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ABSTRACT OF THE DISSERTATION 

 

Advanced Materials towards flexible printable bioelectronics, bioenergy devices and medical 

devices 

 

by 

 

Cristian Abraham Silva Lopez 

Doctor of Philosophy in Nanoengineering 

University of California San Diego, 2021 

Professor Joseph Wang, Chair 

 

 

Over the past decade, recent advances in material science, nanotechnology and structural 

engineering have emerge with novel and versatile tools demonstrating considerable promise for 

the adoption of flexible and stretchable electronics on into everyday life. These systems have 

opened up new avenues for body integrated-electronics that were earlier impossible to conceive. 

This dissertation is devoted to demonstrate the recent advances in printed devices by utilizing new 

material-design strategies towards the fabrication of smart printed electronics and biomedical 

devices. 



 

 

xiii 

 

The first theme provides an overview on the design and fabrication of printed electronics 

and summarized the current limitation and challenges. Opportunities and future prospects are 

discussed along this chapter leveraging capabilities this exciting field.  

The second theme provides a demonstration of the combination of structural strategies with 

material innovation using a thick film printing process for the fabrication of all printed “island-

Bridge” electrochemical devices. A dynamic conductive filler strategy is used demonstrating 

ability of such devices to sustain large mechanical deformation. This work paves the way for the 

development of high conformal low-cost epidermal devices.  

 The third theme demonstrate the use of printed materials for the development of printed 

robotics capable of autonomous propulsion and “on-the-fly” structural recovery. Incorporation of 

printed magnetic Nd2Fe14B microparticles in specialized printed strips results in rapid reorientation 

and reattachment of the moving tail to its complementary broken static piece to restore the original 

structure and propulsion behavior. The robotic swimmers display functional recovery independent 

of user input. 

The fourth theme explores the use of micro molding for the development of a wearable 

transdermal patch. This technology was demonstrated using an acoustic droplet vaporization 

methodology as an effective noninvasive transdermal platform, for a fast local delivery of the 

anesthetic agent lidocaine.  
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Chapter 1- Introduction  

 

1.1 Advance Materials and Structural Innovations in Printed, Flexible and Stretchable 

Electronics 

 

Since their emergency over the past two decades, smartphones and wearable products have 

proliferated into every aspect of our daily lives. This has caused a drive for smaller, thinner, and 

more conformal electronics, which has invoked a shift in the electronics industry. This new 

generation of electronics, such as wearable sensors,1,2 electronics,3 energy storage devices,4,5 and 

their uses in e-textiles,6,7 soft robotics,8 wearables and medical devices9 have been engineered to 

have great flexibility and stretchability to the point that they become indistinguishable from our 

skin or clothing. The re-engineering of once traditionally, rigid, bulky electronics to conform and 

deform with its attached structure, hence the division of “stretchable electronics” was 

conceptualized. This new class of electronics relies on its ability to seamlessly mate with 

curvilinear surfaces while maintaining a stable performance, even when under extreme strain is 

applied.  

The fabrication of stretchable electronics relies on modifying composites via three 

approaches: deterministic design,10,11 intrinsic material properties,12,13 and random composite.6,14 

The deterministic composite approach turns geometrically patterned, traditionally rigid materials 

into extremely thin, serpentine-coil shaped interconnections “bridges” that can accommodate 

mechanical strain between the non-deformable functional components “islands” bonded to a soft, 

stretchable substrate.15 The deterministic approach offers a distinct advantage since the functional 

components maintain consistent performance when being stretched due to their intrinsic rigidity.15 

Stretching can be achieved through in and out of plane buckling using selective bonding of island 

to the substrate.16 However, the fabrication of devices that rely on a deterministic design often 
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composed of complicated processing steps by either cleanroom lithographic or “cut-and-

paste”.16,17 The use of such subtractive fabrication methods has a limited choice of compatible 

materials, in addition to the considerable challenges of being expensive, and having an overall 

low-throughput.11,13  

Previous studies have demonstrated a hybrid approach for creating a high-performance device 

leveraging an IB structure, where the backbone IB structure is fabricated using a typical 

lithographic deposition, followed by the thick-film screen-printing deposition of carbon and 

polymer-based functional material composite.11  

Alternatively, the intrinsically stretchable approach utilizes conducting polymer where their 

molecular structures can be fine-tuned to enable stretchability.12,13 The simplicity of conductive 

polymers through solution processing presents a more cost-effective, scalable fabrication and a 

new approach for transferring stretchable electronics from 2D substrate to 3D surfaces.18 

Unfortunately, the use of conductive polymers still has inferior electric conductivity compared to 

their bulky counterparts that have been actively developed and widely studied.19 The random 

composite approach, a hybrid of both the intrinsic and deterministic randomly mixes conductive 

fillers and elastic polymers that support the robust mechanical stability of the device.3 The 

conductive fillers are typically powder or nanomaterials that maintain electrical conductivity and 

elastic durability based on the ratio of fillers and elastic polymer where, they can maintain 

electrical characteristics as they slide along each other during strain.13  

Advances in material science have been focused on the use of random composite approach 

comprising of high aspect ratio materials. e.g., carbon nanotubes, graphene, silver flakes and 

stretchable binders for the fabrication of specially formulated inks that can be patterned and 

processed using inexpensive printing techniques to develop integrated stretchable devices. 
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Although printing technology such as screen printing was introduced centuries ago, it has recently 

captured the imagination and interest of researchers for developing high-end devices with unique 

capabilities. The evolution of new printing technologies coupled with new materials and 

innovative processing approaches will bring a considerable advance to the field of printed 

electronics to enable devices that will conform, stretch and adapt with the human body. 

Chapter 1 is based, in part, on the material currently in preparation by Rajan Kumar and 

Cristian Silva. The dissertation author was the primary investigator of this work.  
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Chapter 2- All Printed Stretchable Devices 

 

 2.1 Liquid Metal Island-Bridge Architectures for All Printed Stretchable Electrochemical 

Devices 

 

2.1.1 Introduction  

 

The development of scalable, highly stretchable and stable flexible devices is expected to 

significantly transform consumer electronics and to play a key role in health monitoring,1,2 

energy,3,4 oft robotics and human machine interfaces.5,6 Establishing high throughput, cost-

efficient and highly tunable fabrication methods represents a crucial translational step towards 

mass production of soft devices with tailored characteristics that address the typical mismatch 

between the human body and conventional electronic devices.7–9  Structural innovations enable the 

patterning of non-stretchable materials into specific structures for enabling device-level 

stretchability. These thin flexible patterns deform out-of-plane in response to stress featuring 

zigzag or serpentine interconnections,10 micro/nano cracks,11 or origami structures.12 While a 

stable electrical performance has been reliably maintained, structurally stretchable devices based 

on inelastic materials can be irreversibly damaged during severe mechanical deformation due to 

their low fracture strain. The next generation of wearable electronic devices should leverage both 

the deterministic geometries and novel intrinsically stretchable materials to expand their use.13,14 

To address this major challenge, recent advances in material science have led to new 

strategies that balance the requirements of stretchability, conductivity, processability, and cost.15 

In this direction, stretchable devices, built with elastic composites reach their limitation in 

maintaining stable and robust electrical interconnects in the percolation networks.16 New strategies 

in the fabrication of stretchable devices have turned to intrinsically stretchable materials based on 

polymer–particle composites,17–19 conductive polymers,20–22 ionic liquids,23–25 and more recently 

liquid metals.26–28 
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Liquid metal alloys, such as eutectic gallium indium (EGaIn), offer considerable promise 

for flexible and wearable electronic systems owing to their attractive properties, including high 

liquid fluidity, high electrical conductivity and low toxicity.29–31 Under extreme deformation, these 

Ga-based liquid-metal alloys have demonstrated conformation to the deformed shape while 

maintaining metallic conductivity.32,33 Recent approaches for fabricating polymeric liquid gallium 

alloy-based composites have thus demonstrated several attractive properties among current 

stretchable conductors, such as ultra-high elongation while maintaining metallic conductivity.34,35 

Despite of their impressive performance, their liquid phase and rapid oxidation limits their 

processability to create stable structures and patterns.36 Moreover, several strategies for processing 

liquid metals have focused on the production of liquid metal microparticles,37–39 cross-linked 

polymerization40 and free-standing liquid metal structures.41 However, the unwanted formation of 

thin-oxide insulating layer, reactive wetting and rapid penetration of Ga-In alloys into most metals 

lead to unstable measurements, thus preventing reliable integration of their functionality with other 

active materials.42,43 Furthermore, several studies and strategies have focused on understanding of 

the role of oxidation in LM-particle filler mixtures that contributes to changes of material 

properties such as shift of melting point, change in conductivity, and undesired surface roughness 

44,45,46 In addition, major challenges remain towards the mass production of LM-based wearable 

devices.47 In this direction, new strategies that integrate and harvest the distinct properties and 

advantages of liquid metals are of considerable interest for the development and fabrication of 

wearable electrochemical devices. 

Herein, we introduce a novel material-fabrication strategy for high performance all-printed 

“island-bridge” electrochemical devices using highly stretchable serpentine bridges prepared from 

stress-enduring eutectic indium gallium particles (EGaInPs)-containing silver inks. Motivated by 
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early studies of electrochemical “island-bridge” devices, 48,49 the strategy described here relies on 

the fabrication of multiscale soft-hard designs using thick-film deposition process. The 

macroscopic level of structural stretchability the island-bridge design has thus been synergized 

with an intrinsic micro-level material stretchability of the silver-EGaInPs ink (Ag-LM ink) used 

for fabricating the serpentine interconnects. The new strategy thus creates a highly conductive 

hyperelastic structure, connected by deformed liquid metal, within the elastic composite bridge. 

Most of the strain in these “island-bridge” devices is thus accommodated by the LM-based 

serpentine ‘bridge’ structures while leaving the functional rigid islands unharmed. New stretchable 

structures with a wide range of active materials can thus be realized based on the judicious choice 

of the island material. Finally, we describe the ability of these new LM-based printed “island-

bridge” architectures, to serve as attractive platform for wearable devices, by fabricating an 

epidermal biofuel cell that scavenges electricity from human sweat and displays stable power 

output during both real exercise activity and relevant mechanical deformations. Compared to other 

reported Ag and LM-based composites, this study focuses on addressing the challenges in 

wearable electrochemical devices in terms of their electrical and electrochemical stability during 

large deformations, by leveraging the distinct mechanical stretchability of IB interconnect 

structures in connection to the material stretchability of the Ag-LM composites. Such scalable and 

tunable fabrication strategy, based on the new EGaIn-based serpentine conductive bridge 

pathways, along with a diverse choice of the reactive ‘island’ materials, should pave the way to 

diverse stretchable electrochemical devices. Such new capabilities represent a significant step in 

the development of wearable electronics based on functional epidermal devices. 
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2.1.2 Experimental Section 

 

Formulation of the Stretchable Ag-LM Stretchable Inks 

The preparation of the stretchable Ag-LM ink comprised the formation of eutectic indium 

gallium microcapsules by mechanical milling EGaIn and SEBS mixture in a 2:1 weight ratio using 

a dual asymmetric centrifugal mixer (Flacktek Speedmixer, DAC 150.1 KV-K, FlackTek, SC, 

USA) under a speed of 1800 rpm for 5 minutes. Subsequently, Ag flakes were added to the 

EGaIn/SEBS system in a 1.5:2:1 Ag:EGaIn:SEBS ratio and mixed again for 10 minutes at 2500 

rpm. The formulation of stretchable Ag-SEBS ink is the same as the Ag-LM ink previously stated 

only without adding EGaIn. Zirconia (YSZ) beads (3 mm, Inframat Advanced Materials, CT, 

USA) were also added to enhance the mixing.  

