmonic devices.

2.2 Rationale for the use of CO2 lasers in nanomanufacturing

The carbon dioxide (CO2) laser was invented in 1964 and is still among the highest

power continuous wave lasers currently available.103 CO2 lasers, due to their reasonable
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cost, high efficiency ( 20%), and reliability, are frequently used in industrial applications

for cutting,104,105 welding,106,107 or engraving.108 CO2 lasers have also found a place in

many microfluidics, micro-electromechanical, and optofluidics laboratories as a rapid proto-

typing tool since they are useful for engraving and cutting micro-channels in a variety of

polymers.109–111 Using laser annealing and ablation-induced methods, CO2 lasers have been

employed in the past to fabricate random distributions of nanoparticles and nanopores.112,113

Nanofluidic channels and smooth nanostructures on SiO2 were previously reported using a

CO2 laser as a melting tool that improves the lateral walls of the nanostructures or sealed

SiO2 nanotrenches fabricated using electron beam lithography (EBL) or focused ion beam

(FIB). Unfortunately, due to the relatively large wavelength of CO2 lasers (λ = 10.6 µm),

the use of these lasers for the fabrication of periodic arrays of smooth metallic nanostructures

over large areas remains a challenge. R2RLIS enables, for the first time, the fabrication of

ultrasmooth metallic nanostructures on a roll-to-roll basis using conventional CO2 lasers,

making the nanomanufacturing of plasmonic devices accessible to resource-limited academic

and industrial settings.

2.3 Results

2.3.1 Pilot Line for Roll–to–Roll Nanoforming of Metals

Figure 2.1a shows the two laser–based fabrication steps in R2RLIS: nanoforming and

welding to a flexible substrate. Briefly, during the nanoforming step, a set of rubber rolls

introduce a metallic film, coated with graphite on one of its sides, under a confinement layer

(Figure 2.2). This confinement layer, controlled by a linear actuator, presses the metallic

film against a tensioned belt carrying a metal/epoxy nanomold using a metal plate as a

back support. We used a conventional CO2 laser (60 W, λ = 10.6µm, continuous wave) to

ablate a ∼5–µm–thick graphite layer sprayed on the back of the metallic film (5–8µm–thick).

The shock wave generated by the ablation of the graphite layer and confined by a ZnSe or

CaF2 window induces the superplastic flow of the metal into the nanoscale features of the

underlying nanomold (Figure 2.3). The peak pressure of the shock wave generated by the

CO2 laser depends on the power density used to ablate the graphite layer, reaching up to
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Figure 2.1. R2RLIS set–up and capabilities. (a) Schematic diagram of the pilot line for
the roll–to–roll nanoforming of metals. 1) During the nanoforming of the metal film, an IR
window (ZnSe) is used as a confinement layer, so that the expansion of the ablated graphite
layer induces the superplastic deformation of the metal film into the nanomold upon laser
irradiation. 2) After the nanopatterned metal is brought to contact with the supporting
plastic film, a second laser scan welds the metal to the plastic substrate. (b) 5×7 array
of 1 cm2 nanoformed Au domains welded to a flexible PET substrate. (c) Nanopatterned
Au/PET composite with enough flexibility and interfacial adhesion to withstand bending
and being tied into a knot. Inset shows a high–resolution AFM image of the ultrasmooth
Au nanogratings (350 nm linewidth). All scale bars are 2 cm.
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Figure 2.2. Schematic diagram summarizing the steps followed to load the feed
roll into the custom-made R2R system. (a) The plastic support is fed from the left
and passed through the rolls at the bottom of the R2R system (in the direction of the
arrows, according to the order described in the figure). (b) The feed roll is added to the R2R
system, placed over the metal/epoxy nanomold and brought into contact with the support
film (following the direction of the arrows, in the order described). (c) An IR window (ZnSe)
is used as a confinement layer, so that the expansion of the ablated graphite layer induces
the superplastic deformation of the metal film into the nanomold upon laser irradiation.
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Figure 2.3. Schematic diagram of the nanoforming process in R2RLIS. (a) A free-
standing metal film is spray-coated on one side with a ∼5-µm-thick layer of graphite and
placed on top of an epoxy nanomold metallized with 50 nm of titanium. A ZnSe window is
used to confine the shockwave produced by the laser ablation of the graphite layer. (b) A
CO2 laser beam locally ablates the graphite, generating a shockwave which induces the su-
perplastic flow of the metal film into the nanomold. (c) Ultrasmooth crystalline metallic
nanostructures are obtained after demolding the metal film from the nanomold. No lubri-
cating layer is necessary to perform R2RLIS.
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Figure 2.4. Transmission spectra of commonly used laser windows: zinc selenide
(ZnSe), calcium fluoride (CaF2), soda-lime silica (SLS), UV fused silica (UVFS) and IR fused
silica (IRFS). The wavelength axis is plotted on a logarithmic scale. Only ZnSe and CaF2

transmit at the operating wavelength of CO2 lasers (λ = 10.6 µm).
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Figure 2.5. Demonstration of the transparency of ZnSe and CaF2 windows to
continuous CO2 laser beams. These windows are used as confinement layers in R2RLIS.
(a) The window is first placed on a sheet of paper with an inkjet-printed “P”. (b) A CO2 laser
beam is used to write the letters “urdue” through the window. (c) The window is then placed
on another sheet of paper, showing no observable damage. The windows were also inspected
at the microscopic level to verify that the lasing action did not cause any superficial damage
or internal crack to the confinement layer.

1.5 GPa (at 5 MW/cm2), according to the Fabbro’s model.114 The propagation of the shock

wave along the metallic film induces superplastic strain rates (106—107 s–1),115,116 facilitating

the conforming of the metal to the nanomold. The low absorbance of ZnSe and CaF2 at

λ= 10.6µm (Figure 2.4) prevents the confinement layer from damage by the laser pulses

during the R2RLIS process, since the temperature of the graphite plasma is not sufficiently

high to dry etch the confinement layer (Figure 2.5).

After the metal film is patterned with ultrasmooth nanostructures, a set of synchronized

rubber rolls transfers it onto a thermo–adhesive plastic substrate (polyethylene terephtha-

late, PET). The localized heating of the polymer, once the CO2 laser scans the final shape

of the device (∼1.6 J/mm2), welds the patterned metal to the plastic. Figure 2.1b shows

that metallic nanostructures welded to a flexible substrate are easy to manipulate and bend
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(radius of curvature as low as 0.5 mm). The thin nanopatterned Au/PET composites fabri-

cated by R2RLIS exhibit a robust interfacial contact and enough flexibility to be tied into a

knot (Figure 2.1c).

Figure 2.6. Images of the Ti/epoxy nanomolds after being used to create nanos-
tructures 75 times using R2RLIS. (a) SEM image of the Ti/epoxy nanomold used to
fabricate the Al nano V-grooves shown in Figure 2.8b. (b) 3D AFM image of the Ti/epoxy
nanomold shown in (a). (c) High resolution AFM image of the Ti/epoxy nanomold used to
fabricate the ultrasmooth 3D Ag nanopillars shown in Figure 2.8d and Figure 2.9. (d) 3D
AFM image of the nanomold shown in (c).

Since nanomold cost is one of the main limitations of laser shock-based nanofabrication

techniques,47 we carried out R2RLIS using low–cost metal/epoxy nanomolds fabricated using

soft lithographic tools.117,118 Briefly, we used silanized fused silica diffraction gratings and

silicon nanomolds fabricated by electron beam lithography (EBL) and reactive ion etching

(RIE) as masters for soft replica molding. We generated flexible h–PDMS/PDMS stamps

from the masters and transferred the nanofeatures of the flexible stamps to a flexible PET

film coated with a low–surface–energy epoxy. After UV–curing the epoxy through the h–

PDMS/PDMS stamp, the epoxy replicas of the flexible stamp were metallized with a 50 nm

thick layer of Ti and used as nanomolds for R2RLIS. We have used the h–PDMS/PDMS
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stamps to fabricate epoxy nanomolds for this study more than 200 times with no apparent

damage or degradation. The low laser power density used in R2RLIS enables the reusabil-

ity of these low–cost nanomolds up to 90 times before the mechanical fatigue suffered by

Ti/epoxy composite affects the quality of the nanostructures fabricated by R2RLIS (see Fig-

ure 2.6). Ti/epoxy nanomolds do not require any lubricant layer to work or to release the

metal film after nanoforming.

2.3.2 Selective Nanoforming, Welding, and Cutting

R2RLIS makes it possible for conventional CO2 lasers—typically used for cutting and

welding—to perform roll–to–roll nanoforming processes, providing them with the function-

ality of patterning nanostructures on the surface of thin metallic films. Figure 2.7a shows the

CO2 laser power required to weld or cut 5–µm–thick Au films mounted on a PET substrate

for different scanning speeds. We found that the laser dose necessary to weld and cut these

Au/PET composites (not coated with an ablation layer) was 1.67 J/mm2 and 3.33 J/mm2,

respectively (Figure 2.7b). Pressing the Au film with the confinement layer (∼200 mbar), we

found that the dose needed to induce superplastic flow to the film—coated with a ∼5–µm–

thick graphite ablation layer—during the nanoforming process is 19.1 J/mm2. Figure 2.7c

shows the process followed to fabricate flexible plasmonic devices using R2RLIS. First, the

Au film is nanoformed against a Ti/epoxy nanomold with a 375 nm linewidth and 120 nm

height. After nanoforming the desired region of the metal film, consuming most of the

graphite ablation coating on that area, the roll–to–roll system mounts the nanopatterned

metal on the PET substrate. A second laser scan welds the nanoformed regions of the

metal film to the underlying plastic substrate. Right after the welding scan, the CO2 laser

trims the final shape of the device according to the powers and scanning speeds described

in Figure 2.7a. Finally, the robust interfacial contact between the substrate and the welded

nanoformed region of the metal film allows for the removal of the unwelded regions of the

device using conventional adhesive paper or tape.

Figure 2.8 shows several examples of ultrasmooth metallic nanostructures fabricated by

R2RLIS on Au, Al, Cu, and Ag films. Figure 2.8a,b shows ultrasmooth gratings with square

and triangular nanogrooves fabricated in Au and Al films. Nano V–grooves fabricated in Al
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Figure 2.7. Operating regimes of conventional CO2 laser systems for 5–µm–thick
Au films. (a) Cutting and welding regimes for Au films not coated with an ablation layer.
(b) Typical doses necessary for achieving nanoforming (using an ablation layer), welding, and
cutting. (c) Fabrication of flexible plasmonic devices using R2RLIS: 1) After the nanoforming
of the metal, the highlighted region of the film (dashed “P”) is welded to the flexible PET
substrate, and the perimeter of the device is cut; 2) adhesive paper is attached to the Au/PET
composite; 3) the removal of the adhesive paper cleaves the unwelded regions of the device,
leaving the welded nanoformed region intact. Inset shows a high–resolution AFM image of
the ultrasmooth Au nanograting.

using R2RLIS reached uniform aspect ratios of 5 (200 nm depth, 40 nm width) over large areas

(Figure 2.8b). Similar nanogratings have been demonstrated to support the propagation

of channel plasmon polaritons, which makes them attractive for photonic applications.119

R2RLIS also enables the possibility of creating nanoscale fishnet structures by nanoforming a

metal film twice using the same square groove nanomold (Figure 2.8c). Once the nanograting
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Figure 2.8. Ultrasmooth, 3D nanostructures fabricated by R2RLIS. (a) Au
nanograting with a 350 nm linewidth and a 110 nm height. (b) Nano V–grooves with an
aspect ratio of 5 (200 nm depth, 40 nm width) fabricated on Al. (c) Nanoscale fishnet fabri-
cated on a Cu film. (d) Array of Ag nanopillars with a diameter of 350 nm and height 1.1µm.
SEM and AFM are used to visualize the nanostructures.

is formed on the surface of the metal film, after the first nanoforming process, the ablation

coating is re–applied on the back of the film and a second nanoforming process is performed

against the nanomold, perpendicularly oriented with respect to the first nanoforming process.

To compensate for the strain hardening of the sample after the first nanoforming step (CO2

laser power density of 2.12 MW/cm2), a higher laser power density is applied (4.05 MW/cm2)

to create a uniform nanoscale fishnet (Figure 2.8c). Such nanoscale fishnet designs have been

proposed as left-handed metamaterials for high resolution focusing and invisibility cloaks.120

Figure 2.8d and Figure 2.9 show that R2RLIS is also compatible with the fabrication of

arrays of discrete 3D nanostructures such as cylindrical Ag nanopillars with ultrasmooth

lateral surfaces and a diameter of 350 nm and height 1.1µm (aspect ratio of ∼3). The

superplastic flow of the metal into the nanomold justifies its ultrasmooth lateral surface and

the high-fidelity replication of the Ti/epoxy nanomolds (see nanomold in Figure 2.6).
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Figure 2.9. (a) SEM image showing an array of discrete 3D Ag nanopillars. (b) High
resolution SEM image of the area marked in (a). These 3D nanopillars have a diameter of
350 nm and a height of 1.1µm.

2.3.3 Conditions for Nanoforming, Welding, and Cutting using R2RLIS

We coupled a commercially available CO2 laser engraver (MT3050D, MornTech Inc.;

Stockton, CA) with a custom-built roll-to-roll system to perform R2RLIS. The maximum

pulse energy is 60 mJ/pulse; the pulse width of the laser is 1 ms. We measured the laser

pulse energy using an optical power meter (Newport, type: 1916c). The size of the beam at

best focus is ∼40µm and was measured using photosensitive paper (Kodak Linagraph, type:

1895). The extent of the nanoforming, welding, and cutting regimes were determined ex-

perimentally (Figure 2.7a). We calculated the optimal laser dose, D, in terms of the fluence

(energy per unit area) of the CO2 laser beam (Figure 2.7b). We used the following symbols

and assumptions in our calculations:

P = maximum output power of the laser,

fP = fraction of P used,

v = traverse speed of laser beam,

d = beam spot size,

fT = fraction of incident energy transmitted by IR window,

τ = laser pulse duration
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Assumptions:

1. The expressions for dose assume that the power of the beam is uniform over the spot

size. Laser beams, however, are often Gaussian, in which case the effective power is

approximately half of the peak power P ; i.e., a Gaussian distribution with peak power

P can be replaced by a constant distribution of power P/2.

2. The rastering speed, v, of the laser beam is assumed to be constant. Experimentally,

however, the mechanical constraints of our system decrease the rastering speed on

every change of direction, not making the speed constant on the edges of the rastered

area.

Cutting and welding

We considered a laser beam of spot size d focused on the substrate, and moving at a

speed vmm/s relative to the substrate. In 1 s, the area irradiated by the beam is v × d.

During this 1 s, the energy supplied to the substrate is fPP . Therefore,

Dcut,weld =
fPP

vd
,

showing that the locus of a point of constant dose in the v–P plane is a straight line. Our

experimental measurements (Figure 2.7a), especially in the welding regime, deviate slightly

from the predicted linear behavior, since the local welding phenomenon is dictated by the

heat affected zone (HAZ) rather than the area of irradiation, and the HAZ is an ill-determined

function of the power and speed.

Nanoforming

In the case of nanoforming, the rapid (∼1 ms) ablation of the graphite layer results in

no relative motion between the laser beam and the substrate during the patterning process.

Considering a laser pulse of width τ incident normally on an IR window, the fraction of the

incident energy transmitted through the window, accounting for Fresnel reflection losses and
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absorption within the window, is fT . The effective energy supplied to the substrate in a time

τ is fTfPPτ . Therefore, we calculate the dose (Dnanoforming) for a beam of spot size d as

Dnanoforming =
fTfPPτ

πd2

4

=
4fTfPPτ

πd2
.

2.3.4 Nanoscale Deformation Mechanisms of R2RLIS

To understand the underlying mechanism of R2RLIS and to estimate the critical strain

rate necessary to activate superplasticity in metals, we investigated the nanoforming of Au

films by combining finite element method (FEM) and molecular dynamics (MD) simulations

with atomic force microscopy (AFM), see Figure 2.10, 2.12.

