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Abstract 

Paper (and other cellulose-based materials such as cotton thread and fabrics) are 

underexploited as materials for the construction of “high-tech” and “lab-on-a-chip” devices. 

One major drawback of paper is its tendency to absorb water from the environment and, 

with wetting, to change its mechanical properties; other challenges relate to control over 

the attachment of molecules (e.g. antibodies, DNA) and cells on its surface, and to the 

addition of electronic function. The goal of this thesis is to develop paper as a substrate for a 

range of applications— microfluidics, substrates for electronic systems and MEMS, low-cost 

diagnostics, cell biology, and optics. The approach involves chemically modifying the 

surface of the paper to provide new functions without altering any of its defining properties: 

mechanical flexibility, foldability, light weight, gas permeability, and low cost. 

The first part of my thesis describes the modification of paper by silanization with 

organosilanes such as alkyl- and fluoroalkyl trichlorosilanes in the gas phase. Here, 

silanization is used to lower the surface free energy of the paper and to minimize the 
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tendency of paper to absorb liquids and vapors, and especially water. Chapter 1 and 

Appendix 3 demonstrate that the combination of long fluoroalkyl chains of grafted 

siloxanes with the micro-scale roughness and porosity of paper yielded a material that is 

omniphobic (both hydrophobic and oleophobic), while preserving the properties of 

mechanical flexibility and low resistance to transport of gas of the untreated paper. 

Appendix 3 shows that features of omniphobic paper can be used to construct microtiter 

plates and liquid-filled gas sensors using standard paper folding techniques, while 

Appendix 4 shows that new type of microfluidic device fabricated by carving microchannels 

into the surface of omniphobic paper. The resulting devices have open, unobstructed 

channels (with dimensions as small as 45 µm) and thus exhibit fluid dynamics similar to 

conventional PDMS-based microfluidics, but are much lighter and have the potential to be 

much less expensive than PDMS-based devices.  

The second part of my thesis is focused on engineering the surface of paper to 

enable efficient immobilization of capture and target molecules for bioanalysis. In one 

approach, described in Appendix 5, we exploit the ease with which the surface chemistry of 

paper (i.e. the surface of the cellulose fibers making up the paper) can be modified, in order 

to enhance the immobilization of antibodies and antigens on the surface of the paper via 

hydrophobic interactions, while preventing the wicking of the fluids into the paper 

substrate. As an application in low-cost diagnostics, we describe a low-cost electrochemical 

device for ELISA intended for use in resource-limited settings. In a second approach, 

described in Chapter 2, we developed of an efficient procedure for assembling microarrays 

of ssDNA and proteins on paper, at the lowest practical cost. This method starts with the 
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synthesis of DNA oligonucleotides covalently linked to paper, and proceeds to generate 

ssDNA arrays that, through hybridization with complementary strands of DNA, are capable 

of simultaneously capturing DNA, DNA-conjugated protein antigens, and DNA-conjugated 

antibodies.  

The third part of my thesis describes the simple, inexpensive fabrication of 

electrodes for paper-based electrochemical systems. A first method describes, in Appendix 

6, the development of inkjet printing as a method for high resolution printing of 

conductive patterns on omniphobic “RF” paper, both to extend its promise as a substrate 

for paper electronics, and to enable us to integrate it into our program in low-cost, paper-

based diagnostics. A second method, described in Chapter 3, circumvents the need for 

printing, and instead focuses on the fabrication and reconfiguration of simple, versatile, 

and inexpensive electroanalytical devices in which conventional stainless-steel pins—in 

unmodified form or after coating with a carbon paste—are used as electrodes.  
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Chapter 1 

Chemical Approaches to the Surface Engineering of 
Paper and Cellulose-based Materials for 

Microfluidics, Printed Electronics and  
Low-Cost Diagnostics 

1



 Overview 1

Cellulose-based materials (e.g. paper, thread, cotton, and other 

textiles) provide properties and cost significantly different than polymer, 

glass, and ceramics commonly used in fluidic, electronic, and 

electrochemical systems; cellulose-based materials are especially 

interesting in diagnostics and other bioanalytical applications.  

Notable differentiating characteristics of the cellulose based-

materialsare: i) low cost and wide availability ii) porosity and gas 

permeability; iii) light weight, and flexibility; iv) relatively high tensile and 

compressive strength; v) ease of storage, ease of disposal, and 

biodegradability; vi) safety of handling; vii) biocompatibility; viii) high 

surface-to-volume ratio, ix) high density of exposed hydroxyl functional 

groups. These properties have enabled applications in microfluidics [1, 2], 

consumer electronics, [3-5] chemical and physical microelectromechanical 

systems (MEMS),[6-9] user interfaces,[10] electronic displays,[11] and devices 

for cell biology. [12]  

In spite of their numerous advantages, cellulose-based materials 

have remained relatively underexploited in the construction of “high-tech” 

and “lab-on-a-chip” devices. One major drawback of cellulose is its 

tendency to absorb liquids (and particularly water) from the environment 
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and, with wetting, to change its mechanical properties; other challenges 

relate to the addition of electronic function, and the control over the 

attachment of biomolecules (e.g. antibodies, DNA) on its surface.   

The work described in this thesis highlights recent applications of 

paper and other cellulose-based materials, with a particular emphasis on 

the development of: i) covalent-chemical approaches to improve wetting 

properties, or to facilitate the attachment of biomolecules or inks (Figure 

1); ii) methods of fabrication (e.g. embossing, engraving, cutting, folding, 

or weaving; screen, inkjet, and pen-based printing) that require relatively 

simple, portable and inexpensive equipment; iii) strategies for the 

incorporation of electronic function through printing, or through 

interfacing with pre-fabricated electrodes, such as metal wires or pins; iv) 

the use of the physical properties of cellulose-based materials (e.g. high 

dielectric breakdown, high roughness and porosity, relatively high tensile 

and compressive strength, hygroscopy) that go beyond the provision of 

simple substrate support. 
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 Technologies 2

One major focus of this work is the use of covalent modifications of 

cellulose-based materials with small-molecule reagents as a strategy to 

render these materials resistant to wetting by liquids, or to facilitate the 

attachment of biomolecules and inks on their surface. Engineering 

approaches focused on grafting polymers and polymeric membranes, 

nanoparticles, macromolecules with cellulose-binding modules (CBM), 

colloids and sol-gel based silica materials on the surface of cellulose-based 

materials are beyond the scope of this work and have been reviewed 

elsewhere.[13-15] In the case of these materials, the modifications alter not 

only the surface free energy of the paper, but also its porosity, density, 

flexibility, roughness, and cost.  

A variety of chemical approaches have been used to modify the 

surface free energy of cellulose fibers. Modifications of hydroxyl groups 

with hydrophobic reagents include etherification with hydroxypropyl,[16] 

esterification with hexanoil acyl,[16] esterification with fatty acids up to 

22-carbons long,[17] and transesterification with plant-derived triglycerides 
[18]. Esterification of the hydroxyl groups with short (2-6 carbon-long) 

fluorinated reagents have been used in trifluoropropanoylation, [19] 
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pentafluorobenzoylation, [20] trifluoroacetylation[21, 22] reactions that 

successfully lowered the surface free energy of the cellulose fibers. 

These reactions, however, are based on solution-immersion 

processes and require long reaction and processing times (usually lasting 

several hours [23, 24]). The use of solvents in pre- and post- treatment 

steps (activation steps, washing cycles to remove excess reagents or side 

products, etc.) increases the cost and environmental impact of the 

process, and often has undesirable effects on the fibrillar structure of 

cellulose, causing the paper to buckle or warp. Many of these processes 

produce surfaces that have limited hydrolytic stability,[25] or limited 

repellency to liquids with surface tensions lower than that of water.[23]  

To minimize the tendency of paper to absorb a range of liquids, we 

have been particularly interested in modification of cellulose fibers by 

silanization, and especially in the use of highly fluorinated organosilanes 

such as fluoroalkyltrichlorosilanes, and of short-chain organosilanes 

containing alkyl groups. As part of this program, we have described a 

simple, single-step method for altering the surface chemistry of paper by 

a rapid, five-minute treatment with an organosilane in the gas phase. 

Notable advantages of this approach are the lack of interference with the 

characteristic properties of paper (flexibility, foldability, roughness, 

porosity) and the economical use of reagents (estimated to be less than 

$0.8/m2 when purchased on a small scale). 
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The simplicity of the method and the wide availability of materials 

allowed us to explore a significant fraction of the parameter space—e.g. 

surface roughness, length and degree of fluorination of the alkyl chain of 

the organosilanes—that determines the wettability of the cellulose-based 

surface and characterize systematically the contributions of roughness 

and surface chemistry to the wetting properties of the modified paper. 

Based on the properties of the side chain, the organosilanes used in these 

experiments were categorized as either non-fluorinated (RH-SiCl3, or alkyl 

trichlorosilanes) or fluorinated (RF-SiCl3, or fluoroalkyl trichlorosilanes). 

RH papers—materials formed by treatment of papers of different 

surface roughness with alkyl trichlorosilanes—were found to be resistant 

to wetting by high-surface-tension liquids such as water, while RF papers—

formed by treatment with fluoroalkyl trichlorosilanes—were resistant to 

wetting by both water and non-polar liquids such as n-hexadecane. RF 

paper repelled liquids spanning a broader range of surface tensions than 

RH papers (non-fluorinated), even though both fluorinated and non-

fluorinated paper surfaces exhibited similar contact angles with water 

(θapp
H2O >140°; θapp

H2O is the apparent static contact angle of water on the 

modified paper). Thus, the combined effects of the micro-scale roughness 

and porosity of paper (~30-45% void volume for typical papers) with the 

long fluoroalkyl chains introduced via silanization, yielded an omniphobic 

material (i.e. both hydrophobic and oleophobic) with wetting properties 

superior to Teflon,[26] that was stable to hydrolysis and preserved the 
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properties of mechanical flexibility, roughness and low resistance to 

transport of gas of the untreated paper.  

The high density of hydroxyl groups on the surface and the ease 

with which these hydroxyl groups can be modified, as well as the stability 

of cellulose fibers to prolonged exposure to organic solvents, make 

cellulose-based materials useful substrate for multistep organic synthesis. 

These characteristics can be exploited to expand the usefulness of paper 

as a substrate for clinical diagnostics, by developing efficient procedures 

for assembling microarrays of DNA, peptides and proteins on paper, at 

the lowest practical cost. Microarray assays are among the most widely 

utilized and relevant methods of analyte detection used in clinical 

laboratories; our goal is to translate this technology for use in field 

settings.  

Derda et al. have described a simple flow-through method for the 

parallel synthesis of arrays of polypeptides, ranging from 7 to 14 amino 

acids in length, directly on paper. [27] Our work explored the use of 

phosphoramidite chemistry for the synthesis of DNA on paper. [28, 29] We 

have described a method for assembling arrays of ssDNA directly by 
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sequentially coupling modified 2'-deoxynucleoside phosphoramidites to a 

growing oligonucleotide chain that is anchored in the hydroxyl groups on 

the surface of cellulose-based paper.[30] Figure 1.1 outlines the 

procedure                  used for the solid-phase synthesis of DNA carried out using 

paper as solid support.  

The high surface roughness and porosity of the paper increase the 

area accessible to reagents, such that larger numbers of oligonucleotides 

can be synthesized per projected area of paper than it would be possible 

to do on a flat substrate such as glass or polymer with the same surface 

chemistry. Using the UV absorption of the DMT (4,4'-dimethoxytrityl) 

protecting group, we estimated the density of oligonucleotides per area 

(using planar projected footprint for calculations) to be 4.5 ± 0.5 × 1014 

cm-2, a value two orders of magnitude higher than standard values for 

using conventional techniques for DNA immobilization on 2-D substrates. 
[31]

The post-synthesis deprotection is carried out in situ, and the 

process does not require time-consuming and costly purification 

procedures; the crude product of the synthesis is sufficiently pure to 

allow us to specifically differentiate the complementary DNA strand from 

other sequences with minimal non-specific interactions.  
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Figure 1.1  Covalent modifications of cellulose fibers
A. Schematic representation of the fabrication of omniphobic RF paper through the reaction 
of the hydroxyl groups on hydrophilic cellulose paper with fluoroalkyl trichlorosilanes in the gas 
phase.  
B. Schematic representation of phosphoramidite DNA synthesis on paper. A nucleophilic 
SN2 reaction between the free hydroxyl groups on the cellulose fibers and the activated phos-
phoramidite reagent results in covalent coupling of the first nucleotide to paper. All subsequent 
phosphoramidite couplings follow the same mechanism, except that, after DMT deprotection, the 
free - hydroxyl groups of the nucleotide added in the prior cycle becomes the nucleophile in the 
SN2 reaction. 9



 Applications 3

Untreated paper provides poor barrier properties to most liquids, 

especially H2O and biological fluids, and liquids with low surface tension. 

Since gas-phase silanization alters the surface free energy of the paper 

substrate without affecting its mechanical properties—such as gas 

permeability, flexibility and foldability, RF paper could be shaped, using the 

principles of origami, into functional devices. The relatively high tensile 

and compressive strength, and bending resistance—which determine the 

suitability of paper for origami use[32]—also enabled the use of paper, 

thread, and rope as strain-limiting layers in the fabrication of soft 

actuators and robots that resist a wide variety of mechanical insults.[33] 

Creased and folded RF paper formed three-dimensional structures 

that served as microtiter plates for the storage of both aqueous 

solutions and organic liquids (Figure 1.2A). The RF paper structures 

formed stable walls that contained both liquids for a period of at least 14 

days (the duration of our observation of the system). Parallelipipedically-

shaped chambers of RF paper contained an aqueous solution of a 

colorimetric indicator (CuSO4 or picrylsulfonic acid) that served in the 

detection of a volatile compound (hydrogen sulfide and volatile primary 

amines, respectively). The gas was able to pass through walls and react 
10



Figure 1.2. Liquid storage and transport solutions enabled by omniphobic RF paper 
A. Microtiter plates fabricated using the principles of origami;
B. Chambers of RF paper store an aqueous colorimetric indicator (here, picrylsulfonic acid) 
that served in the detection of a volatile primary amine
C. Schematic and D. photo of a pressure-drive, open channel microfluidic device with 
microchannels carved in the surface of omniphobic RF paper. The device exhibits laminar flow. 
E. Microfluidic device incorporating a T-junction (F) capable of generating droplets of water 
(pink) using hexadecane (blue) as a carrier fluid

A

B

C

D

E

F
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with the solution contained in the RF paper chamber, and thus to 

induce a color change (Figure 1.2B). 

Typical paper microfluidics systems are based on the spontaneous 

wicking of liquids (especially water and aqueous buffers) through the 

porous matrix of cellulose-based paper through a fluid path defined by 

hydrophobic wax barriers. Despite their many advantages (reviewed 

here[34]), some intrinsic characteristics hinder the use of hydrophilic 

cellulose-based paper, thread or textiles in applications in which wicking 

flow is not desirable (e.g. transport of complex fluids that contain 

suspended particles, or multiphase systems that involve drops or 

bubbles). Other challenges in typical paper microfluidic system refer to 

the inefficient delivery of sample within the device, since, due to sample 

retention in the porous cellulose matrix, the volume that reaches the 

detection zones is usually less than 50% of the total volume applied to 

the device.[35, 36] We took advantage of the wetting properties of 

omniphobic RF paper to fabricate pressure-driven open-channel 

microfluidic devices that expand the repertoire of microfluidic 

manipulations and analyses that can be conducted using paper. (Figure 
12



1.2C) This new type of microfluidic device is fabricated by carving[37] 

microchannels into the surface of omniphobic “RF paper”, or by embossing 

or cut-and-stack methods.[38] The resulting devices have open, 

unobstructed channels (with cross sections as small as 45x100 µm2) 

(Figure 1.2D) and thus exhibit fluid dynamics similar to conventional 

PDMS-based microfluidics—including low Reynolds number, pressure-

driven flows—but are much lighter and have the potential to be much less 

expensive than PDMS-based devices. These open channels also ensure 

their compatibility with multiphase flows involving droplets of water in 

oil[37] (Figure 1.2E, F). 

The development of valves that are simple, inexpensive, and able to 

operate rapidly, without requiring electrical power or digital controllers, 

remains a challenge in paper microfluidic systems. We took advantage of 

the surface free energy of omniphobic RF paper, of its porosity, and of the 

ease with which it be folded and creased, to devise alternative 

procedures for valving that do not require the use of external parts 

(Figure 1.3). 

3.3.1 “Fold” valves regulate flow through the open 
microchannel 

 A “fold” valve is a valve that is turned on and off by folding 

along an axis perpendicular to the fluid flow (Figure 1.3A). The “fold”  
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Figure 1.3: New classes of valves for microfluidic systems in omniphobic RF paper 

A) Schematic of a device containing two “fold” valves. The dotted lines represent the folding
axes used to control fluid flow. The fold valve is closed when the folding angle is 90o. 
Demonstration of fluid flow in a device with: B) right valve closed, left valve open; C) right 
valve open, left valve closed; D) both valves open.
E) Demonstration of a pressure-dependent porous valve between two microfluidic channels.
Design of a device with two independent microchannels, separated by a distance of 0.8 mm. 
F) A device incorporating a pressure-dependent porous valve for water between two microfluidic
channels. Inset shows an SEM image of the network of pores within cardstock paper (scale bar 
100 mm). G) Fluid follows the open path of the channel on the left. H) Fluid follows from the 
inlet of the channel on the left to the outlet of the channel on the right using the shortest path.
I) Pressure-actuated valves for paper devices.  Actuation pressure can be generated by three
different physical principles: J) Mechanical pressure (a “Push-Button” valve); K) Electrostatic 
pressure; L) Magnetic pressure. M) Photo of a device incorporating a push-button pressure valve. 
N) Activation of a push-button valve; O) A paper microfluidic device after the activation of the
push button valve.
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valves reduce (or completely stop, depending on the dihedral angle at 

the crease) the flow rate through the microfluidic channel when the 

paper device is folded along the axis; unfolding the crease restored the 

flow along the fluid path (Figure 1.3B-D). Each valve could be closed/

opened at least ten times before failure by delamination. We expect the 

“fold” valve to be able to withstand pressures up to ~27 kPa—the 

pressure at which the devices fail through delamination or permeation of 

liquid into the porous hydrophobic matrix. Even though they are probably 

not applicable to complex problems in sequential valving (as, for 

example, the sort of systems developed by Quake and others50, 51), these 

“fold” valves provide a simple solution for controlling flows in elementary 

systems. 

3.3.2 Pressure-dependent porous valves regulate fluid 
crossover between two open microfluidic channels. 

Omniphobic paper RF paper can also function as a “porous valve” that 

regulates fluid crossover between two open channels (Figure 1.3E-F). 

Because the silanized paper fibers have a low surface free energy, liquid 

water does not spontaneously enter the pores of the hydrophobic paper, 

though an applied pressure difference can force water through the 

hydrophobic paper pores. 

The total pressure needed to initiate flow and drive water across 

the porous medium of length L can be approximated as the sum of the 

pressure difference, ΔPYL, required to overcome the surface free energy of 
15



the hydrophobic surface (given by the Young-Laplace Equation), and the 

pressure difference (ΔPD) required to move water a distance L through a 

porous medium (given by Darcy’s equation): 

            (1) 

R is the radius of the pore (m), where θs
H2O is the static contact 

angle of water with the surface, Q is the volumetric rate of flow through 

the porous medium (m3/s), k is the permeability of the medium (m2), A is 

the cross sectional area to flow (m2), and μ is the viscosity of the liquid 

(Pa·s). 

This pressure difference (40 kPa, for flow through the pores of 

cardstock paper functionalized with C10
F) represents the threshold 

pressure required for water to overcome both the surface free energy 

(ΔP= 26 kPa) and resistance to flow through pores (ΔPµ= 14 kPa). The γ

porous valve is “closed” below this threshold pressure. When the pressure 

exceeds the threshold value (e.g. by the application of a vacuum at the 

output side of the valve), the valve “opens” and water is forced through 

the pores of the paper (Figure 1.3H). This type of porous valves in paper 

devices can be designed to have a range of opening pressures (e.g. valves 

with higher threshold pressures would use paper with lower porosity and, 

thus, lower permeability, k). Fig. 1.3E shows a diagram of a microfluidic 

device with two non-intersecting channels that uses a pressure-

dependent porous valve to direct water into one of two different paths 

depending on the location and magnitude of the applied pressure. 

ΔPtotal = −
2γ cosθS

H2O

R
+
µLQ
kA
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3.3.3 Omniphobic RF paper enables the design of pressure –
gated valves in actuated by mechanical, electrostatic 
or magnetic forces 

A new class of valves for paper microfluidic devices based on flow 

through a layer of hydrophobic porous barrier (a “gate”), such as 

omniphobic RF paper, is currently being developed.[39] The required 

conditions for the liquid to pass through the barrier and for the valve to 

open are given by the Washburn equation and depend on: applied 

pressure, contact angle between the liquid and the barrier, surface 

tension of the liquid, and the diameter of the pore. For these pressure-

gated valves, the required pressure could be generated by either 

mechanical forces (a “Push-Button valve”), electrostatic forces (based 

on electrowetting) or magnetic forces (for ferrofluids) (Figure 1.3I-O). 

Despite many advances in the field, [3, 40-44] conventional cellulose-

based paper and thread still remain underutilized substrates in electrical, 

electronic, and electrochemical applications,[45, 46] due, in part, to the poor 

barrier properties they provide for liquids, and to the lack of availability of 

suitable electrodes. One major focus of our work has been the 
17



development and integration of novel electrodes and conductive patterns 

on paper, to both advance the use of cellulose-based materials as 

substrates for electronics, and to contribute to our program on low-cost 

diagnostics.[1, 2, 47-57].  

