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a b s t r a c t

This report explores a synthesis of principles from liquid metal-based flexible electronics and me-
chanical metamaterials. In such new platforms, mechanical deformation couples with liquid metal
microchannels to govern electrical conduction by constriction and release of liquid metal embedded
in the soft material. The mechanisms that influence the ability to induce such discrete switch electrical
phenomena are identified through studies focused on mechanical design, liquid metal oxidation, and
stress thresholds. Through strategic selection of such factors, repeatable switch ability is retained
for many stress cycles on the metamaterial, although aging of the phenomena is evident through
switch thresholds that reduce with cycles prior to potential failure. These discoveries provide new
foundations for self-sensing mechanical metamaterials that leverage an interface of liquid metal
coalescence and local mechanical deformation to lead to digital signaling abilities in continuously
stressed metamaterials.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Compliant and liquid conductors establish essential founda-
tion for future wearable technologies, reconfigurable circuits,
soft robots, and more [1–8]. Gallium-based liquid metals have
seen a recent surge of attention due to increased conforma-
bility of the liquid phase when synthesized with elastomeric
substrates or host structures [9–16]. Strategic use of liquid metal
moreover creates opportunity for stress-activated functionality,
such as via polymerized liquid metal networks [17] or liquid
metal-elastomeric materials [18]. This opportunity to leverage
an integration of elastomeric matrix and liquid metal inclusions
has uncovered unique self-healing functionality in liquid metal–
elastomer composites when subjected to damaging stresses [19].
Studies on liquid metal-based reconfigurable electronics have
considered the movement of liquid metal through microscale
passages as a means to empower adaptive antennas, responsive
circuits, and other compliant switchable electronic networks [20].
In these examples, external pumps are employed to govern the
flow and conductivity of the liquid metal [21–23] thus associating
pump activation with system functionality. Studies on lattice
structures with integrated liquid metal-filled microchannels have
exemplified the capabilities of such combination of mechanics
and conformal conductive liquid. Boley et al. [24] introduced a
4D printing technique for intricate mechanical lattices capable
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of 3D shape changes that, when selectively innervated with
liquid metal, act as a shape-shifting and tunable patch antenna.
Chen et al. [25] created a deposition modeling method to devise
scalable and conformal tactile sensing grids with liquid metal
microchannels capable of measuring the magnitude and location
of an applied force. These recent steps to integrate liquid metal
into engineered lattice architectures suggest a broad potential
to leverage mechanical design with conformal conductive liquid
metal to realize multiple functions in soft engineered matter.

Inspired by these opportunities, this report proposes a concept
for reconfigurable electrical circuits based on the mechanical
deformation of liquid metal-filled microstructure. In this way,
the need for external pumps is eliminated by exploiting intrin-
sic mechanical stress application from the environment or by
material use that results in switchable conductivity of the elec-
trical network. Such principle has been studied recently for elec-
tronic metamaterial concepts that adapt conductivity on the basis
of dynamic loads. Sears et al. [26,27] demonstrated the first
combination of such principles using Ag-TPU conductive traces
(silver-thermoplastic polyurethane) on TPU metamaterial struc-
tures that combined smooth change of conductivity properties
according to applied compressive stresses. The smoothly varying
conductivity of the Ag-TPU materials resulting from continuously
applied strain [26,27] provides first evidence of merging meta-
material mechanics with stretchable electronic materials yielding
an analog mode of electrical function. On the other hand, digital
operations are the language of many electronic devices that may
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Fig. 1. (a) Metamaterial unit cell illustrating mechanism for channel constriction. (b) LEDs remain lit when connected in series with the unit cell in an undeformed
state, whereas (c) an open circuit results when the unit cell is compressed beyond a threshold that constricts liquid metal conduction, leading to switching off of
the lights.

interface with the conductive materials. This encourages formu-
lation of flexible electronic materials that may change conduc-
tivity in discrete modes. By establishing a method of integrating
liquid metal networks within mechanical metamaterials where
metamaterial deformation results in discrete change of conduc-
tivity, new fundamental concepts of digital logic governed by
metamaterial mechanics may be formulated.