MD simulations reveal that the strains suffered by the metal during the nanoforming

process are much higher on the areas closer to the corners and edges of the nanomold

than inside the nanomold due to a nanoscale geometrical confinement effect and a low–

temperature dynamic recrystallization (Figure 2.10a). The new grain boundaries generated

during the nanoforming process efficiently absorb dislocations, prevent dislocation avalanches

and strain bursts, and enable the reduction of the grain sizes (Figure 2.11), providing uni-

formity to the nanoforming process and enabling the fabrication of nanostructures with

ultrasmooth surfaces. According to FEM simulations (Figure 2.10b,c), this high–strain–rate

deformation process induces a low temperature rise on the nanomold (≤ 90◦C), which is

efficiently dissipated by the Ti/epoxy composite, preserving the structural integrity of the

nanomold after the nanoforming process (Figure 2.6). The generation of complex stresses

(Figure 2.10b) facilitates the nucleation of subgrains and grains, reducing the grain size. We

experimentally found that laser power densities lower than 1.45 MW/cm2 were not able to

generate enough pressure to activate superplasticity in 5–µm–thick Au films. This critical

nanoforming laser intensity depends on the mechanical properties of the metallic film, its

thickness, the efficiency of the confinement layer, and the thickness of the graphite ablation

layer.
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Figure 2.10. Multi-scale simulations describing the mechanisms of R2RLIS.
(a) Atomic snapshots from MD simulations showing the evolution of atomic strain distri-
bution as a single-crystal Au slab flows superplastically into the nanomold. The atoms
at the edges and corners of the mold experience large strains while a low strain field ex-
ists in the interior regions. (b, c) Coupled thermo-mechanical FEM simulations showing the
stress distribution and temperature rise in an Au slab during R2RLIS. t = 0 is defined
as the instant at which the graphite layer ablates, triggering the superplastic flow of the
metal. High-strain-rate processes like R2RLIS (the nanoforming time is ∼3 ns) are realized
by a low-temperature dynamic recrystallization, as predicted by the low temperature rise
(≤ 90◦C) in the Au slab.

2.3.5 Tunability of the Mechanical and Optical Properties of the Fabricated

Nanostructures

Figure 2.12 shows the increase of the hardness of several metal films processed by R2RLIS

using a flat silicon wafer as a mold. We used AFM nanoindentation to characterize the

strength of the metal films before and after R2RLIS. The hardness of as–received Au films

is ∼1.96 GPa, whereas the hardness of the film after R2RLIS is ∼2.55 GPa (30% increase,

see Figure 2.12a). Similarly, we achieved increments in the strength of Ag, Al, and Cu of

41.4%, 27.6%, and 25.8%, respectively (Figure 2.12b, 2.13). Additionally, the superplastic
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Figure 2.11. Atomic snapshots from molecular dynamics (MD) simulations.
(a) Evolution of the microstructure of the gold film during the nanoforming process. The
non-centrosymmetric values are visualized using OVITO, considering that for a gold atom
on a perfect FCC lattice site, the centrosymmetry parameter is 0. When a dislocation is
created, the centrosymmetry parameter increases to a larger positive value. The dislocation
density increases greatly as the metal flows superplastically near the corners and edges of
the nanomold. The crystalline structure of the gold becomes almost amorphous near the
corners of the mold as a result of the severe plastic flow. (b) Absolute atomic displacement
map indicating the flow pattern of the gold atoms during R2RLIS. Although the gold atoms
at the edges and corners experience large atomic strains (Figure 2.10a), they have relatively
small absolute displacements.

deformation of the metal film against a flat mold reduces the surface roughness of the metal

significantly (from 41.8 nm to 1.2 nm in the case of 5–µm–thick Au films, see Figure 2.12c).

Figure 2.12d,e shows that the improved strength and ultrasmooth surfaces of the fabricated

nanostructures are due to the grain/subgrain refinement achieved during the nanoforming

process, as predicted by MD simulations (Figure 2.10a). This increase in hardness of poly-

crystalline metallic films caused by grain size refinement is consistent with the Hall–Petch

relation,121 hardness∝ (grain size)–0.5. Using high-resolution AFM, we found that R2RLIS

decreases the grain sizes of an Au film from 117± 23 nm to 31± 4 nm, applying a laser power

density of 4.77 MW/cm2. Since all grain sizes measured after R2RLIS were >10 nm, we can

neglect small grain softening.122 We found that the laser power density irradiated over the

ablation layer correlates with the grain boundary disorder imparted to the metal, increasing

its hardness and reducing its surface roughness.

To demonstrate the nanomanufacturing of large-area arrays of plasmonic nanostructures

active in the optical range using R2RLIS, we fabricated eleven Au nanogratings with dif-

ferent aspect ratios (Figure 2.14a). We chose Au as the plasmonic material due to its low

ohmic loss at optical frequencies and its high oxidation resistance.123 We fabricated all Au
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Figure 2.12. Strain hardening and grain refinement of the nanostructures fab-
ricated by R2RLIS. (a) Force (F )–indentation depth (h) curves obtained by the AFM
nanoindentation of Al and Au films showing the strain hardening due to R2RLIS. Deviation
from the Hertz model indicates plastic deformation of the metals. Higher forces are required
to attain equivalent indentation depths after R2RLIS. (b) Increase in hardness achieved by
R2RLIS for Al (27.6% increase), Au (30% increase), Ag (41.4% increase), and Cu (25.8%
increase). Error bars indicate standard deviation from 21 nanoindentations on each sample.
(c) 10µm× 10µm AFM topography images of Au surface before and after their nanoform-
ing against a flat mold by R2RLIS. The histograms show that R2RLIS reduces the average
surface roughness (Ra) from 41.8 nm to 1.2 nm. (d, e) 2µm× 2µm AFM topography images
showing the grain structure of the Au surface before and after R2RLIS. Insets show high-
resolution scans of the indicated regions. The average grain size is reduced from 117± 23 nm
to 31± 4 nm by R2RLIS. Scale bars in the insets are 100 nm.
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Figure 2.13. Force (F )-indentation depth (h) curves before and after R2RLIS for
(a) silver, and (b) copper. Deviation from the Hertz model indicates plastic deformation of
the metallic samples. The strain hardening of the metals nanoformed by R2RLIS is evident
from the graphs: more force is required to attain equivalent indentation after R2RLIS.

nanogratings using the same Ti/epoxy nanomold (350 nm width, 220 nm depth); however, by

applying different laser power densities during the nanoforming process, we obtained nanos-

tructures with different aspect ratios and hardness values (Figure 2.14b). The capability

of tuning the aspect ratio of the fabricated nanostructures by controlling the laser power

used in R2RLIS enables the customization of the optical reflection of the resulting flexible

plasmonic device from near-perfect reflection (Au flat surfaces planarized by R2RLIS) to

near-zero reflection at λ = 450 nm (Au nanogratings 350 nm width and 140 nm height), see

Figure 2.14c. Slight differences in the shape between the experimental resonance peaks and

the finite difference time domain (FDTD) simulations are likely due to the losses in the

experimental system. We found from further simulations that the reflection-dip red shifts as

the height of nanograting increases (Figure 2.14e). To verify this point, we fabricated seven

representative samples featuring nanogratings with heights of 50, 75, 100, 120, 136, 169, and

220 nm, as indicated by the white circles in Figure 2.14e. The closeness of the minimum

reflection values—measured experimentally using a UV-Vis-NIR spectrophotometer—to the

FDTD model predictions, demonstrates that R2RLIS can be used for the large-scale pro-

duction of ultrasmooth plasmonic nanostructures of sufficient quality for optical applications

(Figure 2.14f).
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Figure 2.14. Controlling the aspect ratio and the optical properties of the fabri-
cated nanostructures by tuning the laser power applied during R2RLIS. (a) AFM
cross-section of the Au nanogratings patterned on an Au film by applying different laser
power densities. All nanogratings were formed using the same Ti/epoxy nanomold (222 nm
height and 350 nm linewidth). (b) Dependence on the power density of the height and hard-
ness of the fabricated nanostructures. (c) Comparison of the experimental reflectance at nor-
mal incidence of an Au grating produced by R2RLIS with the FDTD simulation of the same
grating with an idealized geometry (140 nm height and 350 nm linewidth). (d) Simulated
normalized electric field distribution of the Au grating measured in panel (c) under TM
polarized incident light at the wavelength of 450 nm. (e) Map of the reflectance of the gold
nanogratings versus wavelength and height of the nanostructures. The linewidth is fixed
to 350 nm. White circles indicate the minimum reflection values obtained from experimen-
tal reflectance measurements. (f) Experimental reflection spectra of seven representative Au
nanogratings with specific heights. The locus of the minimum reflectance of the experimental
measurements are in good agreement with FDTD simulations.

2.4 Conclusion

R2RLIS enables the rapid and inexpensive fabrication of ultra–smooth metallic nanos-

tructures over large areas using conventional CO2 engravers. Using low–cost metal/epoxy

nanomolds, the minimum feature size obtained by R2RLIS was 40 nm, facilitating the rapid

fabrication of flexible near–perfect absorbers at visible frequencies with the capability to
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wrap around non–planar surfaces. R2RLIS has five significant advantages over other roll-to-

roll nanomanufacturing processes: (i) it generates ultrasmooth metallic nanostructures using

laser-induced superplasticity, overcoming coarse grain limitations on nanoforming; (ii) it can

be performed at ambient conditions using conventional CO2 engravers; (iii) it is scalable and

inexpensive, using low–cost nanomolds easily fabricated by replica molding; (iv) it can attach

the nanopatterned metallic films to flexible polymeric substrates with sufficient interfacial

strength for practical applications; (v) tuning the laser intensity applied in the nanoforming

process, enables the control of the final hardness and aspect ratio of the fabricated nanostruc-

tures. R2RLIS, at its present level of development, also has two limitations: (i) the rastering

time of CO2 lasers with small beam diameters limits the roll–to–roll fabrication speed. The

use of wider or multiple beams has the potential to increase the speed of this roll–to–roll

process at the cost of requiring laser systems with a higher power; (ii) the remnants of the

graphite ablation coating are trapped between the metal film and the flexible substrate,

which does not affect the fabrication of reflection–based optical devices, but could affect the

performance of multifunctional devices based on the 3D stacking of nanopatterned layers.

The complete removal of the residual graphite would require an additional step in the roll–

to–roll process, increasing its complexity. The method proposed to fabricate ultrasmooth

metallic nanostructures mounted on flexible substrates, however, is versatile and compatible

with metals with Young’s modulus as high as 130 GPa. R2RLIS, with the appropriate de-

sign of the nanomolds and configuration of the laser, could be extended to the cost–effective

scalable fabrication of crystalline nanostructures for the development of future electronic,

biosensing, and optical devices.

2.5 Experimental Section

2.5.1 Confinement layers for R2RLIS

We used CaF2 or ZnSe optical windows (Thorlabs, Inc., Newton, NJ) to confine the ex-

pansion of the ablated graphite layer upon laser irradiation, since both materials exhibit a

relatively low absorption at λ = 10.6 µm (Figure 2.4). We use the confinement layer to drive

the generated shockwave towards the metal/nanomold interface, inducing the superplastic
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flow115,116 of the metal during the roll-to-roll nanoforming process. CaF2 and ZnSe windows

were not damaged by the CO2 laser pulses even after more than one thousand printing cycles

since the temperature reached by the graphite plasma was not enough to dry etch these ma-

terials. Additionally, the CO2 laser intensities required to enable R2RLIS (∼MW/cm2) were

much lower than the breakdown threshold of CaF2 and ZnSe (∼GW/cm2),124 see Figure 2.5.

2.5.2 Substrate Preparation

We used shims (5–8µm thick) of gold, silver, copper, and aluminum (Arnold Magnetic

Technologies, Rochester, NY) as substrates for R2RLIS. We coated the back of the metallic

films with a 5–µm–thick graphite layer by spraying an aerosol lubricant (MG Chemicals,

Burlington, Ontario, Canada). After the graphite ablation layer was dried with nitrogen,

we rolled the metallic film on a feed roller (15.2 cm wide) and loaded it in a custom-made

roll-to-roll system (Figure 2.1a, 2.2b) to perform R2RLIS.

2.5.3 Fabrication of the metal/epoxy nanomolds used in R2RLIS

To overcome the dependence of laser-based imprinting methods on expensive hard molds,

we used soft lithography principles to fabricate epoxy nanomolds via replica molding.27 We

sputter-coated the fabricated epoxy nanomold with 50 nm of titanium, creating the Ti/epoxy

nanomolds used to perform R2RLIS (see Figure 2.1a, 2.6, 2.2a, 2.3a).

To create the epoxy nanomolds, we used a variety of hard masters for soft replica mold-

ing: Polymeric gratings were obtained from DVDs and Blu-Ray discs (Sony Corp., USA).

SiO2 spectrometer gratings were obtained from Ibsen Photonics (UVVIS1250-702). Other

arrays of silicon nanostructures, created by combining electron beam lithography (EBL) with

reactive ion etching (RIE) and anisotropic KOH etching, were also used as hard masters.22

Functionalization of hard silicon masters

Silicon-based hard masters were functionalized by exposure to vapors of tridecafluoro-

1,1,2,2-tetrahydrooctyl-1-trichlorosilane (TFOCS; United Chemical Technology, cat. no. 6H-
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9283) obtained by evaporating 100 mL of TFOCS in the desiccator where we kept the hard

master and the silane at ∼36 Torr for 5 h.125 After silanization, the surface of the master

becomes hydrophobic, preventing polydimethylsiloxanes (PDMS) to adhere to the master.

We used the silanized silicon and SiO2 masters to fabricate at least 20 copies of PDMS-based

stamps without experiencing any significant adhesion during the unmolding process.

Fabrication of the soft elastomeric composite stamps

To replicate arrays of nanostructures with aspect ratios higher than one or linewidths

smaller than 500 nm we used an elastomeric composite stamp comprising a ∼5µm layer

of h-PDMS (replicating the nanostructures) and a ∼3 mm layer of s-PDMS (used as back

support for the h-PDMS layer).

Preparation of the h-PDMS layer: We thoroughly mixed 3.4 g of a vinyl PDMS

prepolymer (VDT-731, Gelest Corp.), 18 mL of a Pt catalyst (platinum divinyltetramethyl-

disiloxane, SIP6831.1, Gelest Corp.), and one drop of a modulator (2,4,6,8-tetramethyl-

tetravinylcyclotetrasiloxane, 87927, Sigma-Aldrich) and degassed the mixture for 1 min. Af-

ter all bubbles disappeared from the mixture, we added 1 g of a hydrosilane prepolymer

(HMS-301, Gelest Corp.) and mixed it gently to prevent the formation of new bubbles.

After stirring for ∼30 s, the resulting mixture was spin-coated over the functionalized silicon

master at 1000 rpm for 40 s and cured at 70 ◦C for 10 min.

Preparation of the s-PDMS (Sylgard 184, Dow Corning) layer: We thor-

oughly mixed the precursors of the base to a cross-linking agent at a ratio of 10:1 by weight.

The air bubbles present in the prepolymer mixture were degassed at ∼36 Torr for 30 min.

Assembly of the h-PDMS and s-PDMS layers: After the cured h-PDMS layer

coating the silicon master was allowed to cool to room temperature, we cast a ∼3 mm layer of

Sylgard 184 PDMS (s-PDMS, Dow Corning) and baked the ensemble at 60 ◦C for 2 h. This

curing time and temperature assures a good bond between the h-PDMS and the s-PDMS

layers.
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Fabrication of epoxy nanomolds using soft replica molding

After cutting and releasing the elastomeric composite stamp from the surface of the

master, we used it to pattern an uncured layer of epoxy spread over a PET film (VWO100C-

BE, Apollo Inc.). We achieved our best replica molding results using UVO-114 (Epotek),

which is a UV-curable epoxy (λ = 365 nm).126 After several replica molding steps, the

resulting epoxy nanostructures covering the PET film were metallized with 50 nm of titanium

and wrapped onto a tensioned belt (15.2 cm wide), see Figure 2.2a.

Reusability of metal/epoxy nanomolds

We examined the structural integrity of the different Ti/epoxy nanomolds used in this

study after performing multiple R2RLIS nanoforming cycles. Figure 2.6 shows that, even

after using the Ti/epoxy nanomolds 75 times, the molds used to fabricate the nanostructures

with the highest aspect ratios shown in this work do not show any significant degradation.

Since the laser power density used in R2RLIS (∼MW/cm2) is several orders of magnitude

less than that of pulsed nanosecond lasers (∼GW/cm2), the Ti/epoxy nanomolds can be

reused up to 90 times during the roll-to-roll nanoforming process.

2.5.4 R2R set-up

We performed R2RLIS using a custom-made roll-to-roll system built inside a commercial

CO2 laser engraver (MT3050D; MornTech Inc., Stockton, CA). The metal film, coated with

∼5µm of graphite on one side, is loaded as described in Figure 2.2. The plastic substrate,

serving as a flexible support for the fabricated nanostructures, is also used during the R2R

process to pull from the thin metal film, thanks to the action of the rubber-coated rolls used

in our system (Figure 2.2b). After the metal film is nanoformed under the ZnSe confinement

layer, the metal film and the plastic substrate are brought to contact with the metallic

nanostructures facing up. A second irradiation with the CO2 laser can be used to weld the

metal film to the underlying plastic film over the scanned areas (Figure 2.1a2, 2.7c, 2.2c).
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2.5.5 Microscopic imaging

Scanning electron microscopy (SEM)

Scanning Electron Microscope (SEM) images of nanostructures fabricated by R2RLIS

were taken using an FEI NOVA NanoSEM at 5.0 kV electron accelerating potential, spot

size 3.0 and working distances between 3–5 mm. Low magnification images were obtained

using an Everhart–Thornley Detector (ETD), while high magnification images were obtained

using a Through–Lens Detector (TLD).