3.4.1 Pen-on-paper drawing of electrodes for folding 
electroanalytical devices for ELISA, and sensors for 
breath monitoring 

Our program in low-cost diagnostics required the development of 

new classes of electroanalytical devices on paper. A pen-on-paper 

approach to printing conductive patterns, first introduced by Russo et al, 
[58] was adapted for use on both untreated and functionalized papers, for 

both rapid prototyping and for customization of these electroanalytical 

devices (Figure 1.4A). 

The rollerball pen filled with conductive graphite ink, under the 

control of a craft plotter, transferred an easily modifiable digital pattern 

onto a sheet of paper. This approach does not require custom-patterned 

components, such as screens, stencils and masks, and afforded us a high 

degree of reproducibility in the printing of the electrodes, flexibility in 

modifying and optimizing the design of the electrodes, and rapidity of 

fabrication of relatively large numbers of electrodes (~10 sec to print one 

three-electrode cell).  

One type of electroanalytical device was fabricated using paper 

rendered hydrophobic by vapor-phase silanization with decyl 

18



Figure 1.4: Electrodes for paper- and thread-based electrochemical systems
A. Fabrication of electrodes using a pen-on-paper approach. 
B. Fabrication of electrochemical cells using a pen-on-paper approach. Cellulose paper is 
embossed, functionalized with decyl trichlorosilane, and three electrodes are deposited adjacent 
to each embossed well. After a solution of an electroactive species is added to the embossed well, 
the device is folded, bringing the electrodes and the solution in contact to perform the electro-
chemical measurement.
C. Schematic of the facemask for monitoring of respiratory rate.  After the electrodes are 
printed, individual sensors are cut, and, after the attachment of electrical connections, and 
integrated into a textile mask. 
D. Inkjet printing: optical micrographs of conductive features printed on unmodified or 
omniphobic paper substrates using a reactive silver ink for a target resolution of 80 μm.
E. Design of an electroanalytical device with a three-electrode system. The dotted line 
indicates that the embossed well is recessed into the surface and protrudes on the backside of the 
paper.
F. Top view of an electroanalytical device fabricated using inkjet printing. A 50-μL drop of 
an aqueous solution of an electroactive species is placed in the embossed well.
G. Stainless steel pins as electrodes in electrochemical cells fabricated using omniphobic RF 
paper or J. cotton thread. 
H. –I.  Photographs of an electrochemical cell fabricated using embossed omniphobic RF 
paper and stainless steel pins as reference and counter electrodes (RE and CE), and a stainless 
steel pin coated with a graphite and carbon nanotube ink as working electrode (WE). 
K. Photograph of an electrochemical cell fabricated using cotton thread and stainless steel 
pins as reference and counter electrodes; a stainless steel pin coated with a graphite and carbon 
nanotube ink serves as working electrode. 
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trichlorosilane (C10
H paper), and electrodes printed on its surface 

(Figure 1.4B). The device consisted of two zones separated by a central 

axis: an embossed microwell where the sample is applied, and a detection 

zone where the electrodes are printed. The two zones were brought into 

contact by folding the device along the central axis, allowing for the 

formation of an electrochemical cell to perform quantitative 

measurements (Figure 1.4B). Since wicking lowers the resolution with 

which inks can be patterned on paper,[59] the relatively low surface free 

energy of the hydrophobic C10
H paper (θapp

H2O >130°) [60] allowed us to 

print electrodes—with well-defined surface areas and relatively low 

variation in performance from device to device, using the pen-on-paper 

approach. These devices were useful in a variety of electroanalytical 

applications, including electrochemical ELISA.  

The pen-on-paper approach can also be used to fabricate 

electrochemical sensors that exploit the hygroscopy of paper. Since paper 

is hygroscopic, changes in ambient humidity can alter the performance of 

a printed circuit. Even though the hygroscopy of paper is usually 

associated with deleterious effects in electronic and electrochemical 

applications, it can also be exploited for the fabrication of interesting new 

paper-based biomedical devices, such as sensors for breath monitoring. 

We have recently described a paper-based moisture sensor[61] that uses 

the hygroscopic character of paper to measure patterns and rate of 
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respiration by converting the changes in humidity caused by cycles 

of inhalation and exhalation to electrical signals (Figure 1.4C). 

The sensor is a simple two-electrode electrochemical cell, fabricated 

on paper by printing graphite electrodes on its surface using the pen-on-

paper approach described before. Water (from atmosphere or breath) is 

electrolyzed on the application of an electrical potential between the 

electrodes producing a measurable electrical current. The sensor is 

capable of measuring the rate of respiration of a person by detecting the 

difference in moisture content of inhaled and exhaled air. Since the ionic 

conductivity of the paper is proportional to the amount of water on the 

surface of the cellulose fibers, the changes in moisture content of paper 

due to breathing can be used to monitor respiration [62, 63].  

3.4.2 Inkjet printing of conductive inks for paper-based 
electronics and MEMS 

Wetting and capillarity has the effect of spreading inks deposited 

on the substrate, and lowering the resolution and conductivity of printed 

structures. Control over the surface chemistry of the paper (and especially 

the use of omniphobic “RF paper” as a substrate)[60] (Figure 1.4D), and 

the use of an inkjet printer to control the positioning of 10-pL droplets of 

aqueous inks –the precursors of electrically conductive patterns,—allowed 

us to print “wires” with a lateral resolution as high as 28 ± 5 µm. To the 

best of our knowledge, this resolution is the highest 
21



achieved on paper with inkjet printing; it suggests that a high level of 

control over line width can be achieved by decreasing the surface free 

energy of the substrate.  The use of the omniphobic RF paper substrate 

also enabled the printing of conductive patterns that are resistant to 

damage from exposure to common solvents (e.g. water, ethanol, dimethyl 

sulfoxide, acetone) and to folding.   

To further demonstrate the utility of omniphobic RF paper as a 

substrate for creating printed electronics, we fabricated 

microelectromechanical systems (MEMS) and electrochemical cells on C10
F 

modified paper. One notable advantage of inkjet printing is the ability to 

deposit electrodes over a non-planar surface; this property allowed us to 

fabricate electrochemical cells in which the electrode area partially 

overlaps an embossed well (Figure 1.4 E-F). The electrode-analyte 

interface was thus restricted to the well in which the liquid is placed.  The 

precise control over the positioning and volume of the droplets afforded 

by inkjet printing enabled us to print electrodes with a low coefficient of 

variation in performance. The low surface free energy and high dielectric 

breakdown of C10
F paper also allowed us to fabricate electroadhesive 

devices by depositing, with high resolution, interdigitated electrodes on 

its surface. The application of a potential difference of 2kV caused the 

device to adhere to a glass surface such that it was able to support a 

500-g weight hanging from the base of the electroadhesive device.[59] 
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3.4.3 Stainless steel pins as electrodes in omniphobic RF 
paper-based and in thread-based analytical devices 

One unmet need in the development of electronic and 

electrochemical devices is a method to assemble and reconfigure devices 

“on-the fly”, to meet the needs of specific applications and settings. In 

addition to not generating devices that are easily modifiable and 

reconfigurable, printing of conductive materials on porous media (such as 

paper or thread) can alter porosity, tortuosity, and wettability of the 

substrate and can impact the stability of the liquid-electrode interface.[64] 

In the case of thread, where the fluid flow is confined approximately to 

one dimension, these effects appear to be more significant than in paper. 

To circumvent some of these problems, and expand the versatility of the 

paper and thread-based analytical systems developed by our group[48, 49] 

and by others,[56, 65-69] we have explored the adaptive use of prefabricated 

stainless steel pins—either unmodified, or coated with a thin layer of 

graphite ink—in the fabrication and integration of electrodes in low-cost 

analytical devices [70] (Figure 1.4I-K). 

The pins served as electrodes in systems fabricated using either 

omniphobic RF paper or thread. Because they offer readily accessible 

connection points to electrochemical readers and easily modifiable 

configurations, pins served as electrodes in devices able to perform 

sensitive multiplexed analysis: we used thread-based arrays to detect 

23



different analytes, and 96-well plates in omniphobic RF paper to allow 

independent electrochemical measurements in each well. 

In order to translate one of the most widely utilized and clinically 

relevant methods of analyte detection—immunoassays and in particular 

enzyme-linked immunosorbent assays (ELISA)—from the clinic to the field, 

and further expand the usefulness of paper as a substrate for diagnostics, 

we sought to develop methods for efficient immobilization of capture and 

target biomolecules on paper (Figure 1.5).  

3.5.1 Passive adsorption of antigens and antibodies 
on the surface of hydrophobic RH Paper for use in 
electrochemical ELISA 

One strategy for the immobilization of proteins on the surface of 

paper is based on hydrophobic interactions. The hydrophobicity and high 

surface area of C10
H paper[60] – produced via silanization with decyl 

trichlorosilane—facilitates the immobilization of the capture biomolecules–

antibodies and antigens on its surface by passive adsorption. Incubation 

with a solution of fluorescent antibody confirmed the adsorption of the 

antibody on the surface of the hydrophobic C10
H paper. The extent of the 

immobilization increased with increased concentration of antibody in the 

solution (at least at concentrations of antibody below the saturation point 
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Figure 1.5. Covalent functionalization of cellulose-based paper to control immobilization 
of biomolecules for immunoassays.
A. Schematic illustration of a device that uses hydrophobic paper microwells for the detection of 
an antigen via a sandwich immunoassay with electrochemical detection. Steps of the assay 
include: (1) immobilization of capture antibodies via hydrophobic interactions with the 
microwell surface; (2) blocking; (3) binding of antigen to capture antibody, (4) binding of a 
detection antibody conjugated to ALP (5) ALP-mediated conversion of an electrochemically 
inactive substrate into an electrochemically active species; and (6) folding of the device to allow 
contact of the electroactive solution with the electrodes and the measurement of the 
electrochemical signal.
B. Schematic illustration of a device that uses paper-anchored ssDNA arrays for the detection of 
an antigen via a sandwich immunoassay with fluorescence-based detection. Steps of the assay 
include:  1) blocking; 2) immobilization of capture antibodies conjugated to a ssDNA via 
hybridization to a complementary ssDNA strand synthesized on paper; 3) binding of antigen; 4) 
binding of a detection antibody labeled with biotin (Biotin anti-antigen). 5) binding of 
streptavidin Cy5 to quantify the concentration of the antigen.

Embossed 
Well

Hydrophobic 
“RH Paper”

Electrodes

ALP
pAP

pAPP

O O O

dsDNA

 capture Ab

 Biotin-detection Ab

 antigen

 Streptavidin Cy5

OO O

paper-anchored
 ssDNA arrays

A.

B.

paper-anchored
 antibody arrays

25



of the well). In addition, a solution of BSA can be used to block non-

specific adsorption of proteins on the surface of C10
H hydrophobic paper 

and a solution of PBST can be used effectively to remove unbound 

proteins from blocked wells. 

In addition to enabling the capture of biomolecules, C10
H paper had 

several other properties that made it useful in the fabrication of a device 

for electrochemical ELISA: the flexibility of this engineered paper allowed 

us to create microtiter wells by embossing; of its low surface free-energy 

allowed us to deposit carbon electrodes with high reproducibility on the 

surface of this paper; and its foldability allowed us to “form” the 

electrochemical cell in which the solution of the sample contacts the 

electrodes. The device for electrochemical ELISA fabricated using C10
H 

paper proved to be highly sensitive—able to detect picomolar or 

nanomolar concentrations of antigen—at the lowest practical cost. 

3.5.2 Direct DNA synthesis on paper enables highly sensitive 
microarray immunoassays 

A second approach to the immobilization of biomolecules on the 

surface of paper takes advantage of the direct DNA synthesis technology 

we have developed.[30] The ssDNA arrays can be transformed into protein 

arrays in situ via sequence-specific hybridization, i.e. through 

hybridization with a protein--ssDNA conjugate that is complementary to 

the surface-bound ssDNA and chemically linked to the antibody or protein 

of interest.   
26



The high density of the ssDNA arrays fabricated on paper enables 

highly sensitive immunoassays—able to detect picomolar or nanomolar 

concentrations of antigen. We demonstrate the use of these microarrays 

to perform a sensitive sandwich ELISA to detect human C-reactive protein 

(hCRP, LOD 13 ng mL-1), and a multiplex assay capable of detecting DNA 

and antibodies in the same device. [30] 

 Conclusion 4

Strategies to alter the surface chemistry of paper via covalent 

modifications with organosilanes or with building blocks for 

phosphoramidite chemistry have led to the development of cellulose-

based materials with interesting new properties.  Paper-based ssDNA 

microarrays are able to capture target biomolecules with high sensitivity 

and selectivity, while omniphobic RF paper and hydrophobic RH paper are 

able to resist wetting by liquids with a wide range of surface tensions.  

The potential for low cost for fabrication of RF paper enables its use 

in applications that require gas permeable, disposable omniphobic 

surfaces, since it is both more cost effective, and more repellent to water 

than materials based on ePTFE such as Gore-Tex®.[71] We have shown 

that omniphobic RF paper can be used to fabricate open-channel 

microfluidic devices that are able to reproduce low-Reynolds number 
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pressure-driven fluid dynamics, generate droplets and gradients, and carry 

out gas-phase chemical reactions. The physical characteristics of paper, 

such as porosity, and foldability, informed new strategies for valving, and 

for regulation of fluid flow in microfluidic systems. With the addition of 

electronic function—via pen-on-paper or inkjet printing, or via 

incorporation of stainless steel pin electrodes—omniphobic RF paper 

inspired new types of electrochemical cells, MEMS, and electroadhesive 

devices.  

While we hope that our work has helped start the exploration of 

applications enabled by this new family of cellulose-based materials, vast 

territories remain uncharted. Examples include the use of cellulose-based 

omniphobic structures (made from cotton, textiles or cellulose-based 

foams) that encompass electrochemical and microfluidic elements for 

water harvesting (e.g. from condensation of fog), and for water 

purification or desalinization. Cellulose-based omniphobic materials could 

be used as scaffolds for cells, tissues, and microecosystems, with 

application in agriculture and food production (via, for example, 

microfluidic structures for efficient storage and germination of seeds, and 

watering of plants or fungi, or for growth of in vitro meat). Other 

applications relate to the use of these materials in the fabrication of 

foldable shelters, with water repelling and thermal insulating properties, or 

the fabrication of paper machines capable of fluid handling or 

electroadhesive climbing, or simply wearable electronic and fluidic 
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systems with integrated diagnostic, health monitoring, and drug delivery 

capabilities. While most of our work has focused on applications of 

covalently modified paper, thread and textiles, other cellulose-based 

materials—such as foams, powders, nano-cellulose or cellophane—have 

distinct physical properties that, in conjunction with omniphobicity or 

surface-anchored microarrays, could bring about unprecedented 

opportunities. Examples include devices for environmental surveillance or 

environmental remediation, devices for energy harvesting, optofluidic 

applications or fabrication of cellulose-based non-fogging lenses or 

holographic lenses.   

Cellulose-based materials are mechanically flexible, and can be rolled 

folded, or embossed into a range of complex, lightweight 3D structures. 

These materials are, however, susceptible to damage by stretching, or 

cutting. This issues notwithstanding, the new surface properties inferred 

by covalent modifications such as silanization or DNA synthesis, combined 

with foldability, mechanical flexibility, biocompatibility, light weight, low 

cost and gas permeability, make these materials exceptionally for 

applications in health monitoring and diagnostics solutions in the 

developing world, problems in environmental monitoring, water and food 

analysis, or other commercial applications in economies in which cost is 

critically important. 
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ABSTRACT 

This paper addresses a growing need in clinical diagnostics for parallel, 

multiplex analysis of biomarkers from small biological samples. It describes 

a new procedure for assembling arrays of ssDNA and proteins on paper. 

This method starts with the synthesis of DNA oligonucleotides covalently 

linked to paper, and proceeds to assemble microzones of DNA-conjugated 

paper into arrays capable of simultaneously capturing DNA, DNA-

conjugated protein antigens, and DNA-conjugated antibodies. The 

synthesis of ssDNA oligonucleotides on paper is convenient and effective, 

with 32% of the oligonucleotides cleaved and eluted from the paper 

substrate being full-length by HPLC for a 32-mer. These ssDNA arrays can 

be used to detect fluorophore-linked DNA oligonucleotides in solution, and 

as the basis for DNA-directed assembly of arrays of DNA-conjugated 

capture antibodies on paper, detect protein antigens by sandwich ELISAs. 

Paper-anchored ssDNA arrays with different sequences can be used to 

assemble paper-based devices capable of detecting DNA and antibodies in 

the same device, and enable simple microfluidic paper-based devices.    
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Introduction 

Microarrays are convenient tools for the multiplex analysis of several 

biological samples in clinical diagnostics.1,2 A microarray is a solid support 

bearing microscopic features that can detect specific target molecules 

and generate diagnostic data.3 The standard method of fabrication for 

microarrays is pin-spotting—a method in which a robotic system deposits 

small volumes of a solution containing a probe (usually DNA, RNA, 

antibody, or protein) onto a glass, silicon, or polymer-based substrate. 4 

Alternative methods include microstamping, inkjet printing, laser writing, 

or electrospray deposition, among others 5,6. These substrates can be 

derivatized with poly‐L‐lysine, polyamidoamine dendrimer, amino-

terminated silanes, aldehydes, carboxylic acids, or other reactive groups 

that facilitate attachment.7 Existing methods for the fabrication of 

microarrays rely on complex equipment for processing, and require a 

series of lengthy purification and functionalization steps; the substrates 

commonly used are neither flexible nor inexpensive, and are difficult to 

integrate in low-cost diagnostics systems intended for use in resource-

limited settings.     

Paper-based microfluidic systems (µPADs) 8-17 have emerged in recent 

years as a promising technology to address the growing need for simple, 

quantitative, point-of-care diagnostic devices capable of detecting 

different analytes from the same specimen in a single run.17 Paper is a 

useful substrate for the fabrication of microarrays through its high 
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surface area (due to its high surface roughness and internal porosity) and 

high density of accessible hydroxyl functional groups.18 Paper is also 

inexpensive, flexible, easily shaped by cutting or folding, and disposable 

by incineration.17 

To carry out separate assays simultaneously with minimal cross talk on 

a micro paper-based analytical device (a µPAD), distinct microzones must 

vary either in terms of access to stored reagents required for the 

detection of each target, or in their affinity for the target molecule. The 

first approach has received significant attention following the 

development of 3D µPADs—systems which distribute the sample via 

vertical flow to independent test zones that store distinct reagents.11,13 

The second approach has, so far, been largely ignored, probably due to 

the scarcity of methods available for assembling high quality microarrays 

on paper. To enable sensitive assays, these microarrays must be 

immobilized (preferably covalently, or, if noncovalent, with very low 

dissociation constants) and at high density on the surface of the 

substrate.18,19  

This manuscript demonstrates the efficient synthesis of DNA 

oligomers 32 nucleotides in length on the surface of paper, and the 

assembly of the DNA-conjugated papers into paper-based devices that 

integrate nucleic acid and protein arrays. First, we demonstrate that the 

arrays of ssDNA can be used to detect fluorescently labeled DNA 

oligomers in solution. Next, we show that we can produce arrays of 
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proteins and antibodies that are two orders of magnitude more dense 

(based on projected footprint) than microarrays fabricated by pin-

spotting.4 We transformed the paper-anchored ssDNA arrays into 

antibody arrays via complementary-strand hybridization with ssDNA-

conjugated antibodies, and show that these arrays of capture antibodies 

can be used to increase the sensitivity of paper devices. Last, we show 

that we can use paper-anchored ssDNA arrays with different sequences to 

assemble paper-based devices capable of detecting DNA and antibodies in 

the same device.  

The technique we used to fabricate DNA arrays takes advantage of the 

ease with which the surface of paper can be modified to synthesize 

oligomers of single-stranded DNA (ssDNA) directly. The synthesis of DNA 

on unmodified paper eliminates potentially time-consuming and costly 

purification procedures, and simplifies downstream processing. To expand 

the potential impact of these arrays in low-cost, point-of-care clinical 

diagnostics, we transformed the DNA arrays into protein arrays in situ 

using a technique developed by Jiang and Heath 20-23 for use on the 

surface of silicon, glass, PDMS and other synthetic polymers.24-31. The 

technique uses an antibody that is chemically linked to ssDNA and is 

complementary to a surface-bound ssDNA; the antibody is immobilized on 

the surface via sequence-specific hybridization. DNA-directed 

immobilization reduces protein denaturation and enables greater 

orientational freedom of the antigen-binding sites than either covalent 
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immobilization or non-specific adsorption, and yields a larger proportion of 

immobilized proteins (antibodies or antigens) that have unhindered 

binding domains. 25,32 Other advantages of DNA-directed immobilization 

include increased homogeneity and reproducibility, and the consumption 

of less antibody per experiment.32  
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Results and Discussion 

 

Direct Synthesis of Single-stranded Oligonucleotides using 

Paper as the Solid Support.  

The high density of hydroxyl groups on the surface of cellulose paper 

makes it a useful substrate for the chemistry of phosphoramidite 

synthesis of ssDNA. 33,34 Whatman chromatography paper has a relatively 

uniform structure (compared to other papers, in terms of pore size, 

roughness and anisotropy12,35) and is free of coatings or binders that 

could interfere with the synthesis process. Figure 2.1. outlines the 

procedure used for the solid-phase synthesis of DNA carried out using 

paper as solid support. The post-synthesis deprotection is carried out in 

situ, and the process does not require purification steps.  