Motivated by such opportunities, this report investigates a
multifunctional metamaterial concept that yields digital electrical
signaling in response to smooth, continuous metamaterial com-
pressive deformation of buckling members. These functionalities
are realized simultaneously by introducing void architectures
into a bulk elastomer of constant cross-section with a centrally
located liquid metal microchannel, Fig. 1. The triangular voids
form an X-shaped beam network, similar to the embodiment of
metamaterial studied by Bunyan and Tawfick [28] and El-Helou
and Harne [29]. A central elastomer ligament passes through
the center of the X shape, through which runs a liquid metal-
filled microchannel. When compressed, the beam network rotates
about the center, leading to a pinching action on the microchan-
nel containing the liquid metal, as shown in Fig. 1a. This con-
striction of liquid metal terminates the conduction through the
microchannel, creating an open circuit. This behavior is shown
in Fig. 1b,c where a series connection of the metamaterial unit
with an LED matrix turns off the lights once the liquid metal is
constricted due to metamaterial compression. When the load is
removed, the liquid metal may recoalesce at the pinched region
and close the circuit to recover the electrical functionality.

This report studies the liquid metal metamaterial unit to iden-
tify the mechanisms involved to induce and control the discrete
electrical conductivity behavior observed in the preliminary ex-
ample of Fig. 1. Having established an understanding of the para-
metric influences governing the electrical operation, the unit is
tiled into a periodic and functionally graded metamaterial to test
the working principles observed at the unit level in relation to
mechanisms of digital operation at the scale of a material system.
The report concludes with a summary of discoveries achieved
here and trajectories of continuing research.

2. Fabrication and experimental methods

Throughout this study, the metamaterials and units are fab-
ricated by first casting silicone rubber into 3D printed molds.

Acrylonitrile butadiene styrene (ABS) filament is used for the 3D
printed (FlashForge Creator Pro) mold negatives. Polymer wire
is stretched taut through passages in the molds to create the
microchannels. A variety of elastomers are investigated as elas-
tic matrices to contain the liquid metal microchannels, varying
broadly in elastic and viscoelastic properties. For the purpose of
consistency in this report, we report samples fabricated using a
platinum cure silicone rubber (Smooth-On Mold Star 15S, Ma-
cungie, Pennsylvania). The rubber is cast in the 3D printed mold
and the manufacturer-recommended 4-hour cure time is allowed
to pass in atmospheric room conditions prior to demolding. Upon
demolding the silicone rubber from the mold, the polymer wire is
extracted to reveal a hollow microchannel within the elastomer
sample. A syringe with 22-gauge needle is used to inject sodium
hydroxide (NaOH, 0.1M) through the empty microchannel. The
influence of the NaOH is studied in latter portions of this report.
In general, the NaOH solution impedes the liquid metal oxidation.
Another syringe then injects liquid metal (Galinstan, GaInSn, Ro-
tometals, San Leandro, California) into the microchannel. Copper
wire of 34 gauge is inserted into each microchannel end before
sealing the microchannel with additional silicone rubber. The
specimen is dried for 24 h prior to experimental study. The
unit cell cross-section is 20 mm deep to sufficiently enforce
plane strain deformation when the unit is subjected to uniaxial
displacement and stress, Fig. 1a.

To analyze the electrical and mechanical properties of the
metamaterials and units during applied compressive loads, the
samples are examined in a load frame (ADMET eXpert 5600, Nor-
wood, Massachusetts) that actuates a rigid platen. A load cell (PCB
110205A, Depew, New York) attached to the upper platen mea-
sures the reactive force from the metamaterial as the sample is
uniaxially compressed. During compression, a laser displacement
sensor (Micro-Epsilon optoNCDT ILD1700-200, Raleigh, North
Carolina) identifies the displacement of the platen and, conse-
quently, the top surface of the metamaterial. The resistance of
the liquid metal-filled microchannel is monitored using a voltage
divider connected to a 5 V source. Data is recorded and processed
in a MATLAB program. Complete experimental detail is provided
in the Supporting Information.
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Fig. 2. Schematics and photographs of undeformed and deformed samples exhibiting switchable electrical functionality due to liquid metal microchannel constriction.
(a) Flat plate, (b) solid block, and (c) metamaterial unit cell are shown. (d) Uniaxial mechanical properties with circles denoting strains sufficient to eliminate conduction
and labels A, B, C that correspond to photographs in (a), (b), (c) respectively. (e) Influence microchannel diameter on stress required to disconnect the circuit.