 

Stretchable Electrode Fabrication 

The fabrication process involved screen printing of the stretchable Ag-LM ink using an 

MPM SPM semiautomatic screen printed (Speedline Technologies) on a stretchable polyurethane 

based film (Perme-Roll® Lite) modified with a thin Ecoflex layer to form a low elastic modulus 

substrate. The stencil patterns were designed in AutoCAD (Autodesk, USA) and outsourced for 

fabrication on a 100 μm-thick laser cut stainless-steel 30.48 cm x 30.48 frame (Metal Etch 

Services, San Marcos, CA, USA). A typical fabrication process consisted on the screen printing 

of a 100 μm-thick SEBS layer on top of the modified substrate and curing at 65o C for 10 minutes 

in a convection oven. Subsequently, a 100 μm-thick layer of the stretchable Ag-LM ink is printed 

on top of the SEBS layer and cured at 700C for 10 minutes in a convection oven. Finally, a SEBS 

layer was added in order to insulate the system and enhance the buckling.  
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“Island-Bridge Liquid Metal based” Electrode Fabrication: 

The printing of the IBLM device was conducted as follows: A rigid “island-like” structure 

layer was printed using a dielectric ink and then cured at 80ºC for 15 minutes. To seal the structural 

layer, and enhance strength and adhesion, a polyurethane interlayer was printed on top of the island 

and cured at 80ºC for 15 minutes. Next, commercial graphite ink was printed on top as the active 

electrochemical material and cured at 80 ºC for 10 minutes. The soft “bridge-like” structure is 

printed in a similar process as the stretchable electrode fabrication described previously. Finally, 

the Ag-LM ink is printed and cured at 70ºC for 10 minutes to create a stretchable and conductive 

serpentine-structured layer. 

“Island-bridge” Stretchable Biofuel Cell  

The fabrication of the stretchable biofuel cell comprises the printing of a rigid carbon 

“island-like” structure layer and a soft Ag-LM “bridge-like” in a similar way described previously. 

To increase the performance of the anode electrode, a layer of CNT was printed on top of the 

carbon current collector. The formulation of the CNT ink comprises 100 mg of COOH-CNTs 

dispersed with with 5 mL THF and 0.6 mL terpineol by 10 minutes probe sonication. Then, PU 

beads (60 mg) were added, and the vial was shaken for 8 hours. To get the suitable viscosity for 

screen printing, the fully mixed ink was left alone in the fume hood to partially evaporate the 

solvent. 

The immobilization of the enzyme on the anode electrodes was carried out by step-by step drop-

casting functional solutions onto the carbon-CNT modified “island-like” electrodes, as follows: first, 5 

µL of NQ slurry containing 2 mg mL-1 OH-CNTs and 0.2 M NQ in ethanol/acetone (vol/vol = 9:1) 

solution; Next, 5 µL of LOx (20 mg mL-1) solution in 10 mg mL-1 BSA; Then, 5 µL of 1% 
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glutaraldehyde solution. Finally, 5 µL of 1 wt% chitosan dissolved in 0.1 M acetic acid solution. The 

drop-casted electrodes were left in the fridge to dry overnight. The electrodes were rinsed with water 

before electrochemical tests. The modification of the cathode comprises the printing of a layer of Ag2O 

ink.  

Electrochemical Measurements 

A μAutolab Type II potentiostat was used to analyze the electrochemical performance of Ag-

LM-BFCs. The in-vitro tests, include open circuit voltage and polarization curves, were measured in 

0.5 M phosphate buffer solutions (pH=7.4) injected with quantified lactate solution. The scan speed of 

the polarization curves when the current scans from OCV to 0 V was 5 mV s-1. The resiliency to 

mechanical deformation was tested by checking the polarization curves of the Ag-LM-BFC before and 

after assigned stretching in 15 mM lactate solution. Nyquist diagrams were obtained from the 

electrochemical impedance spectroscopy (EIS). EIS characterizations were performed using KPBS 

buffer pH 7.4. An electrical modulation of 0.01 to 0.17 V amplitude in the 1000-1000000 Hz frequency 

range.  The solution is 0.1 KCl containing 0.1 M K3Fe(CN)6. 
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2.1.3 All Printed Ag-LM “Island-Bridge” Architectures for Wearable Electrochemical 

Devices 

 

Figure 2.1.1 All printed Ag-LM island-bridge (Ag-LM-IB) structure for wearable electrochemical 

devices. (a) Layer-by-layer structural illustration of the all-printed Ag-LM-IB structures. (b) 

Illustration of the two degrees of stretching-Structural (1st degree), intrinsic (2nd degree) and the 

electrical retention mechanism of the Ag-LM Ink (c) Optical Images of the printed Ag-LM-IB 

device under different mechanical deformations: (i) Relaxed, (ii) Bending, (iii) Pinched states and 

(iv) skin-mounted device when pinched. (d) Photograph of the LM-IB device attached to the skin 

showing potential applications for sensing and energy applications. Scale Bars:5mm 
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An attractive strategy for fabricating highly stretchable skin-mounted electrochemical 

devices combining the intrinsic stretchability and metallic conductivity of liquid metals with that 

of free-standing serpentine-bridge interconnects of IB architectures is described in Figure 2.1. 

Such printed Ag-LM-based island-bridge devices accommodate ultrahigh strain levels owing to 

the synergistic effect of their intrinsic-material and design-induced stretchability. Such strategy 

allows functional devices to endure highly mechanical deformations in two dimensions along with 

the reactivity of the active islands. Island-bridge (IB) designs have been widely studied structure 

for stretchable electronics,15 but not in connection to LM materials. The IB architecture can 

enhance the mechanical robustness, where the functional electrodes are separated into several 

individual rigid “island” compartments and connected by highly stretchable serpentine-bridge 

interconnections (Figure 2.1.1a). The printed “bridges” are composed of well-insulated, 

intrinsically stretchable Ag-LM composite in serpentine shapes for high-strain deformation, 

ensuring the stable interconnections between functional electrodes during large deformation. The 

printed “islands”, on the other hands, are guarded by non-elastic skeletons that can withstand high 

tensile strength without deformation during stretching. As a result, the strain induced by external 

deformation can be effectively dispersed around the electrode “islands” and accommodated by the 

interconnecting Ag-LM-based “bridges”. Consequently, potential adverse effects due to the 

extreme deformations are minimized. The performance of our system relies on the combination of 

a structural design patterns with tailor-made printable superelastic conductive ink, based on silver 

flakes as conductive fillers along with EGaInPs as dynamic liquid conductor, along with the hyper 

elastic Styrene block copolymer binder. Such behavior of LM-based printed traces, possessing two 

degrees of stretchability, is illustrated in Figure 2.1.1b. The structural serpentine design can thus 

accommodate the initial stress. Under severe stretching, the serpentine bridge reaches its structural 
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limit, where the intrinsic properties of the ink lead to additional stretchability with the EGaInPs 

enhancing and retaining the conductance inside the percolated network. Working in conjunction, 

the elaborated “island-bridge” structural design and the new Ag-LM ink formulation thus endow 

the overall printed electrodes with high electrical performance and electrochemical stability during 

mechanical deformation (Figure 2.1.1c). Such unique architecture offers high stretchability and 

multidirectional mechanical resiliency compared with other deterministic approaches50,51
 Such 

attractive characteristics are of considerable interest in the development of different highly 

stretchable electrochemical devices (Figure 2.1.1d). 
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2.1.4 Ink Composition and Characterization of Stretchable Bridges  

 

Figure 2.1.2 Ink preparation and characterization. (a) Fabrication process of a stretchable Ag-LM 

conductor. (i) The ink composition. (ii) Screen printing fabrication process of the stretchable 

conductor (b) Mechanical properties and electrical resistance study under mechanical deformation. 

(i) Comparison of resistance profiles obtained from ink without EGaInPs (red) and with conductive 

EGaInPs (blue), showing the effect of LM. (ii)  Comparison of resistance profiles obtained from 

(blue) straight line and (green) with serpentine design. (iii) Comparison of resistance profiles of 

two samples with out-of-plane serpentine design ink without EGaInPs (pink) and (orange) with 

conductive EGaInPs. (c)(i) Resistance change profiles of a straight-line design obtained during 10 

repetitive deformation cycles under 50%, 100% and 200% strains. (ii) Resistance change profiles 

of a serpentine design obtained during 10 repetitive deformation cycles under 50%, 100% and 

200% strains. (d) Photograph of the stretchable free-standing Ag-LM serpentine electrode show 

casting the multiple stretching degrees. (Scale bar: 1 cm) (e) SEM images of LM capsules inside 

the material while applying a large strain. (Scale bar: 5 µm).  
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Ink composition and characterization of stretchable bridges is shown on figure 2.1.2 The 

formulation of the stretchable ink is comprised of styrene-ethylene-butylene-styrene (SEBS) block 

copolymer as the highly elastic binder, Ag flakes as high-aspect-ratio conductive fillers, EGaInPs 

as dynamic electrical anchors for conductance retention,[52]  with their ratios optimized to 1.5 :1.5: 

2 by weight (Figure 2.1.2a-i). The mixture is dissolved in chlorobenzene and homogenized until 

the liquid metal breaks into microdroplets and all components are well-dispersed. Controlling the 

ink composition, such as filler, binder and solvent provides suitable viscosity to t synthesized Ag-

LM ink to be deposited through designed metal stencils onto soft elastic substrates (Figure 2.1.2a-

ii).53 The electrical properties of the resulting conductors was studied with different Ag: SEBS: 

EGaInPs weight ratios. Figure 2.1.2b-i demonstrates the benefit of adding the EGaInPs to the 

metal-flake based composite system. The straight-line composites with (in blue) and without (in 

red) EGaInPs were stretched up to 250 % of strain and their change in resistance (R/R0) were 

recorded, showing the EGaInPs-incorporated composite giving 15 times lower change in 

resistance at 100% strain compared to the EGaInPs-free counterpart (Rw/ LM ~ 30 Ω, Rw/o LM ~ 265 

Ω). The outstanding electrical conductivity at large stain are attributed to the dynamic conductive 

pathway created by the EGaInPs that maximize connections between particles.52,54 The stability of 

the Ag-LM-based composite can be enhanced further when incorporating the serpentine-based 

structural features to distribute stress along the structure. As demonstrated in Figure 2.1.2b-ii, a 

serpentine shape electrode can maintain stable conductance retention of 3 times lower R/R0 at 

250 % strain (in green) compared to the straight-line counterpart (in blue) (Rstraight ~ 65 Ω, Rserpentine 

~ 40 Ω) Printed serpentine shape designs are limited at high elongations due regions of high stress 

concentration along the structure. On the other hand, several early studies have discussed the 

advantages behind the use of serpentine structures and the difference between bonded and free-
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standing performance for stretchable electronics.55–57 The structural advantage of a free-standing 

structure is demonstrated in Figure 2.1.2b-iii. Where two out-of-plane serpentine-shape electrodes 

are compared with different formulations (No-LM in the green plot, LM in the orange plot). The 

serpentine structure enables extra stretchability by buckling out-of-plane, although near the 

structural theoretical limit (~300%) the Ag-LM conductor show superior conductance retention up 

to 10-times fold resistance change at 800% strain (in the orange plot) (Rfree-standing ~ 131 Ω). Such 

superior conductance retention is endowed to the intrinsic behavior of the stretchable Ag-LM ink. 

Overall, a highly stretchable composite with stable electrical performance can be obtained by the 

synergistic effect of structural stretchability via free-standing serpentine structure and EGaIn-

based dynamic conductive pathways.  