Current methods for fabrication of DNA microarrays require synthesis 

of DNA on-bead, deprotection and cleavage from the bead, purification by 

HPLC, and spotting on substrate. The low cost of the paper support 

($0.0007/cm2 Whatman Chr 1 chromatography paper), and the lack of 

pre- or post-synthesis steps required to activate the substrate or purify 

the products make the process simple and cost-effective; we believe that 

this method is compatible with processing on a large scale. 

The high surface roughness of the paper, and its porosity, increase the 

area accessible to reagents and allow for larger numbers of 

oligonucleotides to be synthesized per area (calculated based on its 
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Figure 2.1. Schematic representation of DNA synthesis on paper and its 
applications to nucleic acid detection and formation of antibody and protein 
arrays. 
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planar projected footprint) than on a flat substrate (e.g. glass or polymer) 

with the same surface chemistry. On other substrates, increasing surface 

area (by applying acrylamide gels to glass slides, for example) to allow the 

immobilization of larger amounts of DNA resulted in greater signal 

intensities and an increased dynamic range. 36 We took advantage of the 

high surface area of the paper by using a paper with a relatively high 

profile root mean square roughness parameter, RR.M.S.  of 6.4 ± 1.9 μm, 

area root mean square roughness parameter SR.M.S., of 10.7 ± 0.6 μm, and 

the porosity, or the volume fraction of void, of ~68%. 37 While the real 

surface area is usually proportional to the surface roughness, the real 

surface area of a rough surface is challenging to quantify;38 since the 

measurements used in fluorescent and colorimetric assays refer to 

intensity per two-dimensional area, we quantified the surface density of 

nucleotides in terms of nucleotides per projected (also referred to as 

plane, flat, or apparent) area of paper.  

The terminal DMT protective group of the oligonucleotide, if not 

cleaved at the end of the synthesis, provided a useful way of 

characterizing the density of the oligonucleotide on the apparent surface 

of paper (Figure 2.2). The cleavage of the terminal DMT under acidic 

conditions can be monitored at 495 nm by UV spectrometer.39 The 

surface density, ρSP (defined as the number of molecules of oligomer per 

cm2 of projected area Sp) can be obtained from the UV absorbance at 

495 nm, A495, using Eq. 1, where ε is the molar absorptivity of DMT, v is 
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the volume of the solution in which the DMT is cleaved, d is the optical 

path length, and NA is Avogadro’s number.  

                          (1) 

Using Eq. 1, for ε of DMT 7.2 ×104 L mol−1 cm−1, 39  we estimated the 

density of oligonucleotides per projected area of paper to be 4.5 ± 0.5 

× 1014 cm-2. This value is two orders of magnitude higher than that of the 

current standards for DNA immobilization on 2-D substrates (for example, 

using pin spotting or adsorption on poly-l-lysine coated glass slides). 4 

With the exception of the first five coupling cycles, the UV absorbance at 

495 nm of the DMT cleavage solution has plateaued, indicating that the 

phosphoramidite coupling and deprotection reactions occurred efficiently 

during the synthesis. The lower coupling efficiency observed in the first 

five coupling steps can be attributed to sluggish reactions of the DNA 

phosphoramidites to the less-accessible hydroxyl groups buried in the 

paper fibers. Since extending reaction time of the initial coupling rounds 

did not improve the coupling yields, we introduced spacer nucleotides of 

ten nucleotides at the 3’ end of the directly synthesized oligonucleotide 

on paper and designed the probe-binding region to be located at the 

5’end.    

In order to confirm the identity of the full-length DNA oligonucleotide 

generated by synthesis on paper and measure the yield, we introduced a 

ρSP=
A495 nm ×υ ×NA

ε × SP × d
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cleavable disulfide bond in the sequence. After completing the synthesis, 

the terminal DMT group was left on for use as a HPLC handle. The paper-

anchored DNA oligonucleotide was cleaved by reduction of the disulfide 

group with dithiothreitol (DTT), and the eluted material was subjected to 

HPLC. The main HPLC peaks were analyzed by Electrospray Ionization 

Mass Spectrometry (ESI-MS). Mass spectroscopy confirmed that the HPLC 

peak eluting at 30.9 min (Figure 2.2), with a mass of 6217.9 Da, was 

within 1.0 Da of the expected mass (with 13C isotope correction), 6217.1 

Da, of the full-length product after cleavage. The yield of the desired full-

length oligonucleotide was estimated using absorbance data at 260 nm, 

as the ratio of the area of the peak corresponding to the full-length 

oligonucleotide (confirmed by mass spectrometry) and the sum of the 

areas of the peaks in the chromatogram corresponding to truncation and 

full-length products. The ratio of the amount of full-length product to the 

total amount of oligonucleotides cleaved and eluted from paper substrate 

is 32 % according to HPLC. 

 

Use of ssDNA Arrays to Detect Fluorescently-labeled 

Oligonucleotides.  

To minimize the effects of non-specific adsorption, we used a competitive 

assay to detect a fluorescently-labeled target oligonucleotide, F. A Cy5 

reporter was attached to the 5’ end of the target. F is also 

complementary to the DNA oligomer S1 synthesized directly on the 
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Figure 2.2. Synthesis of DNA oligonucleotides on paper. (A) The absorbance 
at 470 nm, produced by the release of DMT carbocation after the coupling of a 
nucleotide, is used to monitor the yield of each nucleotide addition step. The 
sequence used in this study was 5’-
CGATCCACTACAAGCTTGCCATCATGTCGATC-3’. (B) HPLC trace of DNA 
fragments cleaved from the paper by reducing the disulfide bridge (the 
sequence is 5’-CGATCCACTACAAGCTTTTS-STTTTTTTTTTTTT-3’). The arrow 
indicates the peak of the full-length oligonucleotide product. Other marked 
peaks indicate truncation oligonucleotide products. 
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surface of the paper. A paper-anchored array of an oligomer S2 (see 

Supporting Information Table S-1 for full sequence), with a sequence non-

complementary to F, was used as a negative control.  

A short ssDNA probe, Q, was designed to be complementary to F and 

labeled with a dark quencher (Iowa Black RQ) at the 3’ end. F and Q were 

mixed in a 1:9 ratio and allowed to hybridize by heating to 37 °C, and the 

solution was then allowed to cool to room temperature. When F and Q 

hybridize, the fluorophore (Cy5) on F is brought in close proximity to the 

quencher (Iowa Black RQ), and the hybridized product does not fluoresce.  

The ssDNA anchored on the paper surface was designed to have a 

higher affinity for F than the probe Q.  The assay is based on the 

competition between the DNA oligomer anchored on the paper microzone 

and Q for hybridization with F; blocking and washing steps are not 

required because a fluorescent signal is produced only as the ssDNA 

synthesized on paper displaces Q (from the FQ complex) to hybridize with 

F. 

Figure 2.3 shows the fluorescent signal recorded after solutions of the 

FQ complex in concentrations between 50 nM and 500 pM are added to 

the ssDNA arrays on the surface of paper and allowed to incubate at 

37 °C for 30 min. We are able to detect concentrations of DNA oligomer 

as low as 500 pM using paper-anchored arrays of ssDNA strands 

complementary to F. 
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Figure 2.3. Fluorescence-based detection of DNA oligonucleotides using 
strand displacement within paper-anchored ssDNA arrays. The sequence S1 
used for the DNA array (CA) is complementary to the target DNA oligomer F, 
while the sequence S2 used for a control array (NCA), is orthogonal to F. A 
solution FQ (non-fluorescent) was prepared by hybridizing fluorescenty-labeled 
oligomer F and quencher –labeled oligomer Q, mixed in 1:9 molar ratio. The 
arrays are incubated with solutions corresponding to oligomer F at 
concentrations between 50 and 0.5 nM. A: Schematic of the process. B. Plot of 
fluorescence intensity as a function of the concentration of FQ.  C. Bottom: 
Fluorescence image of the paper device, showing, qualitatively, the dependence 
of the fluorescence intensity on the concentration of FQ. The error bars 
represent one standard deviation (n=7). 
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Characterization of Paper-based DNA-directed Antibody Arrays. 

We formed DNA arrays by incubating solutions of ssDNA-conjugated 

rabbit IgG on disks (3mm diameter) of paper on the surface of which 

ssDNA with complementary sequence had been synthesized. The dsDNA 

(formed from the hybridization of the two ssDNA strands) anchored the 

IgG to the surface of the paper. 

Disks of untreated paper were used as controls. The surface of the 

disks was blocked with a BSA solution in PBS, then washed with PBS, and 

hybridized with ssDNA-conjugated rabbit IgG (100 nM in PBS). Unbound 

conjugates were removed by washing three times with PBST buffer.   

We used a fluorescently-labeled antibody (DL549 anti-rabbit IgG) as a 

model analyte to test the performance of the array. DL549 anti-rabbit IgG 

in ten-fold dilutions (1 pM to 1 nM) in a solution of goat serum (10% 

serum in PBS) was added to each paper-anchored IgG array disk and 

incubated for 30 min.  

The mean fluorescence intensity of both test and control zones was 

measured; Figure 2.4 shows the calibration data in the form of the output 

fluorescent signal versus the concentration of DL549 anti-rabbit IgG in 

the sample. The LOD is ~10 ng mL-1 (or ~67 pM, defined as three times 

the standard deviation of the negative control) for the assay based on 

DNA arrays on paper.  

 Truncated sequences that occur following a failed coupling step, 

when capping renders them inactive in subsequent coupling cycles, occur 
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Figure 2.4. Detection of fluorescent goat anti-rabbit IgG in a solution of goat 
serum, using a paper-anchored IgG array formed by the hybridization of ssDNA 
(sequence S2) synthesized directly on the surface of paper, with 
complementary ssDNA-conjugated IgG (black squares). Paper anchored ssDNA 
arrays with a sequence (S1) noncomplementary ssDNA-conjugated IgG served 
as a control (blue triangles). Red circles depict an immunoassay performed on 
untreated paper, incubated with a solution of rabbit IgG, then blocked with a 
solution of BSA. Calibration plot of the output signal of the immunoassay versus 
the concentration of goat anti-rabbit IgG in the sample (N = 7). The error bars 
represent one standard deviation. Dotted red arch indicate the use of a covalent 
linker to conjugate ssDNA to rabbit IgG. 
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as byproducts of the synthesis process. We designed the probes such 

that the target-binding region is located at the 5' end of the paper-

anchored ssDNA. Since a majority of failed coupling steps occur in the 

early stages of the synthesis process (Figure 2.2), most truncations 

occur close to the 3’end and away from the target binding region and are 

not expected to dramatically impact the specificity of the array. While the 

coupling yield of our direct synthesis of oligonucleotide on paper was 

comparable with previously reported yields for in-situ synthesized 

oligonucleotide arrays (95%~99% per coupling step40,41 ), applications 

that require high specificity might require shorter synthesized probes.41 

This possible challenge could be circumvented in applications in which the 

detection of single nucleotide polymorphism (SNP) is desired, by targeting 

sequences peripheral to the SNP site. 

 

ELISA Using Paper-based DNA-directed Antibody Arrays.  

The ultimate goal behind developing the paper-anchored antibody array 

technique is to measure the levels of a clinically-relevant protein in 

biological fluids from humans, animals, and plants. To do so, we 

assembled devices using paper-anchored arrays of capture antibody in 

microzones, and used these devices to quantify levels of hCRP spiked into 

diluted human serum using a sandwich ELISA assay.  We formed these 

antibody arrays by incubating solutions of ssDNA-conjugated anti-hCRP 

antibody on disks of paper on the surface of which ssDNA with 
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complementary sequence had been synthesized. The dsDNA (formed from 

the hybridization of the two ssDNA strands) anchored the anti-hCRP 

antibody to the surface of the paper. 

Diluted human serum samples were spiked with recombinant hCRP at 

concentrations ranging from 16 pg mL-1 to 1000 pg mL-1 and applied to 

the microzones. We used a biotinylated anti-hCRP as detection antibody, 

and streptavidin Cy5 as a fluorescent probe (see the experimental section 

for details). Figure 2.5 shows the calibration curve for concentration of 

hCRP vs. fluorescence intensity.  The data were fit to Hill’s equation with 

R2=0.993. The LOD, defined as three times the standard deviation of the 

control—at zero concentration of spiked analyte—was 17 pg mL-1 (~1 

pM).  

 

Multiplexed Assay for Detection of Fluorescently-labeled 

Nucleic Acids and Proteins. 

In order to show that paper-anchored ssDNA arrays with different 

sequences can be used to assemble paper-based devices capable of 

detecting DNA and antibodies from a single sample, in the same device, 

we used a solution containing a mixture of two model targets, a 

fluorescently-labeled DNA oligomer, F, and a fluorescently-labeled 

antibody, anti-rabbit IgG antibody conjugated to DL549. Figure 2.6 shows 

a schematic of the process. 
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Figure 2.5.  Device using paper-anchored ssDNA arrays for the detection of 
hCRP in a solution of human serum. A) Calibration plot for fluorescence versus 
the concentration of hCRP. Each datum is the mean of seven replicates (N=7), 
and the error bars represent the standard deviations of the measurements. The 
signal of the blank (at zero concentration of spiked hCRP) was subtracted. Inset: 
schematic of the sandwich ELISA for hCRP. The capture antibody (anti hCRP) is 
conjugated to a ssDNA strand complementary to the ssDNA strand synthesized 
on paper. The detection antibody is labeled with biotin (Biotin anti hCRP). 
Streptavidin Cy5 is used to quantify the concentration of hCRP. B) Images of 
the results using 16 to 100 pg mL-1 concentrations of hCRP.  
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To prepare a paper-based analytical device that incorporates both 

ssDNA and protein arrays, we synthesized independently, on paper, 

ssDNA with orthogonal sequences S1 and S2 (see Table S-1) and shaped 

the paper strips into half-disks with 3mm diameter by cutting. The array 

of ssDNA with sequence S1 was used without further modification to 

form the device. To form the protein array, we incubated the half disk 

with ssDNA with sequence S2 synthesized on its surface with a solution 

of complementary ssDNA-conjugated rabbit IgG; the dsDNA formed from 

the hybridization of the two ssDNA strands anchored the IgG to the 

surface of the paper. We placed the two half-disks on which ssDNA and 

protein arrays were formed adjacently, in order to form a single 

continuous paper microzone, and assembled a device as described in 

Figure 2. S-3. To prevent non-specific adsorption, the surface of the 

paper was blocked using a solution of BSA (1% in PBS, pH 7.6) for 30 

min. 

The fluorescently-labeled target oligomer F was pre-hybridized to the 

quencher-labeled oligomer Q, as described in the Supporting Information.  

A solution containing a mixture of FQ and anti-rabbit IgG antibody 

conjugated to DL 549 (Ab), both at 5 nM concentration, was added to 

each device, incubated for 30 min at 37° and allowed to cool to room 

temperature. The microzones were then washed three times with PBS, 

and imaged with a fluorescence scanner.  
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Figure 2. 6B shows an image of a typical device, and Figure 2.6C 

shows the average fluorescence data obtained using seven independent 

devices. The background fluorescence observed is likely caused by either 

the autofluorescence of the paper or by nonspecific adsorption of the 

bioanalytes on the surface of the paper. As tape is not present at the 

center of the device, we do not expect it to contribute to the 

background. We expect that lower concentrations of target molecules 

could be detected by using fluorescent detection probes with longer 

wavelengths (e.g. far red to near-IR) and a low degree of spectral overlap, 

or by incorporating additional blocking and washing steps in the 

experimental design 

  

CONCLUSION 

This work describes a method for assembling arrays of ssDNA and 

proteins on the surface of paper. The strategy is based on the synthesis 

of ssDNA directly on paper, with modified 2'-deoxynucleoside 

phosphoramidites sequentially coupled to a growing oligonucleotide chain 

that is anchored in the hydroxyl groups present on the surface of 

cellulose paper.  

This strategy of fabricating DNA arrays on paper is cost effective 

because the crude product of the synthesis is sufficiently pure to allow us 

to specifically differentiate the complementary DNA strand from other 

sequences with minimal non-specific interactions. This synthetic efficiency 
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Figure 2.6. Device using paper-anchored ssDNA arrays for the multiplex 
detection of fluorescently-labeled nucleic acids and antibodies. A. Schematic of 
the process. B. Image of a device assembled using two paper-based arrays 
adjacent to each other, supported by vinyl plastic tape. The same device is 
scanned in both the Cy5 (Ch1, top) and Cy3 (Ch2, middle) fluorescence 
channels, and the signal is overlayed in the bottom image. C. Fluorescence 
intensity obtained using seven independent devices when adding a mixture of 
FQ and Ab, buffer only, FQ only, or AB only, to the device. In C, normalized the 
average fluorescence of the array probe to the average fluorescence intensity 
of the adjacent control array probe (i.e. the ratio of the signal from a probe to 
the signal related to nonspecific binding or cross-hybridization, in the 
fluorescence channel and in the same device). 
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allows us to avoid distinct steps of DNA synthesis, purification, and 

immobilization; these steps are time consuming and underlie the majority 

of the production costs (as a reflection of solvents and reagents). 

Through hybridization with complementary strands of DNA, these 

DNA arrays can capture fluorescent-labeled DNA, DNA-conjugated protein 

antigen, and DNA-conjugated antibodies. We demonstrate the use of 

these antibody arrays to perform a sensitive sandwich ELISA to detect 

human CRP (LOD 13 ng mL-1), and a multiplex assay capable of detecting 

DNA and antibodies in the same device.  The versatility of this strategy 

offers new approaches to integration with simple microfluidic devices, and 

of expansion of the repertoire of analyses, and the sensitivity of the 

assays, that can be conducted using paper. 
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Following sections are included in the Supporting Information; details of 

experimental methods including materials and synthesized DNA 

sequences, direct synthesis of DNA on paper, characterization of 

synthesized DNA arrays, investigation of the yield of DNA synthesis on 

paper, design and fabrication of paper-based devices and formation of 

dsDNA arrays, procedures to form antibody-oligonucleotide conjugates 

and DNA-directed protein arrays, characterization of rabbit IgG arrays on 

paper, detection of hCRP on paper, immunoassays on untreated paper and 

standard polystyrene plates, multiplex detection of fluorescently-labeled 

nucleic acids and antibodies on paper using ssDNA arrays, and PAGE gel of 

non-denatured and denatured IgG-DNA complexes.  
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Abstract 

This work describes the adaptive use of conventional stainless steel pins—

used in unmodified form or coated with carbon paste—as working, counter 

and quasi-reference electrodes in electrochemical devices fabricated using 

cotton thread or embossed omniphobic RF paper to contain the electrolyte 

and sample. For some applications these pin electrodes may be easier to 

modify and use than printed electrodes; their position and orientation can be 

changed as needed, and the electrodes can be washed and reused between 

multiple devices. Electroanalytical devices capable of multiplex analysis 

(thread-based arrays or 96-well plates) can easily be fabricated using pins as 

electrodes in either thread or omniphobic RF paper. 
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Introduction 

The most widely used methods for fabrication of electrodes in paper-based 1-

10 and thread-based11, 12 electroanalytical devices (e.g. screen printing, stencil 

printing, gravure, chemical vapor deposition with shadow masking) require 

custom-patterned components such as screens, stencils or masks to deposit 

conductive materials on the surface of a substrate. 13-18 The fabrication of 

these custom-patterned components is time-consuming, and can be 

expensive. In the finished device, the position of the electrode cannot be 

altered after the fabrication process has been completed.  

 Existing strategies for the fabrication of electrodes are particularly 

challenging on non-planar substrates such as embossed hydrophobic19, 20 and 

omniphobic paper,20, 21 and thread.11, 12, 22-25 The deposition of conductive 

materials on porous media such as paper or thread can alter its interfacial 

energy, porosity, tortuosity, and wicking. Inhomogeneity in the distribution of 

fluid can also affect the stability of the liquid electrode interface and 

influence the performance of the electroanalytical devices.26 These effects 

are most significant in the case of thread, where the fluid flow is confined to 

one dimension, and might be among the reasons behind the few examples of 

electroanalytical devices that utilize thread11, 12 (in contrast to the 

widespread interest in those that utilize paper 1-10). 

 We wished to develop a new class of electrodes that could expand the 

versatility of the paper and thread-based analytical systems developed by 
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our group27, 28 and by others.29-34 Adaptive use of prefabricated stainless steel 

pins—either unmodified, or coated with a thin layer of graphite ink—provides 

a simple solution to the problems of fabrication and integration of electrodes 

in a low-cost analytical device. We show that these pins can be used as 

electrodes in systems fabricated using either omniphobic RF paper or thread; 

as electrodes, pins are sensitive and can be used to quantify metabolites 

(e.g., lactate in human plasma). Surprisingly, because they offer readily 

accessible connection points to electrochemical readers and easily modifiable 

configurations, pin electrodes allow the fabrication of devices suitable for 

multiplexed analysis. We demonstrate the fabrication of thread-based arrays 

that can be used to detect different analytes in the same array, or to 

perform multiple measurements of the same analyte simultaneously, or in 

close succession. We also describe the fabrication of a 96-well plate in 

omniphobic RF paper that can be used to perform independent measurements 

in each well.  

  Henry,1, 4, 10 we2, 5 and others3, 7-9 have described the development of 

microfluidic paper-based electroanalytical devices (EµPADs), and used this 

methodology to detect a wide variety of analytes, including small-molecule 

metabolites, 1, 2, 6 metal ions,2 nucleic acids,9 and serum proteins.5 EµPADs 

use capillary-driven flow to transport aqueous solutions of analyte through 

the hydrophilic matrix of cellulose paper, or through “hollow” channels in 

hydrophilic paper,26 to the surface of an integrated electrode. In EµPADs and 

related systems, screen-printing  is the most common method used for the 
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fabrication of electrodes.  