Atomic force microscopy (AFM)

AFM topography images were obtained in tapping mode using a Veeco Dimension 3100

AFM (Nanoscope III controller) with Tap300–G probes (BudgetSensors, Sofia, Bulgaria)

having an average force constant of 40 N/m, resonant frequency in the range 250–300 kHz,

and a tip radius ∼10 nm.

2.5.6 Nanomechanical characterization

We used an Atomic Force Microscope (Dimension 3100 with Nanoscope III controller,

Veeco) to characterize the hardness of the metal films tested in this study, before and after

R2RLIS patterning, using nanoindentation force curves (Figure 2.12a, 2.13). Tap–150 DLC

probes (BudgetSensors, Sofia, Bulgaria) with tip radius ∼15 nm coated with a ∼5 nm layer

of diamond like carbon (DLC) were used for the nanoindentation experiments (Figure 2.16a).

The force constant (k) of the cantilever was sufficiently high to induce the plastic deformation

of the metallic samples, while still allowing for the extraction of the material properties in

the elastic regime. The raw photodiode signal Vpd (in Volts) can be converted into a loading

force (F ) using the equation F = kSVpd, where S is the cantilever sensitivity (in nm/V), see

Figure 2.16b. To make quantitative comparisons from the force curves in terms of the force

as a function of the indentation depth (h), it is necessary to obtain accurate values for k

and S. A precise value for k can be readily calculated using Sader’s method127,128 when the

resonant frequency, quality factor, and the geometry of the cantilever are known. S can be
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experimentally determined from the slope of a force curve on a hard sample (e.g. Si, mica

or sapphire),129 so that the entire Z movement of the cantilever after contacting the sample

can only be attributed to the deflection of the cantilever (Figure 2.15).

Figure 2.15. Determination of AFM cantilever sensitivity for nanomechanical
characterization. Cantilevers are calibrated on a Si sample (E∼180 GPa), used as a non-
deformable substrate to guarantee that all the photo-current (IPSD) registered by the photo-
diode is attributed to pure deflection and no indentation. Schematics show the tip-substrate
interaction in the non-contact and contact regions: when the tip is not in contact with the
sample, there is no deflection and the laser spot in the photodiode is centered. The sensitivity
of the cantilever is determined from the inverse of the slope of the contact region.

To calculate the hardness of a sample, we used the average value of at least 21 inden-

tations performed on different locations over the sample, using a ramp speed of 50 nm/s.

Although the AFM cantilever tip has a pyramidal geometry, the apex of the tip contacting

the sample during nanoindentation can be assumed to have a hemispherical shape (Fig-

ure 2.16a inset). We first scanned the surface of the sample using non-contact tapping mode,

chose a representative area, and performed the indentations. All the indentations were at

least 1µm apart to prevent interaction between deformation zones (Figure 2.16c).

Our nanoindentation system registered the applied force exerted by the tip of the can-

tilever as a function of the piezo displacement Z (Figure 2.16d). We then converted the

piezo displacement to indentation depth h using standard force-curve analysis techniques

available in the literature (Figure 2.16e).130 The obtained F–h curves were compared to the
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Figure 2.16. Nanomechanical characterization using AFM nanoindentation.
(a) Representative SEM image of a Si cantilever tip coated with 5 nm DLC used for AFM
nanoindentation. Inset shows that the end of the tip may be assumed to be spherical with ra-
dius R ∼20 nm. (b) AFM topography image of one of the gold samples used to fabricate flex-
ible plasmonic devices. The four white dots indicate the location of the indentations, spaced
at least 1µm apart to prevent interacting plastic deformation zones resulting from neighbor-
ing indentations. (c) Schematics of the experimental parameters describing the Hertz model.
The force F on the cantilever is calculated as the cantilever spring constant (k) multiplied
by the cantilever sensitivity (S) and the photodiode voltage (Vpd). h is the indentation depth
and Z is the piezo displacement. (d)F–Z curves for nanoindentations performed at 5 loca-
tions on a gold sample nanoformed against a flat silicon wafer by R2RLIS. (e) Corresponding
F–h curves for the 5 indentations showing the reproducibility of measurements. The Hertz
model (E = 79 GPa) overlaps with experimental results during the elastic deformation of
the sample.
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theoretical Hertz Model,131 F = (4/3)E∗R0.5h1.5, where R is the tip radius and E∗ is the

effective Young’s modulus of the tip-sample combination. E∗ can be evaluated from:

1

E∗
=

1− ν2

E
+

1− ν2i
Ei

,

where E and ν are the Young’s modulus and Poisson’s ratio of the sample respectively, and

Ei and νi are for the indenter. The Poisson’s ratio for all metals used in this study is assumed

to be 0.33. When the force curves are close to the Hertz model, the deformation is elastic.

Deviation from the Hertz model indicates permanent plastic deformation (Figure 2.16e). We

divided the maximum force by the projected the area of the indenter at the corresponding

indentation depth to obtain the hardness of the sample.132

2.5.7 Molecular dynamics simulations

To investigate the evolution of the grain structure and the dislocations in the metal

film (Figure 2.11a), and the distribution of atomic strain (Figure 2.10a) and displacement

(Figure 2.11b) during R2RLIS, we performed molecular dynamics (MD) simulations using

the open-source MD package LAMMPS (Oct 23, 2017 version, 64-bit).133

To simplify the simulation, the Ti/epoxy nanomolds used in R2RLIS were modeled as

if they were the hard silicon masters used for their fabrication (silicon with a diamond

structure of lattice constant 5.48 Å). The lack of deformation of the Ti/epoxy nanomolds

after R2RLIS is consistent with the previously described behavior of hard silicon molds,47

in agreement with our approximation (see Figure 2.6). The metal film is modeled as single

crystalline Au with an FCC structure of lattice constant 4.078 Å. The width of the grooves is

30 times (16.44 nm) the Si lattice constant and the depth is 20 times (10.96 nm). The metal

slab thickness is 55 times (22.429 nm) the Au lattice constant. This leads to a simulation

box containing ∼1.78 million atoms. Periodic boundary conditions are implemented in the

x and y directions, while “shrink-wrapped” fixed boundary conditions are employed in the

z direction (to prevent any loss of atoms). An atomic snapshot of the simulation setup is

depicted in Figure 2.17.
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Figure 2.17. MD simulation domain. The supercell is composed of a silicon mold with a
groove of 16.44 nm width and 10.96 nm depth. The gold slab measures 32.88 nm × 32.88 nm
× 22.43 nm. Boundaries are periodic in x and y directions. “Shrink-wrapped” boundary
conditions are applied in the z direction.

Since two types of atoms (Si and Au) are involved, hybrid pair-styles are used: Tersoff

potential (Si.tersoff)134 is used for silicon, EAM potential (Au u3.eam)135,136 is used for

gold, and Lennard–Jones (LJ) potential is used to account for the van der Waals (vdW)

interactions between silicon and gold atoms. The σSi–Au and εSi–Au parameters of the LJSi–Au

potential for Si–Au interactions are determined from LJSi (Si–Si interactions)137 and LJAu

(Au–Au interactions)138 using the Lorentz rule (the effective σ is the arithmetic mean of

individual σ’s) and the Berthelot Rule (the effective ε is the geometric mean of the individual

ε’s). The cutoff distance for the LJSi–Au potential is set to 2.5σSi–Au.139

To trigger the nanoforming process, an initial velocity of 80 Å/ps (= 8 km/s) in the −z

direction is applied to the Au atoms resting on the nanoscale features of the Si mold (fixed

rigid). Our choice of the initial speed is reasonable, since shock waves travel through the

propagating medium at speeds higher than speed of sound140 (speed of sound in gold =

3.24 km/s).

The MD simulation is performed using a microcanonical (constant number of parti-

cles, constant volume, constant energy; NVE) ensemble with a time-integration step of

0.001 ps. Atomic snapshots were taken using the open-source visualization tool OVITO

2.9.0 (https://ovito.org).141
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2.5.8 Finite element analysis

We performed finite element method (FEM) simulations to determine the localized stress

(Figure 2.10b) and temperature rise (Figure 2.10c) in a gold film during nanoforming by

R2RLIS. The computational limitations of current MD packages make it infeasible to simu-

late the temperature field at the nanosecond timescale in multi-million atom systems. Our

FEM study, therefore, complements the MD results described above, and provides insight

into the coupled thermo-mechanical behavior of the system.

Fabbro’s model114 is employed for calculating the peak pressure (1.5 GPa) of the shock

wave generated by the CO2 laser.142 Since the laser beam spot size (∼40µm) is much larger

than the calculation domain (∼2µm), the shockwave propagation can be assumed to be

one dimensional. The Johnson-Cook strain-sensitive plasticity model143 suitably describes

the high strain-rate (106–107 s–1) deformation of metals in transient dynamic conditions, as

shown below:

σ =
[
A+B

(
εpl
)n] [

1 + C ln

(
ε̇
pl

ε̇0

)][
1− θ̂m

]
where σ is the yield stress at non-zero strain-rate, A, B, C, n, m, and ε̇0 are material

parameters measured at or below the transition temperature θt. θ̂ is the dimensionless

temperature defined as

θ̂ ≡


0 for θ < θt

(θ − θt) / (θmelt − θt) for θt ≤ θ ≤ θmelt

1 for θ > θmelt

,

where θ is the current temperature, θmelt is the melting temperature, and θt is the transition

temperature. For temperatures below θt, the yield stress is no longer temperature dependent.

εpl is the equivalent plastic strain and ε̇
pl

is the equivalent plastic strain rate.

The gold film was simulated with the Johnson-Cook hardening model described above

using parameters available in the literature.48 Temperature rise is considered by setting the

inelastic heat fraction for plastic flow to 0.9, i.e. 90% of the work of plastic deformation

is converted to heat in the thermal energy balance. The simulation was implemented in
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Abaqus/CAE 6.13-1 (Simulia Corp., Providence, RI) using CPE4RT plane strain elements

with 4-node bilinear displacement and temperature, reduced integration, and hourglass con-

trol.

2.5.9 Optical characterization

One of the primary goals of this study was to fabricate metallic nanostructures over large

areas with sufficient quality for optical applications. To characterize the reflectance spectra

of the nanostructure arrays produced by R2RLIS, we used a UV-Vis-NIR spectrophotometer

(Perkin Elmer Lambda 950) in the spectral range of 200 nm–2.4µm. A gridless photomulti-

plier (PMT) acts as the detector in the UV-Vis range, while a Peltier-cooled PbS detector is

used in the IR range. The detector change wavelength is set at 790 nm. All measurements

were performed with a fixed slit width of 4.0 nm for both detectors, and data interval of

2.0 nm, with the sample placed inside an integrating sphere. To ensure that the resonance

peak exhibited by the gold nanostructures was not caused by the non-linear behavior of

the gold film at optical wavelengths, we also collected reference spectra from flat gold films

obtained by performing R2RLIS against a (100) silicon wafer.

2.5.10 Finite-difference time domain (FDTD) simulations

We used a commercial FDTD solver, Microwave Studio (CST GmbH, Germany), to simu-

late the reflection of the electromagnetic waves at the ultrasmooth nanostructures fabricated

using R2RLIS. We simulated a unit cell of the metallic nanograting, as shown in Figure 2.18,

applying the following periodic boundary conditions:

1. x–z plane: perfect electric conductor,

2. y–z plane: perfect magnetic conductor,

3. Open boundary conditions sealed by Perfectly Matched Layers (PML) are placed in the

perpendicular direction of the top device surface. A TM wave propagating through

this transmission line was simulated using two waveguide ports placed on the open

boundaries.
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Figure 2.18. Schematics of the FDTD simulation domain used to model gold
nanogratings. (a) Direction of the propagation ~k, electric field ~E, and magnetic field ~H of
the incident optical waves. (b) Representative unit cell of the gold nanogratings simulated
in Figure 2.14. Perfect Electric Conductor (PEC) conditions were applied to the boundaries
parallel to the x–z plane and Perfect Magnetic Conductor (PMC) conditions were applied
to the boundaries parallel to the y–z plane.

The waveguide ports on the open boundaries of the transmission line, produced two

complex frequency dependent S-parameters, S11 and S21. We calculated the reflectance as

R(ω) = |S11|2. The thickness of the metal film prevented waves in the optical range to

be transmitted across the material. We used a graded mesh to accurately discretize the

geometry of the metallic nanostructures fabricated by R2RLIS. A maximum mesh size of

3 nm was used within the metallic nanostructures and a maximum mesh size of 20 nm was

used to discretize the free space. The size of the mesh was enforced to change by a maximum

factor of 1.4 per mesh cell. We modeled the dispersive complex dielectric function of gold

over the range of wavelengths of 0.3–1.5µm as a Drude metal,

ε = ε∞ −
ω2
p

ω2 + iΓω
,

where ε∞ = 9, ωp = 1.38 × 1016 rad/s, Γ = 1.09 × 1014 rad/s are the infinite frequency

permittivity, the plasma frequency, and the collision frequency, respectively.9 Due to the

experimental symmetries of the simulated grating, we could apply symmetric boundary

conditions that reduced the requirement for computational resources by a factor of four.144
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CHAPTER 3. SCALABLE FABRICATION OF FLEXIBLE

METASURFACES USING LOW-COST LASER DIODE

ENGRAVERS

3.1 Introduction

In Chapter 2, we introduced R2RLIS, a roll-to-roll nanomanufacturing process that uses

a CO2 laser beam to nanoform metallic films and weld them to a flexible substrate. R2RLIS

reduces the capital cost of equipment necessary for the laser-based direct nanopatterning

of metals by a factor of 10 (when compared to Laser Shock Imprinting47). R2RLIS em-

ploys infrared optical windows (ZnSe or CaF2) as confinement layers to drive the generated

shockwave toward the metal/nanomold interface, inducing superplastic flow.102 Although

we demonstrated that these optical windows are undamaged up to 1000 laser pulses of the

CO2 laser, the long-term operation of R2RLIS requires the periodic replacement of these

expensive ($40/cm2) windows. At the operating wavelength of CO2 lasers (10.6µm), ZnSe

has a transmission of ∼71% while CaF2 has a transmission of just ∼11% (Figure 2.4), with

all the absorbed energy being dissipated as heat inside the window and eventually damag-

ing it upon prolonged operation. A cost-effective setup which circumvents this limitation is

thus desirable to promote the adoption of R2RLIS in both academic and industrial settings.

In this chapter, we explore the possibility of using a portable ∼$200 laser diode engraver

(15 W; λ = 450 nm; amazon.com) as the laser source in R2RLIS, which then allows us to

use conventional glass slides (soda-lime-silica glass) as the confinement layer (<$0.02/cm2;

transmission ∼90% at 450 nm). This portable laser engraving system reduces the capital

equipment cost by a further factor of 25 (compared to R2RLIS using CO2 laser engravers)

with comparable nanoforming performance.

https://www.amazon.com/SAMlaser-module-engraver-cutting-pointer/dp/B07V423ZZT/ref=sr_1_3?crid=2O2V8UXTTFSAH&dchild=1&keywords=15w+laser+engraver&qid=1589691990&sprefix=15w+las%2Caps%2C183&sr=8-3
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Figure 3.1. Schematic diagram of the electronic circuit used to pulse a 450 nm diode laser.

3.2 Results

We first set up an electronic circuit consisting of an N-channel MOSFET, a function gen-

erator, and a DC power supply to pulse the diode laser at a desired pulse width and power

fraction (Figure 3.1). We then performed experiments using Si nanomolds (fabricated by elec-

tron beam lithography and wet etching) and gold foils to fabricate high-fidelity, ultrasmooth

nanostructures (Figure 3.2). Ultra-sharp features of nano-pyramid arrays (Figure 3.2b) can

be successfully reproduced by diode-laser-induced superplastic nanoforming. Such pyrami-

dal nanostructures have been commonly used in surface-enhanced Raman scattering (SERS),

due to the strong field enhancement achieved when surface plasmons propagating along non-

adjacent faces converge at the tip of the pyramid.47,145

The grain refinement observed previously in R2RLIS using CO2 lasers (Figure 2.12) is

also observed when using diode lasers, as evidenced by the AFM images in Figure 3.3. The

reduction in average grain size of the gold foil from 202±78 nm (before LIS) to 67±7 nm (after

LIS) is consistent with the Hall–Petch relation,121 hardness∝ (grain size)–0.5. Moreover, the

nanoforming process makes the grains more uniform in size, as evidenced by the significantly

lowered standard deviation of the grain sizes.
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Figure 3.2. Ultrasmooth, 3D Au nanostructures fabricated by diode-laser-
induced superplasticity. (a) Nanocuboid array with a period of 325 nm and a height
of 75 nm. (b) Nanopyramids with tip-radius < 10 nm and height of ∼250 nm. (c) Nanoscale
fishnet fabricated by nanoforming the Au foil twice. Nanostructures are characterized using
atomic force microscopy.
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Figure 3.3. Grain refinement due to diode-laser-induced superplasticity. 2µm ×
2µm AFM topography images showing the grain structure of an Au foil surface (a) before
and (b) after nanoforming. Insets are 600 nm × 600 nm. Inset scale bar is 200 nm.