It should be noted that many stretchable electrodes have demonstrated high stretchability 

at first yet are unable to endure repeated high strains and stretching speeds which can cause 

detrimental effects in the long-term. Hence, we have evaluated the behavior of the printed 

composite in repeated, high-speed and high-strain deformation in Figure 2.1.2c, where straight 

and freestanding serpentine Ag-LM composite were subjected to a repetitive strain (50%, 100%, 

and 200%) at high stretching speeds (1000 mm/s). Figure 2.1.2c-i shows the electrical 

performance of a straight line, where a noticeable buildup of material fatigue can be observed in 

terms of increasing R/R0 after each cycle, especially at the strain of 200%. In comparison, the 

change in R/R0 for the buckling-enabled serpentine in repeated stretching was significantly 

reduced (Figure 2.1.2c-ii). Correspondingly, the level of hysteresis in R/R0, caused by the 

viscoelastic behavior or the composite, has been significantly reduced in the serpentine structure, 

as the majority of in-plane stretching was largely diverted as out-of-plane buckling. The ability to 

avoid intrinsic deformation by buckling has shown far superior stability over multiple cycles of 
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stretching. The superior performance of the serpentine structure can be attributed to its two phases 

of deformations (Figure 2.1.2d i-iii). The Ag-LM “free-standing” electrodes initially adhere to the 

substrate upon fabrication, but will delaminate and peel-off after the first stretching due to the 

strain mismatch between the LM-Ag composite and the substrate. A more detailed look into the 

microstructure suggests the electrical retention mechanism inside the percolation network of the 

stretchable conductor where the first phase of deformation entails the macroscopic shape change 

of the serpentine structure, where the tortuous line buckles out-of-plane to extend along the 

stretching direction, hereby referred to as the “1st degree of stretchability” (Figure 2.1.2e-i).  

During this phase, the shape change remains in the reversible domain, and the microscopic 

arrangement of the particles within the composite experience little to no change (Figure 2.1.2e-

ii). As the elongation continues, the serpentine enters the domain of the “2nd degree of 

stretchability”, where the stress for buckling increases and intrinsic stretching becomes more 

energy favorable. As this second deformation phase takes place, the Ag flakes start to disperse and 

lose contact with each other. The advantage of the EGaInPs is apparent in this stage, with the LM 

‘flowing’ along the direction of the applied strain to create an additional conductive connection 

between Ag flakes (Figure 2.1.2e-iii). This deformation becomes more reversible due to the 

reconfigurable EGaInPs in the composite, shown to be able to relax back into particles upon 

releasing the strain (Figure 2.1.2e-iv). This synergistic effect from the two degrees of stretchability 

can thus lead to minimal change in conductivity and in fatigue buildup of the printed composite 

during repeated, high-speed and high-strain deformations. The versatility of the synergistic IB 

concept can be adapted to other types of conductors, such integration of diverse materials could 

enhance the performance and development of future wearable devices.  
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2.1.5 Electrical and Electrochemical Endurance of the Ag-LM-IB Device 

 

Figure 2.1.3 Electrical and electrochemical endurance of the LM-IB device under multiple 

deformations. (a) Schematic illustrating a layer-by-layer components of the Ag-LM-IB device. 

(b)Photograph of the Ag-LM-IB with different active materials. (c) Photographs of the LM-IB 

device under uniaxial mechanical deformations at 0%. 25%. 50%, 75% and 100%. (d) Photographs 

of the LMIB device under biaxial mechanical deformations at 0%. 25%. 50%, 75% and 100% (e) 

Repetitive mechanical deformations of the Ag-LM-IB device under strains of 25%, 50%, 75% and 

100%. (i) In uniaxial direction (ii) In Biaxial direction (g) Cyclic voltammetry of the Ag-LM-IB 

device in 0.5 mM potassium hexacyanoferrate (III) after 20 consecutive elongations of 0%. 25%. 

50%, 75% and 100% (i) uniaxial direction (ii) and biaxial direction (ii); scan rate, 5mV/s. (h) 

Electrochemical Impedance Spectroscopy study of the Ag-LM-IB device in potassium 

hexacyanoferrate (III) after 20 consecutive elongations at 0%. 25%. 50%, 75% and 100%. (i) In 

uniaxial direction (ii) In biaxial direction. (Scale bar: 5 mm.) 
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IB structures have been widely studied owing to their ability to transform rigid devices into 

a flexible, stretchable and conformal assembly.58–61 Previous efforts have utilized IB structures 

fabricated by photolithography,62,63 laser cutting64,65 or screen-printing for various types wearable 

devices.66,67 Such   fabricated IB devices have relied primarily on a structural elongation of their 

serpentine interconnections, and have device often exhibits limited strain. The presented Ag-LM-

based IB devices can sustain high strain deformations by accommodating the active components 

at the rigid “islands” that are connected by the conductive stretchable bridges. Under applied strain, 

the Ag-LM bridges deform both out of plane and intrinsically, thereby providing the structure with 

two degrees of stretchability that can dramatically enhance the resiliency of the corresponding IB 

structures. Furthermore, the intrinsic characteristics of the Ag-LM based bridges and the addition 

of EGaInPs play a key role by distributing the stress along its components where EGaInPs anchor 

the Ag flakes within the percolated network, offering a more stable electrical performance upon 

applying strains to the serpentines.  

As illustrated in Figure 2.1.3a, such structure includes a stretchable substrate, Ag-LM 

serpentines “bridges” sandwich by insulating elastomers for connection, and functional “islands” 

composed of different reactive materials on top of a skeleton layer to limit deformation (Figure 

2.1.3a). Thick film deposition process allows printing of variety of materials, such as carbonaceous 

powders, metals, oxides, or salts, that can be formulated into a composite ink and printed on top 

of the functional “island” area, according to the specific application. This is illustrated in Figure 

2.1.3b for the printing four different materials graphite, Ag/AgCl, Ag2O and carbon nanotubes 

(CNT) of a 2 x 2 onto one 2 x 2 matrix Ag-LM-IB. Based on the attractive electrical performance 

of the Ag-LM serpentines, the wearable Ag-LM-IB device displays a highly stable electrical 

performance during large (up to 100%) uniaxial and biaxial mechanical deformations. To 
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characterize this behavior, we deformed a 2 x 2 Ag-LM-IB device under 20 repetitive cycles of 

25%, 50%, 75%, and 100% uniaxial and biaxial strain deformations. Images of the Ag-LMIB 

device under these different strains are presented in Figure 2.1.3c-d. Notice the increased buckling 

of the serpentine interconnects upon increasing the strain. Figure 2.1.3e shows the variation of 

resistance of an Ag-LMIB device as a function of 20 consecutive uniaxial (Figure 2.1.3ei) and 

biaxial (Figure 2.1.3eii) deformations. When stretched to 25% the resistance change (R/R0) is 

minimum, rated at only 0.0025% and 0.0036%. The change in resistance increases slowly upon 

raising the strain to 50% and 75%, reaching 0.022% in both cases. After reaching 100% strain a 

large increase in the resistance change can be observed. However, this represents only 0.2% of the 

initial resistance. These data are in close agreement with the cyclic stretching data obtained from 

the single Ag-LM serpentine structure, indicating that the Ag-LM-IB device possesses a highly 

stable electrical performance, characteristic of LM-Ag composites. The difference in R/R0 between 

the serpentine Ag-LM and the Ag-LM-IB is attributed to the stress mismatch between the “islands” 

and the “bridges” regions where the thickness change leads to a localized strain at the thinner part 

of the junction.  By utilizing the highly stable Ag-LM-IB structure, non-stretchable functional 

reactive materials can be deposited onto the “island” regions while still delivering an attractive 

and stable performance during extreme deformation. Such behavior represents a clear advantage 

of the Ag-LM bridges for electrically-stable epidermal devices. The electrochemical stability of 

commercial graphite islands was evaluated via cyclic voltammetry (CV) and electrochemical 

impedance spectroscopy (EIS) during 25%, 50%, 75% and 100% uniaxial and biaxial strain 

stretching (Figure 2.1.3g). Using an external Ag/AgCl reference electrode and a platinum 

auxiliary electrode, the individual islands were immersed in 0.1 mM potassium hexacyanoferrate 

(III) solution while stretching the Ag-LM-IB. CV for both uniaxial and biaxial stretching 
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demonstrated negligible change in the voltametric response even when applying a 100% strain to 

the Ag-LM-IB structure (Figure 2.1.3g-i). The semicircle diameter of the Nyquist plot (Figure 

2.1.3h (i) and (ii)) was used to estimate the charge transfer resistance between the electrode and 

the solution interface (Rct). Even after repeated stretching of 25%, 50%, 75%, and 100%, the 

electrode still maintained an extremely small Rct resistance value of ~10 Ω. The uniaxial stretchable 

system shows no significative increase of the charge transfer resistance, while the biaxial 

stretchable system displays a minor increase of the charge transfer resistance, with a small range 

of 0.2 Ω. Such reliable electrochemical stability and resiliency of the new Ag-LM-IB device 

against severe strains reflects the synergistic behavior associated with the combination of the free-

standing bridges along with the intrinsic stretchability of the printed Ag-LM structure.  
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2.1.6 Applications of Stretchable Island-Bridge Structure as a Wearable Biofuel Cell  

 

 

 

Figure 2.1.4 Application of stretchable Ag-LM island-bridge structure as a wearable biofuel cell: 

(a) Schematic diagram of the fabricated biofuel cell (BFC) and corresponding reactions on the 

bioanode and cathode. (b) A photograph of the stretchable Ag-LM BFC device on a human arm 

along with a zoomed photograph of the BFC (inset). 1 (c) The power density versus voltage plots 

of the stretchable lactate Ag-LM-BFC using different lactate fuel concentrations (0, 5, 10, 15, 20 

and 25 mM) in 0.5 M PBS (pH 7.4). (d) Power outputs (black dash lines) before and after different 

stretching levels (20%, 40%, 60%, 80% and 100%). (e) Power outputs after 150 cycles of 100% 

stretching. (f) The real-time power output of the Ag-LM- BFC during a constant cycling exercise 

for 40 minutes. Scale bar: 9 mm  

The potential and advantages of the all-printed liquid-metal stretchable “island-bridge” 

architecture for fabricating wearable devices were demonstrated by printing epidermal biofuel 
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cells on interdigitated islands, as shown in Figure 2.1.4a. Epidermal biofuel cell, scavenging 

sustainable bioenergy from sweat metabolites, have gained a considerable recent attention since 

the skin is the host to the majority of wearable devices.68,69 The printed bioanode and cathode on 

the ‘islands’ components, forming the wearable biofuel cell, were connected by the highly 

stretchable Ag-LM bridges to create interdigitated biofuel  cell  structure that  accommodates 

repetitive mechanical  deformations. The lactate oxidase (LOx) enzyme and the naphthoquinone 

(NQ) mediator were used to catalyze the oxidation of lactate and increase the power density, 

respectively. The cathode was modified with the silver oxide electron acceptor in the cell system. 

Figure 2.1.4b displays a subject wearing a piece of the printed Ag-LM-BFC while performing a 

continuous stationary cycling exercise. Initially, we evaluated the performance of the Ag-LM 

based biofuel cell (Ag-LM-BFC) in-vitro in the presence of different lactate fuel concentrations is 

illustrated in Figure 2.1.4c. As expected, the power density and open circuit potential of the biofuel 

cell increases upon increasing the lactate level from 0 to 20 mM.70 The maximum power density 

and open circuit potential are 270 µW cm–2 and 0.50 V, respectively, as shown in the corresponding 

plots of the power density as a function of voltage. The ability of the Ag-LM-BFC to tolerate 

different levels of mechanical distortions was tested by measuring the power density after 20% to 

100% stretching in the presence of 15 mM lactate fuel. As shown in Figure 2.1.4d, the power 

density experiences a negligible loss even after an extreme deformation (of 100%). Note that the 

arm skin commonly reaches a maximum elongation of 27% strain.71,72 To further confirm the 

ability of the Ag-LM-IB biofuel cell to endure the external strain, the 100% stretching was 

repeatedly carried out for 150 times. As illustrated in Figure 2.1.4e, the Ag-LM-IB biofuel cell 

retains ~82% of the initial power-harvesting performance after such extensive repetitive stretching. 