  Recently, we have reported the development of a new class of paper-

based electroanalytical devices in which liquids do not wick through the 

cellulose matrix, but rather rest on the surface of electrodes printed on the 

surface of omniphobic21 or hydrophobic paper;19, 21 in these reports, the 

electrodes were printed on the surface of the embossed, silanized 

hydrophobic paper using inkjet printing21 or a pen-on-paper approach.19   

   Shen23, and we 24 have described the fabrication of thread-based 

microfluidic analytical devices (µTADs); thread has since been used as a 

matrix for several bioassays with colorimetric detection.22, 23, 25, 35, 36 Hamedi 

et al. reported the use of fibers for the fabrication of electrochemical 

transistors.37 Very few thread-based analytical devices have so far been 

integrated with electrochemical detection. Sekar et al. 12 describe one use of 

thread in voltammetric analysis; this demonstration more closely resembles a 

conventional electrochemical cell than a µTAD. Individual pieces of thread 

were first coated with screen-printing pastes (carbon paste for the working 

and counter electrodes, and Ag/AgCl for the reference electrode), then 

coated with a thick layer of candle wax; one end of the thread was 

connected to a potentiostat, while the other end was immersed in a beaker 

containing a large volume (several millilitres) of a solution of analyte.  Wei et 

al. 11 also reported the use of a microfluidic chip based on thread for 

electrophoretic separation and detection of electroactive ions. The 
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electrodes are fabricated by sequentially sputtering platinum and gold, using 

an aluminum mask, on protruding features hot-embossed in a PMMA 

substrate. Choudhary et al. have described a system based on woven fibers 

to form fabrics that can serve as electrochemical sensors.38 

  

  Small-diameter metal electrodes—wires, microwires, needles, and hollow 

microcylinders—and non-metal fibers—graphite fibers or coated yarns—have 

been used as electrodes in a variety of electrochemical applications. 

Wojclechowski et al. used a graphite fiber as working electrode for anodic 

stripping voltammetry.39 Suarez-Fernandez et al. used graphite fibers as 

electrode for square-wave voltammetry analysis.40 Nuwer and Osteryoung 

used a carbon-fiber microcylinder electrode for square-wave voltammetry 

analysis.41 Choudhary et al. used silk yarns, coated with conductive inks and 

woven into large-area fabrics to fabricate industrial quantities of 

electrochemical sensors.38 Liu et al. and Castano-Diaz et al. used platinum, 

gold, and copper microwires as working electrodes for post-separation 

amperometric detection in capillary electrophoresis.42, 43 Fosdick et al. have 

reported the use of gold and carbon microwires as electrodes, and showed 

that they can be integrated with microfluidic paper-based analytical devices. 
7 Stainless steel has been used as a material for auxiliary and quasi-reference 

electrodes in electroanalytical flow systems and other electrochemical 

applications. 39 Fernández-Abedul et al. reported a flow system in which a 

hollow stainless-steel cylinder acted as both the outlet of the flow and the 
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auxillary electrode.44 Wojclechowski et al. used stainless-steel syringe needle 

as reference and auxiliary electrode for anodic stripping voltammetry.39 

Results and Discussion 

Design of the RF paper-based and thread-based devices 
incorporating pins as electrodes 

We have chosen paper and thread as a substrate for the fabrication of the 

electrochemical cells because they are widely available, inexpensive, 

lightweight, and flexible. We shaped the paper by embossing 45 and rendered 

it omniphobic using a gas-phase treatment with a fluorinated organosilane. 20   

Stainless-steel pins have several characteristics that make them attractive 

as candidates for adaptive use as electrodes in electrochemical devices. 

Stainless steel pins are inexpensive (less than $0.001/per pin when 

purchased from commercial retailers, and much less if purchased wholesale) 

and available nearly all over the globe. Stainless steel is highly conductive and 

stable electrochemically in neutral or mildly acidic or basic aqueous 

solutions.46, 47 Different parts of a pin (the head, the shaft and the sharp tip) 

can be used for different purposes: the head can serve as an electrode in 

omniphobic paper-based devices, part of the stem can serve as an electrode 

in thread-based devices, the stem can be used for connection to the 

potentiostat, and the sharp tip can be used to anchor the pins in a 

mechanical support. To generate an electroactive surface area of the working 

electrode that is sufficiently large to be useful for analysis, we coated a 
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stainless-steel pin with carbon ink prepared by mixing graphite paste and 

solvent thinner with a multi-walled carbon nanotube powder48 (details in the 

Supporting Information). 

  We show in Figure 3. 1A the strategy used for the fabrication of an RF 

paper-based electrochemical cell in which the pins–serving as working 

electrode (WE), reference electrode (RE), and counter electrode (CE)—were 

inserted in an embossed well. The electrodes were placed 0.1 in (~2.53 mm) 

away from one another, using a transparency with precut holes as an 

alignment tool.  Figure 3. 1B shows the design of an electrochemical cell, in 

which pins (WE, RE, CE) are surrounded by helical turns of thread. To allow 

the solution of analyte to contact the electrodes, we used a micropipette to 

add a drop of liquid either to the embossed omniphobic well or to the thread. 

  In the omniphobic paper-based device, the liquid rests on the surface of 

the well, and forms an interface with the surfaces of the heads of the pins 

(Figure 3. 2 A1, A2). On thread, the liquid wicks along the thread and forms 

a cylindrical interface with the shaft of each pin (Figure 3. 2C). The 

approximate geometrical areas of the two interfaces are 5 mm2 and 4 mm2, 

respectively. 

 
 
Evaluation 

We evaluated the performance of the pins as electrodes in thread-based and 

omniphobic RF paper-based electrochemical cells by recording the cyclic 
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Figure 3.1. A) Schematic representation of the process used for the 
fabrication of electrochemical cells in embossed omniphobic RF paper. B) 
Schematic representation of the process used for the fabrication of an 
electrochemical cell with cotton thread. In both cases we use stainless 
steel pins as reference and counter electrodes (RE and CE), and a 
stainless steel pin coated with a graphite and carbon nanotube ink as 
working electrode (WE). 
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voltammograms (CVs) at a scan rate of 100 mV s-1 of a solution of a redox 

probe with well-characterized electrochemical behavior (ferrocene carboxylic 

acid, FcCO2H). Figure 3. 2B and Figure 3.2D show the variation in the CVs 

of the solution of FcCO2H (at 100 µM in 1x PBS, pH 7.6) for paper-based and 

thread-based cells, each recorded using seven different devices. The device-

to-device variation in the performance of the electrodes was, in both cases, 

less than 10% as indicated by the relative standard deviation (RSD, defined 

as the percentage ratio of the standard deviation to the mean of the 

distribution) of 6.3 % (σ = 2.2 µA) and 9.4 % (σ = 1.6 µA) in the anodic 

peak current, ipa, for paper and thread-based cells, respectively.  

 To determine whether the electrochemical processes at the pin electrode-

liquid interface in RF paper and thread-based devices are diffusion-controlled, 

we recorded cyclic voltammograms of 500 µmol L-1 FcCO2H in PBS, pH 7.6, 

at scan rates between 10 and 300 mV s-1. The anodic and cathodic peak 

currents (ipa and ipc) were linearly proportional to the square root of the scan 

rate in both RF paper (R2=0.991 and 0.992, respectively) and thread-based 

cells (R2=0.986 and 0.989, respectively)  (see Figure 3. 3C). These results 

indicate that, in both cases, the rate of the electrochemical reaction at the 

surface of the pin electrode is governed by the diffusion of FcCO2H to the 

surface of the electrode.  

 These results are in agreement with results of finite-element simulations 

confirming that, for short diffusion distances and high scan rates, the 
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Figure 3.2. (A1, A2) photographs of an electrochemical cell fabricated using embossed 
omniphobic RF paper and stainless steel pins as reference and counter electrodes (RE 
and CE), and a stainless steel pin coated with a graphite and carbon nanotube ink as 
working electrode (WE). The electrodes are placed at a distance of ~ 0.1 inch (2.53 mm) 
away from one another. (C) Photograph of an electrochemical cell fabricated using 
cotton thread and stainless steel pins as reference and counter electrodes, and a stainless 
steel pin coated with a graphite and carbon nanotube ink as working electrode. The 
electrodes are placed at a distance of ~ 0.1 inch (2.53 mm) away from one another. 
Cyclic voltammograms recorded in a 500 μM solution of FcCO2H in 1x PBS, pH 7.6 at 
a scan rate of 100 mVs-1 using: (B) seven independent embossed omniphobic RF paper 
devices, and (D) seven independent thread-and-pin arrays.

74



Figure 3.3: Cyclic voltammograms of 500 µM FcCO2H in 1x PBS 
(pH 7.6) in electrochemical cells fabricated using (A) embossed 
omniphobic RF paper and (B) thread, at various scan rates ascending along 
y-axis: 10, 20, 50, 100, 200, 300 mV s-1. (C) The plot of anodic and 
cathodic peak currents vs. the square root of the scan rate (ν 1/2). CV 
experiments conducted on an omniphobic RF paper device (up-pointing 
triangle : anodic peak current, down-pointing triangle : cathodic peak 
current) and in a thread device (circles  : anodic peak current,  
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Figure 3.3 (Continued). Squares   : cathodic peak current).  
 
The dashed lines represent linear regressions with equations: 
y1 = 6 x µA V−1/2 s1/2 + 0.1 µA  [R2 = 0.991], y2 = 5x µA V−1/2 s1/2 - 0.05 µA [R² = 
0.986], y3 = -4x µA V−1/2 s1/2  + 0.05 µA  [R² = 0.989], 
y3 = -6x µA V−1/2 s1/2 - 0.05 µA [R² = 0.992].  
Error bars correspond to standard deviation of measurements performed 
using seven independent devices. 
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geometry of the electrode (cylindrical or hemispherical, depending on 

whether the shaft or the head of the pin forms an interface with the solution 

of analyte) does not influence the process. Thus, under our experimental 

conditions, the electrochemical cells fabricated using pin electrodes and 

either thread or RF paper can reproduce the classical diffusion-limited 

electrochemical processes reported in EµPADs incorporating screen-printed 

electrodes.  

 
 
 
Applications in clinical diagnostics: analysis of L-lactate in human 
serum 

We evaluated the feasibility of using RF paper-based and thread-based 

devices to measure the concentration of a clinically relevant analyte, L-

lactate, in human serum. The range of L-lactate concentrations relevant for 

diagnosis is between 0.5 and 15–20 mM in serum. 

 We used chronoamperometry to perform this demonstration of principle 

because it is a simple and frequently used technique that provides a 

quantitative result. Cyclic voltammetry (CV) is less useful for accurate 

quantitation of electroactive species than chronoamperometric or pulse 

voltammetric techniques, because the correction for the capacitive current in 

CV is typically ambiguous.49 Chronoamperometry measures current as a 

function of time at constant applied voltages, and starts with a large 

capacitive current that decays within the first few seconds. Faradaic current, 

which is proportional to the concentration of the analyte, becomes dominant, 
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and decays according to the Cottrell equation (eq 1),  where n is the number 

of electrons, F is Faraday’s constant, A is the area of the electrode, D is the 

diffusion coefficient of analyte, C is the concentration of analyte, and t is 

time.  

  

 

 In the lactate assay, potassium ferricyanide, K3[Fe(CN)6], served as a 

mediator (eq 2-4):  

 

 

 

For each mole of lactate that is oxidized, two moles of [Fe(CN)6] 3- are 

reduced to [Fe(CN)6]4- ; the latter can be quantified using 

chronoamperometry at an applied voltage of 0.4 V vs. a stainless-steel quasi-

reference electrode.  Figure 3.4 shows the calibration curves for the 

measurement of L-lactate, for values between 1.1 mM (the value initially 

present in the serum) and 20 mM (with additional lactate spiked in the 

serum). The sensitivity is 0.08 µA mM-1 for the RF paper- and 0.06 µA mM-1  

for the thread-based device. 

 
 

Lactate +2[Fe (CN)6]3- Lactate oxidase
! →!!!!!! Pyruvate + 2[Fe (CN)6]4 - (2)

2[Fe (CN)6]4 - Anode
! →!!! 2[Fe (CN)6]3- + 2e- (3)

2[Fe (CN)6]3- + 2e- Cathode
! →!!!! 2[Fe (CN)6]4 - (4)

i = nFAD1/2C
π 1/2t1/2

(1)
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Figure 3.4: (A) Chronoamperograms recorded on thread for the mixture 
of the enzymatic assay for the determination of lactate, at 
concentrations between 1.1-20 mM. The chronoamperograms were 
recorded at 0.4 V versus a stainless steel quasi-reference pin electrode.  
(B) The calibration plots of the currents recorded after 40s as a function 
of concentration of lactate on thread-and-pins arrays and in wells 
embossed in omniphobic RF paper. The dashed black line represents a fit 
to the equation: y=0.08x +1.13 (R2= 0.994) whereas the red line 
represents a fit to the equation: y=0.06x +0.91 (R2= 0.987), for 
concentrations of lactate between 1.1-20 mM. Error bars correspond to 
standard deviation of measurements performed using 7 independent 
devices. 
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Approaches to multiplexing: Electrochemical 96 well plate.  

We prepared a 96-well plate capable of carrying out parallel analyses of 

different analytes, using embossed omniphobic RF paper as a substrate, and 

pins as electrodes. Figure 3. 5 shows that different wells can be used to 

perform independent analyses—cyclic voltammetry for the analysis of 

solutions of FcCO2H and hydroquinone, respectively.  

 
 
Approaches to multiplexing: Thread-based arrays of pin electrodes 

We produced linear arrays of electrodes (carbon-coated stainless steel pins 

as working electrodes, and stainless steel pins as either counter or quasi-

reference electrodes) that form interfaces with the liquid wicking along the 

same thread. The electrochemical cells within the thread-based arrays can be 

either linked or independent, such that each cell in a multiplex device can be 

used to perform, in rapid succession or simultaneously, independent 

measurements for one or several solutions of analyte along the same thread. 

 Figure 3.6 shows chronoamperograms for the same solution of analyte, 

recorded, in succession, using each of the seven WEs positioned along a 

single thread. In each measurement, the two adjacent stainless steel pins 

served as CE and RE, such as each two successive cells share one stainless 

steel pin that serves as a counter electrode in the former and as reference 

electrode in the latter.  

 By introducing hydrophobic barriers along the thread, we can form 

independent electrochemical cells capable of performing different analyses 
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Figure 3.5: Photography of a 96 well plate fabricated using embossed 
omniphobic RF paper and pin electrodes.  (A) before and (B) after 50 µL 
drops of an aqueous solution are added to each well. (C) Independent 
voltammograms recorded in different wells (a1 and a2) of the plate: a 
100 µM solution of hydroquinone (HQ), and a 250 µM solution of FCA, 
both in 1x PBS, pH 7.6, recorded at a scan rate of 100 mV s-1; the 
presence of a different analyte in a neighboring well does not interfere 
with measurements.   
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Figure 3.6: (A) Schematic and (B) photograph of a device comprising 
multiple alternating stainless steel pins and carbon-coated stainless steel 
pins and a single thread that forms three helical turns around each pin. 
The device can be used for multiple measurements (in rapid succession) 
of the same analyte on thread. (B) Chronoamperograms at 0.4 V 
recorded with each of the seven cells along the thread, using in each case 
the two adjacent stainless steel pins as CE and RE.  Solution: 100 mM 
potassium ferricyanide in 1x PBS pH 7.6.  
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Figure 3.7: (A) A schematic and (B) a photograph of a device 
comprising three distinct electrochemical cells formed from a single 
thread; arrows indicate the presence of a small amount of polymer 
(cyanoacrylate) that serves as a boundary between consecutive cells. The 
device can be used for measurement of three different analytes (in rapid 
succession or simultaneously) (C) Square-wave voltammograms recorded 
with each electrochemical cell, for: (1) left: 10 µM FCA in PBS, pH 7.6; 
(2) middle: buffer only, PBS, pH 7.6; (3) right: 100 µM FCA in PBS, pH 
7.6. The center cell, where the thread is wet with buffer only, has no 
observable interference with neighboring cells. 
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along the same thread. Figure 3.7 shows square-wave voltammograms 

recorded with each of the three electrochemical cells along a single thread, 

for three solutions with different concentrations of analyte: 10 µM FcCO2H in 

PBS, pH 7.6; buffer only, PBS, pH 7.6; and 100 µM FcCO2H in PBS, pH 7.6. 

There is no observable interference between neighboring cells. 

 

Conclusion 
 
One unmet need in the development of low-cost electroanalytical devices is a 

method to assemble and reconfigure devices “on-the fly”, to meet the needs 

of specific applications and settings. The strategy we describe in this paper is 

based on electrodes that are by themselves nearly as ubiquitous, portable, 

inexpensive, and easily storable as are paper and thread. The combination of 

stainless-steel pins—untreated or coated with a thin layer of carbon ink—and 

embossed omniphobic RF paper or cotton thread, provides the basis for the 

fabrication of simple, versatile and low-cost electroanalytical devices. Like 

the familiar screen printed EµPADs, these devices are inexpensive and 

lightweight, exhibit diffusion-controlled electrochemical behaviours, and can 

be used with biological samples. With further development, the paper and 

thread-based devices fabricated using this method have the potential to 

provide new functional options in clinical diagnostics, environmental 

monitoring, and microfluidic and electronic systems. 
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EXPERIMENTAL PROCEDURES  

Materials  

All the reagents needed for the synthesis of DNA in this study were 

purchased from Glen Research Co. Ltd, and used without further 

purification. Oligonucleotides cleaved from paper anchored DNA arrays 

were separated by reverse-phase high-pressure liquid chromatography 

(HPLC, Agilent 1200) using a C18 stationary phase (Eclipse-XDB C18, 5 

μm, 9.4 × 200 mm) and an acetonitrile/100 mM aqueous 

triethylammonium acetate gradient. UV spectrometry was measured on a 

Beckman Coulter DU800 spectrometer. LC-MS experiments were 

performed on an Alliance 2695 (Waters) HPLC system using a UPLC BEH 

C18 column (1.7 μm, 2.1 × 50 mm) stationary phase and 6 mM aqueous 

triethylammonium bicarbonate/methanol mobile phase interfaced to a Q-

Tof Micro massspectrometer (Waters). 

Chromatography paper (Whatman #1 Chr) was purchased from GE 

Healthcare (NJ, USA). General Purpose Vinyl Tape (764 Black, 5.0 mil) 

was purchased from 3M (St. Paul, MN). Polystyrene microtiter plates 

(UltraCruz ELISA Plate, high binding, 96 well, Flat bottom) were purchased 

from Santa Cruz Biotech (Dallas, TX, USA). Human serum  Rabbit IgG, 

Streptavidin-Cy5, bovine serum albumin (BSA) solution (10 % m/m in 

DPBS), and phosphate buffered saline (PBS) pH 7.6 (25 °C) were 

purchased from Sigma Aldrich (St Louis, MO, USA). Tablets of Tris 

Buffered Saline Buffer (TBS) were purchased from Utech Products Inc 
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(Schenectady, NY). Goat anti-rabbit IgG antibody labeled with DyLight™ 

549 (DL549 anti-rabbit IgG) was purchased from Jackson 

ImmunoResearch (West Grove, PA, USA). Mouse anti-human CRP (capture 

antibody, Part 842676), biotinylated mouse anti-human CRP (detection 

antibody, Part 842677), recombinant human CRP (Part 842678) were 

purchased from R&D Systems (Minneapolis, MN). 

Absorbance and fluorescence measurements were performed using 

a microtiter plate reader (model SpectraMax M2, Molecular Devices, 

Vienna, VA, USA). Fluorescence measurements were performed using a 

Typhoon FLA 9000 scanner (GE Healthcare, Wilmington, MA, USA). 

  
The DNA sequences (from 5’ to 3’) used in this study are 

summarized in Table S-1:  
 
 
Table S-1: DNA sequences used in this work 
 
Nam
e 

Sequence Base
s 

Properties 

S1 CGATCCACTACAAGCTTG
CCATCATGTCGATC 
 

32 Synthesized on Paper 

S2  GTGAAGTGGCAGTATCTT
TTTTTTTTTTTTTTTTT 
 

35 Synthesized on Paper 

CS1  GGCAAGCTTGTAGTGGAT
CG/3ThioMC3-D/ 
 

20 Complementary to S1, 
thiolated, for conjugation 
with hCRP 

CS2  GATACTGCCACTTCAC/3T
hioMC3-D/ 

16 Complementary to S2, 
thiolated, for conjugation 
with rabbit IgG 

F  GGCAAGCTTGTAGTGGAT 
CG/3Cy5Sp/ 

20 Complementary to S1, 3’ 
Cy5 modification 
 

Q  /5IAbRQ/CGATCCACTAC
A  

12 Complementary to F, 5’ Iowa 
Black Quencher modification 
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All the purified oligonucleotides (F, Q, CS1, CS2) used in this work were 

purchased from Integrated DNA Technologies, Inc. (Coralville, IA).  

We conjugated proteins (rabbit IgG and mouse anti-human CRP) 

with thiolated DNA oligomers (IDT DNA, Inc) using sulfosuccinimidyl 4-[p-

maleimidophenyl]butyrate (Sulfo-SMPB) from Pierce Biotechnology 

(Rockford, IL, USA). All chemicals and reagents were used as received 

without further purification. 