Figure 3.4. Modulating aspect ratio, hardness, and reflectance of Au nanograt-
ings by tuning the power of the diode laser. (a) AFM topography image of an Au
nanograting with a 350 nm linewidth and a 110 nm height. (b) Optical reflectance spec-
tra of Au nanogratings of the same pitch (700 nm) nanoformed at different diode laser
doses. (c) Dependence of the height, hardness, and reflectance of Au nanogratings of 350 nm
linewidth on the nanoforming laser dose.

Since the aim of our proposed nanomanufacturing process is the production of flexi-

ble plasmonic metasurfaces, we verified that the nanostructures fabricated by diode-laser-

induced superplasticity have sufficient quality for optical applications (Figure 3.4b). We

used a UV-Vis-NIR spectrophotometer (Perkin Elmer Lambda 950) in the spectral range of

350 nm–1.4µm to experimentally measure the reflection spectra of the fabricated nanostruc-

ture arrays. Additionally, our results also demonstrate that the power of the incident diode
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laser beam can be modulated to tune the aspect ratio, hardness, and optical properties of

metallic nanostructures fabricated using the same mold (Figure 3.4c).

3.3 Conclusion

Diode-laser-induced superplastic nanoforming is a scalable and high-throughput method

that further reduces the costs of an already inexpensive CO2-LIS technique. The cost of the

laser used in diode-LIS is ∼25 times lower than that used in CO2-LIS102 and ∼250 times

lower than Nd:YAG lasers used in Laser Shock Imprinting.47 Moreover, diode-LIS mitigates

another limitation of CO2-LIS—the high replacement frequency and cost of the confinement

layer. Since diode-LIS uses conventional glass slides instead of ZnSe or CaF2 windows as the

confinement layer, the replacement cost is lowered by a factor of over 2000.



43

CHAPTER 4. 3D–ARCHITECTED SOFT MACHINES WITH

TOPOLOGICALLY ENCODED MOTION

Copyright 2019 Wiley. Used with permission from Ref.146

4.1 Introduction

This chapter presents Architected Soft Machines (ASMs)—a form of low-density pro-

grammable matter—which encodes high-level robotic motion in its low-level topological ar-

chitecture. ASMs can be designed by applying a Voronoi tessellation algorithm61,62,147,148 to

the surface of any primitive solid (such as cuboids or cylinders); fabricated by 3D printing

flexible photopolymers or by injection molding highly stretchable elastomers; and actuated

by motor-tendons with minimal friction. A variety of high-level motions such as compression,

twisting, bending, and cyclic motion can be encoded in the cellular topology of ASMs by

controlling the beam orientation, cell size, or beam thickness of the Voronoi designs. Simple

topological transformations applied to the primitive solids enable, after Voronoi tessellation,

the design of ASMs with mechanical metamaterial behaviors. We demonstrate how existing

complex computer-aided design (CAD) models can be converted to ASMs capable to perform

multi-finger gripping or quadrupedal locomotion. Finally, we demonstrate that elastomeric

ASMs with embedded functional components exhibit ultrahigh compression and stretching,

heralding future applications in soft robotics and stretchable electronics. We also expect

ASMs to be particularly advantageous in soft robotic applications requiring low density, in-

dependence from pressurized air sources, and the relatively fast response and simple control

provided by tendon-based actuation.



44

4.2 Mathematical description of Voronoi tessellations and Delaunay triangula-

tions

Given two sets A and B and a distance metric d (a, b) defined for a ∈ A and b ∈ B, a

Voronoi tessellation is a subdivision of A into subsets, each of which contains the objects in

A that are closer, with respect to the distance metric, to one object in B than to any other

object in B.147 Voronoi tessellations can be defined for many different sets and metrics. In

this study, we consider the case for which the set A is a region of surface in Euclidean space,

B is a finite set of points also in Euclidean space, and the metric is the Euclidean distance.

Consider an open bounded domain Ω ∈ <d and a set of distinct points {xi}ni=1 ⊂ Ω. For

each point xi, i = 1, · · · , n, the corresponding Voronoi region Vi, i = 1, · · · , n, is defined

by Vi = {x ∈ Ω | ‖x− xi‖ < ‖x− xj‖ for j = 1, · · · , n and j 6= i}, where ‖·‖ denotes the

Euclidean distance (the L2 metric) in <d. We refer to {Vi}ni=1 as the Voronoi tessellation of

Ω associated with the point set {xi}ni=1.
148 A point xi is called a generator ; a subdomain

Vi ⊂ Ω is referred to as the Voronoi cell corresponding to the generator xi.

The dual of a Voronoi tessellation in the graph-theoretical sense (i.e., by connecting all

pairs of neighbor generators) is called a Delaunay triangulation associated with the point set

{xi}ni=1.

The MATLAB codes in the Appendix compute the Delaunay triangulation and Voronoi

tessellation using the incremental Bowyer–Watson algorithm,149 having a complexity of the

order O (n log n) to O (n2).

4.3 Results

4.3.1 Design, Fabrication, and Actuation of ASMs

ASMs can be rapidly designed from any CAD model by applying an automated algorithm

that first performs a Delaunay triangulation on the original lattice (topology) of the model,

and then a Voronoi tessellation over the Delaunay triangles (Figure 4.1a; also see MATLAB

codes in the Appendix). The Voronoi tessellation partitions the surface of the CAD model

into cells using the vertices of the model (lattice points) as “seeds” or “generators”, such that
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Figure 4.1. Design, fabrication, and actuation of ASMs. (a) Automated algorithms
transform a set of lattice points to their Delaunay triangulation and Voronoi tessellation. Ex-
amples show rectangular, triangular, and random lattice arrangements. (b) Transformation
of a simple model designed using commercial CAD software into its low-density ASM coun-
terpart to design a functional gripper. The lattice points of the CAD model are randomly
distributed. (c) Snapshots of the motor-tendon-based actuation mechanism of an ASM grip-
per 3D printed with a flexible photopolymer. Insets show the sparse, hollow structure, and
how the nylon threads act as tendons to actuate the ASM gripper—enabling it to conformably
grip a ping–pong ball.
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Figure 4.2. ASM gripper fabricated by 3D printing. (a) Top view of a 3D printed
gripper with support structures. (b) Side view of the gripper showing the location and
arrangement of the support structures. (c) Top view of the gripper (gripping surface), after
the support structures are removed. (d) Bottom view of the gripper showing where the
support structures were attached. The remnants of the support material on this (non-
gripping) surface of the gripper do not affect its motion.

for each seed there is a corresponding cell consisting of all points closer to that seed than

to any other.147,148 As a proof of principle, we show the simple and rapid design of a low-

density soft gripper weighing 11.8 g (effective density = 0.28 g/cm3, 24% of bulk material), by

combining standard primitives (cuboids) and applying the Delaunay and Voronoi algorithms

to the model (Figure 4.1b). The resulting 3D–architected design is then 3D printed using

a flexible photopolymer (Figure 4.2) to create an ASM. After the ASM is 3D printed, we
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manually tied nylon threads to the Voronoi cells at the end of the soft gripper, passed these

threads along its beam structure, and used small DC motors to compress the 3D–architected

geometry and induce its controlled buckling to achieve conformal gripping (Figure 4.1c). This

design, fabrication, and actuation approach enables users with minimal training in CAD

modeling to rapidly create low-density soft machines with desired topologically encoded

motion.

4.3.2 Programming Motion by Controlling Beam Orientation

The final motion of ASMs upon tendon actuation depends on their 3D architecture.

Modifying the original topology of a 3D model using simple geometric transformations, it

is possible to generate a wide range of ASMs exhibiting similar shapes but different beam

configurations and final resulting motions (Figure 4.3). 3D models with rectangular lattices,

such as the cylinder shown in Figure 4.3a, generate Voronoi-based architected structures

with a 90◦ curve angle (α)—defined as the maximum acute angle that any beam in the

structure makes with the horizontal (Figure 4.3b and Figure 4.4). After 3D printing, ASMs

with α = 90◦ exhibit pure compression upon tendon actuation, behaving as soft mechanical

metamaterials with negative Poisson’s ratio (Figure 4.3c). The nominal stress–strain char-

acteristics of this cylindrical ASM are significantly different from that of a solid cylinder 3D

printed with the same photopolymer (Figure 4.5). The Voronoi cells of these auxetic ASMs

accommodate compressive forces by collapsing along the compression axis (see Figure 4.6),

preventing rotations (Figure 4.3i) and inducing negative Poisson’s ratio even when the cells

are not reentrant.63,64

Applying simple torsional transformations to the topology of right frustums allows for

the generation, after Voronoi tessellation, of auxetic ASMs with different rotational actu-

ation (see Figure 4.7). The magnitude of the torsion (φ) applied to the original frustum

and the curve angle (α) of the resulting ASMs are experimentally found to be parabolically

related (Figure 4.7b). Varying α from 40◦–90◦ enables the control of the rotation angle (θ)

described by the top surface of the ASMs upon compression. Figure 4.3d–h demonstrates

two representative examples of fabricated ASMs that undergo unidirectional and bidirec-

tional twisting upon tendon-based actuation. The unidirectional twisting ASM (α = 55◦;
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Figure 4.3. Programming motion of auxetic ASMs by controlling beam orienta-
tion. (a) Initial rectangular lattice used to design a compression ASM. (b) FEM simulation
showing the stress distribution in an ASM designed for pure compression (α = 90◦), as a
displacement–controlled normal load is applied from the top. (c) Experimental demonstra-
tion of the negative Poisson’s ratio exhibited by the ASM shown in (b). (d) Initial lattice
used to design a unidirectional twisting actuator via Voronoi tessellation. (e) FEM simula-
tion showing the stress distribution in the resulting ASM (α = 55◦), under a displacement–
controlled vertical load. (f) Experimental demonstration of the ASM shown in (e) twisting
from θ = 0 to 40◦ upon compression. (g) Initial lattice used to design a bidirectional twisting
actuator. (h) FEM simulation showing the stress distribution in an ASM programmed for
bidirectional twisting (α = 80◦), under a displacement–controlled vertical load. The twist-
ing direction of the top of the ASM switches from CCW to CW midway between the 2nd

and 3rd frames shown, at a compression of ∼5 mm (experimental realization in Figure 4.8).
(i) Rotation of the top surface of the ASM as a function of the vertical displacement for com-
pression and twisting ASMs. ASMs exhibiting pure compression do not rotate, while the
rotation of unidirectional twisting ASMs increases monotonically with vertical displacement.
The direction of rotation of bidirectional twisting ASMs switches at a vertical displacement
of ∼5 mm. (j) Actuation regimes obtained by varying the curve angle of the fabricated ASMs.
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Figure 4.4. Initial vertices, Delaunay triangulation, and Voronoi tessellation for
(a) pure compression ASM, and (b) bending ASM. Starting with the same basis of vertices,
the pure compression ASM can be transformed into a bending ASM by applying a thickness
gradient to its beams as shown in (b). The induced stiffness gradient enables the continuum
bending of the ASM in a desired direction.
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Figure 4.5. Comparison between the compressive nominal stress-strain charac-
teristics of a solid cylinder and that of an ASM, both 3D printed with the same poly-
mer, FLGR02 (v2 resin). (a) The ASM has an effective Young’s modulus of ∼0.0088 MPa,
which is three orders of magnitude less than that of the bulk polymer (E =∼ 6.29 MPa).
Insets show the top and front views of the bulk and ASM samples used for the experiment.
(b) Zoom-in of the stress-strain curve of the ASM showing its dual-stiffness behavior.

Figure 4.6. Pure compression ASM fabricated by 3D printing. (a) Finite element
simulation and (b) experimental compression test showing the collapsing of the individual
Voronoi cells of the ASM. The color bar in panel (a) represents the magnitude of the von
Mises stress.
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Figure 4.7. Design principle for twisting ASMs. (a) The initial set of vertices is defined
by a solid CAD model. The model is then twisted about its vertical axis in the direction and
angle desired, followed by application of the Delaunay triangulation and Voronoi tessellation
algorithms. (b) The curve angle α (see Figure 4.3) is experimentally found to be parabolically
related to the twisting angle φ.

Figure 4.8. Bidirectional twisting ASM fabricated by 3D printing. The top sur-
face of the ASM first rotates from θ = 0 to 15◦, while compressing 5 mm. Upon further
compression, the direction of rotation reverses, returning to θ = 0◦ at a compression of
20 mm.
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Figure 4.3d–f) has a rotation angle that increases monotonically with compression, reaching

a maximum rotation of θ = 40◦ at a compression of 20 mm (Figure 4.3i). The bidirectional

twisting ASM (α = 80◦; Figure 4.3g, h and Figure 4.8) is a soft mechanical metamaterial

whose top surface first rotates clockwise to a maximum of θ = 15◦ at 5 mm compression,

and then counterclockwise, returning to θ = 0◦ at a compression of 20 mm (Figure 4.3i).

The application of topological torsional transformations to control the resulting α of the

ASMs produces soft actuators with different twisting motions along the regimes depicted

in Figure 4.3j. When α ranges from 40◦–70◦, ASMs undergo unidirectional twisting, while

70◦ < α < 90◦ induces bidirectional twisting in the ASMs. The regimes are symmetric

about α = 90◦, since obtuse angles only cause a reversal in sense. ASMs with α < 40◦ or

α > 140◦ do not twist upon compression due to the physical contact among their beams.

Since θ is almost constant within each of the regimes, unidirectional or bidirectional twisting

motion can be encoded in the ASM without requiring an accurate control of α. ASMs with

more slanted beams, however, require less force to be actuated, inducing lower stresses as

predicted by the finite element method (FEM) simulations (Figure 4.3b, e and h).

4.3.3 Programming Motion by Tuning Beam Thickness

The motion of ASMs can be controllably modified by the simple incorporation of gra-

dients and localized differentials in the thickness of the beams integrating their structure.

As an example, ASMs with beam structures originally designed for pure compression (Fig-

ure 4.3a–c) can produce continuum bending on tendon actuation after applying a linear

gradient of beam thickness perpendicular to the long axis (Figure 4.9a–c and 4.4). Similarly,

it is possible to concentrate the bending at a desired location along the length of an ASM by

combining multiple beam thickness gradients. Figure 4.9d shows an ASM where the applica-

tion of orthogonal gradients enables the formation of a 90◦ elbow bend upon tendon-based

compression along the indicated axis.

While it is straightforward for “hard” mechanical systems to accomplish cyclic motion

(using wheels, axles, and bearings), the design of a soft actuator that generates rotary motion

is not trivial.77,150 The local modification of beam thicknesses in ASMs enables the encoding

of cyclic motion utilizing only a single structural component. To design a cyclic motion
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Figure 4.9. Programming motion of ASMs by tuning beam thickness. (a) Initial
rectangular lattice used to design a bending actuator. (b) FEM simulation showing the stress
distribution in an ASM with a gradient in the thickness of its beams (linearly increasing
from 0.5 mm to 1 mm) perpendicular to the long axis of the structure. The bending axis
is shown by a red dashed line. (c) Experimental realization of the ASM depicted in (b).
(d) FEM simulation and experimental demonstration of an ASM with two gradients in the
thickness of its beams to subtend a bending angle of 90◦. (e) Initial lattice used to design
an ASM capable of cyclic multi-directional bending. The lattice shown in (a) is replicated
four times and joined. (f) Top view of the cyclic bending ASM highlighting the regions with
thicker beams and the locations of the tendon-based actuation axes. (g) 3D printed cyclic
bending ASM. (h) FEM simulation showing the stress distribution in the cyclic bending
ASM upon actuation of one of its quadrants. (i) Experimental tendon-based actuation of
the cyclic bending ASM showing a maximum bending angle β = 37◦. (j) Dependence of β
on the vertical displacement due to compression at the three nodes A, B, C shown in (h).
Experimentally measured values are for node B. (k) Top view of the cyclic bending ASM
showing how rotary motion may be obtained by sequentially actuating different quadrants or
combination of quadrants. (l) FEM simulation showing how the cyclic bending ASM responds
when the different quadrants shown in (k) are actuated. (m) Experimental rotary motion
obtained by the sequential tendon-based actuation of different quadrants (or combination of
quadrants) of the ASM.
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Figure 4.10. Simulated bending angle of the cyclic bending ASM. (a) Dependence
of the bending angle β as a function of the FEM simulation step for three nodes (A, B, C;
shown in the inset). The simulations show the actuation of the quadrant containing node C.
The sharp changes to the slopes of the curves indicate spontaneous buckling. (b) Dependence
of β for the three nodes as a function of their local z displacement. Note that when the
quadrant containing node C is actuated, the initial bending of the ASM forces node A to
have a negative z displacement.