Combining the highly stretchable Ag-LM ink with the deterministic island-bridge structure design 
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thus allowed the printed Ag-LM-BFC to operate under the strain commonly experienced by human 

skin. To demonstrate such on-body application, the new BFC device was tested with human 

subjects performing exercise activity. As illustrated in Figure 2.1.4f, such activity resulted in a 

sharp increase in the power density when the subject started to sweat. It is worth noting that the 

maximum power density, 45 µW cm–2, is lower than the in vitro data, reflecting the low sweat 

lactate concentration of the testing subject. The lactate concentration lactate in human sweat is 

highly related to the intensity of physical activities and anaerobic capacity of the subject, and a 

lower lactate concentration are commonly obtained for subjects with higher fitness level.73,74  

2.1.7 Conclusions  

We demonstrated an attractive approach for fabricating ultra-stretchable island-bridge 

architectures, based on the coupling liquid alloy (EGaInPs) adaptable electrical anchors with 

printable inks with high electrical stress endurance, towards a wide range of wearable 

electrochemical devices. The new printed structures endure extreme stress due to the synergistic 

effects of their specially formulated LM-based inks and of their serpentine design pattern. Such 

integration of liquid-metal based inks with island-bridge interconnect structures can facilitate the 

realization of variety of functional epidermal electronic devices. Since the strain is accommodated 

primarily by the Ag-LM-based bridge interconnects, a variety of rigid reactive functional ‘island’ 

materials can be isolated from strain, minimizing concerns of device failure. Compared to pure 

EGaIn and other intrinsic approaches involving liquid metals as electronic anchors, the resulting 

free-standing electrodes can sustain extreme mechanical deformations up to 800% strain without 

compromising their electrical properties. The ability to sustain such remarkable stress 

deformations was demonstrated for designing epidermal “island-bridge” biofuel cell devices that 

retain their efficient energy-harvesting performance under severe stress. Further improvements in 
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the formulation of printable inks based on selecting different materials should consider the 

chemical stability and rheology along with integration with additive manufacturing protocols, that 

could provide tailored properties, such as degradability or improved resolution to more complex 

structures. While demonstrating significantly enhanced stretchability by adapting structural 

innovation in connection to the reported ink formulation, such strategy on LM-based ink can be 

applied to a wide range flexible ink formulations to improve their overall mechanical stability. In 

addition, future efforts in the development of LM based inks should address the evaluation and 

understanding of the reactive wetting, alloying process and thermal properties of Ga alloys in LM 

particle fillers mixtures in order to extend the performance and life time of the device. We believe 

that the new LM-based island-bridge fabrication route along with new stress enduring inks assisted 

by soft dynamic conductive anchor can provide an attractive scalable manufacturing of large 

stretchable soft-electronic devices for diverse sensing, energy and display applications based on a 

wide range of reactive functional ‘island’ materials, and hence towards broadening the utilization 

of LM in wearable electronics. 

Chapter 2 is based, in part on the material as it appears in Advanced Functional Materials, 

2020 by Cristian A. Silva, Jian Lv, Lu Yin, Itthipon Jeerapan, Gabriel Innocenzi, Fernando Soto, 

Young-Geun Ha and Joseph Wang. The dissertation author was the primary investigator and 

author of this paper.  
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Chapter 3- Development of Responsive materials towards the development of self-healing 

printed devices 

 3.1 Swimmers Heal on the Move Following Catastrophic Damage  

 

3.1.1 Introduction  

Self-healing is an essential property of living organisms and a major challenge for artificial 

systems and thus the development of effective repair strategies is of tremendous interest. Recently, 

small- and micro-scale robots have been developed towards a broad range of applications, ranging 

from environmental and security remediation, sensing applications or biomedical drug-delivery 

and surgery applications.1-8 It is envisioned that these tiny machines are released into harsh 

environments where multiple hazards can lead to structural damage, resulting in catastrophic 

failure and cessation of the motion and operation. Traditional rigid, metal-based robots are 

composed of an array of replaceable parts and do not suffer the limitations of softer polymeric or 

hydrogel actuators. The latter are vulnerable to damage because of low tear strength and propensity 

for crack growth.9-12 Thus, the ability to self-heal becomes important. Optimal self-healing 

strategies require recombination to occur autonomously without user input or additional external 

triggers, which is in contradiction with traditional temperature or light-based chemical healing 

approaches. Additionally, damage can occur in the same place more than once, requiring healing 

strategies for such repetitive damage under the dynamically changing conditions encountered with 

motile robots.  

One current self-healing strategy features a soft electronic skin that can sustain large 

mechanical deformation due to the formation of liquid metal frameworks within a silicone 

elastomer but once the material is damaged and depleted there is no way to recombine it.13 More 

closely resembling an appendage, Acome et al. designed hydraulically amplified self-healing 
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electrostatic (HASEL) actuators which can easily regain their actuation performance even after 50 

dielectric breakdown cycles.14 The nature of the liquid dielectric prevents permanent damage 

through dielectric breakdown but comes at the price of diminished performance. Another self- 

healing strategy for soft robotics utilizing a robotic gripper relies on the thermoreversible Diels- 

Alder reaction to close cracks and punctures; yet it is not autonomous and requires the application 

of an external stimulus (temperature) over extended periods (minutes to days).9,10 Smaller scale 

robotic systems utilized magnetic interactions to assemble robots into various shapes with a high 

degree of control.15-17 However, these strategies require extensive human involvement with 

continuous manipulation of multiple magnetic coils and fluidic channel flows, are not explicitly 

for self-healing and are only concerned with assembly on very small length scales. Another major 

concern regarding existing self-healing strategies (based on different chemical and physical 

principles) is the inability to heal under different scenarios. For example, strategies involving 

chemical bonding and capsule based systems are easily affected by ambient conditions, limiting 

the healing behavior in single site and making them not suitable for healing in harsh 

environments.18 Additionally, these strategies experience limitations at shorter timescales as the 

healing must occur ‘on-the-fly’, or over many damage cycles in the same location.  

Herein, we present an autonomous ‘on-the-fly’ recombination approach for small-scale 

chemically-powered swimmers. Designed for active operation, our swimmers are autonomously 

propelled, highlighting their unique ability to repair while in motion. Movement is achieved by the 

catalytic decomposition of a peroxide fuel at the catalytic platinum (Pt) surface that generates an 

oxygen bubble thrust.19-21 The self-healing swimmer (SHS) utilizes strong magnetic interactions 

to recover its swimming function. Such healing strategy is autonomous and can recover the 

structure of the swimmer instantaneously even after being broken catastrophically into multiple 
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pieces. The built-in magnetic torque aligns and attracts the damaged pieces without user input or 

additional external triggers. Additionally, the geometrical design of the swimmer, particularly the 

alignment of the magnetic layer, enables a high healing efficiency, with 88% recovery efficiency 

of the initial structure based on all healing events. In this work we investigate the importance of 

the alignment of the magnetic particles responsible for recombination of damaged pieces, assess 

the behavior of the swimmers before and after healing, evaluate the healing efficiency of different 

magnetic healing strip designs and different cut positions with the goal of establishing some design 

parameters and evaluating the practicality of such a magnetic based self-healing strategy.  

Magnetic properties are attractive for such healing behavior as they are not readily inhibited 

by environmental conditions. While magnetic self-healing strategies using iron-oxide particles 

have been developed before they have not been applied to robotics or as a standalone self-healing 

mechanism but usually in connection to hydrogel or polymeric healing materials.22,23 However, the 

incorporation of strongly magnetic Nd2Fe14B microparticles has been reported as an effective 

strategy to heal printed electronic devices.24  The self-healing magnetic layer is incorporated in the 

form of a strip, or several strips, within the main body of the catalytic swimmer. After suffering 

critical damage, the SHS is split into multiple pieces, some of which are static and some 

(containing the catalytic tail) are active and moving. The active piece continues to propel itself 

while the magnetic attraction between all separated pieces containing the magnetic strip, enables 

strong and lasting reattachment and recovery of the initial structure and of the original propulsion 

behavior. Additionally, due to the intrinsic self-healing characteristics of the magnetic layer the 

system relies solely on physical attraction where permanently magnetic particles attract each other, 

making the healing process automatic, reliable and rapid, without operator involvement and 

uninhibited by different ambient conditions. Furthermore, self-healing of the swimmer can occur 
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at the same place numerous times as no other healing component is utilized but the magnetic 

interaction. Rational design of the geometry, alignment of the magnetic particles, and orientation 

of the magnetic strips enables ‘on-the-fly’ healing behavior and reduces asymmetrical healing. 

Additionally, the movement of the swimmer can bring separated pieces together despite large 

distances more than 5 times the size of the swimmer. This is superior to previous strategies for 

static magnetic healing systems which provide healing only for separations smaller than 3 mm.24 

With these attractive advantages in mind, the developed SHSs may open the door to future 

autonomous self-healing robotic platforms for a variety of applications.  

3.1.2 Experimental Section 

 

Fabrication of SHSs 

 

 The fabrication process was comprised of printing various functional inks. The components 

of the swimmer body and tail were designed in AutoCAD (Autodesk, San Rafael, CA) and used 

as patterns in the 12″ × 12″ stainless steel stencils (Metal Etch Services, San Marcos, CA). A 

temporary tattoo paper sheet (Papilio, HPS LLC, Rhome, TX), precoated with a water-soluble 

adhesive, served as the substrate for the printing process. A typical SHS included the printing of 

three layers using an MPM SPM semiautomatic screen printer (Speed-line Technologies). First, 

the conductive layer from graphite ink (E3449, Ercon, Inc., Wareham, MA) was printed in the 

shape of the swimmer and dried at 60 °C in an oven. This conductive layer enabled subsequent 

electrodeposition of Pt on the tail to enable propulsion. Next, three consecutive layers of a 

hydrophobic, rigid layer was printed. The hydrophobic layer consists of 30 wt% solution of 

polystyrene-polymethylmethacrylate copolymer (Aldrich, St. Loius, MO) in toluene with 5 wt% 

aerogel particles (<20 m, Jios Chemicals, South Korea). Lastly, magnetic Nd2Fe14B powder was 
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obtained following previously reported protocols. Fabrication of the magnetic ink consisted of 

preparing a 30 wt% dispersion of magnetic powder in polymeric insulator (Dupont 5036, Dupont, 

Wilmington, DE). In order to align the magnetic particles, the SHS was exposed to a strong 

magnetic field using a commercial magnet (CMS Magnetics). 

 

Deposition of Catalytic Pt 

 Swimmers were removed from the tattoo paper substrates by soaking them in water for 30 

s and then sliding the SHS off the edge of the substrate. Next, SHSs were subjected to an 

electrochemical deposition of a Pt layer on their tail from a commercial Pt plating solution 

(Technic Inc., Anaheim, CA) in a standard three-electrode setup. The carbon tail of the swimmer 

served as the working electrode, while a Pt wire and Ag/AgCl with 1 M KCl were used as counter 

and reference electrodes, respectively. The galvanostatic deposition of Pt was performed on a μ-

Autolab potentiostat (Metrohm Autolab B. V., Netherlands) at −2 mA for 20, 60 or 120 s. 

 

Swimming and Self-Healing 

 Self-healing swimmers were tested inside a 150 mm diameter Petri dish filled with 70 mL 

of 15% H2O2 solution. A camera mounted on a tripod was placed above the Petri dish to record 

videos of the swimming and healing processes. Damage to the SHSs was introduced with a blade 

and SHS pieces were placed back into the solution in opposite parts of the Petri dish and left to 

autonomously heal.  
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Magnetic Hysteresis and Field Distribution Measurement 

A Quantum Design Versalab with a VSM attachment was used to measure the magnetic 

hysteresis of the SHSs. Printed magnetic strips were measured at room temperature (300K) with 

an applied field sweeping from -30 to 30 kOe. Each strip was measured in two orientations which 

were perpendicular to each other (hereafter designated as D1 and D2). The direction D1 denotes 

the orientation perpendicular to the magnetic alignment inside the strip while D2 denotes the 

orientation parallel to the magnetic alignment in the strip. 