 

 

Direct DNA synthesis on paper 

A commercial filter paper (Whatman Chromatography paper No. 1) was 

cut into ~2 cm × 2 cm squares for convenient handling, scrolled, and 

inserted into DNA synthesis columns, and subjected to DNA synthesis 

using a standard 1 µmole DNA synthesis protocol on a PerSeptive 

Biosystems Expedite DNA synthesizer (model 8909). After synthesis, the 

paper was removed from the synthesis column and the DNA was 

deprotected with AMA (1:1 v/v of 30% aqueous ammonium hydroxide: 

40% aqueous methylamine) at 65 °C. The paper was rinsed with methanol 

and water, and then dried. Figure S-1 shows the process used for DNA 

synthesis on paper.   
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Post-synthesis Characterization of Paper-anchored DNA Arrays 

The deprotection of DMT before each coupling step provide a means to 

assess the success of each coupling step in generating the full-length 

oligonucleotide on paper support. DNA was synthesized on paper in DMT-

on mode (leaving the last DMT protective group on the 5’ terminus of the 

oligonucleotide) and was treated with a 100 µL of 3 % trichloroacetic 

acid in dichloromethane for 10 minutes, and the UV absorbance (at 495 

nm), A495, of the resulting solution was measured.  

 

 

Yield of Oligonucleotides in Paper-anchored DNA Synthesis  

The target sequence for the DNA synthesized on paper in this assay was 

5’-DMT-CGATCCACTACAAGCTTTTS-STTTTTTTTTTTTT-3’; after cleavage 

with dithiothreitol (DTT), the full-length product forms an oligonucleotide 

with sequence 5’-DMT-CGATCCACTACAAGCTTTT-SH -3’. The full length 

and truncation products generated after cleavage oligonucleotides that 

can be analyzed in the eluent by HPLC and LC-MS. 

We used HPLC to determine the yield of the synthesis process, 

calculated based on the integration of the analytical HPLC signals that 

correspond to oligonucleotides.  

The HPLC yield was defined as the ratio of the integration of the peak 

corresponding to the full-length product (confirmed by LC-MS), divided by 

the sum of all peak integrations combined.  
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Fabrication of simple paper-based devices 

Fenton et al. pioneered the fabrication of microfluidic devices using paper 

shaped using a knife plotter and encased in tape to serve as backing.1 

Here, simple paper-based devices were fabricated using a similar strategy 

from strips of paper with DNA-anchored arrays using tape (General 

Purpose Vinyl Tape, 764 Black, 5.0 mil, from 3M (St. Paul, MN)).  as a 

support (Figure S3). We cut paper into disks with a 3-mm diameter using 

a biopsy punch. We trimmed tape into ~1 cm × 1 cm squares and bored a 

2-mm diameter hole at the center using a biopsy punch. The paper was 

sandwiched between the two layers of tape such that the disk-shaped 

paper was placed over the holes.   

 

Formation of dsDNA arrays   

Oligomers F and Q (sequences in Table S-1) were purchased from IDT 

DNA Inc and used as received, without further purification. We prepared 

stock solutions (100 µM) by dissolving the oligomers in water.  

A working solution containing 50 nM of F and 450 nM of Q was 

prepared in TBS buffer (25mM Tris, 140mM NaCl, and 3 mM KCl, pH 7.6) 

from AMESCO. The hybridization product FQ was prepared by heating the 

mixture to 37 °C in a water bath and allowing it to cool to room 

temperature. The working solution was further diluted in TBS to a series 

of concentrations of FQ between 25 nM and 0.5 nM.  
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Microzones in a paper-based device were prepared by cutting strips 

of paper with anchored DNA arrays into disks with a 3-mm diameter, 

using a biopsy punch. The device was assembled as described in the 

previous section (see Figure S-3). Blocking was not necessary because 

the hybridization product FQ does not fluoresce. A solution of FQ 

(10 µL) was added to each microzone of a paper-based device, and was 

allowed to incubate at 37 °C for 30 min in a humidity-controlled chamber. 

The device was allowed to cool to room temperature after this step.  The 

fluorescence produced after the DNA anchored on paper displaces Q to 

hybridize to F was recorded using a fluorescence scanner.  

 

Formation of antibody-oligonucleotide conjugates 

Antibody-ssDNA conjugates were synthesized by chemically linking thiol-

terminated ssDNA (purchased from IDT DNA, Inc) with a protein (rabbit 

IgG or mouse anti hCRP2).  A water-soluble crosslinker, sulfosuccinimidyl 

4-[p-maleimidophenyl]butyrate (Sulfo-SMPB), containing an NHS-ester 

and a maleimide reactive group connected by a spacer, was added in 20-

fold molar excess (1 mM in PBS, pH 7.6) to an equal volume of a 50–μΜ 

solution of the protein (in PBS, pH 7.6). The reaction mixture was then 

incubated for an hour with mixing at 1000 rpm at room temperature, 

using a vortex mixer (Benchmark Scientific, Inc), according to the 

manufacturer’s instructions. The derivatized protein were desalted by 

Nap-10 size exclusion columns (GE Healthcare) and diluted in PBS, pH 7.6, 
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to 500 μl. Thiolated ssDNA (25 µM) was added at a 1:1 molar ratio and 

the mixture was incubated for an hour with mixing at 1000 rpm at room 

temperature. Unreacted oligomers were removed by ultrafiltration with a 

100000 MW cut-off membrane (EMT Millipore). 

The volume of the solution containing the protein-ssDNA conjugate 

was adjusted to 100 µL (10mg/mL concentration, measured using a 

Thermo Scientific NanoDrop Spectrophotometer based on absorption at 

280 nm2) and stored in 5-µL aliquots at -20°C. A small portion of the 

antibody-ssDNA conjugate was subjected to denaturing PAGE. A shift in 

the position of the bands corresponding to IgG heavy and light chains to 

higher molecular weights confirmed the conjugation (Figure S-2).  

 

Formation of DNA-directed protein arrays 

The strip of paper-anchored ssDNA was cut into disks with a 3-mm 

diameter using a biopsy punch. The surface of the disks was blocked with 

50 µL of a 1% wt/vol solution of BSA in PBS, pH 7.6, for 30 min. The 

disks were washed with PBS, and then incubated with 50 µL of a solution 

of DNA-protein conjugates (100 nM in PBS) at 37° C for 30 min, then at 

room temperature (23 ± 3 °C) for 30 min. Unbound conjugate was 

removed by washing three times with 50-µL volumes of a PBST buffer 

(0.05% Tween in PBS, pH 7.6). 
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Characterization of rabbit IgG arrays on paper 

The rabbit IgG array was incubated with a 50-µL volume of a solution of a 

fluorescently-labeled anti-IgG antibody, DL549 anti-rabbit IgG (monoclonal 

goat anti-rabbit IgG antibody conjugated with a proprietary florescent 

dye, DyLight549) containing 10% vol/vol goat serum for 30 min. 

Unbound antibody was removed by washing with a total volume of 100 

µL of PBST buffer (0.05% Tween in PBS, pH 7.6). The disks were placed 

in a 96-well black plate with clear bottom (purchased from Corning) and 

the fluorescence intensity was scanned with excitation and emission 

wavelengths of 544 nm and 590 nm, respectively, in a microtiter plate 

reader (SpectraMax M2, Molecular Devices, Sunnyvale, CA).  

 

Sandwich ELISA for detection of hCRP  

Mouse anti-human CRP (capture antibody, Part 842676), biotinylated 

mouse anti-human CRP (detection antibody, Part 842677), recombinant 

human CRP (Part 842678) were part kit (Part DCP00) of a purchased 

from R&D Systems (Minneapolis, MN). DNA-directed arrays of capture 

antibody (Mouse anti-human CRP) were formed on the surface of paper 

and subsequently used to fabricate paper-based devices as described 

before (see Figure S1).  

The devices were suspended in air, using an empty pipette-tip box, 

to prevent the vertical flow of reagent solutions away from the test 

zones. The solutions of recombinant human C-reactive protein (hCRP) 
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were prepared in a 10 % v/v solution of human serum in PBST (0.05% 

Tween in PBS, pH 7.6). The microzones were incubated with 10 μL per 

well of solutions of human serum spiked with concentrations of hCRP 

between 16 and 1000 pg mL-1, for 20 min. The microzones were then 

washed three times with 20 μL PBST and incubated with 10 μL of 

biotinylated mouse anti-human CRP detection antibody (250 ng mL-1 in 

PBS, pH 7.6). After incubation for 20 min, each microzone was washed 

three times with 20 μL PBST. Detection was completed by adding 10 μL 

of 100 ng mL-1 Streptavidin-Cy5 in PBS buffer, pH 7.6 to each 

microzone; unbound Streptavidin-Cy5 was removed by washing three 

times with 20-µL volumes of PBST. 

 

Immunoassays on untreated hydrophilic paper  

Paper-based devices were assembled as described in Figure S-3. We used 

non-specific adsorption to immobilize rabbit IgG on untreated (used as 

received from the manufacturer) paper, by adding 5 μL of a solution of 

rabbit IgG in PBS, pH 7.6, to the test zone, and allowed it to dry for 10 

min at room temperature. We blocked microzones by adding 5 μL of a 1% 

wt/vol solution of BSA in PBS, pH 7.6, and allowing it to dry for 10 min. A 

volume (5 μL) of a solution containing the DL549 anti-rabbit IgG in a 

solution of PBS with 10% vol/vol goat serum was added to each zone and 

allowed to incubate for 5 min. Each microzone was washed three times 
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with 10 μL of PBS. Each microzone was scanned, and the fluorescence 

intensity was measured using ImageJ.  

 

Device using paper-anchored ssDNA arrays for the multiplex 

detection of fluorescently-labeled nucleic acids and antibodies.  

DNA with orthogonal sequences S1 and S2 (see Table S-1) was 

synthesized independently on the surfaces of paper. The strips of paper 

were cut into disks with a 3-mm diameter using a biopsy punch, then into 

half-disks using a blade.  For the paper with anchored DNA of sequence 

S2, the surface of the half-disks was blocked with 25 µL of a 1% wt/vol 

solution of BSA in PBS, pH 7.6, for 30 min, and the half-disks were 

washed with PBS, and then incubated with 25 µL of a solution of DNA-

rabbit IgG conjugates (100 nM in PBS) at 37° C for 30 min, then at 

room temperature (23 ± 3 °C) for 30 min. Unbound conjugate was 

removed by washing three times with 25-µL volumes of a PBST buffer 

(0.05% Tween in PBS, pH 7.6). 

Paper-based devices were assembled as described in Figure S-3 

except that the two half-disks of paper (one half with ssDNA with 

sequence S1, and another with the DNA-anchored rabbit IgG array 

described before) were placed in close proximity to form a single 

microzone. An solution containing 5 nM of FQ (prepared by hybridizing 

oligonucleotides F and Q in a 1:9 ratio, as described before) and 5 nM of 

DL549 anti-rabbit IgG in TBS buffer containing 10% vol/vol goat serum, 
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was added to the microzone, incubated for 30 min at 37° and allowed to 

cool to room temperature. The microzones were then washed three times 

with PBS, and imaged with a fluorescence scanner. We normalized the 

average fluorescence of the array probe to the average fluorescence 

intensity of the adjacent control array probe (i.e. the ratio of the signal 

from a probe to the signal related to nonspecific binding or cross-

hybridization, in the fluorescence channel and in the same device). 

 

 

Immunoassays in standard polystyrene plates 

The wells of a standard polystyrene 96-well plate (Corning) were 

incubated with a 50-µL volume of a solution of rabbit IgG (10 µg/mL, in 

PBS pH 7.4) for 2 hr at room temperature. The wells were washed three 

times using 100-µL volumes of PBST buffer (0.05% Tween in PBS, pH 

7.6), and blocked using 50 µL of a 1% wt/vol solution of BSA in PBS, pH 

7.6, for 60 min. The wells were washed three times using 100-µL volumes 

of PBST buffer, then were incubated with a 50-µL volume of a solution of 

DL549 anti-rabbit IgG (monoclonal goat anti-rabbit IgG antibody, 

conjugated with DyLight549, from Jackson Immunoresearch, Inc.) 

containing 10% vol/vol goat serum, for 60 min. The wells were washed 

five times using 100-µL volumes of a PBST buffer, and the fluorescence 

intensity was determined at 530 nm in a microtiter plate reader.  

 

101



 

 

Figure S-1: Phosphoramidite synthesis on cellulose paper. A nucleophilic 

SN2 reaction between the free hydroxyl groups of the cellulose and the 

tetrazole-activated phosphoramidite reagent results in covalent coupling 

of the first nucleotide to paper. All subsequent phosphoramidite couplings 

follow the same mechanism, except that, after DMT deprotection, the 

free - hydroxyl groups of the nucleotide added in the prior coupling 

becomes the nucleophile in the SN2 reaction. The PKa of tetrazole is 4.9, 

and the reaction occurs in anhydrous acetonitrile. The mechanism is 

based on experimental evidence from 3-5 

 

 

102



 

 

Figure S-2: PAGE gel of non-denatured (left) and denatured (right) IgG-

DNA complexes. Arrows indicate the position of the IgG-DNA complexes 

(left, <160 kDa) and of the heavy (~50 kDa) and light chains (~25 kDa) 

derived from the IgG-DNA complexes (right).   
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Figure S-3: Design and fabrication of paper-based devices. 
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Materials and Methods 

 
Pin Electrodes. 
 

We chose stainless steel pins as electrodes because these pins are produced in large 

quantity for the clothing manufacturing industry and hobby use, and are available at a 

low cost (less than $0.001/per pin when purchased from commercial retailers, and much 

less if purchased wholesale).  

The pins were cleaned by sonication in isopropyl alcohol for 20 min, and used 

without further modification as reference and counter electrodes.  

The working electrode was a stainless-steel pin coated with freshly prepared carbon 

ink. The carbon ink was prepared using graphite ink (C10903P14, from Gwent Electronic 

Materials Ltd, Montypool, UK), multi-walled carbon nanotube powder (# 724769, from 

Sigma-Aldrich) and ET160 solvent thinner (Ercon Inc., Wareham, MA). These 

components were mixed in mass ratio 49.9 % : 0.2 % : 49.9 %, respectively. We 

sonicated the mixture for 15 min using a high power tip sonicator (Branson Sonifier 450, 

with a Micro 3/16 tip), with 50% duty cycle at 50% power (total power 400W). This 

procedure yielded homogeneous ink, with no particles or phase separation. 

The stainless steel pins were immersed in the solution, removed and allowed to dry 

for 5 min at room temperature, then dried for 5 min in an oven at 110° C. The process 

was repeated 3 times. The process resulted in a coating thickness around the shaft of the 

pin of ~30 µm, and around the head of the pin ~100 µm. All macroscopic geometrical 

properties of electrodes were measured either directly with micrometer (resolution: 

0.0001”) or from image analysis of macro photographs. 
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Assembly of a 96-well plate embossed in omniphobic RF paper with integrated pin 

electrodes 

We have chosen paper and thread as a substrate for the fabrication of the 

electrochemical cells because they are widely available, inexpensive, lightweight, and 

flexible.  

Embossing was chosen to shape the paper into a microplate because it is simple, fast 

and requires simple equipment (only reusable molds generated easily using a 3D printer, 

printed molds costing ~$0.32 per gram of material, or about $8 for a mold used to emboss 

the 96-well plate).  

We rendered paper hydrophobic using a fast (five minute in the process we use), 

vapor-phase treatment with organosilanes. The treatment with 3,3,4,4,5,5,6,6,7,7,8,8,8-

tridecafluorooctyl) trichlorosilane (CF3(CF2)7CH2CH2SiCl3, “C10
F”) transformed paper in 

an omniphobic substrate.[43] To keep the pins in stable position, we used a 1-mm thick 

paper (Whatman Gel Blot paper, GE Healthcare). 

We approximated the diameter of the head of the pin to be an oblate spheroid with 

diameter 1.5 mm and height 0.68 mm for the uncoated pin, and 1.5 mm and 0.77 mm for 

coated pin, respectively. From these parameters, we estimate that the macroscopic surface 

area of the WE in an omniphobic RF-paper electrochemical cell is ~5 mm2. 

Pins were inserted in wells embossed in omniphobic paper such that the heads of the 

WE, CE, and RE pin were equally spaced, with a 0.1 in (2.53 mm) distance among them. 

A transparency sheet with precut holes served as alignment tool for the insertion of the 

pins.  Single devices were separated from the 96-well plate by cutting, or individual wells 

were used while part of the intact 96-well plate. 
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Assembly of threaded pin-electrode arrays.  

Cotton thread (YLI Fiberactive Organic Cotton Thread, 24/3 ply TEX 60) was 

washed with a solution of 0.05% Span 60, rinsed and air dried, then plasma oxidized for 

30 min to increase its hydrophilicity. 

The plastic, empty housing of a 2.53 mm male PCB single row strip connector was 

used to guide the insertion of the pins in a mechanical support (here, PDMS) and 

maintain constant spacing between them.  

For the formation of a three electrode array, we used ~70 mm-long pieces of thread. 

To control the tension in the thread, two knots were placed 1.5 inch (~38 mm) apart from 

each other; after the first knot was fixed with a support stainless steel pin, the thread was 

sequentially wrapped around each electrode: two helical turns around the RE pin 

(apparent contact area 3 mm2), 3 helical turns around the WE pin (apparent contact area 4 

mm2), 3 helical turns around the CE pin (apparent contact area 4 mm2).  After the array is 

complete, the second knot was fixed with a support stainless steel pin. 

    

 

 

L-lactate assay.  

For the measurement of L-lactate, we mixed a solution of L-lactate in human plasma 

with a solution containing lactate oxidase and ferricyanide in a centrifuge tube. We 

prepared solution A containing 200 units/mL of lactate oxidase and 250 mM potassium 

ferricyanide in PBS buffer (pH 7.6).  Solution B was prepared by diluting a 100-mM 
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lactate standard (Biovision, Lactate Assay kit) in human serum (Innovative Research, 

Inc.; the plasma as received contained 1.1 mM L-lactate). A 45-µL volume of solution A 

was then mixed with 5 µL of solution B, and the reaction was allowed to proceed for 

60 s.  The solution was then applied either to an embossed well or a threaded array using 

a micropipette.  

 

Electrochemical Analysis.  

 We performed cyclic voltammetry (CV), chronoamperometry (CA), and square-

wave voltammetry (SWV) with our electrochemical device using a commercial 

potentiostat (Autolab PGSTAT12, Metrohm). We connected the paper device to the 

potentiostat by anchoring a mini test clip leads, (x100w mini hook to banana socket, 

TestPath.com), to the stem of each pin electrode. All the electrochemical measurements 

were carried out at room temperature (23 ± 2 °C). 

 To evaluate the performance of the electrodes, we used cyclic voltammetry (CV). 

We performed this analysis using cyclic voltammetry using a solution of FCA (100 µM 

in PBS, pH 7.6) at different scan rates (10, 20, 50, 100, 200, and 300 mV s-1). 

For SWV, the parameters were: scan potential between −0.4 V and 0.2 V; 

amplitude=0.10 V; square wave frequency =25 Hz; step height = 0.005 V. 

 
 
Finite-element simulation.  
 

The finite element simulation was performed on COMSOL Multiphysics 4.1 

(COMSOL AB, Stockholm, Sweden). The model considered one-dimensional time 
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dependent convection diffusion for two species (𝐶! and 𝐶!, corresponding to reduced and 

oxidized state of the mediator respectively). The electrochemical process was described 

with a reaction term at one of the boundaries converting 𝐶! to 𝐶! and the reverse, with a 

reaction rate determined by the current i. In eq. 3, 𝑛 is the number of electrons transferred 

per reaction (n=1 for FcCO2H), 𝐹 is Faraday’s constant, 𝐴 is electrode area (here 

5  𝑚𝑚!), 𝑘  is electron transfer efficiency (here assumed to be 1  𝑐𝑚  𝑠!!), 𝐸! is oxidation 

potential of for FcCO2H (0.29𝑉),𝛼 is the symmetry parameter of the reaction (0.5 for 

symmetric reactions, as assumed here) and 𝐸 is the potential, scanned a at rate 

100  𝑚𝑉𝑠!!, completing one full cycle with nodes 0V, +0.5V, -0.1V and 0V.  For 

simplicity, the convection and migration terms were neglected; the diffusion constant was 

assumed to be 1.7 ∙ 10!!"  𝑚!  𝑠!! . 

 

𝑖 𝑡 = 𝑛𝐹𝐴𝑘 𝐶! 0, 𝑡 𝑒!!"# !!!! !" − 𝐶! 0, 𝑡 𝑒 !!! !" !!!! !"
              (3) 

 

Mass transport occurs over less than 100 µm, a small distance compared to the 

diameter of the pin (about 550 µm). Therefore we can neglect the curved geometry of the 

pin and consider it equal to planar electrode described by abovementioned 1D model. 

Simulation reproduced the shape of voltammogram, as well as peak current (~2 µA), but 

experimental peaks appeared at slightly lower voltages than in the simulation (0.27 V and 

0.33 V in simulation, vs. 0.2 V and 0.27 V in experiments), while the peak potential 

difference is the same and close to theoretical expectation of 59 mV.  
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Supplementary figure S1. Finite-element simulation of a cyclic voltammogram for a 

solution of FcCO2H. 
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  1   .  Introduction 

 The design of devices that handle liquids, or control the trans-
port of gases, would benefi t from new materials, and from repur-
posing currently available materials to have new properties and 
functions. To channel or restrict the fl ow of liquids requires non-

permeable materials; to transport gases 
requires porous media. Porous, water-repel-
lent materials based on expanded polytetra-
fl uoroethylene (ePTFE, Gore-Tex, Nafi on, 
Tefl on) and other polymers have been 
useful in a wide range of applications, from 
high performance fabrics and membrane 
fi lters to fuel cells, [  1  ]  surgical implants, [  2–5  ]  
and lung-assist devices. [  6,7  ]  The relatively 
high cost (from  ∼ USD$1500 m −2  for 
Nafi on to  ∼ $29 m −2  for Gore-Tex) of these 
materials has, however, limited their utili-
zation for applications requiring a low-cost 
or single-use format. 