ASM, we use a primitive cylindrical lattice (Figure 4.3a, 4.9a), replicate it four times, and

join it as shown in Figure 4.9e. We then increase the beam thickness of the resulting Voronoi

structure locally in the four regions where the initial cylinders overlapped (Figure 4.9f), to

get our final cyclic motion ASM (Figure 4.9g). This ASM has four quadrants, which can be

independently actuated by individual tendons (Figure 4.9f). On actuation, the ASM bends

towards the actuated quadrant due to the buckling of its thinner beams (Figure 4.9h, i).

Through simulations and experiments, the bending angle (β) can be predicted and cali-

brated against the vertical displacement of the actuating tendon (Figure 4.9j, 4.10). Rotary

motion is achieved by the sequential actuation of adjacent quadrants and pairs of quadrants

(Figure 4.9k–m). Note that the rapid design approach of simply joining primitive shapes

might produce ASMs with asymmetric top and bottom surfaces (Figure 4.9f). This asym-

metry, however, is a negligible edge effect that does not compromise the symmetry of the

rotary motion of the ASM—as demonstrated by simulations (Figure 4.9l) and experiments

(Figure 4.9m).
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Figure 4.11. Programming motion in ASMs by locally tuning Voronoi cell size.
(a) Starting with an existing CAD model of a hand, the Delaunay triangulation is made
sparser over the highlighted areas of its topology, to ensure larger Voronoi cells in those
regions. (b) Fabricated ASM hand. Inset shows how larger Voronoi cells are used in front
while smaller cells are kept at the back of each finger, enabling their bending. (c) Actuated
ASM hand with all fingers closed. Inset shows a zoom-in of the smaller Voronoi cells at
the back of a finger. (d) FEM simulation showing the stress distribution in an ASM finger.
Localized buckling of the two joints is encoded by tuning both cell size and beam thickness.
(e) 3D printed ASM finger showing the regions with larger cells (thin beams) and smaller
cells (thick beams). The buckling-induced motion is achieved by pulling a single tendon
fastened at the tip of the finger.
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Figure 4.12. ASM hand fabricated by 3D printing. (a) Rear view of the ASM hand
described in Figure 4.11, showing the smaller, uniformly distributed Voronoi cells. (b) ASM
hand performing ‘OK’ gesture by simultaneously bending the index finger and thumb.

4.3.4 Topologically Encoding Motion by Locally Tuning Voronoi Cell Size

Most CAD tools allow the localized reduction of polygon count, decreasing the number

of lattice points, in 3D models. When the Delaunay and Voronoi algorithms are applied to

3D models with non-uniform topological distributions of lattice points, the resulting archi-

tected materials will exhibit bigger Voronoi cells over the regions where the original lattice

is sparse (Figure 4.11a). Tuning the cell density—number of Voronoi cells per unit area—of

the resulting ASM enables the deliberate introduction of weak regions in its structure. Upon

compression, the buckling of the ASM will concentrate on these weak regions making it

possible to program the resulting motion of the ASMs by simply tuning the lattice density

of the original CAD model.

We 3D printed a Voronoi-based soft robotic hand weighing 12.9 g (effective density =

0.094 g/cm3, 8.1% of bulk material; Figure 4.11b) actuated by five tendons tied to the tip of

each finger and pulled through the center of the wrist. When the tendons inside the fingers are

pulled, the bigger cells distributed over the palm side of the fingers accommodate the strain

and induce their bending (Figure 4.11c). The fingers of this ASM can also be independently
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actuated to perform different gestures (Figure 4.12). The judicious reduction of polygon

count along the carpometacarpal joint enables the sequential flexion and abduction of the

thumb upon compression and its adduction and extension when the force exerted by the

tendon is released. The uniform distribution of small Voronoi cells over the back of this soft

3D–architected hand prevents the palm from collapsing on itself, even when all fingers are

closed (Figure 4.11c). Multi-joint kinematics can be programmed in ASMs by distributing

gradients of both beam thickness and cell size over their topology (Figure 4.11e). On tendon-

based actuation, regions with larger Voronoi cells and thinner beams accumulate higher

stresses (Figure 4.11d), localizing buckling and mimicking articular joints (Figure 4.11e).

4.3.5 Modular Approach to Build ASMs

The low density, easy-to-control actuation, and the adaptability to their environment

through mechanical deformation provide ASMs with potential applications in devices that

locomote/translate. Figure 4.13a–c shows the modular approach followed to design an ar-

chitected soft robotic quadruped that crawls due to the combination of bending/twisting

modules (legs) and compression modules (central body). The legs of this robot are indepen-

dently actuated by one tendon (tied to the end of each leg). The four tendons operating the

legs are pulled from a common Bowden cable placed in the center of the robot (Figure 4.13d–

f). The beams of this Voronoi-based soft quadruped are designed so that the legs buckle first

(Figure 4.13d) when they are pulled by the tendon, lifting the quadruped and transferring

the strain to the central part of the robot, which then compresses and absorbs part of the

localized deformation sustained by the leg (Figure 4.13e). We developed a basic crawling gait

by simply pulling the tendons in sequence (Figure 4.13f), without requiring any asymmetric

friction in the bottom side of the robot. Using this gait, we drove the robot at an average

speed of 52.8± 6.6 m/h (∼480 body lengths/h; 24% of body length/cycle; see Figure 4.15).

The weight of this robot is 8.25 g (effective density = 0.153 g/cm3; 13.2% of bulk material)

and that of the Bowden cable carried by the robot during crawling is 63 g.
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Figure 4.13. Modular design of ASMs—example of a quadruped. (a) Schematics
showing the different modules comprising an ASM quadruped: the central body is made of
two compression ASMs, while each of the four legs is a module that combines bending and
twisting actuation. (b) Delaunay triangulations of the top and bottom surfaces of the ASM
quadruped. While the central body has identical triangulations on the top and bottom,
the bottom surface of the legs is designed with a sparser triangulation (also see Figure 4.14).
(c) ASM quadruped, with insets showing the cell size differences between the top and bottom
surfaces of each leg. (d) 3D printed ASM quadruped and FEM simulation showing the
tendon-based actuation of one leg. Actuation is achieved by the localized deformation and
buckling of beams. (e) The central body of the quadruped is lifted during the transition
between the sequential actuation of two different legs. FEM simulation shows the stress
distribution during this transition phase. (f) Snapshots showing a basic crawling gait. Insets
indicate the leg actuated in each frame.

4.3.6 Highly Compressible and Stretchable Elastomeric ASMs

The design method presented in this study is compatible with the fabrication of ASMs out

of elastomeric materials, which might currently be difficult to 3D print, by injection molding
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Figure 4.14. ASM quadruped fabricated by 3D printing. (a) Quadruped described
in Figure 4.13, with support material. (b) Top view of the quadruped after the removal of
its support material. Inset shows the smaller Voronoi cells on the top surface of each leg of
the quadruped. (c) Bottom view of the quadruped. Inset shows the larger Voronoi cells on
the bottom surface of each leg of the quadruped. The remnants of the support material on
the bottom surface of the quadruped do not affect its motion.
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Figure 4.15. Kinematic analysis of a crawling ASM quadruped. We used MATLAB
2016a (Mathworks Inc.) Image Processing ToolboxTM to track the position of the center of
mass (centroid) of the ASM quadruped. The x and y coordinates of the centroid of the ASM
are plotted as a function of time.

using dissolvable molds. Figure 4.16a shows a hollow 3D printed acrylonitrile butadiene

styrene (ABS) mold with two inlets used to inject the elastomeric premixture (Ecoflex 00–

30). After the elastomer cures inside the mold, we retrieved the fully elastomeric ASM by

dissolving the mold in acetone.

Electrical components can be integrated into elastomeric ASMs to extend their function-

ality. We passed flexible conductive threads along the structure of the ASM and coated over

them with a thin (∼100µm) layer of elastomer to prevent delamination. Figure 4.16b shows

an elastomeric Voronoi sphere with an integrated LED, conducting threads, and a battery

(LED and battery are placed at opposite poles of the ASM). The topological architecture

of this elastomeric structure enhances its stiffness and prevents its collapse due to its own

weight, in contrast to the behavior of an unarchitected hollow sphere of the same dimensions.

The low density of the ASM and the stretchability of the elastomer used in its fabrication

facilitates ultrahigh reversible compression (up to 400%; Figure 4.16c) and extension (up to

500%; Figure 4.16d) without affecting the functioning of the integrated electronics. The em-

bedded conductors are able to accommodate the ultrahigh stretching due to their low helix

angle (< 45◦) spiral trajectory.151 These versatile design and fabrication strategies have the
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potential to be useful in the development of stretchable electronic devices toward emerging

applications.

Figure 4.16. Highly deformable elastomeric ASMs with embedded electronics.
(a) 3D printed ABS mold used to fabricate an elastomeric ASM by injection molding. Inset
shows a quarter-section cut-away view with hollow internal channels. (b) Elastomeric ASM
fabricated in Ecoflex 00–30. Two conductive threads (braided as a helical wire) and a small
battery are embedded to power an LED. (c) Fabricated elastomeric ASM showing a reversible
compressibility up to 400%. (d) Demonstration of reversible stretching as high as 500%.
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4.4 Conclusion

In this chapter, we introduced ASMs: a new class of soft machines that benefit from

their 3D-architected structure to expand the range of mechanical properties and behaviors

achievable by 3D printed soft robots. We demonstrate that ASMs are simple to design,

rapid to prototype, and can be actuated by integrating nylon threads serving as tendons.

ASMs also have several significant advantages over other soft robotic systems. First, their

architected structure confers them with effective densities as low as 8.1% of the bulk polymer,

facilitating their use in lightweight robotic applications. Second, the resulting motion of the

soft machine can be encoded in its topology either by applying thickness gradients to its

flexible beams or by selectively enlarging some of its Voronoi cells. Having Voronoi cells

only over the topology (i.e. surface) of the object further reduces the density of these ASMs,

facilitates their tendon-based actuation, and minimizes the energy required to actuate them.

Moreover, the anisotropic elasticity programmed on the architected structure of the ASMs

enables continuum or localized actuation, to mimic both continuously deformable bodies

and multi-joint systems. In addition, complex soft robotic motion—such as multi-finger

gripping (Figure 4.1c, 4.11c) and quadrupedal locomotion (Figure 4.13f)—can be achieved by

combining topologies that generate different actuations via a modular approach. Although

most of the ASMs presented in this work were directly 3D printed, we have also shown that

ASMs can be fabricated out of materials incompatible with 3D printing: by injection molding

using dissolvable molds. This approach to build elastomeric ASMs facilitates the embedding

of functional electronic components in soft robotic systems that can withstand ultrahigh

compression (400%) and stretching (500%). ASMs, at their present level of development, also

have two limitations: (i) They are tethered to the motors providing tendon-based actuation

through a Bowden cable. Untethered actuation will require the inclusion of small motors, a

battery, and a controller into the structure of the ASM. The hollow architecture of ASMs,

however, leaves the interior of these soft robots available for housing actuation mechanisms

and minimizes the friction with the tendons. (ii) The minimum beam thickness of ASMs

(500µm in this work) is limited by the resolution of the 3D printer used. Nevertheless, the

design and fabrication strategy proposed to generate ASMs from conventional CAD models
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is versatile and can be easily adopted by high resolution two-photon polymerization systems

to fabricate ASMs at the micro– and nanoscale.152

Recent progress in the development of multi-material153 and functionally graded54 3D

printing has paved the way toward 3D printable soft robots.88 Unfortunately, the palette

of materials compatible with 3D printing is limited and insufficient to fabricate soft robots

with spatially textured mechanical metamaterial properties and functionality. ASMs expand

the gamut of mechanical properties accessible, using one single material, to 3D printed or

molded objects, enabling the fabrication of soft robots, actuators, and auxetic mechanical

metamaterials with engineered elasticity. The design methods proposed in this work give

general guidelines for users with minimal CAD experience to spatially encode high-level

motion toward the development of more advanced applications in soft robotics, prosthetics,

wearable devices, and stretchable electronics. We envision that the simplicity, low-cost, and

modularity of this new class of soft machines, which can be fabricated by anybody with

access to a conventional 3D printer, will lower barriers to entry for soft robotics.

4.5 Experimental Section

4.5.1 Rapid design of ASMs using Voronoi tessellation

We used 3ds Max 2018 (Autodesk Inc.) to design 3D CAD primitives—simple geometric

shapes such as cylinders, spheres, or cuboids—and other complex 3D designs. The topo-

logical vertices of these CAD designs define the initial lattice points for the application of

the Delaunay and Voronoi algorithms. Exporting the CAD designs as stereolithography

(*.STL) files automatically performs a Delaunay triangulation on the 3D models. We then

used Meshmixer 3.4 (Autodesk Inc.) to transform the triangulated models into low-density,

3D-architected designs using the Voronoi tessellation algorithm included in this free software.

The application of these algorithms is fast (∼1 s) and the thickness, geometry, and density

of the beams integrating the final 3D-architected designs can be conveniently tuned.
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4.5.2 3D printing ASMs

We used a high-resolution stereolithography (SLA) 3D printer (Form 2, Formlabs Inc.)

to build ASMs using flexible photocurable polymers (FLGR01 and FLGR02, bulk den-

sity = 1.15 g/cm3; Formlabs Inc.). The gripper (Figure 4.1) and the quadruped (Figure 4.13)

were printed with supports (only on the non-gripping exterior surface for the gripper, and

only on the bottom exterior surface for the quadruped) due to their non-self-supported ge-

ometries. After 3D printing, the support material was removed by hand using predetermined

breaking points (see Figure 4.2, 4.14). The remnants of the support material did not signif-

icantly affect the motion of the gripper or the quadruped since these remnants are akin to

thin flexible flakes rather than rigid dimples. All other ASMs were printed directly on the

printer’s build platform without supports. For ASMs with beams thicker than 1 mm, we

post-cured the structures in UV light (λ = 405 nm) at 60 ◦C for 15 min to avoid self-adhesion

of beams due to surface tackiness.

4.5.3 Fabrication of elastomeric ASMs by injection molding

To fabricate ASMs using elastomeric materials that would be difficult to 3D print due to

their relatively long curing times, such as Ecoflex 00–30, we used dissolvable hollow polymeric

molds (Figure 4.16a). These hollow molds were 3D printed by fused deposition modeling

(FDM; F170, Stratasys Ltd.) using ABS, with a proprietary water-soluble support material

(F123 QSR; Stratasys Ltd.). The supports in the hollow internal channels were dissolved by

sonicating in water. After letting the molds dry overnight at ambient conditions, we injected

Ecoflex 00–30 premixture (1:1 w/w; Smooth on Inc.) inside the hollow channels of the mold

and removed any trapped air bubbles by degassing in a desiccator at 36 Torr for 3 min. After

curing the elastomer by baking the ensemble at 60 ◦C for 45 min, we dissolved the ABS mold

by sonicating in acetone for 30 min—generating the final freestanding elastomeric ASM.
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4.5.4 Actuation and control

We used small, high torque DC motors (9 g weight, 2.5 Kg 6 V, 60 RPM; Uxcell Inc.)

to actuate ASMs by pulling from tendons made of low friction nylon cables (diameter =

0.25 mm). The tendons were manually tied to the beams of the ASMs, crossing multiple

Voronoi cells (Figure 4.1c) to distribute the pressure induced by the tendon over several

flexible beams. The DC motors providing tendon-based actuation are controlled using a

programmable open-source microcontroller (UNO; Arduino Inc.).