Measurements of the actual field distribution around an SHS were performed with a 

Lakeshore Model 425 Gauss meter and probe. An area of 35  40 mm was separated into a 7  8 

grid with size 5  5 mm per grid box. The SHS was placed in the middle and at each point the 

value of the magnetic field was measured to produce a field distribution map.  

Equipment 

Videos were taken on a Nikon D7000 camera with a Micro Nikon 40 mm lens mounted on a 

tripod. The subsequent videos were analyzed with Nikon Elements AR 3.2 tracking software. 

Statistical Analysis 

 All quantitative values were presented as means ± SD. All experiments were performed 

for at least three independent repeats. 

Magnetic Force Model 

To gain a better understanding of the magnetic forces and how they vary with distance and 

magnetic strip separation we developed an analytical model (corresponds to Fig 2.2.3E). The 

separated strips behave as two permanent magnets with lengths L1 and L2 and L=L1 + L2. We define 

the fraction x=L1/L as the fraction of the strip that contains all or part of the tail. A magnetic strip 

on a self-healing swimmer has a typical length L=20 mm, a width of l=2.5 mm and thickness of 
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t=0.270 mm. Using the width as a length scale, t/l∼Θ (10−1) we can approximate the magnetic bars 

as two-dimensional objects. Using the method of magnetic pole strength and approximating the 

bars as 2D rectangles we obtain the magnetic force between the strips (Equation 1)  

                       𝐹𝑚 = (𝐿1, 𝐿2) = 𝑓(𝐿1 + 𝑑)  −  𝑓(𝐿2 + 𝑑) + 𝑓(𝐿 + 𝑑)  −  𝑓(𝑑)                          (1) 

 

with 𝑓(𝑥) =
𝜇0

2𝜋
(𝑡𝑀)2 [√1 + (𝑙

𝑥⁄ )2 − 1] where μ0 = 4π×10−7 H/m is the vacuum permeability, t 

is the thickness of the magnetic strip, 1 is the width of the magnetic strip, and M is the 

magnetization density. Defining the force scale as 𝐹∗ = [
𝜇0

2𝜋
(𝑡𝑀)2], the dimensionless force 

between the bars 𝐹𝑚 =
𝐹𝑚

𝐹∗  is plotted vs the dimensionless distance (d/l) for different cut positions 

(x) and aspect ratios of the magnetic strips L/l=8 as it corresponds to a Model 1 swimmer (where 

d is the separation distance between the magnetic strips). As the plots shows, the maximum 

attraction force happens when the magnetic strip parts into two equal segments (x=0.5). Also, the 

force increases upon increasing the swimmer’s size, and for a very long swimmer (L>>l) we reach 

the asymptotic value of 𝐹~1 − √1 + (𝑙
𝑑⁄ )2~𝑑−4  which is the magnetic force between two-point 

dipoles. The force between the magnetic strips drops rapidly as a function of distance between the 

nearest poles. Thus, one of the main roles of magnetic attraction in the self-healing process is the 

alignment of the orientation of the magnetic strips to facilitate ‘on-the-fly’ healing.  

Simulation of the magnetic torque towards alignment in different scenarios 

 COMSOL Multiphysics 5.2 software with the AC/DC>Magnetic Fields, No Currents 

(mfnc) module was chosen along with a two-dimensional Stationary Study. The study was 
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focusing on the magnetic interactions between the two magnetic strips comprising the swimmers 

in order to deduce trends of the magnetic forces and of magnetic torques for various positions of 

the stripes (varying distance and orientation between them). The two magnetic strips were modeled 

as 2 identical rectangles made out of Nd2Fe14B, in a surrounding disk of air. The first strip had a 

fixed position in the center of the geometry while the latter one was positioned in a half-disk around 

the first one where their poles could face each other Figure 3.1.4A. Precaution should be take 

using COMSOL four such /model and one should consider the effects of boundary conditions, the 

appearance of numerical noise and the impact of the meshing. The dimensions of the circle of air 

were set to 100 times larger than the length of the stripes to prevent boundary conditions from 

affecting the magnetic field. The meshing has bee tuned to be extremely fine on the stripes, fine in 

a 2 meters circle surrounding the swimmers and coarse over 2 meters. Finally, as the theory assures 

that the magnetic forces applied from one magnet to another are equal, we computed the numerical 

noise as the relative difference between the two forces and tuned the meshing to make sure that 

this noise would not exceed 5% in the range of the positions we used. The relative magnetic 

permeability of the stripes has been set to 1.05 and the magnetization to 468 kA/m (Figure 3.1.2B) 

along their length. The magnetic torque has been computed on the center of mass of the moving 

strip. Positions have been chosen to describe the behavior of the mobile from -800 to +800 around 

the immobilized magnet (φ), from -800 to + 800 around its center of mass (0) and the distance 

between them from 5mm to 50mm.  
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3.1.3 Fabrication and operation of SHSs 

 

 

Figure 3.1.1 Autonomous ‘on-the-fly’ self-healing of magnetic-based SHS. (A) Fabrication 

process of a SHS. (B) Diagram of a swimmer propelling in solution, experiencing extensive 

damage, and self-healing based on magnetic attraction. (C) Time-lapse images of a damaged 

swimmer healing over the course of 1.6 s. D) Image of a pristine SHS on a dry surface. (E) Image 

of a swimmer damaged at the tail. (F) Image of the healed swimmer. (G) Images of a SHS damaged 

into three distinct pieces: head, (H), body (B) and tail (T). (H) Image of the healed tail and body. 

(I) Image of the completely healed swimmer. (J) Image of a healed swimmer suspended vertically 

while maintaining its integrity.  

Self-healing swimmers were fabricated using a versatile screen-printing technique where 

multiple functional layers are printed on top of each other. The multi-step fabrication process is 

presented in Figure 3.1.1A. The main structure of the SHS features 3 layers: the conductive bottom 

layer, the rigid and hydrophobic middle layer and the top magnetic layer. After fabrication and 

release from the substrate, the SHSs are endowed with a catalytic propulsion capability by 

electrodeposition of Pt on their tail section for which the conductive bottom layer is necessary.  
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The rigid hydrophobic middle layer is utilized to prevent the swimmer from sinking or 

becoming floppy and, hence ensuring strong swimming. The top magnetic strips enable the self-

recombination following structural damage. The multi-layer structure thus enables the 

functionality of various materials into one swimmer.  

A schematic of the self-healing process of a typical swimmer is shown in Figure 3.1.1B. 

Initially, a pristine (non-damaged) SHS swims autonomously until it is damaged (separated into 

multiple pieces simulating brittle fracture due to the rigid and brittle nature of the conductive and 

hydrophilic layers). As the self-propelling tail portion of the SHS travels around it is attracted to 

the static body piece (upon approaching it) due to the strong magnetic interactions of the magnetic 

strips until recombination occurs. The self-healed swimmer then restores the swimming in a 

manner similar to the pristine SHS. The proposed mechanism is first shown outside of solution (no 

motion) with a model 1 SHS (1 magnetic stripe through the middle). Figure 3.1.1C shows the 

non- damaged swimmer. Next, the tail is detached from the body (Figure 3.1.1D). Finally, the tail 

reattaches to its body confirming the strong magnetic attraction. The healed SHS is shown in 

Figure 3.1.1E. The time-lapse images of Figure 3.1.1F show a damaged SHS, illustrating the 

reorientation and reattachment of the moving tail to its complementary static piece. At a large 

enough separation, the swimmer pieces do not feel each other as the magnetic attractive force is 

distance dependent (Fm ∝ 1/r4). However, as the tail gets closer, the attractive magnetic force 

realigns the pieces so that the built-in movement brings them together and repair can occur 

autonomously. Thus, healing is partially reliant on the size of the swimming vessel. Since the 

magnetic force falls off rapidly with distance it can only bring and align damaged portions of the 

SHS at distances around 50 mm. Accordingly, the SHS must come into each other’s vicinity by 

random propulsion before the magnetic force can align and join them. Hence, increasing vessel 
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size increases the time for healing to occur. The exact distance dependence of the magnetic force 

and the distribution of the magnetic field around a swimmer have a profound effect upon the 

overall healing behavior and are discussed in detail in the following sections. The versatility of the 

healing strategy is shown in Figure 3.1.1G where a SHS is cut into 3 pieces, named T, B and H 

for tail, body and head, respectively. Additionally, the cut between the B and H sections was done 

at an oblique angle to test the versatility of the healing process. Following swimming of the T 

section for a few seconds it was attracted and reattached to the B, whereby the combined T+B 

structure restored its motion (Figure 3.1.1H). As this T+B portion continued its movement, it was 

attracted to the remaining H, resulting in complete recovery of the original SHS structure which 

continued to swim like the original pristine SHS (Figure 3.1.1I). Although, recombination is 

possible with even more cuts, the probability that the process will be in the correct order and with 

correct alignment diminishes with more cuts. Finally, to showcase the strength of the healing 

process the recovered swimmer is hung vertically in Figure 3.1.1J, demonstrating that the 

magnetic force can hold the 3 pieces together against the forces of gravity.  
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3.1.4 Characterization of the magnetic behavior of SHSs 

 

 

Figure 3.1.2 Assessment of the magnetic behavior of SHSs. (A) Image of a model 1 SHS. Inset 

represents topographical image of the magnetic strip of the SHS. Heat map is in µm. (B) Magnetic 

hysteresis loop of a magnetic strip perpendicular (D1, red) and parallel to the alignment axis (D2, 

blue). (C) Representation of the magnetic field around a SHS during a healing event. (D) Grid of 

magnetic field measurement around a model 1 SHS. Heat map is in Gauss. (E) Grid of magnetic 

field measurement around a model 1U SHS. Heat map is in Gauss. (F) Magnetic flux as function 

of separation distance for model 1 and model 1U SHSs. Inset shows a magnification of the region 

from 3 to 2cm.  

 

  

 Full realization of such ‘on-the-fly’ healing behavior requires a deeper understanding of 

the magnetic fields and forces around each piece of the damaged swimmer. The nature of the 

magnetic interactions within the self-healing strips is crucial for the successful reattachment of 
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damaged swimmers. A typical model 1 swimmer with a focus on the magnetic strip is shown in 

Figure 3.1.2A. The topography of the strip was assessed via 3D light microscopy. As mentioned, 

the magnetic strip is printed in the presence of a strong external magnetic field in order to align 

the magnetic particles. The parallel grooves seen in the topographical image reconstruction attest 

to the alignment of the constituent magnetic particles.  

 

 Next, the magnetic strip was subjected to a magnetic hysteresis test to quantitatively assess 

the alignment of the magnetic dipoles within the strip. The normalized (M/Ms) hysteresis loops 

(Figure 3.1.2B) show typical hard magnetic behavior, with high magnetic remanence (Mr) and 

magnetic coercivity, Hc. The magnetic saturation (Ms) of the strip was ~ 87 emu/g, along with a 

magnetic coercivity, Hc, of ~ 2.5 kOe and a highest Mr of 61.48 emu/g. Importantly, the curves 

reveal clear alignment of the magnetic materials in the SHSs. The red trace (D1, alignment 

perpendicular to the magnetic field) exhibits a Mr/Ms ratio of 0.53 while the blue trace (D2, 

alignment parallel to the magnetic field) exhibits a Mr/Ms of 0.74. Typically, in well-aligned 

samples, there is a clear directional dependence of the magnetic properties, reminiscent of highly 

anisotropic magnetic materials.25,26 A Mr/Ms ~ 0.5 is typical of randomly oriented material while 

a high (Mr/Ms > 0.5) is indicative of well aligned magnetic material. The high Mr/Ms ratio (0.74) 

in the D2 direction clearly shows that the magnetic particles are well aligned along the long axis 

of the strip.  