 Paper is a useful substrate in applications 
that require low cost, fl exibility, disposability, 
porosity, and adaptability to large-scale 
manufacturing. [  8–11  ]  In recent years, it has 
become increasingly popular as a material 
for the construction of “high-tech” devices 
in consumer electronics, [  12–14  ]  chemical and 
physical microelectromechanical systems 
(MEMS) sensors, [  8,15–17  ]  user interfaces, [  18  ]  

electronic displays, [  19  ]  cell-based assays [  20  ]  and microfl uidic 
devices. [  10,21  ]  The tendency of paper to absorb solvents (including 
water), however, limits its adoption as a substrate in liquid-han-
dling applications in which wicking is not desirable, or in which 
moisture and humidity can cause deleterious effects (especially 
changes in mechanical and electrical properties). For such applica-
tions, paper must be made resistant to wetting by liquids, and to 
adsorption of liquids (especially water) from the atmosphere. 

 This work describes a rapid, simple method for altering the 
surface chemistry of paper by treatment with organosilanes in 
the gas phase. Reaction of paper with alkyl trichlorosilanes ren-
dered paper resistant to wetting by high surface tension liquids 
such as water, while preserving the fl exibility and low resistance 
to the passage of gas of the untreated paper. We compared the 
wetting behaviors of three papers of different surface topogra-
phies (determined through root mean square roughness (R R.M.S. ) 
measurements)—each functionalized with organosilanes of dif-
ferent alkyl chain lengths, and different levels of fl uorination—to 
characterize systematically the contributions surface chemistry 
and topography to the wetting properties of the modifi ed paper. 

 Treatment of all three papers with fl uorinated alkyl trichlorosi-
lanes made them resistant to wetting by both water and non-polar 
liquids such as n-hexadecane. The “fl uoroalkylated paper,” or 
“R F  paper” is thus omniphobic (i.e., both hydrophobic and oleo-
phobic). R F  paper repelled liquids spanning a broader range of 
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this principle, the Aizenberg group created omni.hobic “slip-
pery” surfaces (SLIPS) from low surface energy porous micro-
structured solid substrates, such as Tefl on membranes or arrays 
of nanoposts functionalized with polyfl uoroalkyl silanes, by 
infusing them with a perfl uorinated oil. [  47  ]  Following this lead, 
we further increased the ability of R F  paper to resist wetting by 
low surface tension liquids (<15 mN m −1 ), by infusing R F  paper 
with perfl uorinated oils. Paper SLIPS have the advantage of 
being mechanically fl exible, and thus can be folded into three-
dimensional structures to serve as elementary fl ow switches 
and channels for guided transport of drops of liquid.  

  3   .  Results and Discussion 

  3.1. Fabrication of R F  Paper via Silanization  

 We used Whatman chromatography paper as the starting mate-
rial because it is uniform in structure and free of hydrophobic 
binders or coatings that could interfere with, or mask, the effect 
of silanization. We chose three types of papers: Whatman Gel Blot 
paper, Whatman #1 paper, and Whatman #50 paper (see  Figure    1  c 

surface tensions than paper surfaces treated with non-fl uorinated 
alkyl trichlorosilanes (“non-fl uorinated paper”, or “R H  paper”), 
even though both fl uorinated and non-fl uorinated paper sur-
faces exhibited similar contact angles with water (  θ  app    H2    O  >140°, 
where   θ  app  H2O   is the apparent static contact angle of water on the 
modifi ed paper). The combined effects of the long fl uoroalkyl 
chains of grafted siloxane molecules with the micro-scale rough-
ness and porosity of paper (the papers used in this study have a 
45–78% void volume fraction), yield an omniphobic material that 
preserves the properties of mechanical fl exibility and low resist-
ance to transport of gas of the untreated paper.  

  2   .  Background 

 We and others have used a variety of techniques to minimize 
the tendency of paper to adsorb liquids (reviewed here. [  22–28  ] ) 
Methods to render paper hydrophobic include spraying alcohol 
suspensions of SiO 2  nanoparticles on surface of the paper, [  29  ]  
soaking in polystyrene solutions, [  30  ]  patterning using photoli-
thography with SU-8, [  10  ]  wax printing, [  9  ]  plasma processing, [  31  ]  
and treatment with silanizing reagents. [  8,32–35  ]  

 Organosilanes with hydrophobic organic groups have been 
used to make the hydrophilic hydroxyl-rich surfaces of cellulose-
based materials hydrophobic following both gas-phase [  33,34,36,37  ]  
and solution immersion reactions. [  34,38–40  ]  Most methods, how-
ever, require long reaction and processing times (usually longer 
than one hour [  33,34  ] ) and immersion in solvents requires pre- or 
post-treatment steps (washing cycles to remove excess reagents 
or side products, drying, etc.); these processes typically pro-
duce surfaces that have limited hydrolytic stability, [  41  ]  or limited 
repellency to liquids with surface tensions lower than that of 
water. [  33  ]  They also often cause the paper to buckle or warp. 

 The method we describe transforms paper into an omniphobic 
material by exposure to vapors of a fl uoroalkyl trichlorosilane; it 
is simple (single step), rapid ( ∼ 5 min to completion), and low-
cost. We estimate a cost for the materials required for the trans-
formation of hydrophilic paper into an omniphobic material to be 
less than $0.8 m −2  (for materials purchased on a small scale, as 
research reagents). We characterized the wetting behavior of the 
R F  paper, and used it to fabricate functional paper-based devices: 
microtiter plates able to contain polar and non-polar solvents, and 
gas sensors, both constructed using the principles of origami. [  42  ]  

 Part of the oleophobicity of organosilane-functionalized paper 
refl ects its textured surface: a mixture of small fi bers ( ∼ 20  μ m 
in diameter, by scanning electron microscopy (SEM)) and voids 
(5–100  μ m in diameter, by SEM). This textured surface enables 
it to form metastable composite solid-liquid-air interfaces. This 
architecture—one comprising voids and solid structures—is the 
basis of other hydrophobic and omniphobic surfaces [  43  ]  and is 
part of the well-studied lotus leaf effect. [  44  ]  Aizenberg et al., and 
more recently others, have extended this type of structure to 
sub-micron pillars—etched [  45  ]  or molded into a solid support. [  46  ]  

 A different biomimetic architecture inspired by the  Nepen-
thes  pitcher plant involves the formation of an immobilized 
fi lm of a low surface tension liquid at the “solid”-air or “solid”-
liquid interface; this structure nearly eliminates pinning of the 
contact line for both high- and low-surface-tension liquids, and 
leads to a remarkably low contact angle hysteresis. Based on 

      Figure 1.  a) Representative images of water droplets on silanized paper. 
b) Static contact angles (  θ  app  ), and contact angle hysteresis  ( θ  a - θ  r  ) of 
water on silanized paper for three types of paper with different surface 
functionalization. Filled squares represent angles with Gel Blot paper 
(Blot), hollow circles represent angles with Whatman#1 paper (W1), and 
fi lled diamonds represent angles with Whatman #50 paper (W50). The 
volume of each drop is 10  μ L. Error bars: standard deviations for N = 30 
measurements. c) SEM images showing the topography of the different 
paper surfaces. 
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paper substrates modifi ed by gas-phase silanization by a wide 
range of liquids: organic liquids with different surface tensions, 
biological fl uids, and aqueous solutions of ionic and non-ionic 
surfactants above the critical micelle concentration (cmc). In 
addition, we tested the compatibility of the different silanized 
papers with buffers relevant for immunoassays, [  51–53  ]  electropho-
resis, [  54–56  ]  magnetic levitation, [  57  ]  polymerase chain reactions 
(PCR), [  58,59  ]  and culture of mammalian cells [  60,61  ]  or bacteria. [  62  ]  

 To ensure that the shape of the droplet is determined by sur-
face forces and is not due to gravitational deformation, we used 
10  μ L droplets of liquid for the contact angle measurements, 
to ensure that the radii of the droplets fall below the capillary 
length. For a liquid of density   ρ   and surface tension  γ  LV,  the cap-
illary length   λ  c   is:

8c =
√
(LV

Dg   
(1)

 

     For the liquids we selected,   λ  c   ranged between 1.6 mm (for 
pentane) and 2.7 mm (for water), higher than the radii of the 
droplets we used in our measurements (radii of  ∼ 1.4 mm). 
Figures S2 and S3 show optical profi lometry images of areas of 
the papers we have used in our study, illustrating the relevant 
variations of paper topography at a scale in the same order of 
magnitude as the droplet size (mm). This suggests that local 
variations in the topography of the paper may induce some 
variation in the angle measurement and might be partially 
responsible for the dispersion that we observe in our contact 
angle data. 

 Paper is known to be anisotropic. [  48,63  ]  For our contact angle 
measurements, we did not maintain a specifi c orientation of 
the paper. The paper was cut into small strips along random 
axes, placed into a sample box, and retrieved randomly for the 
contact angle measurements. Thus, the contact angles of the 
liquids that we measured are presumably an average over all 
orientations of the paper.  

  3.3   .  Treatment of Paper with an Organosilane (either R H SiCl 3  or 
R F SiCl 3 ) in the Vapor Phase Renders Paper Highly Repellent to 
Pure Water 

 Figure  1 a and Supporting Movie M1 show that silanization 
rendered paper highly hydrophobic; water no longer wicked 
into the paper, but instead formed droplets on the surface with 
apparent static contact angles,   θ  app  , between 130° and 160°, 
and with contact angle hysteresis from 7° to 20°. The apparent 
contact angle of each type of functionalized paper increased 
(modestly) for the most part with the chain length and degree 
of fl uorination of the organosilane, while the hysteresis did not 
show any noticeable trends (Figure  1 b). 

 The equilibrium contact angle,   θ  Y   ,  that a liquid forms on a 
chemically homogeneous, smooth solid surface is given by the 
Young’s equation Equation  (2) , where  γ   SV   is the solid/vapor sur-
face free energy per unit area,   γ  SL   is the solid/liquid surface free 
energy per unit area, and  γ   LV   is the liquid/vapor surface free 
energy per unit area: [  64  ] 

cos2Y = (SV − (SL

(LV   
(2)

for SEM images). Visually and by touch, Whatman #50 paper 
seemed the smoothest, followed by Whatman #1, while 
Whatman Gel Blot paper felt the roughest. We used optical pro-
fi lometry to characterize the root mean square roughness—the 
standard deviation of the surface height distribution—of the 
papers, because it is more sensitive to large deviations from the 
mean line than other statistical measurements of roughness. [  48  ]  
The profi le root mean square roughness parameter, R R.M.S. , of 
these papers, was 9.6 ± 2.0  μ m for Gel Blot paper, 6.4 ± 1.9  μ m 
for Whatman #1 paper, and 3.3 ± 1.2  μ m for Whatman #50 
paper. The area root mean square roughness parameter, [  49,50  ]  
S R.M.S. , was 13.5 ± 0.7  μ m for Whatman Gel Blot paper, 10.7 ± 
0.6  μ m for Whatman #1 paper, and 6.5 ± 0.3  μ m for Whatman 
#50 paper. The texture aspect ratio, an indicator of surface isot-
ropy based on the autocorrelation image, varied between 61% for 
Whatman Gel Blot paper, 45% for Whatman #1, and 37% for 
Whatman #50 paper (see Supporting Information for details). 
The roughness anisotropy index, A R.M.S , defi ned as the ratio of 
R R.M.S.  values measured along the x and y axes of the machine, [  48  ]  
varied for each paper, from about 1.4 for Whatman #50, to 1.2 
for Whatman#1 and to 1.1 for Whatman Gel Blot paper (see 
Supporting Information for details). The porosity, or the volume 
fraction of void, was measured to be  ∼ 78% for Whatman Gel Blot 
paper,  ∼ 68% for Whatman #1 paper, and  ∼ 45% for Whatman 
#50 paper (see Supporting Information and Table S3 for details).  

 We chose gas-phase silanization to render paper hydrophobic 
because the procedure does not require pre- or post-treatment 
steps and the processing can be completed within minutes. 
We believe this method, with development, is scalable and 
compatible with large-scale processing (that is, it will be able 
to generate virtually unlimited areas of silanized paper, using a 
standard reel-to-reel processing technique). 

 We used fi ve commercially available organosilane reagents 
(RSiCl 3 ), in order to study the effect of chain length and fl uori-
nation of the organosilane on the wettability of paper: i) meth-
yltricholorosilane (CH 3 SiCl 3 , “C 1  H ”); ii) decyltrichlorosilane 
(CH 3 (CH 2 ) 9 SiCl 3 , “C 10  H ”); iii) (3,3,4,4,5,5,6,6,7,7,8,8,8-tride-
cafl uorooctyl) trichlorosilane (CF 3 (CF 2 ) 5 CH 2 CH 2 SiCl 3 , “C 8  F ”); 
iv) (3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafl uorodecyl) tri-
chlorosilane (CF 3 (CF 2 ) 7 CH 2 CH 2 SiCl 3 , “C 10  F ”) ; v) (3,3,4,4,5,5,6,6,
7,7,8,8,9,9,10,10, 11,11,12,12,12-henicosafl uorododecyl) trichlo-
rosilane (CF 3 (CF 2 ) 9 CH 2 CH 2 SiCl 3 , “C 12  F ”); C 12  F  is the trichlo-
rosilane with the longest fl uorinated alkyl chain that is cur-
rently commercially available. 

 The silanization reaction was performed in a vacuum oven 
at 95 °C and 30 mbar using a solution of the organosilane 
( ∼ 10 mL of a  ∼ 30 m m  solution in toluene) to supply a useful 
concentration of the silanizing reagent in the vapor phase. 
The organosilane was allowed to react with the hydroxyl-rich 
cellulose paper surfaces for 5 min (this time and temperature 
are not optimized). This process makes it possible to function-
alize the areas of paper (>100 cm 2 ) required for experimental 
work rapidly, using low quantities of organosilane and solvent. 

  3.2   .  Characterization of the Wettability of Silanized Paper 

 We examined, by means of apparent static (  θ  app  ), advancing (  θ  a  ), 
and receding (  θ  r  ) contact angle measurements, the wettability of 
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      From Equation  (2)  it is apparent that water will form a 
higher contact angle on surfaces with lower surface free energy, 
i.e., lower  γ   SV   (even on rough hydrophobic surfaces. [  64  ]  Thus, 
our results can be rationalized, assuming approximately equal 
grafting densities of the organosilanes on paper, by noting that 
(i) trifl uoromethyl and difl uoromethylene groups have a lower 
energy than methyl and methylene groups, [  64  ]  respectively, that 
(ii) longer chains lead to more effi cient packing of the orga-
nosilanes on the surface of the paper, exposing a higher ratio 
of trifl uoromethyl: difl uoromethylene or methyl: methylene 
groups, [  64  ]  and (iii) longer chains of fl uorinated organosilanes 
lead more fl uorine groups on the surface of the paper. Paper 
functionalized with methyltrichlorosilane, however, consist-
ently exhibited higher static contact angles than what would 
have been predicted from the properties of the grafted methyl 
group (Figure  1 b). The literature reports that methyltrichlorosi-
lanes can polymerize and form nanoscale three-dimensional 
features such as cross-linked nanofi bers [  65  ]  or nanospheres. [  33,65  ]  
On the paper surface, such polymerized features would result 
in a grafting density of methyl siloxanes that is higher than the 
grafting density of the longer alkyl siloxanes, and could also 
lead to changes in the topography of the surface. 

 Since paper is composed of a mesh of partially oriented cel-
lulose fi bers, wetting of liquids on its surface is not only dic-
tated by the surface free energy per unit area, but also by the 
topography of the surface. [  64  ]  To account for the topography, 
Equation  (2)  must be modifi ed appropriately. Two models of wet-
ting on “rough” surfaces are widely used, (i) the Wenzel model 
for homogeneous wetting, with the liquid following the topog-
raphy of the surface, and (ii) the Cassie-Baxter model, with the 
liquid droplets exhibiting composite, heterogeneous wetting with 
air pockets trapped between protruding topographical features. [  64  ]  

 In the Wenzel model, [  66  ]  the apparent contact angle that 
a liquid droplet makes on the rough surface is given by 
Equation  (3) , where  r  is the non-dimensional substrate “rough-
ness”, defi ned as the ratio of the real surface area to the 
apparent (projected) area;  r  = 1 for a smooth surface and  r  > 1 
for a rough surface.

cos2app = r cos2Y   (3)

      When the liquid droplet exhibits composite wetting, i.e., the 
area wetted consists of liquid–solid contacts and liquid–air con-
tacts (the air being trapped between the troughs of the rough 
surface) the Cassie-Baxter model, described by Equation  (4) , is 
applicable. Here  f 1   is the area fraction of the liquid interface in 
contact with the solid and  f 2  = 1−f 1   is the area fraction of the 
droplet in contact with the air trapped between troughs.

cos2app = r f1 cos2Y − f2   (4)     

 In both models, increasing  r  leads to a higher apparent con-
tact angle for hydrophobic (  θ  Y   > 90°) surfaces. The geometric 
parameter  r , however, depends not only on the topography but 
also on the local contact angle that the liquid makes on the sur-
face features. [  43  ]  We use the profi le root mean square roughness 
parameter (R R.M.S. ) as a surrogate for  r . Indeed, our data show 
that water forms droplets with higher apparent contact angles 
on surfaces with higher R R.M.S.  (Figure  1 ). The contact angle 
data of methyltrichlorosilane (C 1  H )-treated paper did not follow 
the trend, and showed no measurable difference between the 

      Figure 2.   The dependence of static contact angles on surface tension 
for 10  μ L droplets of liquid. The liquids used in these experiments and 
their respective surface tensions (  γ  LV  ) at 20 °C in mN m –1  are (literature 
values [  63  ] ): pentane (15.5), anhydrous ethanol (22.3), hexadecane (27.4), 
dimethylformamide (DMF) (37.1), ethylene glycol (46.3), thiodiglycol 
(54.0), glycerol (63.7), water (72.8), a 6 M aqueous solution of NaCl 
(82.6). Error bars: standard deviation for N = 30 measurements. The 
grey area indicates liquids that spontaneously spread onto the substrate 
through capillary wicking. 
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energy of the paper fi bers functionalized with 
fl uoroalkyl siloxane chains [  64  ]  relative to those 
functionalized with alkyl siloxanes.  

 In order to interpret our data in terms of 
the variable under our control (the surface 
tension of the test liquids,   γ  LV  ) and the vari-
able that we measure (the apparent contact 
angle,   θ  app  ), we expressed Equations  (3)  and 
 (4)  in terms of surface tensions expressed in 
Equation  (2) .

cos2app = 1

(LV
r ((SV − (SL )

  
(5)

      

(LV cos2app = − f2(LV + r f1 ((SV − (SL )   (6)     

 We plot  cos  θ  app   versus  1/ γ  LV   for the var-
ious organosilanes on Whatman #1 paper 
( Figure    3  a). Based on Equation  5 , we expect 
our contact angle data to collapse to straight 
lines with zero intercepts, if the wetting 
of liquids followed the Wenzel model on 
silanized paper.  

 Figure  3 a clearly demonstrates that the 
wetting behavior of liquids on silanized 
paper deviates signifi cantly from the Wenzel 
model. When   γ  LV  cos  θ  app   is plotted versus   γ  LV  , 
we fi nd that our data for silanized Whatman 
#1 paper collapses onto straight lines with 
negative slopes (Figure  3 b), a behavior quali-
tatively consistent with Equation  (6) . The data 
for all the organosilanes tested fall within 
straight lines with slopes of −1 and −0.95 
(i.e.,  f 2   ∼  between 1 and 0.95). This behavior 
suggests that the surface of the droplets pri-
marily contacts the air pockets trapped at 
the interface with the paper surface. Similar 
behavior was observed for Whatman #50 and 
Gel Blot papers (data not shown). 

 To illustrate the effect of topography on the 
wettability of the papers, Figure  3 c,d shows 

contact angle data plotted for two types of silanization, C 1  H  and 
C 10  F , on the three different types of paper. Within the range of 
topographies we tested, liquids behave in a manner that is con-
sistent with the Cassie-Baxter model. There is a clear and sys-
tematic deviation from the linear trend of the contact angle 
data as the surface tension of the test liquids approached the 
wicking transition of the silanized papers. The deviation is pre-
sent for all organosilane derivatives and for all types of paper 
tested (Figure  3 c,d). We speculate that this deviation close to the 
wicking transition suggests a mode of wetting different from the 
classical Cassie-Baxter model, and would be an interesting phe-
nomenon to investigate in the future.  

  3.5   .  R F  Paper is Superior to R H  Paper for Applications Requiring 
Minimal Interactions with Biological Fluids 

 The wetting of silanized paper by biological fl uids is important 
for its use in applications such as bioanalysis, cell culture, and 

different types of paper. One possible explanation for this 
behavior is the formation of nanostructures [  33,65  ]  on the surface 
of the cellulose fi bers in C 1  H -treated paper.  