Figure 4.17. Mechanical characterization of flexible photopolymers used to 3D
print ASMs. Tensile testing of ASTM D412-C dogbone specimens 3D printed from
(a) Formlabs v1 flexible resin (FLGR01), and (b) Formlabs v2 flexible resin (FLGR02).
(c) Representative engineering stress-strain curves for the specimens. v1 specimens have
a Young’s modulus E = 6.15± 0.046 MPa and an ultimate tensile strain of ∼36%. v2 spec-
imens have a Young’s modulus E = 3.88 ± 0.06 MPa and break at a strain of ∼76%. Both
types of specimens have approximately the same ultimate tensile strength (∼1.8 MPa). The
stress-strain curve for polydimethylsiloxane (PDMS) is shown for comparison.
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4.5.5 Mechanical characterization

We performed tensile testing of dogbone-shaped 3D printed specimens of the flexible

photopolymers used to fabricate the ASMs to determine their bulk mechanical properties

for subsequent use in finite element simulations. The samples were held in a universal

testing machine (MTS Insight 10; MTS Systems Corp.) equipped with a 1 kN load cell

(model 661.18.F01) and pulled at a loading rate of 0.083 mm/s (5 mm/min). This tensile

test induces a strain rate of 2.77 × 10−3 s–1 (0.167 min–1) for a gage length of 30 mm. All

samples had a width of 4.5 mm and a thickness of 2.54 mm at the gage section, with a

geometry consistent with ASTM D412–C specifications. These dimensions yield a surface-

area-to-volume-ratio of ∼1.3 mm2/mm3. The load extension data recorded by the universal

testing machine was converted to engineering stress-strain curves (Figure 4.17), which were

used to determine Ogden model154 parameters for finite element simulations.

We also performed uniaxial compression tests of a compression ASM (Figure 4.3a–c) and

a solid cylinder (height = 25.4 mm, diameter = 12.7 mm), both 3D printed with FLGR02

resin, to quantitatively compare the nominal stress-strain characteristics of a representative

ASM with that of the bulk photopolymer (Figure 4.5).

4.5.6 Finite element simulations

We performed finite element method (FEM) simulations to model the deformation of

the ASMs upon tendon-based actuation and to evaluate the stress distribution along their

structure. Voronoi tessellated models generated in Meshmixer were passed through a finite

element pre-processor, HyperMesh 2017 (Altair Engineering Inc.), to optimize the meshing

and reduce computing time. While several constitutive hyperelastic models exist for mod-

eling the behavior of elastomers,155 we found that the bulk stress-strain behavior of the

3D printed photopolymers (obtained from the tensile tests described above) are accurately

described by a 3-term Ogden model154 with the following parameters: µ1 = 0.024361 MPa,

µ2 = 6.6703× 10−5 MPa, µ3 = 4.5381× 10−4 MPa, α1 = 1.7138, α2 = 7.0679, α3 = −3.3659,

D1 = 3.2587 MPa–1, D2 = D3 = 0.
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CHAPTER 5. MECHANICAL METAMATERIALS WITH

PROGRAMMABLE COMPRESSION–TWIST COUPLING

5.1 Introduction

This chapter presents a rational, algorithmic design strategy to create mechanical-frustra-

tion- and size-effect-free Twisting Mechanical Metamaterials (TMMs), a new class of soft ma-

chines whose compression-twist coupling is encoded in their topological architecture. Elab-

orating a catalog of ∼800 TMMs, we demonstrate, through experiments and finite element

analysis (FEA), that both the twisting response and the Poisson’s ratio of TMMs can be pro-

grammed by simply tuning two design parameters. TMMs exploit snap-through instabilities

to provide the first demonstration of a non-reciprocal “bidirectional” twisting behavior—one

in which the direction of rotation reverses midway through an actuation cycle without mod-

ifying the input. We expect the ease of design, material-independent twisting response, and

the cellular and global scalability of TMMs to herald the next generation of programmable

matter.

5.2 Results

5.2.1 Design, Fabrication, and Characterization of TMMs

TMMs can be rapidly designed using an automated, parametric generative algorithm

which converts any 2D rectangular lattice of points into the final 3D metamaterial structure

(Figure 5.1a–c). This algorithm performs the following sequence of operations: 1) applies

diagrid and Voronoi tessellations146 to the initial rectangular lattice (Figure 5.1a); 2) shears

the Voronoi tessellation to a planar curve angle (α2D) based on the specified curve distance

(αd; Figure 5.1b); 3) selects an n ×m array of Voronoi cells from the center of the sheared
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Figure 5.1. Design, fabrication, and characterization of TMMs. (a–c) Automated
design algorithm used to create TMMs: (a) A 2D rectangular lattice (gray) is sequentially
transformed into its diagrid (green) and Voronoi tessellation (blue). (b) The 2D Voronoi
tessellation is sheared to a planar curve angle α2D. An array of Voronoi cells from the
center of this sheared tessellation is selected (red) according to the final desired structure
of the TMM. (c) The selected sheared Voronoi cells are extruded normal to their plane and
wrapped around the surface of a frustrum with apex semi-angle ϕ, generating the final TMM.
(d) Dependence of the planar curve angle α2D on the curve distance αd. (e) Dependence of
the 3D curve angle α on the planar curve angle α2D for ϕ ranging 0–20◦. (f) Experimental
characterization of the TMM shown in (c), 3D printed with FLGR02: a free-to-rotate pro-
tractor disk (graduated with angular measurements) applies a nominal compressive strain
ε = 0.33 to the top surface of the TMM placed on a rigid platform. The TMM trans-
forms the applied compressive load into a rotation (θ) of its top surface. (g)F–ε curves for
the TMM design depicted in (c) and 3D printed with different materials, showing excellent
agreement between finite element analysis (FEA) simulations and experimental characteri-
zation. (h) Dependence of the twisting angle θ on the nominal strain ε demonstrating that
the compression-twist coupling is independent of the choice of material.
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tessellation (Figure 5.2); 4) applies a finite thickness to the edges of the cells and extrudes

them normal to their plane; and 5) wraps the extruded cells around the curved surface of

a right-circular frustrum with apex semi-angle ϕ, generating the final TMM (Figure 5.1c).

The resulting TMM has n vertical levels of complete Voronoi cells and m Voronoi cells

along the circumference on each level. By varying n (1—4), ϕ (0–20◦), and αd (0–500 mm),

we generated a catalog of 781 TMMs (selected TMMs shown in Figures 5.3–5.6) to study

their unconventional mechanical properties. Parametric choices outside these ranges cause

mechanical frustration,70,156 leading to TMMs with intersecting or self-contacting beams.

The planar curve angle (α2D) depends on αd as tanα2D = w/αd, where w is the total width

of the lattice plane (Figure 5.1b,d). Cell deformation due to wrapping around the curved

surface of the frustum157 causes the actual 3D curve angle (α) of a TMM cell (Figure 5.7) to

deviate from α2D (Figure 5.1e); this difference between α and α2D becomes more pronounced

as the cells get more sheared (lower α2D), or as the number of levels (n) are increased

(Figure 5.8).

Figure 5.2. Illustration of TMM design parameters n (number of levels) and m (number
of Voronoi cells on each level).

We built a customized experimental setup (Figure 5.9) to characterize the compression-

twist coupling behavior of TMMs. Figure 5.1f shows a representative TMM (n = 2, ϕ =

12.5◦, αd = 90 mm) 3D printed with a flexible photopolymer being subjected to a normal

compressive load. As the TMM is compressed, its top surface rotates by θ while its bottom

surface is held fixed (Movie S1, see Appendix B). The rationally-designed architecture of
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Figure 5.3. Selected TMM CAD models for n = 1: αd ∈ {0, 30, 60, 90, 120}mm, ϕ ∈ {0,
4, 8, 12, 16, 20}◦.
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Figure 5.4. Selected TMM CAD models for n = 2: αd ∈ {0, 30, 60, 90, 120}mm, ϕ ∈ {0,
4, 8, 12, 16, 20}◦.
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Figure 5.5. Selected TMM CAD models for n = 3: αd ∈ {0, 30, 60, 90, 120}mm, ϕ ∈ {0,
4, 8, 12, 16, 20}◦.
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Figure 5.6. Selected TMM CAD models for n = 4: αd ∈ {0, 30, 60, 90, 120}mm, ϕ ∈ {0,
4, 8, 12, 16, 20}◦.
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Figure 5.7. Illustration of the frustum apex semi-angle ϕ, and the 3D curve angle α. For
multi-level TMMs (n > 1), α at each level is slightly different.

Figure 5.8. Dependence of the 3D curve angle α on the planar curve angle α2D for ϕ
ranging 0–20◦. For multi-level TMMs (n > 1), αavg = 1

n

∑n
i=1 αi.

TMMs endows them with compression-twist coupling, a property absent in isotropic ma-

terials.93 This property manifests macroscopically (θ > 37◦ with 33% compression) and is

independent of the flexible material chosen to fabricate the TMM (Figure 5.1g,h; 5.10).

5.2.2 Rotation Regimes in TMMs

TMMs convert a compression applied to its top surface into a rotation of this surface,

inducing a twist in their structure. The nature of this compression-twist coupling can be pro-
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Figure 5.9. Setups for FEA simulation (a,b) and experimental characterization
(c–f). (a) The terminal top surfaces of the beams of the TMM are coupled to a reference
point. (b) All six degrees of freedom are constrained at the bottom surface of the TMM. The
reference point is displaced vertically to compress (at 1 mm/s) the TMM by one-third its
original height (up to ε = 0.33). (c) Two disks, 3D printed with the same photopolymer as
the TMM, are bonded to the top and bottom surface of the TMM with cyanoacrylate ad-
hesive (E-Z Bond; K&R International, Laguna Niguel, CA) to accurately realize the desired
boundary conditions during mechanical characterization. (d–f) Custom-built fixture inte-
grated in a universal testing machine setup to characterize the compression-twist coupling
of the fabricated TMMs.
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Figure 5.10. Comparison between TMMs fabricated out of different flexible
materials. (a–c) FEA simulation snapshots showing the stress-distribution during com-
pression in the same TMM structure fabricated out of three different materials—FLGR02
(a), ELCL01 (b), and Ecoflex 00-30 (c). While the stresses induced in the TMM are propor-
tional to the stiffness of the bulk materials, the rotation angle is essentially independent of
the material (also see Figure 5.1g,h). (d) Experimental characterization of the TMM shown
in Figure 5.1c, 3D printed with ELCL01.
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Figure 5.11. Rotation regimes in TMMs. (a) Dependence of the twisting angle θ on
the nominal strain ε for n = 2, ϕ = 14◦, and αd ranging 0–130 mm. The red/orange/yellow
lines (αd = 60–130 mm) denote the family of unidirectional TMMs; the blue/green lines
(αd = 10–50 mm) denote the family of bidirectional TMMs which reverse their direction of
rotation at a critical strain ε = εθmax(n, ϕ,αd); the gray dashed line (αd = 0) denotes a
TMM which undergoes pure compression until its rapid buckling at ε = εb(n,ϕ,0), triggering
a snap-through instability. (b) Heatmap of the effective twisting angle θeff for n = 2, ϕ
ranging 0–20◦, and αd ranging 0–130 mm. Shades of blue (θeff > 0) indicate unidirectional
twisting, while shades of red (θeff < 0) denote bidirectional twisting. (c) Twisting regimes
for the family of TMMs with n = 2 obtained by varying αd. (d) Weight-normalized F–ε
curves for the family of TMMs in (a). (e) Heatmap of the weight-normalized maximum
reaction force (Fmax/wt.) for n = 2, ϕ ranging 0–20◦, and αd ranging 0–130 mm. The color
scale varies uniformly from blue (low Fmax/wt.) to red (high Fmax/wt.).
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grammed by simply tuning two design parameters, ϕ and αd, giving access to three distinct

regimes: unidirectional rotation, bidirectional rotation, and pure compression (Figure 5.11a–

c). For a given ϕ, the family of “unidirectional TMMs” (αd = 60–130 mm) exhibit a rotation

angle (θ) increasing monotonically with compressive strain ε (Movie S1, see Appendix B).

In “bidirectional TMMs” (0 < αd < 60 mm), the direction of rotation reverses at a critical

strain (ε = εθmax; Figure 5.12), which depends on ϕ and αd (Movie S2, see Appendix B).

Finally, all TMMs with αd = 0 exhibit pure compression (i.e. no rotation) upon vertical de-

formation; however, for certain ϕ values “pure compression TMMs” exhibit a snap-through

instability—a metastable segment in the force-strain curve in which large changes in strain

require essentially no additional force50—inducing the rotation of the TMM beyond ε > εb

(Figure 5.11d; 5.13). Improved stability of the pure compression behavior can be achieved

by reducing the aspect ratio of the Voronoi cells during the design of the TMM.146,158

Figure 5.12. Illustration of the critical strain εθmax at which the direction of rotation
reverses for bidirectional TMMs, and the effective rotation angle (θeff ) used to quantify the
uni- or bidirectionality of TMMs.

To quantify the uni- or bidirectionality of a TMM, we define its effective rotation angle

(θeff ) as follows (Figure 5.12):

θeff ≡

θmax = θεmax for unidirectional TMMs

θεmax − θmax for bidirectional TMMs

,

We observe a sharp transition from unidirectional to bidirectional behavior near αd =

60 mm, irrespective of ϕ (Figure 5.11b,c). In their respective regimes, the magnitude of the
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Figure 5.13. Illustration of the critical buckling strain εb, beyond which a snap-through
instability is triggered.

Figure 5.14. θ–ε, F–ε, and weight-normalized F–ε curves for families of TMMs with n = 2,
αd = 0–130 mm, and ϕ = 0◦ (a–c); ϕ = 8◦ (d–f); and ϕ = 14◦ (g–i).
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uni- or bidirectionality increases with both αd and ϕ (Figure 5.14). Note that all TMMs

described in this study are chiral: if αd is switched in sign while preserving its magnitude,

the direction of induced rotation also switches while preserving its magnitude (θ−α = −θα;

Figure 5.11c; 5.15). TMMs with positive values of αd initiate counterclockwise rotation

(left-handed chirality), while TMMs with negative values of αd initiate clockwise rotation

(right-handed chirality). The force characteristics of two chiral counterparts are, however, in-

distinguishable (F−α = Fα; Figure 5.15). Reaction forces produced by unidirectional TMMs

monotonically increase with ε and decreasing αd, while the reaction forces produced by bidi-

rectional TMMs increase only until εθmax , where the onset of the snap-through instability

switches the direction of rotation (Figure 5.11d; 5.14). Neglecting the mechanically unstable

pure compression TMMs, the highest reaction forces (normalized by TMM weight; Fig-

ure 5.16) occur for TMMs with αd at the transition between unidirectional and bidirectional

behavior (Figure 5.11e; 5.17).

Figure 5.15. Chirality in TMMs. (a) CAD models showing the two chiral counterparts
of a TMM with n = 3, ϕ = 20◦, and αd = 20 mm (left handed) or –20 mm (right handed).
(b) Compression-twist coupling response of the TMMs shown in (a); θαd=−20 = −θαd=20

(c) Force characteristics of the two chiral counterparts; Fαd=−20 = Fαd=20.
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Figure 5.16. Heatmaps of (a–d) the maximum reaction force (Fmax); (e–h) the weight of
the TMMs; (i–l) the weight-normalized maximum reaction force (Fmax/wt.); (m–p) reaction
force at maximum compression (Fεmax ; εmax = 0.33) expressed as a fraction of Fmax; (q–
t) strain at which the reaction force is maximum, expressed as a fraction εmax, for n = 1–4,
ϕ ranging 0–20◦, and αd ranging 0–500 mm.
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Figure 5.17. Contour plots of (a) the maximum reaction force (Fmax); (b) the weight of
the TMM; and (c) the weight-normalized maximum reaction force (Fmax/wt.), for n = 2, ϕ
ranging 0–20◦, and αd ranging 0–500 mm.

5.2.3 Compression–Twist Coupling Optimization

Having established the general dependence of the twisting behavior of TMMs on the

design parameters αd and ϕ, we now investigate what combination of (αd, ϕ) maximizes the

twisting response. Figure 5.18a shows a contour plot of θfinal (θ at ε = 0.33) varying as a

function of ϕ and αd. For unidirectional TMMs of a given ϕ, θ is maximized in the vicinity

of αd ≈ 180 mm (exact locus of θmax|ϕ in Figure 5.19). Although θ increases monotonically

with ϕ, TMMs with ϕ > 20◦ cannot be practically realized due to mechanical frustration.

αd = 180 mm corresponds to α2D = 50.7◦, which, for n = 2, designates an α in the range

∼36–44◦ (for ϕ = 0–20◦). Theoretically, α = 45◦ is expected to maximize the unidirectional

twisting response; however, the deformation of the Voronoi cells inflicted during the design

step of wrapping the planar tessellation around the curved surface of a frustum (Figure 5.1c)

causes the experimental results to deviate slightly.