 

 Movement analysis of the self-healing swimmers provide a direct representation of the 

magnetic field around a swimmer or parts of a swimmer (Figure 3.1.2C). Based on the orientation 

of the magnetic field lines it is clear that model 1 SHS magnetic strips acts as dipole permanent 
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magnets even when separated. As the mobile tail approaches the static swimmer piece, the 

magnetic fields overlap until the self-healing process restores the initial structure. Finally, the 

overlap of the magnetic fields produces only on magnetic dipole, confirming the structural 

integrity of the swimmer.  

 

 Next, the magnetic field strength was verified with a handheld Gauss meter. The heat map 

grid of Figure 3.1.2D illustrates the concentration of magnetic flux along the body and 

surrounding of a model 1 SHS whose strip has been aligned with a strong magnetic field. Due to 

the magnetic alignment the SHS exhibits stronger field values compared to an unaligned SHS 

(model 1U) (Figure 3.1.2E). Note that the highest field values are recorded at the head and tail of 

the swimmer, affirming that the dispersion of magnetic particles and the alignment make the strip 

act as a bar magnet. Without being exposed to a magnetic field alignment, the magnetic particles 

within the self-healing layer of model 1U are oriented randomly and exhibit diminished magnetic 

behavior. Since motion is crucial to this system it is very important to characterize the maximum 

range of the magnetic flux in the system. Figure 3.1.2F illustrates how the magnetic flux 

diminished with distance form model 1 and 1U swimmers. The former displays strong magnetic 

flux at larger distances, realized by aligning the particles during fabrication. Despite the approach 

of the active tail to the passive piece and the physical contact of the 2 pieces, there is no lasting 

attraction and hence no structural recovery, confirming the crucial importance or the magnetic 

alignment during fabrication. 
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3.1.5 Effect of the damage position of healing behavior and efficiency  

 

 

Figure 3.1.3 Influence of the damage position upon the propulsion behavior. (A) Diagram of some 

possible damage positions along the SHS: damage close to the tail (case i), halfway through the 

structure (case ii), and close to the head (case iii). (B, C, D) Time-lapse image of a model 1 SHS 

pertaining to cases I, ii, and iii, respectively. E) Plot of the normalized magnetic force as function 

of the dimensionless separation distance for two different cut positions (x=0.1 and 0.5) from an 

analytical model. (F) Propulsion of a pristine (a) and healed (b) SHS with 20 s deposited Pt on the 

Tail. Trajectory shows motion over a 4 period. (G) Propulsion of a pristine (a) and healed (b) SHS 

with a 120 s Pt deposition on the tail. Trajectory shows the motion over a 4 s duration. (H) Effect 

of the Pt deposition time upon the speed of the pristine (red) and healed (blue) SHSs.  

 

 We investigated the self-healing capabilities as a function of the damage location using 

model 1 SHSs. We studied three different cases (Figure 3.1.3A). Case I features a cut 7 mm away 

from the tail end of the swimmer. Case ii features a cut exactly in the middle of the swimmer, 
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while case iii corresponds to damage 6mm away from the front of the SHS. Additionally, to 

evaluate the healing effectiveness of the model 1 SHS based on the damage position we define a 

healing efficiency (HE) as the number of times the swimmer has successfully and autonomously 

healed, retaining both the pristine structure and initial propulsion, divided by all of the 

reattachment events 

(𝐻𝐸 =
𝐻𝑒𝑎𝑙𝑖𝑛𝑔 𝑒𝑣𝑒𝑛𝑡𝑠 𝑤𝑖𝑡ℎ 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑝𝑟𝑜𝑝𝑢𝑙𝑠𝑖𝑜𝑛 𝑎𝑛𝑑 𝑐𝑜𝑟𝑟𝑒𝑐𝑡 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒

𝐴𝑙𝑙 𝑟𝑒𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑒𝑣𝑒𝑛𝑡𝑠
* 100%). 

 

 We can go further and calculate the overall healing efficiency (OHE) which also takes into 

account the cases when the healing is imperfect (mismatching), while the swimmer retains the 

propulsion capability.  

 

(𝑂𝐻𝐸 =  
𝐻𝑒𝑎𝑙𝑖𝑛𝑔 𝑒𝑣𝑒𝑛𝑡𝑠 𝑤𝑖𝑡ℎ 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑝𝑟𝑜𝑝𝑢𝑙𝑠𝑖𝑜𝑛 𝑎𝑛𝑑 𝑚𝑖𝑠𝑚𝑎𝑡𝑐ℎ𝑒𝑑  𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒

𝐴𝑙𝑙 𝑟𝑒𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑒𝑣𝑒𝑛𝑡𝑠

∗  100%).  

 

 Finally, the remaining healing events feature a reattachment with large structural mismatch 

and loss of the autonomous motion (SHS is spinning or stuck on the wall). A real example of case 

I SHS is demonstrated in Figure 3.1.3B. In this case, the passive body is large relative to the 

mobile tail and does not rotate to match the self-propelling tail because of its size and weight. On 

the other hand, the tail moves rapidly, fixing itself to the body and reattaching easily. Case I 

exhibits a HE of 88% with an OHE of 94%. For case ii, both pieces exhibit some rotation and 

alignment as their respective sizes are very similar (Figure 3.1.3C). Case ii demonstrates an HE 

and OHE of 86%, demonstrating that the size of the passive and active portions of the swimmer 

affect the healing process. In case iii, the smaller head has a higher propensity to change its 
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direction and align to the magnetic field of the larger propelling tail-containing body (Figure 

3.1.3D). Yet, at the same time the propulsion force of the catalytic propulsion overcomes the 

magnetic force, affecting the healing capability of the body, leading to dismissed healing 

capability, indicated by a HE of 58% and OHE of 71%. Furthermore, we compared these results 

with predictions of the magnetic force between the magnetic strips of a damaged swimmer form 

an analytical. As expected, the force falls off rapidly with separation distance according to F~d-4. 

More interestingly, the magnetic force depends on the position of the cut (denoted by x). With 

smaller x (larger size difference between the two damaged pieces) the force is smaller, suggesting 

lower healing ability. However, as noted above, the healing behavior depends not only on the 

magnetic force but also upon the propulsion behavior and relative size of the swimmers.  
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Figure 3.1.4 Simulation of the magnetic torque towards alignment in different scenarios. (A) 

Schematic representation of the orientations a damaged swimmer can assume depending on the 

rotation angle (θ), approach angle (φ), and distance (D). Normalized torque as a function of the 

rotation and approach angles for small (B), medium (C), and large (D) distances.  

 To investigate this further, we performed simulations of the magnetic torque of the 

swimmers in many orientations and distances away from each other (Figure 3.1.4). Here, we 

refrained from adding the dynamic motion of the tail sections to remove temporal changes and 

elucidate the aligning nature of the magnetic interaction. We chose to look at torque because this 

quantity is directly responsible for the rotation and alignment of magnetic strips at various 

orientations. At small distances (5 mm) the torque increases as the rotation of the mobile strip 
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grows more perpendicular to the stationary one. This is expected as the more misaligned 

(perpendicular) the strips are larger the torque will be to bring them back to alignment. However, 

upon increasing the distance between the strips (20 and 50 mm) the torque assumes a maximum 

before the perpendicular case, suggesting that the alignment is preferred at smaller rotation angles 

(θ). Additionally, when the approach angle is large (φ) the torque is higher for virtually all cases, 

suggesting that the susceptibility for alignment is stronger on the periphery of the half-disk 

described by φ. Conceptually, it makes sense that the torque is low at low angles of φ and θ as the 

strips are already nearly aligned, suggesting high probability of healing. With more misalignment 

the torque is higher, meaning an induced rotation of the swimmer will occur to align them and 

produce recombination. Finally, at large values of θ, φ and D the torque will surpass a maximum 

and decrease, suggesting that beyond these points self-healing is more unlikely. Overall, the data 

of Figure 3.1.4 suggest that the magnetic torque will most likely align damaged pieces at all 

orientations at short distances while at large distances the orientations which will lead to healing 

become more restricted.  

 Additionally, we investigated the effect of the SHS speed on the self-healing behavior. For 

this purpose, SHSs with different speed were prepared by electroplating different amounts of Pt 

(using 20 or 120s deposition; 60 s used in all other experiments). Figure 3.1.4F presents an SHS 

with 20sb Pt deposited tail. The trajectory exhibits the motion of the pristine (a) and healed (b) 

cases over 4s period, illustrating a very similar propulsion behavior after healing. For the faster 

swimmer (based on the 120s Pt plating), the pristine (a) and healed (b) trajectories show little 

variation (Figure 3.1.4G). Finally, we compared the speed of all three Pt deposition examples for 

the pristine and healed cases. A very small difference between the speed of the pristine and healed 
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swimmers is observed for these different catalytic swimmers, with the speed of healed swimmers 

being slightly lower compared to the pristine ones (Figure 3.1.4H; a vs b). 

 

 3.1.6 Effect of magnetic strip configuration on healing behavior and efficiency 

 

 

Figure 3.1.5 Healing behavior of different magnetic strip configurations. (A) Model 1 SHS: 

schematic (a), visual representation of the magnetic field lines (b), zoom-in image (c), and images 

of damaged, approaching and healed states (d). (B) Model 2 SHS: schematic (a), visual 

representation of the magnetic field lines (b), zoom-in image (c), and images of damaged, 

approaching and healed states (d). (C) Model 3 SHS: schematic (a), visual representation of the 

magnetic field lines (b), zoom-in image (c), and images of damaged, approaching and healed state 

(d).  

 Assessing the healing behavior of different magnetic configurations is an important step 

towards optimizing the healing process and configuring this strategy for various applications. 

Figure 3.1.5A showcases the schematic (a) of a model 1 SHS. Additionally, we proved a visual 

representation of the magnetic field lines around each swimmer to aid in understanding the healing 

behavior (b) and an image of the swimmer (c). Furthermore, we show images of the self-healing 

process. For a model 1 (damaged in the middle) the propelling tial easily find its complementary 

passive section, reattaches and with the healed swimmer continues to move similar to the pristine 

version (c). A similar behavior is observed for the two-strip (model 2) swimmer (Figure 3.1.5B).  
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 Compared to model 1, a model 2 SHS demonstrate a HE of 49% and OHE of 69%. Thus, 

the two-strip configuration is not as effective as model 1. The larger difference between the HE 

and OHE indicates that there is a large number of imperfect healing events. This can be attributed 

to the larger surface that multiple strips cover. Using the same magnetic alignment, model 3 SHS 

also presented affective healing after being damaged in the middle (Figure 3.1.5C), exhibiting a 

HE of 41% and OHE of 63%. For model 3, the magnetic healing surface is spread out over a larger 

area preventing accurate healing, but still retaining a high percentage of imperfect healing events. 

At the same time, the large area of magnetically-active material may cause the attachment of 

passive pieces to multiple areas of the swimmer besides the specific damaged area. This is a 

supported by the representation of the magnetic field around the swimmer models 2 and 3 (b). For 

example, SHSs can exhibits reattachment that is offset or imperfect, noticed particularly for models 

2 and 3, owing to the larger area of active magnetic material along the cut. Another improper 

healing even occurs when the damaged pieces heal in an incorrect order, such as the cases for 

models 1 and 2. I these examples, the propelling tail may randomly reattach first to the head 

(instead of the body) resulting in undesirable configurations.  

 

 3.1.7 Conclusion 

 

 The presented work demonstrates the first example of a functional small swimmer, capable 

of responding to damage, and restoring its structure autonomously and ‘on-the-fly’. The SHSs are 

easy to fabricate without resorting to complex synthetic efforts and offer many benefits for future 

endeavors. These include robust and facile healing, ability to self-repair repeatedly in the same 

location in the absence of external stimuli or user input, independence of environmental conditions, 

and versatility in design. Furthermore, we evaluate the healing performance employing different 

geometries of the magnetic layer showcasing that the magnetic strip concept is adaptable to many 
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configurations, depending on the specific application. While the presented swimmer moves on the 

surface of water, we believe this concept can be applied to 3D swimmers moving in bulk fluids. 