  3.4   .  R F   Paper  Repels a Wider Variety of Liquids Than R H  Paper 

 Many applications involve contact of surfaces with liquids that 
have lower surface tensions than water. To determine the compat-
ibility of silanized paper with organic liquids, we measured the 
contact angles of nine test liquids with liquid–air interfacial ten-
sions that range from 16 and 83 mN m −1  on silanized paper (sur-
face tensions obtained from tabulated values in the literature). [  67  ]  

 R H  paper was able to resist wetting by liquids with surface 
tensions >54 mN m –1  (thiodiglycol; (HOCH 2 CH 2 ) 2 S). Test 
liquids with lower surface tensions wicked into the paper. R F  
paper was able to resist wetting by liquids with surface tensions 
as low as 27 mN m –1  (hexadecane) ( Figure    2   and Supporting 
Information, Figure S4). This value likely refl ects the lower 

      Figure 3.   Analysis of liquid contact angle data on silanized paper. a) Plot of  cos  θ  app   versus 
1/  γ  LV   for the fi ve silanes of differing chain lengths and degree of fl uorination on Whatman #1 
paper. b) Plot of   γ  LV  cos  θ   app  versus   γ  LV   for the fi ve silanes of differing chain lengths and degree 
of fl uorination on Whatman #1 paper. The data collapses onto straight lines, indicative of 
Cassie-Baxter type wetting, with slopes in the range of –1.0 and –0.95. These values indicate 
that a large area fraction of the droplets is resting on air. c) Plot of   γ  LV  cos  θ   app  versus   γ  LV   for 
three different types of paper, each treated indistinguishably with C 1  H  silane. d) Plot of   γ  LV  cos 
 θ   app  versus   γ  LV   for three different types of paper each treated indistinguishably with C 10  F  silane. 
For the three types of paper we analyzed, topography appears to have a smaller effect on liquid 
repellency than the degree of fl uorination of the organosilane. 
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omniphobic surfaces fabricated by the Aizenberg group, [  47  ]  
and suggests a low level of cell and protein adhesion on the R F  
paper, following very brief (on the order of several seconds) con-
tact with biological fl uids. The effect of long-term contact of R F  
paper with biological fl uids is beyond the scope of this article.  

 For applications involving blood, it might be important to 
minimize the amount of trace liquid left behind on the surface 

drug discovery and development. Viscous solutions with a high 
content of protein or DNA, such as artifi cial saliva, a 5% (mass-
to-mass ratio) solution of bovine serum albumin (BSA) in 
PBS, and a 500  μ  m  solution of DNA in Tris-EDTA (TE) buffer, 
formed higher contact angles on fl uorinated than on non-fl uor-
inated papers of corresponding roughness ( Figure    4  c–f). In all 
cases, the longer the fl uorinated alkyl chains, the higher the 
static contact angle.   

 Whole blood (fresh whole human blood treated with an 
anticoagulant-preservative solution containing sodium hep-
arin, supplied by Research Blood Components, LLC.) and 
plasma (supplied by Research Blood Components, LLC.) 
formed contact angles larger than 150° on both R H  and R F  
papers. Droplets of whole blood and plasma exhibit the lowest 
contact angle hysteresis (<15°) with fl uorinated surfaces 
(Figure  4 a,b). A drop of whole blood rolling on the surface of a 
strip of paper functionalized with C 10  F , and C 12  F  did not leave a 
visible trace behind ( Figure    5   and Supporting Movie M2). The 
lack of staining is reminiscent of the behavior of the “slippery” 

      Figure 5.  Time-sequence images of a drop of heparinized human blood 
rolling down on Gel Blot paper functionalized with C 10  F  (side view: right; 
front view: left). The tilting angle is 30°. The rolling drop does not leave a 
stain visible to the unaided eye (see also Supporting Movie M2). 

      Figure 4.   Static contact angles (fi lled symbols) and hysteresis  ( θ  a - θ  r )  
(hollow symbols) of several biological fl uids: a) whole blood, b) plasma, 
c) artifi cial saliva, d) artifi cial urine, e) a solution of protein (5% BSA in 
PBS), and f) a solution of DNA (500  μ M of DNA in TE buffer) on func-
tionalized Gel Blot (square symbols), Whatman #1 (circular symbols) 
and Whatman #50 (triangular symbols). Error bars: standard deviation 
for N = 30 measurements. 
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alkyl carboxylic acid; under more stringent 
conditions (temperatures above 1500 °C), this 
content of fl uorine could lead to the forma-
tion of a maximum of ca. 29  μ g of HF, or a 
maximum of ca. 49  μ g of COF 2 .  

  3.7   .  R F  Paper is Compatible with Buffers 
Commonly Used in Bioassays 

 We surveyed the wettability of silanized paper 
by common buffers, since the surface ten-
sion of an aqueous buffer can be dramatically 
altered by the addition of surfactants or other 
solutes. The buffers we surveyed include 
PBS, Tris, Taq Buffer (used for polymerase 
chain reactions), Tris-Gly buffer (typically 
used in capillary electrophoresis); Lysogeny 
broth (LB) or Dulbecco’s Modifi ed Eagle 
Medium (DMEM)—buffers typically used for 
mammalian or bacterial cell culture. Buffers 
containing amines, amino acids, or dissolved 
salts form contact angles that are indistin-
guishable from that formed by pure water 
(Supporting Information, Figure S5). 

 An important distinction between the R F  
and R H  surfaces however, is in their ability 
to resist wetting by aqueous solutions of 
nonionic surfactants. These surfactants 
reduce the surface tension of pure water to 
 ∼ 30 mN m –1  when present at or above the 

critical micelle concentration (cmc). [  69  ]  Nonionic surfactants 
are present in standard buffers used for PCR reactions, such as 
the Taq Buffer. When used above the cmc, nonionic surfactants 
containing polyethylene oxide chains, (e.g. IGEPAL CA@630, 
Triton X-100, and Tween 20), wetted R H , but not the R F  paper 
surfaces (Supporting Information, Figure S6). Therefore, R H  
papers are not compatible with applications that require buffers 
containing nonionic surfactants.  

  3.8   .  Fabrication of Functional 3D Omniphobic Structures by 
Simple Creasing and Folding of R F  Paper 

 Gas-phase silanization does not affect the mechanical proper-
ties of the paper substrate. Thus, three-dimensional functional 
structures can be built by creasing or folding the paper, either 
before or after silanization. We took advantage of the mechan-
ical fl exibility and foldability of the R F  paper to create micro-
titer plates from single sheets of paper using the principles of 
origami. [  42  ]  Two different designs were used for fabricating the 
microtiter plates: a square array of re-entrant honeycomb cells 
( Figure    7  a), and a negative Poisson ratio structure based on a 
triangular array of re-entrant honeycomb cells [  70  ]  (Figure  7 c). 
Figure  7  shows microtiter plates made from R F  paper holding 
an aqueous solution (DMEM, Figure  7 b) and an organic liquid 
(toluene dyed with Sudan I, Figure  7 d). The R F  paper struc-
tures formed stable walls that contained both liquids, without 
wicking, cracking or collapsing, for a period of 14 days (which 

(i.e. the surface should be self-cleaning). To test the perfor-
mance of silanized paper and quantify the behavior observed in 
Figure  5  and Supporting Movie M2, we deposited 50  μ L drops 
of blood on the surface of various silanized papers that were ini-
tially horizontal. We then increased the tilt angle until the drop 
of blood rolled off the surface of the paper.  Figure    6  a shows 
representative images of the paper surfaces after the blood 
had rolled off. There are signifi cantly more traces of blood left 
on the R H  papers than on the R F  papers. Papers treated with 
the organosilanes with the longer fl uoroalkyl chains (C 10  F  
and C 12  F ) showed no detectable trace of blood on the surface 
after roll-off. Figure  6 b shows the roll-off angles measured for 
these papers. R H  papers had signifi cantly higher roll-off angles 
than R F  papers. The blood drops adhered so strongly to C 10  H  
treated surfaces that the droplets did not fall off even when the 
paper was turned upside down. The state characterized by high 
adhesion and high contact angles has been termed the “petal 
effect” [  68  ]  and is attributed to hierarchical roughness (multiple 
length scales of features) on surfaces.   

  3.6   .  Products Formed upon Incineration of R  F  Paper  

 Bioanalytical devices fabricated using silanized paper can be 
disposed of by incineration; we wished to estimate the environ-
mental impact of burning R F  paper. The elemental analysis of 
the fl uorinated papers, suggests that the incineration of a 1 cm 2  
device at T < 1500 °C can produce at most 34  μ g of a perfl uoro-

      Figure 6.  a) Images obtained with a fl uorescence gel scanner from silanized paper after the 
drop of blood released and rolled off on tilted paper. The dark spots are dried blood. b) The 
angles of incline at which the droplets of blood rolled off the silanized papers. c) The amount 
of blood adhering to the paper after the blood droplet had rolled off, quantifi ed as the area of 
the blood stain left on the paper. Bars are standard deviations for N = 7 measurements. 

Adv. Funct. Mater. 2013, 
DOI: 10.1002/adfm.201300780 120



FU
LL

 P
A
P
ER

8

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

is simply the duration of our observation of the system). Under 
our experimental conditions, we did not observe a difference 
in the stability of structures fabricated by folding paper either 
before or after silanization (data not shown).   

  3.9   .  R  F   Paper Infused with a Perfl uorinated Liquid forms an 
Omniphobic “SLIPS” Surface Exhibiting Very Low Contact 
Angle Hysteresis 

 We introduced perfl uoropolyether lubricant (Dupont Krytox 
GPL 105) onto R F  paper surfaces. The liquid spontaneously 
spreads onto the whole substrate through capillary wicking, 
and the large pores in paper facilitate the infi ltration and reten-
tion of the lubricating perfl uoropolyether to form a continuous 
overlying fi lm.  Figure    8   shows how R F  paper can serve as a sub-
strate for SLIPS—“Slippery Liquid-infused Porous Substrates” 
with remarkably low hysteresis towards most liquids. [  47,71,72  ]  
Blood, toluene, and diethyl ether all slide off the paper SLIPS 
when the surface is tilted at a 5° angle (Supporting Movies M3, 
M4, and M5).  

  Figure    9  a demonstrates that paper SLIPS show omniphobic 
behavior, with contact-angle hysteresis of the surface below 10° 
for all liquids we tested, and below 5° for most of them. Paper 

SLIPS are also able to resist wetting by n-pentane, which has a 
surface tension of  ∼ 15 mN m –1 . Since the wetting characteris-
tics (apparent contact angles,   θ  app  , and hysteresis,   θ  a  –  θ  r )  of the 
paper SLIPS did not vary for the three types of paper substrates, 
we hypothesized that the fi lm of perfl uoropolyether oil domi-
nates the wetting characteristics of this material.  

 To test this hypothesis, we measured the surface tension of 
the perfl uoropolyether oil and the liquid–liquid interfacial ten-
sion between the perfl uoropolyether oil and the test liquids 
using the pendant drop method. These values, along with the 
liquid–air surface tensions, provide all three surface energy 
components for calculating the equilibrium contact angle, 
  θ  Y  , of our test liquids resting on a hypothetical smooth, solid 
surface that consisted only of the perfl uoropolyether oil. We 
plot  cos  θ  Y  , calculated using Equation  (2)  versus the  cos  θ  app   in 
Figure  9 b, and fi nd that indeed these values are strongly corre-
lated. Thus, the wetting behavior of paper SLIPS can be reason-
ably predicted from the interfacial tension of a liquid of interest 
with the lubricating oil with Young’s equation. 

 A useful feature of paper SLIPS is their foldability, which can 
be exploited for low-cost fabrication of structures with desired 
functionalities. Complex 3D “slippery” structures of paper SLIPS 

      Figure 7.  Omniphobic microtiter plates fabricated by creasing and 
folding of R F  paper: a) a square array of re-entrant honeycomb cells, 
and c) a negative Poisson ratio structure based on a triangular array of 
re-entrant honeycomb cells. These structures are able to stably hold in 
each well 500  μ L of b) aqueous solutions (DMEM) and d) organic liquids 
(toluene dyed with Sudan I). 

      Figure 8.   a) Fabrication of paper slippery porous liquid-infused sur-
faces (paper SLIPS) from R F  paper impregnated with a perfl uoropoly-
ether. Time-sequence images showing sliding droplets of: b) heparinized 
human blood (volume  ∼  30  μ L), c) diethyl ether dyed with Sudan Red 
(  γ  LV   = 17 mN m –1 , volume  ∼  30  μ L) and d) toluene dyed with Sudan Blue 
(  γ  LV   = 28 mN m –1 , volume  ∼  30  μ L) on a paper SLIPS at  ∼ 5° tilting (see 
Supporting Movies M3, M4, and M5). 
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      Figure 9.  a) Comparison of apparent contact angles and contact angle 
hysteresis (  θ  a - θ  r  ) as a function of surface tension of test liquids (indi-
cated) for SLIPS fabricated from Gel Blot, Whatman #1 and Whatman 
#50 paper silanized with C 10  F  and impregnated with a perfl uoropolyether 
lubricant (Dupont Krytox GPL 105). b) Plot of the cosine of the predicted 
equilibrium contact angle—calculated with the assumption that the liq-
uids wet a hypothetical fl at surface composed solely of perfl uoropolyether 
lubricant—versus the cosine of the measured apparent angle of liquids 
with the paper SLIPS. The diagonal dashed line is drawn to guide the eye 
to show the case of perfect correlation. 

      Figure 10.  3D “slippery” structures fabricated by folding and creasing R F  
paper impregnated with a perfl uoropolyether lubricant (Krytox GPL105). 
The paper was fi rst impregnated, and then creased. These structures 
can guide the transport of liquid droplets of dyed methanol (green) and 
dyed toluene (red) using a) a slippery “channel” formed by successive 
V-pleats in a paper SLIPS (see Supporting Movie M6) or b,c) a fl uidic 
switch formed by combining tilting and a pre-defi ned geometry. 

can be easily fabricated using techniques based on (for example) 
origami directly from paper SLIPS, or from R F  paper folded, then 
impregnated with a perfl uoropolyether. To demonstrate their 
mechanical fl exibility and foldability, we folded paper SLIPS to 
make V-pleats and form “slippery” channels that can be used to 
guide droplets of toluene and methanol ( Figure    10  a, and Sup-
porting Movie M6). We created a simple switch by combining 
tilting with a pre-designed folded geometrical path. When the 
structure is tilted towards the left, the liquid droplet moves along 
the left-hand channel (Figure  10 b), while when the structure is 
tilted to the right, the path the liquid droplet takes is changed 
and the droplet moves along the right-hand channel (Figure  10 c). 
Paper SLIPS thus differ from those prepared by Aizenberg et al. 
in the ease with which (originally) planar sheets can be trans-
formed into structures with complex topographies by folding.   

  3.10   .  Colorimetric Detection of Volatile Compounds Using  R F   
Paper Devices 

 R F  paper is repellant to liquids with surface tensions greater than 
28 mN m –1 ; at the same time, it is highly permeable to gases and 
compounds in the vapor phase. We folded R F  paper to create 
small (4 cm 3 ) parallelipipedically-shaped chambers that we used 
for the colorimetric detection of hydrogen sulfi de and volatile pri-
mary amines. We contained an aqueous solution of either CuSO 4  
or picrylsulfonic acid in the chamber and sealed its top with a 
transparent gas-impermeable tape (Fellowes adhesive sheet, PET/
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lubricant, R F  paper forms a slippery material (paper SLIPS) 
capable of repelling liquids with surface tensions as low as 
15 mN m –1 . From a fabrication standpoint, cellulose-based 
paper is commercially available in a variety of forms—with dif-
ferent roughness, porosity, density, thickness, and fl exibility—
all of which can be converted into omniphobic materials or 
SLIPS upon appropriate surface functionalization, or upon 
functionalization and addition of a lubricant, to meet the needs 
of specifi c applications. 

 The potential for low cost for fabrication of R F  paper enables 
its use in applications that require gas permeable, disposable 
liquid barrier membranes, with possible uses as toxic gas sen-
sors, membranes for lung-assist devices or fuel cells. We have 
recently used R F  paper in combination with a craft-cutter to fab-
ricate open-channel microfl uidic devices that are able to repro-
duce low-Reynolds number pressure-driven fl uid dynamics, gen-
erate droplets and gradients, and carry out gas-phase chemical 
reactions. [  73  ]  R F  paper is more cost effective ( ∼ $0.8 m –2  for cost 
of materials compared to prices of  ∼ $1500 m –2  for Nafi on to 
~$29 m –2  for Gore-Tex), but also more repellent to water than 
materials based on ePTFE: the advancing contact angles of water 
on R F  paper (  θ  a  

H2O   >150°) are higher than, for example, the con-
tact angles of water on Gore-Tex membranes (  θ  a  

H2O   =  ∼  110°). [  74  ]  
Unlike other fl uoropolymer-based quasi-omniphobic mate-
rials, such as SLIPS [  43,47,71,75  ]  or omniphobic synthetic textured 
solids, [  43  ]  R F  paper and paper SLIPS are mechanically fl exible 
materials that can be rolled and folded into a range of complex 
3D structures with high stiffness and light weight. These mate-
rials are, however, susceptible to damage by stretching or cutting. 

 We believe that the ability to resist wetting by liquids with 
a wide variety of surface tensions, combined with mechanical 
fl exibility, foldability, light weight, biocompatibility (e.g., lack of 
wetting by blood), and gas permeability, make R F  paper a valu-
able new material, and a possible alternative to polymer-, glass-, 
and silicone-based materials now used as substrates for biomed-
ical and bioanalytical applications, microfl uidics, and MEMS.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  

  Acknowledgements 
 This work was supported by the Bill and Melinda Gates Foundation 
under award 51308. Work focusing on microtiter plates was supported 
by the Department of Energy (ER45852). R.V.M. acknowledges funding 
by the FP7 People program under the project Marie Curie IOF-275148. 
We thank Dr. Claudiu Stan and Dr. Barbara Smith for helpful discussions. 
We thank Jason Tresback and the Center for Nanoscale Systems (CNS) 
at Harvard University for technical assistance. This work was performed 
in part at the Center for Nanoscale Systems (CNS), a member of the 
National Nanotechnology Infrastructure Network (NNIN), which is 
supported by the National Science Foundation under NSF award no. 
ECS-0335765. CNS is part of Harvard University.   

Received:  March 2, 2013 
Revised:  May 7, 2013 

Published online:  

EVA/LDPE). A vial containing a solution of hydrogen sulfi de or 
butylamine was placed underneath each chamber for 20 s (see 
 Figure    11  b), to expose the chambers to the vapors of hydrogen 
sulfi de and butyl amine, respectively; this experiment allowed 
the volatile compound to pass through the bottom wall and react 
with the solution contained in the R F  paper chamber. The vola-
tile H 2 S reacted with CuSO 4  to form a brown precipitate (CuS, 
Figure  11 e); n-butylamine reacted with picrylsulfonic acid to form 
the orange product n-butyl 2,4,6 trinitroaniline (Figure  11 h).    

  4   .  Conclusions 

 We show that a rapid, one-step reaction with a fl uoroalkyl 
trichlorosilane in the gas phase transforms cellulose paper 
into R F  paper, an omniphobic material that is not wetted (  θ  app  > 
90°) by water and organic liquids with surface tension as low 
as 28 mN m –1 . Upon impregnation with a perfl uoropolyether 

      Figure 11.  Gas permeable but liquid impermeable “chambers” fabri-
cated by folding and creasing R F  paper and sealing the top with a gas-
impermeable tape (Fellowes adhesive sheet, PET/EVA/LDPE) can be 
used as colorimetric sensors to detect either hydrogen sulfi de or volatile 
primary amines. a) Design of the “chamber” and b) design of the experi-
ment. Each sealed “chamber” contained an aqueous solution of either 
d) CuSO 4  or g) picrylsulfonic acid (1 M in water). When the paper struc-
ture is exposed to a volatile source of H 2 S or butyl amine, the solution 
in the “chamber” forms e) a brown precipitate (CuS), or h) an orange 
product (n-butyl-2,4,6-trinitroaniline). The insets depict the bottom of the 
chamber after the colorimetric detection occurred. 
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Materials and Methods 

Fabrication of RH and RF papers. The silanizing reagents: 

i) tricholoromethylsilane (CH3SiCl3, “C1H”), trichlorodecylsilane 

(CH3(CH2)9SiCl3, “C10
H”), trichloro(3,3,4,4,5,5,6,6,7,7,8,8,8-

tridecafluorooctyl)silane (CF3(CF2)5CH2-CH2SiCl3, “C8
F”), 

trichloro(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-

heptadecafluorodecyl)silane  (CF3(CF2)7CH2-CH2SiCl3, “C10
F”), trichloro 

(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10, 11,11, 12,12,12-

henicosafluorododecyl)silane (CF3(CF2)9CH2-CH2SiCl3, “C12
F ) were 

purchased from Gelest Inc (Morrisville, PA). All chemicals were used as 

received without further purification. Paper (Gel Blot paper, Whatman#1, 
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and Whatman#50) was purchased from GE Healthcare (NJ, USA) and used 

as received, without purification. 

The silanization reaction was conducted in a chamber with a volume 

of 0.01 m3 at a temperature set at 95 °C.  The silanizing reagent is 

transferred into a glass vial under inert gas atmosphere and placed inside 

the chamber together with the samples. Each experiment typically 

required approximately 100 mg of silane in 5 mL of anhydrous toluene. 

The silane was vaporized at 95 °C under reduced pressure (~30 mbar, 

0.03 atm) and allowed to react for 5 minutes. Diffusion inside the 

reaction chamber is sufficient for an even distribution of the silane within 

the chamber.  

 

Characterization of the wettabil ity of different papers. Solvents 

were used as received: Pentane (Sigma-Aldrich, anhydrous, ≥99%), 

diethyl ether (Sigma-Aldrich, anhydrous, ≥99%), perfluorodecalin (Sigma-

Aldrich, anhydrous, ≥99%), anhydrous ethanol (Pharmco-Aaper, 200 proof, 

absolute), n-hexadecane (Sigma-Aldrich, anhydrous, ≥99%), DMF (Sigma-

Aldrich, anhydrous, ≥99%), ethylene glycol (Sigma-Aldrich, anhydrous, 

≥99%), thiodiglycol (Sigma-Aldrich, anhydrous, ≥99%), toluene (Acros, 

spectrophotometric grade 99+%), dimethylsulfoxide (DMSO, Sigma-

Aldrich, anhydrous 99.9%), methanol (Ashland, VLSI). Human heparinized 

whole blood and human plasma were purchased from Research Blood 

Components, LLC (Brighton, MA). All surfactants were purchased from 
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Sigma-Aldrich (St. Louis, MO). Water is ultrapure and deionized (resistivity 

> 18.2 MΩ cm). 