3. Results and discussion

3.1. Conductivity controlling mechanisms

If constriction is the mechanism by which the electrical con-
ductivity is discretely changed, then it is necessary to assess the
relative modes of constriction that may be leveraged. Multiple
specimens are fabricated to test the hypothesis of constriction-
controlled conductivity. Liquid metal microchannels are embed-
ded in a thin flat plate of silicone rubber, in a solid silicone rubber
block of the same net cross-sectional span as the metamaterial
unit, and in the X-shaped metamaterial unit, shown in Figs 2a,
2b, and 2c, respectively. The thin flat plate in Fig. 2a has length,
width, and thickness of 60 mm (along which the microchannel
runs), 30 mm, and 1.5 mm, respectively. The dimensions of the
solid rubber block in Fig. 2b are 20 mm height, 10 mm width
(along which the microchannel runs), and 20 mm depth. The
dimensions of the X-shaped metamaterial unit are described in
Section 2. Each specimen type is fabricated with microchannel di-
ameters of 0.330 mm, 0.460 mm, and 0.737 mm. Each experiment
runs for one complete loading cycle, which involves compression
sufficient to eliminate electrical conduction through the respec-
tive microchannel, followed by release of the compressive load.
Each step of loading and unloading occurs at a constant rate of

2 mm per minute. The flat plate is uniaxially compressed with a
conical indenter at the location of the microchannel, Fig. 2a, while
the solid rubber block and X-shaped metamaterial are uniaxially
compressed with the flat platen, Fig. 2b, c.

The results in Fig. 2d relate the applied uniaxial displacement
with the resulting stress measured at the respective indenter
or platen for specimens possessing microchannels of 0.737 mm
diameter. Despite the conical indentation at the microchannel
location, a high stress of nearly 288 kPa is required to eliminate
conduction in the flat plate specimen. This is observed around
a displacement of 0.723 mm in Fig. 2d, where the resistance
through the liquid metal trace transitions from around 1 � to an
open circuit. The analogous events to eliminate conductivity for
the solid rubber block and metamaterial unit respectively occur
for stresses of 256 kPa and 140 kPa and displacements 6.21 mm
and 11.8 mm. The physical deformation of each specimen at the
moment of loss of conductivity is depicted in Figures 2a,b,c. Upon
removal of the applied displacement, each specimen regains con-
ductivity as evidenced by the loading and unloading arrows to
indicate the direction of applied displacement in Fig. 2d. These
results help to confirm that mechanical constriction of the liquid
metal microchannel is the mechanism to eliminate and recover
electrical conductivity regardless of the material embodiment.

A normalized stress measure assists in evaluating the influ-
ence of microchannel diameter on the stress activation point
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Fig. 3. Uniaxial mechanical properties for unit cell metamaterial (a) with NaOH solution, and (b) without NaOH solution over 100 cycles of loading and unloading.
(c) Stress that results in a switch from conducting to nonconducting states for 0.737 mm and 0.330 mm microchannel diameters, with and without NaOH solution.

corresponding to the loss of conductivity. With the increase
of microchannel diameter, the stress per microchannel cross-
sectional area required to disconnect the liquid metal conduction
decreases, Fig. 2e. Moreover, the results in Fig. 2e indicate that
the metamaterial unit cell requires less stress per microchannel
cross-sectional area to constrict the liquid metal conduit. Since
the same mechanism is leveraged in each specimen to eliminate
and recover conduction, that is the constriction of the microchan-
nel, the rotation of the unit cell cross-section seen in Fig. 1a may
therefore play a role to further locally constrict the microchannel
than the more uniform deformation fields observed by the flat
plate and solid rubber block specimens. Fig. 2e also reveals that
the range of stresses per microchannel cross-sectional area to
constrict conduction decreases as the microchannel diameter
increases. This indicates that the microchannel diameter is less
influential to control the stress required to constrict conduc-
tion as channel diameter increases. In other words, the intricate
metamaterial unit cell cross-sectional deformation leads to less
variation of cross-section normalized stress to control the digital
switching functionality than the use of the same constriction
mechanisms in flat plate or solid rubber forms.