For example, the incorporation of a magnetic spine (analogous to our magnetic strip design) could 

provide self-repair capabilities of such innovative platforms, although in this case the fluid 

dynamics and viscosity will play an even bigger role. Such attractive and versatile healing behavior 

paves the way for a new class of autonomous swimmers that can regain their functionality after 

damage. 

 Despite these distinct advantages and potential benefits, several challenges must be 

addressed before further practical use. For example, the healing process is still prone to imperfect 

healing events. It is necessary for programmable and intelligent self-healing strategies which 

bypass misaligned or out-of-order recombination to be developed. We envision that adding more 

complexity to these swimming platforms, e.g., by incorporating stimuli-responsive materials, will 

add a basic feedback capability, and impart adaptability to their surrounding environment. As seen 

above, the magnetic interaction can be weak over large distances, hindering the healing in large 

reservoirs and requiring strategies for actively directing swimmers towards a target location or 

preconcentrating them. Scaling the swimmer up or down provides additional challenges where the 

size of the magnetic portion has to be scaled accordingly with the body. Furthermore, the speed of 

the swimmer must match the size of the container to provide self-recombination at reasonable 

timescales. Additionally, non-toxic fuels must be developed to replace the peroxide fuel used in 

this proof-of-concept study. 

 

Chapter 3 is based, in part, on the material as it appears in Nano Letters, 2021 by Emil 

Karshalev, Cristian Silva-Lopez, Kyle Chan, Jieming Yan, Elodie Sandraz, Mathieu Gallot, Amir 
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Nourhani, Javier Garay, and Joseph Wang. The dissertation author was the primary investigator 

and author of this work. 
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Chapter 4- Soft Materials Towards the Development of Medical Devices      

 

4.1 Non-Invasive Transdermal Delivery System of Lidocaine Using an Acoustic 

Droplet-Vaporization Based Wearable Patch  

 

4.1.1 Introduction  

 

Given the staggering global prevalence of chronic and acute pain affecting ≈1.5 billion 

individuals, there is a growing need to develop novel therapeutic and delivery strategies that can 

provide suitable treatment for pain management.1-6 Current therapy modalities have successfully 

addressed the treatment of neuropathic, anti‐inflammatory, and other classes of pain medications. 

The search for local delivery therapies that offer alternatives to hypodermic injection7-10 and opioid 

prescription,11-13 is both challenging and potentially rewarding, as they could reduce systemic side 

effects and substance abuse. Current local delivery platforms include the use of microneedles,14-16 

jet injection,17-20 electroporation,21-23 and directed physical forces.24-27 The grand challenge in the 

field relies on developing wearable and noninvasive platforms that lend themselves to scalability 

over a wide range of applications without sacrificing their therapeutic efficiency.28-34 For example, 

noninvasive lidocaine patches, a local anesthetic used for myofascial and neuropathic pain 

currently used by pain‐management physicians, rely solely on slow diffusion processes, resulting 

in delayed therapeutic effects.35-37 Indeed, while dealing with chronic and acute pain patients, a 

fast therapeutic effect and pain relief are highly desired. 

Herein, we present a wearable and noninvasive active method for the transdermal delivery 

of lidocaine, based on a robust bullet‐like acoustic droplet vaporization (ADV) system that 

breaches dermal barriers. The wearable epidermal patch consists of a flexible drug reservoir 

containing hundreds of micropores loaded with lidocaine, and mixed with a perfluorocarbon (PFC) 

emulsion. The ultrasound‐triggered vaporization of the PFC compound38-41 provides the necessary 
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force to enhance significantly skin penetration and delivery of drug payloads when compared to 

common systems based solely on passive diffusion or ultrasound pulses. 

Moreover, unlike microneedle delivery devices that require to pierce the skin interface, our 

system achieves enhanced drug permeability through a non-penetrative highly localized stress 

force produced by the ADV mechanism and suggests a potential non-immunogenic method of 

delivery. The ability of ADV to deliver large microparticles from microporous membranes42,43 has 

been demonstrated earlier toward enhanced decontamination processes. Finally, we demonstrate 

the preclinical utility of the wearable patch through enhanced delivery and penetration of lidocaine 

in ex‐vivo pigskin model (a model that simulates human skin), as well as achieving high delivery 

efficacy at significantly shorter periods of time. These findings provide the groundwork for future 

clinical development where our wearable patch technology could serve as a conduit to target 

different nerves with diverse depths based on individual patient anatomy, and in connection to 

other pain‐killing drugs, e.g., opioids. 

4.1.2 Experimental Section 

 

Wearable Patch Preparation 

Custom made molds were constructed and used to prepare patches using commercial 

Ecoflex polymer and polyvinylpyrrolidone (PVP). First, a master mold (Blueacre technology) was 

reproduced by making counter molds. The master mold was first cleaned and placed in a vacuum 

pump for 5 min and exposed to CO2 for 1 min. Next, a PVP mixture was prepared (100 mg mL−1 

in ethanol) and mixed at 2800 rpm for 5 min, then poured over the mold before letting sit in a 

vacuum pump overnight to dry. Once the counter‐mold was solid, a mixture of commercial Ecoflex 
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was poured over the mold, and subsequently placed in the vacuum pump for 5 min. The mold was 

lastly put in an incubator at 40 °C to dry for 5 min. 

PFC Emulsion Synthesis 

PFC emulsions were prepared using an ultrasound probe generator, by mixing PFC with a 

phosphate buffered solution (PBS) solution in the presence of a lipid monolayer of 1,2‐distearoyl‐

SN‐glycero‐3‐phosphocholine (DSPC) (10 mg mL−1) and methoxy(ethylene glycol) 1,2‐

distearoyl‐SN‐glycero‐3‐phosphoethanolamine (mPEG‐DSPE) 5k (10 mg mL−1). First, the lipids 

were dissolved in chloroform and evaporated under nitrogen. Next, the lipids were resuspended in 

500 PBS solution and 50 µL of perfluoro nonane (Sigma). The components were sonicated at 

maximum power for 5 s using an ultrasonic probe (Ultrasonics Fs 150 N). The emulsion was stored 

at room temperature. 

Piezoelectric Transducer 

A V305‐SU transducer was submerged underwater (Olympus NDT Inc., Waltham, MA) 

and generated a high‐intensity focus ultrasound pulse (25 ms, 2.25 MHz, and 12 V.) The focal 

point of the ultrasound pulse was aimed towards a reservoir contacting the patch, thus resulting in 

the ADV of the PFC. 

Preparation of Agar Gel 

A 1% solution of agarose was used to prepare agar gels. For preparing a 100 mL solution 

of agarose, 100 mL of water was heated on a hotplate at 200 °C until steaming, then 1 g of agarose 

was added and stirred with a magnetic stir bar. The temperature was increased to 300 °C until the 

solution became clear, before being brought back to 100 °C. Subsequently, the solution was poured 

into custom made molds and left to dry for 5 min. For drug delivery experiments, the patch was 
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loaded with a mixture of a 40 µL of a 30 mg mL−1 of lidocaine solution, combined with 20 µL of 

the perfluoro nonane emulsion. 

Electrochemical Measurements 

Electrochemical experiments were carried out with a µAutolab Type II, controlled by 

NOVA software version 1.11. The three‐electrode system was performed in a batch system. The 

three electrodes consist of screen‐printed carbon electrodes as the working (WE) and counter 

electrodes (CE), and a screen‐printed Ag/AgCl electrode as the pseudo‐reference electrode (RE). 

SWV was used to determine the electrochemical signals of lidocaine. Voltammograms were 

investigated at a frequency of 2.5 Hz, an amplitude of 150 mV, and a potential step of 5 mV. 

Pigskin Assays 

Pigskin was bought at the local supermarket and set to an average thickness of 1.5 mm, 

thinning it using a stainless-steel blade. For penetration assays, samples were subject to a cross 

section cut utilizing a stainless-steel blade and analysis of penetration in an EVOS FL Imaging 

System Microscope using a 4X objective lens and red fluorescent protein (RFP) filter. For 

electrochemical measurements the protocol was used as previously described, substituting the 

phantom tissue with pigskin. For penetration assays, a UV green dye (Bits power) was used. 

COMSOL Multiphysics Finite Element Analysis Simulation 

The solid mechanic's interaction module from COMSOL was chosen to analyze the 

acoustic cavitation–induced shockwave distribution upon the human skin. A 2D model of human 

skin with different layers of biological tissues (stratum corneum, epidermis, and dermis) was built.  
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The patch was simplified to the top boundaries of the model. The shockwave force from 

the patch was applied at the skin interface. The time‐dependent study was computed with the time 

arrangement of 25 ms and the time step of 0.25 ms. The calculated results of von Mises stress were 

employed to describe the process of the penetration and to evaluate the performance of drug 

delivery. 

4.1.3 Principles of the wearable ADV-based drug delivery patch 

 

 

Figure 4.1.1 Principles of wearable ADV-based drug-delivery patch A) Scheme of pain 

management and operational principle of ADV delivery. B) Scheme of different layers of the 

patch. C) Theoretical simulation of the stress produced upon the dermis by the ADV‐based 

wearable patch. D) Digital photograph of the fabricated lidocaine patch. E) Scanning electron 

micrograph (SEM) illustrating an array of micropores. Scale bars: (C) 1 mm; (D) 3 mm (E) 250 

µm. 

 

This wearable patch combines the commodity and resilience of a disposable flexible 

medical patch with the faster payload delivery advantages of the ADV platform. The scheme in 

Figure 4.1.1A illustrate the application of the patch in the pain area and the working principle of 
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ADV delivery, based on the rapid vaporization of the PFC emulsion loaded within the micropores 

of the patch, leading to the enhanced penetration of lidocaine into the dermis. 

 

Figure 4.1.2 Proposed translational system towards future tests, illustrating the use of external 

piezoelectric probe that generates the high intensity focus ultrasound pulse for triggering the ADV 

mechanism. 

 

Figure 4.1.2 in illustrates the external piezoelectric probe that generates the high intensity 

focus ultrasound pulse responsible for triggering the ADV mechanism. Figure 4.1.1B shows the 

distinct layer composition of the ADV patch. The drug reservoir contains hundreds of micropores 

loaded with lidocaine and PFC emulsion. The US Food and Drug Administration has approved 

both substances under control dosages.37, 44  

 

Figure 4.1.3 Application of ADV patch: (left to right) transferring of patch onto the skin; 

conformational adhesion of the patch on the skin and resiliency test of the skin-worn patch after 

application of mechanical strain (pinching). A blue dye was added into the patch for enhancing the 

image by contrasting with skin. Scale bar: 1 cm. 
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Figure 4.1.3, show the application and adhesion of the patch to the dermis. The patch 

remained attached to the dermis after 25 continuous pinches, demonstrating its resiliency to 

mechanical deformation. In addition to emulating real daily‐life applications, the flexibility of both 

patch and adhesive is also essential to minimize the air gap between the patch‐skin interfaces, as 

desired for a more efficient drug delivery procedure. The simulation of the physical force generated 

by the ADV patch toward the skin is shown in Figure 4.1.1C. The stress is localized close to the 

epidermis layer, resulting in enhanced payload permeation through the skin. The visual 

examination of the ADV patch next to the skin is illustrated by a digital photograph of the patch 

(Figure 4.1.1D) and the scanning electron micrograph (Figure 4.1.1E), showing in detail an array 

of micropores.  