The single most representative figure of merit to quantify the compression-twist coupling

of TMMs is their twist per unit strain.93 We calculated the maximum instantaneous unidi-

rectional twist per unit strain (dθ/dε) to be ∼ 162◦ (1.62◦/%; see Figure 5.18b,c; 5.20). For

ε > 0.25, the friction between the self-contacting beams of the TMM leads to a sudden angu-

lar retardation and a sharp drop in dθ/dε (Figure 5.18c,d). The second derivative of the θ–ε

curves (Figure 5.18d) is proportional to the angular acceleration and, consequently, to the

torque produced in the TMMs. For unidirectional TMMs in the steady state (Figure 5.18d,
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Figure 5.18. (a) Contour plot of θfinal (εmax = 0.33) for n = 2, ϕ ranging 0–20◦, and
αd ranging 40–500 mm. (b) Dependence of the twisting angle θ on the nominal strain ε
for n = 2, αd = 180 mm, and ϕ ranging 0–20◦. (c) Dependence of the instantaneous twist
per unit strain dθ/dε on the nominal strain ε for n = 2, αd = 180 mm, and ϕ ranging
0–20◦. (d) Dependence of the normalized instantaneous angular acceleration d2θ/dε2 on the
nominal strain ε for n = 2, αd = 180 mm, and ϕ ranging 0–20◦. (e) Contour plot of the
normalized instantaneous angular acceleration d2θ/dε2 for n = 2, ϕ ranging 0–20◦ and αd
ranging 60–500 mm (only unidirectional TMMs). (f) Heatmap of the effective twisting angle
θeff for n = 3, ϕ ranging 0–20◦ and αd ranging 0–130 mm. Shades of blue (θeff > 0)
indicate unidirectional twisting, while shades of red (θeff < 0) denote bidirectional twisting.
(g) Twisting regimes for the family of TMMs with n = 3. h) 3D CAD models of representative
TMMs (ϕ = 18◦, αd = 130 mm) with different levels (n = 1, 2, 3, 4). (i) Variation of m,
n×m, and (n + 1)×m as a function of the number of levels in the TMM (n), where m is
the number of Voronoi cells in a single level along the perimeter, n × m is the number of
complete Voronoi cells, and (n + 1) ×m is the total number of Voronoi cells in the TMM.
(j) Box-and-whiskers plot of the distributions of the normalized maximum reaction force
(Fmax/wt.) for n = 1, 2, 3, 4. Top: considering all αd and ϕ for each n. Bottom: considering
only unidirectional TMMs. (k) Top: Range of values of θfinal for each n, considering only
unidirectional TMMs. Bottom: Box-and-whiskers plot of the distributions of the initial
instantaneous twist per unit strain (dθ/dε at ε = 0), considering all α and ϕ for each n.
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Figure 5.19. Exact locus (orange solid line) and its zeroth order approximation (gray
dotted line) of θfinal,max|ϕ from Figure 5.18

Figure 5.20. Contour plot of dθ/dε as ε → 0 for n = 2, ϕ ranging 0–20◦, and αd ranging
40–500 mm. αd = 180 mm (gray dotted vertical line) is a zeroth-order approximation of the
locus of dθ/dεmax|ϕ.

inset), d2θ/dε2 is maximized near αd ≈ 150 mm (at a lower αd than that maximizing θ and

dθ/dε; Figures 5.18e, 5.21). For bidirectional TMMs, both the twist per unit strain and

the torque reach a maximum before passing through zero to negative as their direction of

rotation switches (Figure 5.22).
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Figure 5.21. Contour plots of (a) θ, (b) dθ/dε, and (c) d2θ/dε2 at ε = 0.075 for n = 2,
ϕ ranging 0–20◦, and αd ranging 40–500 mm. αd = 180 mm (gray dotted vertical line) is a
zeroth-order approximation of the locus of θmax|ϕ.

Figure 5.22. Dependence of the (a) twisting angle θ, (b) instantaneous twist per unit strain
dθ/dε, and (c) normalized instantaneous angular acceleration d2θ/dε2 on the nominal strain
ε for bidirectional TMMs with n = 2, αd = 30 mm, and ϕ ranging 0–20◦.

5.2.4 Size-effect Independence of the Compression–Twist Coupling in TMMs

TMMs described until now had two levels of Voronoi cells (n = 2). Adding another level

to the TMM structure (n = 3) modifies the transition boundary between unidirectional and

bidirectional TMMs (Figure 5.18f,g). For n = 3, the onset of bidirectional behavior occurs

at larger αd for more cylindrical TMMs (lower ϕ values) and at smaller αd for more conical

TMMs (higher ϕ values). The area on the αd–ϕ landscape occupied by bidirectional TMMs

gradually decreases with n for TMMs with n > 3 (Figure 5.23) since the design rules of

the proposed generative algorithm dictate that the beam thickness at every cross-section

is proportional to the frustum diameter at that cross-section (Figure 5.18h, 5.3–5.6). This
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proportionality ensures that the weight of a TMM is independent of n (all other parameters

being constant; Figure 5.16e–h).

Although n and m can be specified independently during the design process, their re-

lationship for a given cell aspect ratio (λ) is fixed. Figure 5.18i shows this almost-linear

relationship for λ = 2, consequently demonstrating the size-effect independence of the global

twisting behavior of TMMs (Figure 5.18k). The size-effect-free scalability of TMMs is also

evidenced by the independence between their force and rotation responses (Figure 5.18j,k).

Figure 5.23. Heatmap of the effective twisting angle θeff for (a)n = 1, (b)n = 2, (c)n = 3,
and (d)n = 4; ϕ ranging 0–20◦ and αd ranging 0–130 mm. Shades of blue (θeff > 0) indicate
unidirectional twisting, while shades of red (θeff < 0) denote bidirectional twisting.
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5.2.5 Programmable Auxetic Behavior of TMMs

The Poisson’s ratio (ν) defines the ratio between the transverse strain and the axial strain.

Conventional materials (ν > 0) typically expand in the directions orthogonal to the applied

compressive load. Auxetic materials (ν < 0), on the other hand, contract in transverse

directions when compressed.65 We demonstrate that the Poisson’s ratio of TMMs can be

programmed to acquire any value between +1.2 and –0.6 for compressive strains ranging

ε = 0–0.33, by tuning αd and ϕ (Figures 5.24, 5.25, 5.26; also see Movie S3, Appendix B).

Due to the variable diameter of the tubular frusta-like geometries of TMMs, the tradi-

tional definition of ν given above is inadequate to fully capture the spatiotemporal evolution

of the Poisson’s ratio in TMMs. We therefore define nine deformation-tracking sections (S1–

S9; Figure 5.24a) in each TMM and monitor their coordinates as a function of the applied

axial strain (ε) to accurately calculate the instantaneous Poisson’s ratio of each section. As

an example, Figure 5.24b,c shows the change in shape and orientation of section S5 of a

TMM (n = 2, ϕ = 12◦, αd = 90 mm) from ε = 0 to ε = 0.33. Although the sections S1 to

S9 are equispaced at ε = 0, their relative separations do not remain constant as ε increases

(Figure 5.27a); it is even possible that a section which starts higher than another ends at a

lower height at ε = 0.33 due to beam buckling accumulation (Figure 5.24g, 5.28a).

By recording the local radius (rlocal) at each section Si (i = 1, 2, . . . , 9; Figure 5.27b), we

calculated the radial strain εr (Figure 5.24d), which then allowed us to compute the Poisson’s

ratios as ν = −εr/ε (Figure 5.24e). Our protocol to characterize the Poisson’s ratio of TMMs

using the nine deformation-tracking sections reveals that it is possible for different sections in

the same TMM to exhibit significantly different Poisson effects simultaneously. For example,

in the TMM described in Figure 5.24a–e, section S6 first expands in radius before sharply

contracting below its initial value as the local ν at this section changes from +0.42 (ε = 0) to

–0.17 (ε = 0.33), while the radius of section S4 monotonically increases during compression,

maintaining ν > 0 for 0 < ε ≤ 0.33. It is also possible to find TMMs exhibiting Poisson

effects at the two extremes: for example, ν is always positive (for all ε at every cross-section

Si) in a TMM with n = 2, ϕ = 10◦, and αd = 0; while ν is always negative (for all ε and Si)

in a TMM with n = 2, ϕ = 6◦, αd = 200 mm (Figure 5.28).
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Figure 5.24. Programmable auxetic behavior of TMMs. (a) Schematic diagram of
the front view of a representative TMM (n = 2, ϕ = 12◦, and αd = 90 mm) with red dotted
lines indicating the initial positions of 9 deformation-tracking sections S1–S9 (equispaced at
ε = 0) used for Poisson’s ratio evaluation. (b) Geometry (top) and normalized displacement
distribution (bottom) of section S5 at ε = 0 (left) and ε = 0.33 (right). (c) Super-imposed
normalized displacement distributions of section S5 (ε = 0) and S5’ (ε = 0.33). (d) Variation
of the induced radial strain εr as a function of the applied nominal strain ε, at the 9 sections of
the TMM shown in (a). (e) Variation of Poisson’s ratio ν = −εr/ε as a function of the applied
nominal strain ε, at the 9 sections. (f, g) FEA simulation (top) and experimental snapshots
(bottom) showing the profile evolution due to compression-twist coupling of representative
unidirectional (f; ν < 0) and bidirectional (g; ν > 0) TMMs. Color bars indicate normalized
displacement distribution. Scale bars are 2 cm. (h)F–ε curves of the unidirectional and
bidirectional TMMs shown in (f) and (g), respectively. (i) Compression-twist coupling of the
unidirectional and bidirectional TMMs shown in (f) and (g), respectively. (j) Local variation
of the Poisson’s ratio ν for the unidirectional and bidirectional TMMs shown in (f) and (g),
respectively. The unidirectional TMM is auxetic (ν < 0) at the middle section S5 for all
ε. (k) Heatmap of the Poisson’s ratio ν calculated at section S5’ (ε = 0.33), for n = 2,
ϕ = 0–20◦, and αd = 0–500 mm. Shades of red (ν < 0) indicate auxetic behavior.
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Figure 5.25. Spatiotemporal evolution of Poisson’s ratio of TMMs with n = 2, as a function
of αd (horizontal axes; ranging 0–500 mm) and ϕ (vertical axes; ranging 0–20◦). Panel with
blue border indicates occurrence of νmax = 1.22; panel with red border indicates occurrence
of νmin = −0.6.
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Figure 5.26. Snapshots from the spatiotemporal evolution of ν showing the occurrences of
(a) νmax = 1.22, and b) νmin = −0.6.

Figure 5.27. (a) Variation of the local displacement at the deformation-tracking sections
S1–S9 as a function of the applied strain. (b) Variation of the local radius at the deformation-
tracking sections S1–S9 as a function of the applied strain.

We compared the experimental and simulated deformation profiles of two TMMs, one uni-

directional (n = 1, ϕ = 12◦, αd = 160 mm; Figure 5.24f; also see Movie S4, Appendix B) and

one bidirectional (n = 1, ϕ = 12◦, αd = 60 mm; Figure 5.24g; also see Movie S5, Appendix B),

to verify the validity of our Poisson’s ratio analysis. There is excellent agreement between
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Figure 5.28. Evolution of the nominal Poisson’s ratio as a function of the applied strain at
the nine deformation-tracking sections for (a–d) a TMM with ν < 0 at all Si (i = 1, 2, . . . , 9)
and ε; (e–h) a TMM with ν > 0 at all Si (i = 1, 2, . . . , 9) and ε; (i–l) a TMM with ν close to
0 at all Si (i = 1, 2, . . . , 9) and ε.

experimental and simulation results for both reaction force (Figure 5.24h) and compression-

twist coupling (Figure 5.24i). Moreover, the Poisson’s ratio evolution predicted by FEA

(Figure 5.24j) is qualitatively corroborated by the experimental snapshots (Figure 5.24f,g).

Finally, we depict on the αd−ϕ landscape, all TMMs which exhibit auxetic behavior. The

contour plot in Figure 5.24k provides general design guidelines for picking a desired ν. Note

that this plot shows ν at S5 for ε = 0.33; the complete spatiotemporal evolution is available

in Movie S3 (Appendix B) and Figure 5.25. In general, it is possible to outline contiguous

areas on the αd − ϕ landscape which always (at all Si, for any ε in 0–0.33) exhibit positive
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or negative ν (Figure 5.29). 64.69% TMMs with n = 2 exhibit ν < 0, 11.82% TMMs exhibit

ν > 0, and 23.49% TMMs exhibit simultaneously ν < 0 and ν > 0 at different cross-sections.

An important correlation between unidirectional TMMs and auxeticity (ν < 0) emerges: all

globally auxetic TMMs are unidirectional, while all unidirectional TMMs are not necessarily

globally auxetic.
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Figure 5.29. Contour plots showing the regions on the αd–ϕ landscape where (a) ν always
> 0 (colored solid blue) for all ε at every Si (i = 1, 2, . . . , 9); (b) ν always < 0 (colored solid
red) for all ε at every Si (i = 1, 2, . . . , 9).

5.2.6 Non-reciprocity and Path-dependence in TMMs

Reciprocity is a constitutive property of physical systems which ensures that the trans-

mission of signals, be it electromagnetic, acoustic, or mechanical, is symmetric between any

two points in space.159,160 Traditional mechanical mechanisms which convert displacement to

rotation (e.g. a slider-crank mechanism) are all reciprocal. Bidirectional TMMs, in contrast,

exhibit intrinsic non-reciprocity since they autonomously switch their direction of rotation

(see Movies S2 and S5, Appendix B) during uniform displacement-controlled compressive

loading (Figure 5.30).

Figure 5.30a1 shows the transformation of a linear vertical displacement (at 1 mm/s) into

bidirectional rotation in a TMM previously known to exhibit bidirectional behavior (n = 2,
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Figure 5.30. Non-reciprocity and path-dependence in bidirectional TMMs.
(a) Different input loading conditions applied to the same representative bidirectional TMM
(n = 2, ϕ = 14◦, αd = 50 mm) and corresponding responses as a function of time. (a1) linear
displacement-controlled loading: (i) a uniform normal compression at 1 mm/s is applied,
(ii) variation of the strain energy U , normal reaction force F , and reaction moment M as a
function of time, (iii) resulting bidirectional rotation. (a2) nonlinear rotation-controlled load-
ing: (i) the bidirectional rotation obtained in (a1iii) is applied as input, (ii) dependence of
U , F , and M on time, (iii) resulting displacement as a function of time. (a3) linear rotation-
controlled loading: (i) a uniform counterclockwise rotation of 2.86◦/s is applied, (ii) variation
of U , F , and M with time, (iii) resulting displacement as a function of time. (b) Compression-
twist coupling response for the three input loading conditions in (a). (c) Dependence
of M as a function of the vertical displacement, for the three input loading conditions.
(d) Dependence of the strain energy U stored in the TMM as a function of the vertical
displacement, for the three input loading conditions.
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ϕ = 14◦, αd = 50 mm; Figure 5.11a). Since the top surface of the TMM is free to rotate

in this experimental condition, the recorded reaction moment (M) is zero (Figure 5.30a1ii).

The resulting bidirectional rotation output (as a function of time) obtained during this

experiment (Figure 5.30a1iii) is then applied as the input loading condition to the same TMM

(Figure 5.30a2i). The output displacement response (Figure 5.30a2iii) does not reproduce the

input displacement in Figure 5.30a1i, unveiling the non-reciprocal behavior of bidirectional

TMMs. This behavior can be explained by the significantly different kinetic response of this

TMM for the first (Figure 5.30a1ii) and second (Figure 5.30a2ii) loading conditions.

In (a1), the TMM experiences a snap-through instability which switches its direction of

rotation, while in (a2) there is no snap-through since the small vertical displacement prevents

beam buckling (see the output FEA simulations in Figure 5.30a1,2). For completeness, we

also tested the case in which we impose a uniform linear (unidirectional) rotational input

(Figure 5.30a3) to the top surface of this bidirectional TMM.

The compression-twist coupling responses for the three loading conditions described is

plotted in Figure 5.30b, demonstrating the different outputs of the TMM for vertical dis-

placement and bidirectional rotation inputs. It is interesting, and somewhat non-intuitive,

to note that the output response to any unidirectional rotation input follows the exact same

angle (θ), moment (M), and strain energy (U) paths as the output response to a bidirectional

rotation input, albeit for much shorter vertical displacements (Figure 5.30b–d). Moreover, ir-

respective of the loading rate, there are only two possible deformation paths for bidirectional

TMMs: one for displacement-controlled loading and one for rotation-controlled loading. Dis-

placement control generates the path that minimizes the strain energy stored in the TMM

(green line in Figure 5.30d). Unidirectional TMMs are reciprocal and their deformations lie

on a single path, independent of the loading conditions.