The uniaxial effective material modulus (or uniaxial stiffness)
is observed from Fig. 2d as the slope of the stress–strain pro-
files. The results reveal that unit cell exhibits varying uniaxial
stiffness with change in the applied strain, including slightly
negative stiffness after the X-shaped beam networks buckles and
rotates, around 0.108 strain. These properties permit favorable
functioning in dynamic load environments including vibration
and shock [30,31]. By contrast, the flat plate and solid rubber
block exhibit quasi-linear effective uniaxial stiffnesses. As a result,
the metamaterial unit cell provides advantageous mechanical
properties along with the means to discretely switch the passage
of electrical signals through the unit based on applied stress, a
dual-purpose nature not afforded by the counterpart plate and
block.

3.2. Conductive switching longevity

The prefill treatment of NaOH prior to injection of liquid
metal is discovered to be a vital contributor to longevity of the
reversible switching conductivity properties. With exposure to an
oxygenated environment, Ga-based liquid metals form an elec-
trically insulative oxide skin. It is established that NaOH inhibits
formation of oxide on Ga liquid metals [32]. Here, the influence
of NaOH solution in the microchannel is assessed in detail. A
unit cell identical to that studied in Section 3.1 with a 0.737 mm
diameter microchannel is prefilled with a NaOH solution and is
monitored for a loading and unloading experiment that repeats
through 100 cycles. A second unit cell of nominally identical
fabrication is used, except no NaOH solution is employed prior
to injecting the liquid metal. Fig. 3a shows the mechanical prop-
erties of the applied displacement and resulting stress for all 100
cycles of the unit cell prefilled with NaOH solution, along with the
electrical resistance that fluctuates between conducting at low
stress conditions to non-conducting for high stress conditions.
The points at which the conduction switches are not at the same
stress and displacement conditions for each cycle, although the
distinctions are small for the 100 cycles of evaluation. By contrast,
the unit cell without being prefilled with the NaOH solution
shows similar mechanical properties yet does not exhibit consis-
tent switching functionality, as seen in Fig. 3b. In fact, only the
first 28 of 100 cycles observe the reversible conduction behavior,
after which conduction is permanently terminated.

The stresses at which conduction is switched from conducting
to non-conducting states are plotted in Fig. 3c as a function of
the cycle number. For the case of the 0.737 mm diameter mi-
crochannel prefilled with NaOH solution, the cycle-degradation of
the switching functionality is apparent. A staircase-type of trend
is observed, as well, to be discussed in the following paragraphs.
A similarly prolonged working life of the switching functionality
is achieved by prefilling a NaOH solution for a 0.330 mm diameter
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Fig. 4. (a) Cross-section of functionally graded metamaterial assembly. (b) Uniaxial mechanical properties and electrical conductivity for each layer. (c) Uniaxial
mechanical properties from 0 to 0.3 strain featuring sequential layer-by-layer collapse.

microchannel unit cell, seen in Fig. 3c. For all cases in Fig. 3c, with
the exception of the 0.737 mm microchannel diameter channel
unit cell that was prefilled with NaOH solution, the sudden loss
of conduction follows a steady decline of the stress required to
activate the switch functionality.

These results suggest that larger microchannel diameters cou-
pled to the effect of prefill with NaOH solutions prolongs the
repeatable switching function of the liquid metal metamaterial
units. There are two potentially related explanations for the
longer stress-cycling switching conductivity of the unit cells with
NaOH solutions prior to liquid metal filling. Namely, H2O from the
NaOH solution may evaporate or diffuse into the silicone resulting
in NaOH crystals forming in the channels. Upon introduction of
the liquid metal to the microchannel, the crystalized NaOH may
solvate with small amounts of surface bound moisture on the
liquid metal oxide skin and chemically remove the oxide. Alterna-
tively, it is also possible that the dissociated NaOH ions in solution
partially diffuse into the silicone rubber matrix, as has been seen
with other acidic and basic solutions in silicone matrices [33],
thereafter permeating back into the liquid metal and removing
oxide. Moreover, unit cells without the NaOH solutions may ex-
hibit greater internal surface tractions that prevent the channels
from reversibly opening and closing, so that it is possible NaOH
serves as a lubricant to the internal channel collapse mechanics.
These potential explanations for the role of NaOH prefill solution
to prolong the stress-cycling switching conductivity of the unit
cell are not mutually exclusive and each may contribute to the
observed electrical behavior of the material when under cyclic
mechanical stress. Continued investigations are probing these
factors to fully elucidate the precise combination of mechanisms
culminating in the observed switching behavior.