 

Figure 4.1.4 Characterization of ADV patch. Scanning electron micrograph (SEM) showing a 

section of the top view of the wearable patch (left) and fluorescence images of Rhodamine 6G-

loaded pores (middle). Theoretical volume (left axis) and mass (right axis) loading capacity in 

different sized patches (right). Scale bars: 480 µm. 

 

Additional characterization of the patch is shown in Figure 4.1.4 which illustrates a top 

view scanning electron micrograph image of an array of micropores (average pore diameter of 250 

µm loaded with a rhodamine 6G dye (center), along with the theoretical loading volume and 

lidocaine mass loading capacity calculated for different sized patches (right). 
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4.1.4 ADV-based lidocaine delivery evaluation  

 

We evaluated the delivery of the lidocaine payload under different experimental 

conditions. Initially, we employed a square‐wave voltammetry (SWV) electroanalytical technique 

for evaluating, in real‐time, of the drug delivery kinetics. The scheme in Figure 4.1.6A illustrate 

the electrochemical setup used, composed of a three‐electrode system located at the bottom of the 

phantom tissue. The phantom tissue model was chosen due to its similar mechano‐acoustic 

properties to human skin.45,46 Only the lidocaine payload crossed through a 3.0 mm phantom tissue 

barrier, later being detected by the sensing electrode. These current signals are directly associated 

with the drug dosage that passed through the skin/reservoir interface.  

 

Figure 4.1.5 Square wave voltammograms (SWVs) for different concentrations of lidocaine (left). 

Corresponding lidocaine calibration plot (right). Currents subtracted by the background response. 

 

The resulting SWV, presented in Figure 4.1.5, showing two distinct oxidation peaks, 

corresponding to the two‐step anodic reactions of lidocaine at the reactive amino group.47,48 A 

well‐defined calibration plot is obtained within the 2.5–250 µg mL−1 lidocaine range using the 

anodic peak at 0.55 V (sensitivity, 46 µA mg−1 mL). 
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Figure 4.1.6 ADV‐based lidocaine delivery evaluation. A) Schematic of the electrochemical set 

up coupled with the three sensing electrodes (working, reference, and counter electrodes: WE, RE, 

and CE, respectively) and detection method. B) Release kinetics of lidocaine illustrating the 

delivery within the mimicking phantom skin (of 3.0 mm thickness). For all subsequent tests, the 

lidocaine delivery produced by (i) passive diffusion, (ii) ultrasound pulse, and (iii) ADV firing 

were detected (n = 5). C) Graph of lidocaine delivery obtained after 40 min of application by the 

experimental conditions previously described, using different phantom gel thickness. (n = 5) D) 

Additional spectroscopic validation by the recovered ultraviolet (UV)‐absorption peak signal and 

inset plot of the optical signal after 30 min of application of passive diffusion (i), ultrasound pulse 

only (ii), and ADV (iii), inset illustrating a plot, the recovered UV absorption peak signal produced 

by different experimental conditions. n = 3. 

 

We compared the delivery efficiency of different experimental conditions, including i) 

passive diffusion, ii) ultrasound pulse only, and iii) ADV delivery. The release kinetics of each 
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experimental condition is illustrated in the graph of Figure 3.3.6B. A clear advantage of the ADV 

approach is observed at the 15 min mark, where only the ADV method gives a signal, while no 

signals are detectable using both the passive diffusion and ultrasound‐alone controls. Moreover, at 

the 30 min mark, the ADV method delivered a higher lidocaine dosage (3.5 µg), compared with 

diffusion (0.3 µg) and ultrasound only (1.3 µg), represented a 11 and 3 times advantage, 

respectively. It should be noted that after 90 min, all experimental approaches delivered a similar 

dose (5.6 µg) of lidocaine.  

We also tested the delivery efficacy over phantom tissue with different thickness (1.5, 3.0, 

and 4.5 mm), as shown in Figure 4.1.6C, illustrating the cumulative lidocaine release 40 min after 

application. Notice that no signal was observed with passive diffusion after 40 min. In addition to 

the electrochemical detection, the payload delivery efficiency was also quantified by the recovered 

UV lidocaine's absorption peak signal after 30 min of different applied experimental conditions. 

Figure 4.1.6D illustrates the UV absorbance spectra and inset plot, showing the spectrochemical 

signal of lidocaine that passed through a 3.0 mm phantom tissue. In all cases, the ADV approach 

presents a distinct advantage of significantly higher delivery efficacy at desirably shorter periods 

of time. 
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4.1.5 ADV Delivery in pigskin model  

 

 

Figure 4.1.7 ADV delivery in pigskin model. A) Photograph illustrating the electrochemical 

sensor used for measurement of the lidocaine transdermal delivery. B) SWVs of lidocaine 

delivered through the skin after 30 min by (i) diffusion, (ii) ultrasound only, and (iii) ADV 

approach. C) Plot showing, the electrochemical signal produced by different experimental 

conditions. n = 3 D) Fluorescence images of cross‐section view, illustrating the penetration depth 

of the fluorophore within the pigskin by (i) passive diffusion, (ii) ultrasound alone, and (iii) ADV. 

E) Plot showing the fluorophore penetration by the different treatments (n = 5). Scale bar: (A) 10 

mm. 

 

The potential clinical applicability of our method and its prospects of breaching dermal 

barriers were evaluated using a pigskin model. Figure 4.1.7A photograph illustrates the screen‐

printed electrode sensor used to monitor the lidocaine delivery. A skin sample (2.5 mm in 

thickness) was placed on top of a reservoir containing a phosphate buffer. Following this step, a 

patch containing lidocaine was placed on top of the skin sample. Figure 4.1.7B,C illustrate the 

SWV bar chart of the electrochemical signal of lidocaine that passes through the skin at the 30 min 

time mark, using passive diffusion (0.17 ± 0.03 µA), ultrasound only (0.36 ± 0.06 µA), and ADV 

firing (0.73 ± 0.08 µA). The ADV firing enhanced the delivery dosage of lidocaine in short time 
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periods, e.g., fourfold higher, compared with the passive diffusion approach. Figure 4.2.7D,E 

show fluorescent cross‐sectional micrographs and a penetration bar chart of fluorescent molecules 

(mimicking the drug) permeating through the pigskin, under i) passive diffusion, ii) only 

ultrasound, and iii) ADV delivery.  

The ADV approach (1.2 ± 0.08 mm) enables the therapeutic payload to pass faster through 

the skin, compared with passive diffusion (0.52 ± 0.05 mm), and ultrasound only (0.96 ± 0.09 

mm). Both the ultrasound alone and ADV approaches displayed enhanced penetration when 

compared to passive diffusion. In the former case, the ultrasound pulse can induce the formation 

of gaps in the epidermal cell matrix, which facilitate the diffusion of small molecules through such 

pathways.49, 50 Nevertheless, the directional stress force produced by the PFC emulsion cavitation 

resulted in deeper penetration and faster dispersion when compared to the penetration effect 

associated with acoustic pressure displacement. 

4.1.4 Conclusions 

 

We have demonstrated a noninvasive local lidocaine delivery platform, based on the ADV 

enhanced therapeutic transdermal transport, aimed at addressing the delayed therapeutic effect and 

slow pain relief of passive diffusion approaches. Our methodology offers a noninvasive 

demonstration to deliver drug across the dermis, accomplishing faster delivery to the target site, 

and promise for tuning the dosage penetration based on modulating the applied ADV force. Further 

large‐scale clinical validation, targeting different areas of the body with varying nerve depth 

targets, is required to evaluate the potential of the ADV delivery approach as a chronic pain 

therapeutic platform and viable opioid sparing approach to treat chronic pain. Moreover, 

improvements in miniaturization of portable ultrasound probes could leverage this technology to 

have widespread use as a point‐of‐care medical device in the clinical setting. In addition, this 
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platform could be further integrated with other wearable devices, opening new possibilities for 

sensing and transdermal delivery, offering patients a superior alternative to traditional over the 

counter drug delivery devices relying on passive diffusion such as commercially available topical 

lidocaine patches. The ADV patch noninvasive platform opens the potential to deliver other drugs, 

vaccines, or genetic elements, exciting future avenues for ongoing research. 

Chapter 4 is based, in part, on the material as it appears in Small, 2018 by Fernando Soto, 

Itthipon Jeerapan, Cristian Silva-Lopez, Miguel Angel Lopez-Ramirez, Ingrid Chai, Lu Xiaolong, 

Jian Lv, Jonas F Kurniawan, Ian Martin, Krishnan Chakravarthy and Joseph Wang. The 

dissertation author was the primary investigator and author of this work. 
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Chapter 5- Summary and Perspectives 

 

5.1 Summary 

 

In this dissertation, the research has been focused on demonstrating the unique capabilities of 

advanced printed materials in the development of printed electronics and medical devices. The 

principal achievements of this dissertation include:  

1) Demonstration of an attractive fabrication-design strategy for the realization of ultra-

stretchable and soft “island-bridge” architectures, based on the coupling of liquid metal 

microparticles as adaptable electrical anchors with printable inks. Moreover, the new 

printed structures endure extreme stress due to the synergistic effects of their specially 

formulated liquid metal inks and of their serpentine design pattern. Such integration of 

dynamic materials and structural design can facilitate the realization of a variety of 

functional epidermal electronic devices. As an example, the functionality of the mechanism 

is demonstrated using epidermal biofuel cell capable to sustain high mechanical 

deformations.  

2) A printed mechanism to develop small-scale swimmers capable of autonomous propulsion 

and “on-the-fly” structural recovery. Such strategy relies on the use of printed magnetic 

Nd2Fe14B microparticles that impart a strong magnetic field which enables the self-healing 

mechanism. The swimmers display functional recovery independent of user input. Owing 

to its versality, fast response, and simplicity the new self-healing strategy represents an 

important step toward the development of new “on-the-fly” repairing strategies for small-

scale swimmers and robots.  
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3) A soft wearable platform for transdermal drug delivery was conceived by the integration 

of a micro molded patch and an acoustic ballistic strategy. An actuation mechanism was 

developed taking advantages of acoustic droplet vaporization to eject nano bullets at high 

speeds. The use of arrays of micro holes was used towards enhancing drug permeability 

through the epidermis.  The mechanism was demonstrated to enhance tissue penetration of 

lidocaine into pork skin. 

5.2 Perspectives 

  

 In summary, we have presented the challenges and potential advantages of advanced 

printed material platforms towards the fabrication of flexible printable bioelectronics, bioenergy 

devices and medical devices. These recent accomplishments only show initial steps toward the 

design of reliable and versatile fabrication and material design strategies of printed technologies. 

A number of design permutation can be imagined from the broad scope of strategies and available 

materials which can be the building blocks to promising next generation of wearable and 

biomedical devices.  

Nevertheless, additional efforts should be devoted towards the developing of more diverse 

strategies for the integration of printable devices that stretch, conform and adapt with high intimacy 

to the human body. To address this challenge, new perspective on material selection, morphology 

design and scalability should offer synergistic advantages to achieve functionalities not possible 

with current rigid electronics.  

We envision that in the future, the next generation of wearable devices and biomedical 

devices will be capable of providing real time monitoring coupled with “detect-and-act” 

mechanisms. Moreover, the integration of different material designs and mechanisms should be 
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taking into consideration to provide with a wide number of capabilities including self-repair, self-

power, deformability and transient characteristics. The successfully integration of all these 

capabilities will allow for example medical and electronic devices capable of disappear after using 

them, mimic and conform skin characteristics and auto-repair themselves when any damage 

occurs.  

Despite the existing challenges, the most exciting prospect of wearable electronics and 

biomedical devices relies on their ability to conform, stretch and adapt with high intimacy to the 

human body. Improved understanding of the design and material processing will facilitate the 

development of highly conformable biomedical and stretchable devices. In the non-so-distant 

future we envision that with future efforts in material science and nanotechnology could provide 

affordable, robust and versatile tools,  ushering  in  the dawn  of a new  technological  revolution. 

 

 

 

 

 

 

 

 