5.3 Conclusion

In this chapter, we introduced TMMs—a new class of mechanical metamaterials whose

rationally-designed architecture endows them with compression-twist coupling, a property

absent in conventional materials. We demonstrated that this twisting response–unidirec-

tional or bidirectional—manifests macroscopically (> 38◦), is mechanical-frustration-free up
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to large deformations, is independent of the flexible bulk material chosen to fabricate the

TMM, and can be programmed by simply tuning two design parameters. Moreover, the

proposed TMM designs do not suffer from size effects which compromise their twist per unit

strain, thus ensuring both cellular and global scalability. We also demonstrated that the

twisting behavior determines the onset of auxeticity, with TMMs exhibiting Poisson’s ratios

in the continuous range –0.6 to +1.22. Finally, we showed that the family of bidirectional

TMMs is non-reciprocal since they autonomously switch their direction of rotation during

uniform displacement-controlled compressive loading.

The capability to controllably convert translation to rotation using monolithic TMMs

blurs the boundary between materials and machines,161–163 paving the way toward the cre-

ation of future programmable matter whose complex motion is directly encoded within the

architecture of the mechanical metamaterial. We envision the non-reciprocity of bidirectional

TMMs to be exploited in applications such as shock absorption159,160 and energy harvest-

ing,164,165 as well as in the design of mechanical metamaterial diodes166–168 for soft robotics

and prosthetics. Post-fabrication tuning of TMMs can be realized by modular stacking or

fabrication using shape memory polymers.169 Coupled with stimuli-responsive actuation170

and inverse design techniques,171 we also envision TMMs to find potential applications in the

biomedical field, such as in the design and manufacture of meta-implants,172–174 expandable

coronary stents,175,176 and ventricular assist devices.177–179

5.4 Experimental Section

5.4.1 Rational, automated design of TMMs

TMMs were designed using a generative algorithm developed in the visual programming

language Grasshopper R© (version 1.0) that runs within the CAD environment Rhinoceros

3D (version 6; Robert McNeel & Associates, Seattle, WA) and follows the steps outlined in

Figure 5.1a–c. This algorithm takes the following parameters as inputs to design a TMM:

frustum base radius (rb), frustum height (h), number of levels (n), number of cells on each

level (m), cell aspect ratio (λ), beam thickness (tbeam; measured at the surface of the frustum),

beam extrusion depth (EDbeam), curve distance (αd), and frustum apex semi-angle (ϕ). Only
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n, m, αd, and ϕ were varied in this study; other parameters were kept constant at values that

minimize mechanical frustration while still being easy to fabricate using regular 3D printers

(rb = 37.5 mm, h = 60 mm, λ = 2, tbeam = 1.4 mm, EDbeam = 10 mm). While the design

space may be broadened by varying these parameters, the general trends in mechanical

responses are expected to follow similar paths as described.

The design problem has been solved using a forward approach in this study. If specific

mechanical properties or deformation trajectories are desired at particular locations of a

TMM, an inverse problem needs to be solved. While this is still an evolving, and largely

uncharted, domain in mechanical metamaterial design, gradient-free optimization algorithms

present a viable approach for systematic future investigations.171

For the current study, both the Grasshopper generative algorithm and the entire gamut

of 781 TMM designs analyzed are available from the author upon reasonable request.

5.4.2 Finite element simulations

FEA simulations were performed using the commercial package Abaqus/CAE (version

2017; Dassault Systèmes Simulia Corp., Providence, RI) to evaluate the mechanical de-

formation upon compression of 781 TMMs. Each TMM was simulated for different fabri-

cation materials: FLGR02, ELCL01, and Ecoflex 00–30, all modeled as hyperelastic and

described by a third-order Ogden model.146,154 Ogden model parameters used for FLGR02

are: µ1 = −19.892 MPa, µ2 = 10.520 MPa, µ3 = 10.834 MPa, α1 = −2.370, α2 = −0.940,

α3 = −3.915, D1 = D2 = D3 = 0. Ogden model parameters used for ELCL01 are:

µ1 = 0.499 MPa, µ2 = 1.336× 10−2 MPa, µ3 = −1.260× 10−2 MPa, α1 = 1.999, α2 = 4.007,

α3 = −1.998, D1 = D2 = D3 = 0. These parameters were determined by fitting the model

to stress–strain data obtained by uniaxial tensile testing of dogbone samples 3D printed

using the respective photopolymers (Figure 5.31). Ogden model parameters used for Ecoflex

00–30 are: µ1 = 0.0244 MPa, µ2 = 6.67 × 10−5 MPa, µ3 = 4.538 × 10−4 MPa, α1 = 1.7138,

α2 = 7.0679, α3 = −3.3659, D1 = 3.258 MPa−1, D2 = D3 = 0. These parameters were

previously determined and reported by our group.180

TMM models were meshed using second-order tetrahedral elements of type C3D10H (for

FLGR02 and ELCL01) or C3D10 (for Ecoflex 00–30) with maximum allowed mesh size
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Figure 5.31. Experimental stress-strain curves from uniaxial tensile testing of dogbone
samples (solid lines) and Ogden model fit (symbols) of the two photopolymers, FLGR02 and
ELCL01, used to 3D print TMMs.

of 500µm. All six degrees of freedom were constrained at the bottom surface of the TMM,

while the terminal top surfaces of the beams were coupled to a reference point (Figure 5.9a,b)

and free to rotate about the vertical axis. This reference point was displaced vertically to

compress (at 1 mm/s) the TMM by one-third its original height (up to ε = 0.33).

5.4.3 Fabrication of TMMs

Experimental TMMs were 3D printed with a high-resolution (50µm) stereolithography

printer (Form 2; Formlabs, Somerville, MA) using two different flexible photopolymers,

FLGR02 (tensile strength ∼8.5 MPa, maximum elongation at break ∼70%, Shore hardness

80A) and ELCL01 (tensile strength ∼3.23 MPa, maximum elongation at break ∼180%, Shore

hardness 50A). After printing, the models were sonicated in isopropanol for 10 min to dissolve

any uncured photopolymer. The ELCL01 models required post-curing in UV light (405 nm)

at 60 ◦C for 15 min to eliminate surface tackiness.

5.4.4 Mechanical characterization of TMMs

A custom-built fixture, immobilizing the bottom surface of the TMM and allowing its top

surface to rotate freely while being compressed, was integrated in a universal testing machine
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setup (Insight 10; MTS Systems Corp., Eden Prairie, MN) to characterize the compression-

twist coupling of the fabricated TMMs (Figure 5.9d–f). TMMs were compressed at a rate of

1 mm/min up to a nominal strain of ε = 0.33, while the reaction force was recorded using a

100 N load cell.
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CHAPTER 6. OUTLOOK

This dissertation provided accessible strategies for the design and fabrication of both optical

and mechanical metamaterials. In Chapters 2 and 3, I demonstrated scalable nanomanufac-

turing methods to create flexible optical metamaterials, while in Chapters 4 and 5, I provided

algorithmic design tools to create mechanical metamaterials for soft robotic applications.

Although at first glance, the domains of optical and mechanical metamaterials may ap-

pear to be detached, analogous underlying principles govern their properties.181 A continuum

description of optics, in the Einstein summation notation, is provided by Equations 6.1 and

6.2.

Di = ε0εijEj + ic−10 ξijHj (6.1)

Bi = ic−10 ζijEj + µ0µijHj (6.2)

Here, εij is the rank-two electric permittivity tensor, with i, j = 1, 2, 3; Di is the di-

electric displacement vector field; Ei is the electric vector field; µij is the magnetic per-

meability tensor; Bi is the magnetic induction vector; Hi is the magnetic field vector;

ε0 = 8.854× 10−12A s V-1 m-1 and µ0 = 4π × 10−7V s A-1 m-1 are the vacuum permittivity

and permeability, respectively; and c0 = 1/
√
ε0µ0 is the speed of light in vacuum. ξij is the

chirality tensor, all elements of which are strictly zero in the presence of centrosymmetry.

Further, due to reciprocity, ζij = −ξji.

The mechanical counterparts of Equations 6.1 and 6.2 are given by Equations 6.3 and 6.4.

σij = Cijklεkl +Dijklϕkl (6.3)

mij = Bijklεkl + Aijklϕkl (6.4)
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Here, all material tensors are of rank four rather than rank two; they have four indices i, j,

k, l = 1, 2, 3. The counterpart of the rank-two electric permittivity tensor is the rank-four

elasticity tensor with components Cijkl. σij is the stress tensor and εij is the generalized

strain tensor.† Due to reciprocity, Dijkl = Blkij.
§ mij and ϕij are pseudo-tensors for the

torque field and the rotational fields, respectively, connected by the tensor Aijkl.

Comparing the optical and mechanical equation systems above, we note that electrical

degrees of freedom in electromagnetism are analogous to translational degrees of freedom in

continuum mechanics. Similarly, the magnetic degrees of freedom are analogous to rotational

degrees of freedom. In the mechanics equations, the tensor components Bijkl and Dijkl

describe the coupling of translational degrees of freedom to rotational degrees of freedom, and

vice versa. Just as ξij = 0 in the optical equations when there is centrosymmetry, analogously

centrosymmetry in continuum mechanics mandates Bijkl = Dijkl = 0. Therefore, to obtain

a coupling between translational and rotational degrees of freedom, it is essential to break

centrosymmetry.181

The above principles were at the core of the twisting mechanical metamaterials (TMMs)

presented in Chapter 5. The capability of TMMs to controllably convert translation to rota-

tion blurs the boundary between materials and machines, expanding the range of mechanical

properties currently accessible to 3D printed materials and paving the way toward the cre-

ation of future programmable matter. Moreover, due to the close mathematical analogies

described above, it is not unreasonable to envision that integration of optical and mechanical

metamaterials in the same system will lead to the emergence of unprecedented and exotic

functionalities.

†Note that the symbol ε is used for both, the electric permittivity in optics and the strain in mechanics,
and should not be confused.

§Observe that the first and second pairs of indices are interchanged and l and k are swapped.



101

APPENDIX A. MATLAB CODES

MATLAB code for Delaunay triangulation

## FlexiLab, School of Industrial Engineering, Purdue University

## @deftypefn {Loadable Function} {@var{tri}=} delaunay (@var{x}, @var{y})

## @deftypefnx {Loadable Function} {@var{tri}=} delaunay (@var{x},

## @var{y}, @var{opt})

## The return matrix of size [n, 3] contains a set of triangles which are

## described by the indices to the data point x and y vector.

## The triangulation satisfies the Delaunay circumcircle criterion.

## No other data point is in the circumcircle of the defining triangle.

##

## A third optional argument, which must be a string, contains extra

## options passed to the underlying qhull command. See the documentation

## for the Qhull library for details.

##

## @example

## x = rand(1,10);

## y = rand(size(x));

## T = delaunay(x,y);

## X = [ x(T(:,1)); x(T(:,2)); x(T(:,3)); x(T(:,1)) ];

## Y = [ y(T(:,1)); y(T(:,2)); y(T(:,3)); y(T(:,1)) ];

## axis([0,1,0,1]);

## plot(X,Y,’b;;’,x,y,’r*;;’);

## @end example

## @end deftypefn
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## @seealso{voronoi, delaunay3, delaunayn}

function ret = delaunay (x,y,opt)

if ((nargin != 2) && (nargin != 3))

usage ("delaunay(x,y[,opt])");

endif

if (is_vector(x) && is_vector(y) && (length(x) == length(y)) )

if (nargin == 2)

tri = delaunayn([x(:), y(:)]);

elseif isstr(opt)

tri = delaunayn([x(:), y(:)], opt);

else

error("third argument must be a string");

endif

else

error("first two input arguments must be vectors of same size");

endif

if nargout == 0

x = x(:).’; y = y(:).’;

X = [ x(tri(:,1)); x(tri(:,2)); x(tri(:,3)); x(tri(:,1)) ];

Y = [ y(tri(:,1)); y(tri(:,2)); y(tri(:,3)); y(tri(:,1)) ];

plot(X,Y,’b;;’,x,y,’r*;;’);

else

ret = tri;

endif

endfunction
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MATLAB code for Voronoi tessellation

## FlexiLab, School of Industrial Engineering, Purdue University

## @deftypefn {Function File} {} voronoi (@var{X},@var{Y})

## @deftypefnx {Function File} {} voronoi (@var{X},@var{Y},"plotstyle")

## @deftypefnx {Function File} {} voronoi (@var{X},@var{Y},

## "plotstyle",@var{OPTIONS})

## @deftypefnx {Function File} {[@var{vx}, @var{vy}] =} voronoi (@var{X},

## @var{Y})

## plots voronoi diagram of points @var{X},@var{Y}.

## The voronoi facets with points at infinity are not drawn.

## [@var{vx}, @var{vy}] = voronoi(...) returns the vertices instead

## plotting the diagram. plot (@var{vx}, @var{vy})

## shows the voronoi diagram.

## A fourth optional argument, which must be a string, contains extra

## options passed to the underlying qhull command. See the documentation

## for the Qhull library for details.

##

## @example

## x = rand(10,1); y = rand(size(x));

## h = convhull(x,y);

## [vx,vy] = voronoi(x,y);

## plot(vx,vy,"-b;;",x,y,"o;points;",x(h),y(h),"-g;hull;")

## @end example

##

## @end deftypefn

## @seealso{voronoin, delaunay, convhull}

## * limit the default graph to the input points rather than the

## whole diagram

## * provide example
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## * use unique(x,"rows") rather than __unique_rows__

## Added optional fourth argument to pass options to the underlying

## qhull command

function [varargout] = voronoi (x, y, plt, opt)

if (nargin < 2 || nargin > 4)

usage ("voronoi (x, y[, plt[, opt]])")

endif

if (nargin < 3)

plt = "b;;";

## if not specified plot blue solid lines

endif

if (nargin == 4)

if (! isstr (opt))

error ("fourth argument must be a string");

endif

else

opt = "";

endif

lx = length (x);

ly = length (y);

if (lx != ly)

error ("voronoi: arguments must be vectors of same length");

endif

[p, lst, infi] = __voronoi__ ([x(:),y(:)], opt);

idx = find (!infi);

ll = length (idx);

k = 0;r = 1;

for i = 1:ll

k += length (nth (lst, idx(i)));

endfor
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vx = zeros (2,k);

vy = zeros (2,k);

for i=1:ll

fac = nth (lst, idx(i));

lf = length(fac);

fac = [fac, fac(1)];

fst = fac(1:length(fac)-1);

sec = fac(2:length(fac));

vx(:,r:r+lf-1) = [p(fst,1),p(sec,1)]’;

vy(:,r:r+lf-1) = [p(fst,2),p(sec,2)]’;

r += lf;

endfor

[vx,idx] = unique(vx,"rows");

vy = vy(idx,:);

if (nargout == 0)

lim = [min(x(:)), max(x(:)), min(y(:)), max(y(:))];

axis(lim+0.01*[[-1,1]*(lim(2)-lim(1)),[-1,1]*(lim(4)-lim(3))]);

plot (vx, vy, plt, x, y, ’o;;’);

elseif (nargout == 2)

vr_val_cnt = 1; varargout{vr_val_cnt++} = vx;

varargout{vr_val_cnt++} = vy;

else

error ("only two or zero output arguments supported")

endif

endfunction
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APPENDIX B. SUPPLEMENTARY MOVIES

Description of supplementary movies on twisting mechanical metamaterials (TMMs) and

unlisted YouTube links.

Movie S1. Compression-twist coupling in a unidirectional TMM with n = 2, m = 8,

ϕ = 12.5◦, αd = 90 mm: experimental characterization (left) and FEA simulation (right).

The experiment was performed at a compression rate of 1 mm/min, and is sped up 100 times

in the movie. https://youtu.be/PDNaZViLWEo

Movie S2. Compression-twist coupling in a bidirectional TMM with n = 2, m = 8,

ϕ = 18◦, αd = 30 mm: experimental characterization (left) and FEA simulation (right). The

experiment was performed at a compression rate of 1 mm/min, and is sped up 150 times in

the movie. https://youtu.be/C5ABeZm xn4

Movie S3. Spatiotemporal evolution of Poisson’s ratio of TMMs with n = 2, as a

function of αd and ϕ. https://youtu.be/Ll9Lxs3yBe8

Movie S4. Compression-twist coupling in a unidirectional TMM with n = 1, m = 8,

ϕ = 12◦, αd = 160 mm: experimental characterization (left) and FEA simulation (right).

The experiment was performed at a compression rate of 1 mm/min, and is sped up 200 times

in the movie. https://youtu.be/Y1fe2aXbzKM

Movie S5. Compression-twist coupling in a bidirectional TMM with n = 1, m = 8,

ϕ = 12◦, αd = 60 mm: experimental characterization (left) and FEA simulation (right). The

experiment was performed at a compression rate of 1 mm/min, and is sped up 100 times in

the movie. https://youtu.be/aCOzcE 5Ob0

https://youtu.be/PDNaZViLWEo
https://youtu.be/C5ABeZm_xn4
https://youtu.be/Ll9Lxs3yBe8
https://youtu.be/Y1fe2aXbzKM
https://youtu.be/aCOzcE_5Ob0
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