Measurements for the metamaterial unit with the 0.737 mm
diameter liquid metal microchannel with NaOH solution show
a staircase type pattern in Fig. 3c. Three samples of this meta-
material unit are fabricated and independently examined (see
Supporting Information). Each sample exhibits a similar rise and
fall trend of the activation stress, with a slight to minor net de-
cline of the stress required to activate the switch behavior as cycle
count increases. The staircase type trend of switching appears
analogous to the stick–slip flow of liquid metal characterized
by Larsen et al. [34] associated with formation and breaking of
liquid metal oxide layers in stress–strain cycling. We propose
that the same mechanism governs the conductivity of electri-
cal current through the compressed and released microchannel
in the metamaterial units examined here by virtue of similar
phenomenological stress and strain conditions.

Probing the detailed mechanisms governing electrical prop-
erties of the metamaterials remains an intricate task. Based on
the experimental findings, a combination of mechanical stress
and oxidation collectively determine the threshold stresses for
conduction and loss of conduction during stress cycling of the

metamaterial units. Such combined physical mechanisms chal-
lenges conventional modeling tools, such as the finite element
method. Optical imaging using translucent elastic matrices is also
considered as a means to reveal innerworkings of the constriction
modality. On the other hand, the oxidation of the liquid metal on
the interior walls of the microchannels results in a black residue
that obscures direct line-of-sight of the collapsing microchannel.
While other conductive liquids not suffering oxidation concerns,
such as ionic liquid, may be employed as the conductive medium,
the surface chemistry affecting the adhesion of polymer chan-
nel walls during compression would greatly differ. Nevertheless,
despite fluctuating stress activation trends observed with the cur-
rent liquid metal and elastomer combination, this study identifies
that large microchannel diameters with NaOH solution coatings
promote long life cycles of electrical switching functionality.

3.3. Metamaterial assembly and multifunctionality

Given the observations on stress activated insulation in the liq-
uid metal microchannel through the X-shaped unit cell, a meta-
material is fabricated from periodic unit cells that change in beam
thickness per layer. Fig. 4a presents a schematic of the function-
ally graded metamaterial, showing beam thicknesses of 1.25 mm,
1.5 mm, and 1.75 mm per layer. The horizontal elastomer seg-
ments are 3 mm thick by virtue of containing 1.6 mm perforated
polypropylene to enforce layer by layer compression [29]. Liquid
metal microchannels with NaOH solutions and 0.737 mm diam-
eters are applied as shown in Fig. 4a. The electrical conduction
through each layer and macroscopic mechanical properties mon-
itored during loading and unloading cycles with results are shown
in Fig. 4b.

As the metamaterial is uniaxially compressed, the conduction
is switched off in the microchannels for the least uniaxial stress
at channel 3, followed by channel 2 for slightly greater stress, and
then in channel 1 for still further increase in stress. The stresses
at which the electrical disconnections occur are 115 kPa, 131 kPa,
and 157 kPa, respectively, for the 3rd, 2nd, and 1st microchannels.
During the unloading sequence, the microchannels recover con-
duction in the reverse order, beginning with channel 1, followed
by channel 2, and finally with channel 3. In agreement with the
results of Section 3.1, the activation of the switching affect in
the functionally graded metamaterial appears to be collectively
associated with local and global stress in the distinct layers.

The uniaxial mechanical properties of the metamaterial are
shown in detail in Fig. 4c. The results show that collapse of
each layer occurs sequentially from the thinnest top layer to the
bottom thickest layer. Recovery occurs in the opposite sequence.
Because the electrical conduction switching sequence occurs in
the opposite layer order for loading and unloading cycles, it
may be suggested that the sequence of conduction switching
is determined for the functionally graded metamaterial by the



6 Z.H. Nick, C.E. Tabor and R.L. Harne / Extreme Mechanics Letters 40 (2020) 100871

stress field related to the compacted solid. In other words, once
all layers collapse in the metamaterial in Fig. 4c, the compacted
metamaterial exhibits greater stress in the bottom-most layer
since the material is quasi-solid around strains of 40%. Section 3.1
confirmed that solids may also exhibit such electrical switch-
ing behaviors, although the metamaterial reduces the absolute
stress and relative stress per microchannel cross-sectional area
required to induce the switch. As a result, the functionally graded
metamaterial exhibits both functional mechanisms that govern
conductivity through the liquid metal microchannel. These novel
findings of utilizing liquid metal-filled microchannels within me-
chanical metamaterials for discrete sensing provide a foundation
from which more intricate microchannel networks may be im-
plemented across multiple layers of varying thicknesses to yield
strain sensitive and strain insensitive sensing [26].

4. Conclusions

This research established a multifunctional metamaterial con-
cept that yields digital electrical signaling in response to smooth,
continuous metamaterial compressive deformation of buckling
members. It is found that conduction may be discretely controlled
through internal microchannel constriction, where constriction
thresholds are governed by the stress per microchannel cross-
sectional area and the material unit geometry. In addition, re-
peated use of the discrete switching concept is promoted by
larger diameter microchannels that are flushed with NaOH prior
to injection of liquid metal in the microchannel. These con-
stituents may be built up into metamaterial systems that leverage
versatile mechanical properties coupled with digital signaling
capability. By capitalizing on the new discoveries of this research,
ongoing studies may uncover further approaches to harness the
interface between liquid metal microchannels and metamaterials
for self-sensing mechanical soft matter.
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1 Experimental setup 

To investigate and understand the conductive switching functionality of the reconfigurable electronic 

metamaterials, measurements of electrical properties coinciding with mechanical behavior are acquired. 

The experimental setup consists of a load frame (ADMET eXpert 5600, Norwood, Massachusetts) that 

uniaxially displaces the specimen. A rigid platen attached to a load cell (PCB 110205A, Depew, New York) 

interfaces the load cell and specimen by uniaxially compressing and releasing the specimen on a rigid 

bottom plate. A laser displacement sensor (Micro-Epsilon optoNCDT ILD1700-200, Raleigh, North 

Carolina) is attached to the upper part of the load frame to monitor the displacement of the moving platen. 

The copper leads from the specimens are interfaced in a voltage divider circuit to monitor electrical 

resistance through the liquid metal microchannel. The experimental setup is displayed in Figure S1. 

 

Figure S1. Experimental setup for characterizing mechanical and electrical properties of the specimens. 

2 Staircase trends in open circuit threshold stress 

To investigate the staircase type pattern of open circuit threshold stress during stress-cycling exhibited by 

the 0.737 mm microchannel with NaOH prefill, three nominally identical samples of the unit cell are 

fabricated and examined as outlined in Section 2 of the main text using taut polymer wire of 0.737 mm 

diameter to create the microchannels. Figure S2 shows the results of stress-cycling the samples in terms of 

mailto:harne.3@osu.edu
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the open circuit threshold stress per cycle. Each sample displays the staircase type pattern of stress-

deactivation degradation. The results confirm that despite NaOH solution prefill, the stick-slip flow of 

liquid metal occurs. The stick-slip behavior was first characterized by Larsen et al. [1] who found the 

response to be associated with formation and breaking of liquid metal oxide layers corresponding to stress-

strain cycling. The effective elasticity of the oxide coating of the liquid metal varies by orders of magnitude 

depending on time and strain history [1]. The increase of surface area of the oxide film decreases effective 

elasticity of the oxide skin, while net increase of oxide increases the apparent elasticity. The variance in 

initial stress to deactivate conduction may be attributed to the process of prefilling the microchannels with 

NaOH and potentiality for multiple modes of oxide removal due to the prefill solution. In other words, the 

initial open circuit threshold stress may be affected by the amount of NaOH retained within a microchannel 

prior to liquid metal filling, and the amount of time between sealing and testing. Furthermore, as the 

elasticity and growth of oxides show cycle and strain dependence, the complex interaction between oxide 

growth from these factors and the continual hydraulically-induced interaction between oxide and NaOH 

may lead to variance in stress thresholds for opening the circuit in subsequent cycles. Nevertheless, the 

results reported from data collected in this research are consistent that larger microchannels with NaOH 

prefill provide conduction switching functionality that is repeatable for greater number of stress cycles. 

 

Figure S2. Open circuit threshold stress for unit cell samples using 0.737 mm microchannels and NaOH solution 

demonstrating staircase-type behavior of the threshold stress values. 
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