 

Contact angle measurements. The contact angle measurements were 

performed using a contact angle measurement system (Ramé-Hart model 

500-F1, Ramé-Hart Instrument Co.) at room temperature (20 – 25 °C)  

with ~20% relative humidity. The droplet volume for the measurement 

was ~10 μL (unless otherwise specified).  The advancing and receding 

contact angles were measured by the sessile drop method, which involves 

expanding or contracting a contact angle droplet by adding or 

withdrawing fluid in 1 μL increments. The droplet profile was fitted to a 

spherical profile using the software provided by the system. The 

advancing contact angles are measured at the leading droplet edge when 

the value of the contact angle remained constant and solid/liquid 

interface started to increase; the receding angles were measured at the 

trailing droplet edge when the value of the contact angle remained 

constant and the solid/liquid interface started to decrease.  

 

Scanning electron imaging. Scanning electron microscope (SEM) 

images (Fig. 2 B, C inset) of the paper microfluidic device was acquired 

with a Zeiss Supra 55 VP FESEM at 2 kV at a working distance of 6 mm. 

Before SEM imaging, the sample was sputter coated with Pt/Pd at 60 mA 

for 15–45 s. 
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RMS Roughness measurements of paper. We measured the height 

RMS roughness with a Taylor-Hobson CCI HD Optical Profiler according to 

the ISO25178 norm. The CCI method is based on the cross-coherence 

analysis of two low-coherence light sources, the beam reflected from our 

sample and a reference beam reflected from a reference mirror. In each 

experiment, at least seven 0.8 μm x 0.8 μm areas, captured at 20x 

magnification, were analyzed. A least square method of leveling was 

applied to each image. The roughness parameters were calculated 

according to the equations (1) and (2): 

RR.M .S . =
1
l

Z 2 (x)dx
l
∫ (1)

SR.M .S . =
1
A

Z 2 (x, y)dx
A
∫∫ dy (2)  

 

Spectral analysis of the paper surface. We also used the procedure 

reported by Blateyron [1] to quantify the anisotropy of the surfaces. We 

used in-built functions (“Autocorrelation” and “Texture Isotropy”) in the 

software (TalyMap Platinum, version 6.2.6676) that accompanied the 

optical profilometer (Taylor-Hobson CCI HD Optical Profiler), to perform 

the analysis.  We calculated the autocorrelation function of the surface 

profiles (obtained from optical profilometry) of the papers. We then 
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normalized the resulting two-dimensional matrix of correlation coefficients 

so that the correlation coefficient at zero lag was 1. The form of the 

central peak is an indicator of the isotropy of the surface. We thresholded 

the values of the correlation matrix to 0.2 to isolate values close to the 

central peak (zero lag). The texture aspect ratio parameter (str) is the 

ratio of the radii of the min and max radii calculated with respect to the 

perimeter of the central lobe. The str parameter takes values between 0% 

(a completely anisotropic surface) and 100% (an isotropic surface). This 

texture aspect ratio varied between ~61% for Whatman Gel Blot paper, 

~45% for Whatman #1, and ~37% for Whatman #50 paper. 

 

The roughness anisotropy factor of paper. We determined the 

anisotropy of paper according to a method developed by Baum et al.[2] 

We measured the average or root mean square (rms) surface roughness 

of paper using a Taylor-Hobson CCI HD Optical Profiler according to the 

ISO25178 norm. Seven independent measurements along each of the x 

and y-axis of the profilometer gave different average RR.M.S. roughness 

values, Rx and Ry. The roughness anisotropy, AR.M.S, defined as Rx/Ry, 

varied for each paper, from about 1.4 for Whatman #50, to 1.2 for 

Whatman#1 and to 1.1 for Whatman Gel Blot paper.  

 

The stiffness of the papers. The mechanical properties of paper, a 

network of cellulose fibers, depend on the fiber and fiber-to-fiber bond 
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properties and the geometrical structure of the network[3]. While an in 

depth characterization of the mechanical properties of the papers is 

beyond the scope of this article, we estimated the Young’s modulus of 

the paper sheets based on the force–deformation curves recorded using 

an Instron 5544A electromechanical testing machine. For Whatman#1, 

the Young’s modulus of the paper was determined to be 2.0 ± 0.4 GPa 

(N=3) for untreated paper, 2.0 ± 0.3 GPa (N=3) for C1
H paper, 2.0 ± 0.4 

GPa (N=3) for C10
H paper, 1.9 ± 0.5 GPa (N=3) for C8

F paper, 1.9 ± 0.4 

GPa (N=3) for C10
F paper, 2.0 ± 0.5 GPa (N=3) for C12

F paper. The 

differences between Young’s moduli for the different surface treatments 

were not significant.  

 

Preparation of SLIPS. Lubricating fluid (Dupont™ Krytox® GPL 105), 

was added to the surfaces (~50 μL/cm2) by pipette to impregnate the 

paper and form a coating film. The fluid spontaneously spread onto the 

whole substrate through capillary wicking. Tilting the surface and mildly 

applying compressed air removed the excess of lubricating fluid. 

 

n=10-60 

Dupont™ Krytox® GPL 105: molecular structure 
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Figure S1: Schematic representation of the process used for surface 

modification of paper surfaces via silanization.  
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Figure S2: Optical profilometry images of 0.4mm x 0.4mm areas of 

Whatman #1 (W1), Whatman #50 (W50), Gel Blot paper (Blot). 
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Figure S3: 3-D profiles of 0.8mm x 0.8mm areas of Whatman #1 (W1), 

Whatman #50 (W50), Gel Blot paper (Blot). 
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Figure S4: Droplets of water and hexadecane on Whatman #1 

functionalized with alkyl and fluoroalkyl trichlorosilanes. The volume of 

each droplet is 10 μL. 

 

 

Figure S5: Static contact angles (filled symbols) and hysteresis (hollow 

symbols) for several buffers commonly used in biological applications: PBS 
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(pH 7.2), Tris (pH 7.4), LB, DMEM, Tris-Gly Buffer (pH 8.3), and 1x 

OneTaq MasterMix (typical PCR buffer) on functionalized Gel Blot, 

Whatman #1 and Whatman #50 paper. The 1x OneTaq Mastermix is an 

aqueous solution that notably wets the non-fluorinated surfaces. Error 

bars represent standard deviation (N=30).  
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Figure S6: Static contact angles (filled symbols) and hysteresis (hollow 

symbols) of aqueous solutions of detergent commonly used in molecular 

biology on functionalized Blotting, Whatman#1 and Whatman#50 paper. 

The non-fluorinated surfaces are wetted by 0.05% TritonX, 0.07% Tween 

20 and 0.05% IGEPAL@CA630. Error bars represent standard deviation 

(N=30).  
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Figure S7: Origami Designs: Crease pattern for the fabrication of a multiwell plate. 

Mountain and valley folds are indicated by solid green and dashed red 

lines, respectively. The mechanical flexibility of the omniphobic paper 

allowed us to form 3-D structures by folding the sheet of paper before or 

after functionalization. 
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Figure S8: Origami designs for paper SLIPS: Crease pattern for the fabrication of 

channels and switches. Mountain and valley folds are indicated by green and 

red dashed lines, respectively. The mechanical flexibility of the 

omniphobic paper allowed us to form 3-D structures by folding the sheet 

of paper after impregnation with a perfluoropolyether (Krytox® GPL105). 
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Estimation of the Surface Free Energies of the Functionalized 

Papers. The method developed by Owens–Wendt–Rabel–Kaelble allows us 

to calculate the polar and disperse components of the surface energy and 

uses a geometric mean of these in the expression for γLA. We estimate 

the surface energy of the different RF and RH modified papers using the 

geometric mean equation:     

(1+ cosθapp )γLA = 2[(γSA
d γLA

d )1/2 + (γSA
p γLA

p )1/2 ]                             (3) 

 θapp is the static apparent contact angle, and γSA and γLA are the 

interfacial free energies with air of the solid and liquid, respectively. The 

superscripts d and p refer to the dispersive and polar components of 

surface energy, respectively. 

By solving Equation (3) for diiodomethane and pure water as test 

liquids, we obtained total apparent surface free energies between 7 and 

11 mN/m for surfaces treated with the fluoroalkyl silanes, below the 18-

20 mN/m reported value for polytetrafluoroethylene (PTFE). Based on the 

typical values for surface energies of exposed -CF2- (18mN/m) and -CF3 

(6 mN/m) groups,[4, 5] the calculated values for the surface free energies 

of fluorinated paper would indicate a high ratio of CF3 groups to exposed 

CF2 groups. The trend corresponds to what is expected from the chemical 

nature of the surface. 
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Figure S9: Dispersive and polar components of the apparent surface free 

energy for Gel Blot paper (Blot), Whatman #1 (W1) and Whatman #50 

(W50) paper functionalized with alkyl trichlorosilane (C1
H and C10

H) and 

fluoroalkyl trichlorosilane (C8
F, C10

F and C12
F). Error bars represent standard 

deviation (N=30).  
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Disposability of the fluorinated paper surfaces: estimate of 

products formed upon incineration. Combustion of fluoroalkanes 

occurs at temperatures above 1500°C [6-9] under atmospheric pressure. 

The distribution of products includes COF2, CF4, CO, and CO2,[7] with COF2 

and CO2 being the most abundant when the combustion occurs with 20% 

O2.[6, 7] The toxic volatile compounds, COF2 and HF, have threshold limits 

for short-term exposure of 2ppm (5.4 mg/m3) for COF2 and 2 ppm (1.7 

mg/m3) for HF.  

We used a FLIR (Forward Looking Infrared) camera (B400, FLIR 

Systems Inc.) to record the burning of paper with different surface 

treatments, and recorded the maximum temperatures in each individual 

image. In the case of untreated paper, paper treated with C1
H, and paper 

treated with C10
H, the maximum temperatures are ~ 630°C between 

~ 670°C, respectively. In the case of paper functionalized with C8
F, C10

F 

and C12
F, the maximum temperatures are between ~ 450°C and ~ 490°C. 

The RF papers burned more slowly, and generated flames of lower 

temperatures, than untreated paper and RH paper.  

If the RF paper is burned in a simple set-up, with no high-

temperature combustion catalyst present in the system when the paper is 

burned, the temperature of the flame is likely not high enough to allow 

the decomposition of the fluoroalkyl chains. It is, however, sufficiently 
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high [10] to allow the breaking of the C-Si bond and the oxidation of the 

terminal carbon atom to yield terminally oxidized fluoroalkyl species.  

The amounts of perfluoroalkylcarboxylic acid, HF and COF2, released 

as by-product upon burning paper functionalized with C12
F are estimated 

based on the elemental analysis (wt % C, F, Si) performed by the 

Intertek QTI Laboratory (Whitehouse, NJ). The results of the elemental 

analysis are summarized in Table S1. 

 
 
 
Table S1: Elemental analysis (wt%) of papers functionalized 
with C12

F 

 

 
 
 

We can estimate, based on the Si content, that one cm2 of Gel Blot 

paper functionalized with C12
F contains ~7×10-8 moles C12

F, corresponding 

to ~4×1016 molecules C12
F per cm2 of paper. Similarly, one cm2 of 

functionalized Whatman #1 and Whatman #50 papers contain~6×10-9 

moles or ~4×1015 molecules C12
F per cm2 of paper. 

Type of 
paper 

Basis 
weight 

(mg/cm2) 
wt % C wt % F wt % Si 

Whatman 
#50 ~9.7 42.7 ± 0.3 0.5 ± 0.5  0.0018 ± 

0.0005 
Whatman 
#1 ~8.6 42.8 ± 0.3 0.6 ± 0.5 0.0019 ± 

0.0005 
Gel Blot 
paper ~49.3 42.3 ± 0.3 0.6 ± 0.5  0.0041 ± 

0.0005 
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Thus, the incineration of 1 cm2 of Gel Blot paper functionalized with 

C12
F will produce at most 34 µg of perfluoroalkylcarboxylic acid 

(C12H3F21O2), corresponding to a maximum of ca. 29 µg of HF, or a 

maximum of ca. 49 µg of COF2. The amounts of fluorinated products 

released by the incineration of 1 cm2 of Whatman #1 and Whatman #50 

papers are maximum ca. 3 µg of perfluoroalkylcarboxylic acid, or ca. 2.6 

µg of HF and ca. 4.3 µg of COF2. 
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Cost of materials. An average of 12 sheets of 20 cm x 25 cm paper 

can be functionalized during one silanization experiment, conducted in a 

chamber with a volume of 0.01 m3 at a temperature set at 95°C. Each 

experiment typically required approximately 100 mg of organosilane in 10 

mL of anhydrous toluene. The cost of one 20 cm x 25 cm sheet of 

Whatman#1 paper is ~$0.27, making the cost of 1 m2 Whatman#1 paper 

~$5.4.  

 

 

Table S2: Cost of silanizing reagents as purchased at 
laboratory scale 

 

Organosilane C1
H C10

H C8
F C10

F C12
F 

Cost of 100 mg 
reagent ($) 

0.05 0.18 0.27 0.35 0.47 

Cost reagent ($/m2) 0.08 0.30 0.45 0.58 0.78 
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Determination of Porosity. Porosity, ε, is defined as the volume 

fraction of void (pore space). We measured the basis weight (mass per 

unit area) of each paper using a precision electronic laboratory scale, as 

well as the respective thickness of the paper (using a caliper).  The total 

volume of the sheet is the sum of the volumes of the cellulose fibers and 

the volume of void.  As the density of air is much lower than the density 

of cellulose (ρcellulose=1.55 g/cm3), the total mass of the sheet is 

approximately the mass of the cellulose fibers. The porosity, ε, becomes:  

ε =

1
ρapp

−
1

ρcellulose

1
ρapp              

                                                                             

(4) 

                                                           

 

The results are summarized in Table S3. 

 

 

Table S3: Determination of porosity for papers used in this 
study 
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Gas permeability. We argue that the gas permeability of the paper 

substrates is maintained because we cannot detect any changes in the 

densities (the basis weight and the thickness of the papers is preserved 

at the level of sensitivity of our measurements), and thus implicitly in the 

porosities of the paper substrates (data not shown). The internal 

structure of the pores in each of the papers appears unchanged as well, 

by SEM (data not shown). Gas permeability depends on porosity, pore size 

distribution and tortuosity[11]. Since in cellulose paper gas permeability 

and porosity are directly correlated,[11] we argue that the gas permeability 

of the papers is unchanged by the silanization process as well. 

 

 

Type of paper Basis weight 
(mg/cm2) Thickness(μm) Porosity 

Whatman #50 ~9.3 115 ~45%  

Whatman #1 ~8.6 180 ~68% 

Gel Blot paper ~49.3 1500 ~78%  
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This paper describes the fabrication of pressure-driven, open-channel microfluidic systems with lateral

dimensions of 45–300 microns carved in omniphobic paper using a craft-cutting tool. Vapor phase

silanization with a fluorinated alkyltrichlorosilane renders paper omniphobic, but preserves its high gas

permeability and mechanical properties. When sealed with tape, the carved channels form conduits

capable of guiding liquid transport in the low-Reynolds number regime (i.e. laminar flow). These devices

are compatible with complex fluids such as droplets of water in oil. The combination of omniphobic paper

and a craft cutter enables the development of new types of valves and switches, such as ‘‘fold valves’’ and

‘‘porous switches,’’ which provide new methods to control fluid flow.

Introduction

Microfluidic paper-based analytical devices (mPADs),1–7 in
which aqueous solutions wick through a porous matrix of
hydrophilic cellulose fibers delimited by hydrophobic barriers,
provide an alternative to elastomer (PDMS) and rigid polymer-
based, open-channel microfluidic systems.8 Their relatively
low cost and simplicity have made mPADs attractive for
prototyping concepts in microanalysis, and in applications in
areas such as medical diagnostics for resource-limited
environments,9–15 environmental monitoring,16–19 food safety
testing,20 and forensic analysis.18,19 Despite their advantages,
current paper microfluidic technologies share some common
disadvantages: limited minimum feature sizes (channel
widths are generally greater than 200 mm) and inefficient
delivery of sample within the device. Due to sample retention
in the porous cellulose matrix, the volume that reaches the
detection zones is usually less than 50% of the total volume
within the device.7 Moreover, applications that require low
Reynolds number, pressure-driven flows in open channels—
for example, multiphase flows involving drops or bubbles, or
flows of complex fluids such as whole blood or colloidal
suspensions that contain particulates—are generally incom-
patible with wicking flow.

Here we describe the use of a craft-cutting tool to fabricate
pressure-driven microfluidic devices with feature sizes as
small as 45 mm, using, as matrix for fabrication, omniphobic
RF paper prepared from the reaction of hydrophilic cellulose
paper with fluoroalkyl trichlorosilanes in the gas phase.21 The
combined effects of the long fluoroalkyl chains of grafted
siloxane molecules with the micro-scale roughness and
porosity of paper, yield an omniphobic material (i.e. resistant
to wetting by both water and non-polar liquids such as
n-hexadecane) that preserves the mechanical flexibility and
low resistance to the passage of gas of the untreated paper.
The entire process of design and fabrication of microfluidic
devices in omniphobic RF paper can be completed in less than
ten minutes. These devices display low-Reynolds number fluid
dynamics (i.e. laminar flow), make possible new types of
simple valves and switches to control fluid flow, and exhibit
high gas permeability.

Analytical systems using microfluidics have been actively
explored since the late 1980s. The introduction of fast
prototyping techniques based on soft lithography8 led to
increased research and development of polymer-based micro-
fluidic systems, but the fabrication of these devices still
requires specialized equipment, moderately expensive poly-
meric materials, and significant expertise.

A range of alternative techniques for the fabrication of
microfluidic devices in polymeric sheets have been demon-
strated; these techniques include transfer masking of toner,22

patterning of double-sided tape or film with a laser cutter23,24

or cutting plotter,25,26 UV-initiated surface photografting to
pattern superhydrophilic channels on the surface of a thin
superhydrophobic porous polymer film,27 or embossing
channels into polymeric sheets using a rigid master at elevated
temperature and pressure.28 Linder, Sia et al. used injection
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molding to fabricate microfluidic cassettes from polystyrene
and cyclic olefin copolymers.29–31

mPADs generally use hydrophobic barriers patterned in
paper to define paths along which liquids can wick. Methods
for patterning paper include the use of a photoresist (SU-8)
and photolithography,1,32–34 wax printing,2,35 or printing of
polydimethylsiloxane (PDMS) dissolved in hexanes.36 Other
fabrication techniques begin with paper already coated with a
hydrophobic layer on which specific areas are then plasma
etched,37 dissolved,6 or laser-treated38 in order to define
hydrophilic regions. When no hydrophobic barriers are
present, the shape of the paper itself defines the fluid path.
Fenton et al.39 pioneered the use of a computer-controlled XY-
knife plotter to shape thin sheets of paper and other porous
media to define fluid paths. The use of shaped paper has
subsequently been developed by others.40–46

This paper describes a bench-top fabrication process that
integrates the common elements of pressure-driven micro-
fluidics (e.g. laminar flow, mixing, on/off valves, gradient and
droplet generators) in a system that uses omniphobic paper as
a substrate. These easy–to–prototype, inexpensive, pressure-
driven devices expand the repertoire of microfluidic manip-
ulations and analyses that can be conducted using paper, and
offer a useful new method for the fabrication of microfluidic
devices.

Materials and methods

Choice of materials

We used an electronic craft cutter (Silhouette America, Inc.,
Silhouette CameoTM), with either a thin cutting blade or an
engraving tip, to carve micro-channels into the surface of a
sheet of cardstock paper. Craft cutters are inexpensive
(y$150–300), can reproduce channels designed using simple
software, are safe, and are extremely easy to use. We chose
cardstock paper as the material for cutting because it is
lightweight and flexible, sufficiently smooth to create a tight
seal with tape, and inexpensive (y$0.06 for an 8 1/299 6 1199
sheet); it is also thick enough (300 mm) to retain mechanical
stability while accommodating the depths of the carved
channels.
Silanization of paper with an alkyl or fluoroalkyl trichlor-

osilane makes it hydrophobic; the reaction occurs readily with
the silanizing agent in the vapor phase, and requires no
equipment apart from a low-pressure chamber and a source of
heat.21 The cost of the materials used for functionalization
with a long fluoroalkyl trichlorosilane is y$0.80 per m2 of
paper (for reagents purchased in small quantities), slightly less
than rendering paper hydrophobic by wax printing ($1 per
m2).2 The silanization treatment does not degrade the physical
properties of the paper, and does not require pre- or post-
treatment steps (e.g. washing to remove reagents or side
products, drying, etc.). We chose 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,
10,10-heptadecafluorodecyltrichlorosilane, CF3(CF2)7CH2CH2

SiCl3 (C10
F), and decyl- trichlorosilane, CH3(CH2)9SiCl3 (C10

H)
because they are commercially available, volatile, and reactive

toward the hydroxyl groups of cellulose. This silanization
reaction generates highly hydrophobic surfaces on the card-
stock paper (static contact angles of water hs

C10F = 137u¡ 4u, n
= 20 and hs

C10H = 131u ¡ 5u, n = 20). Paper functionalized with
C10

F is also oleophobic (contact angle with hexadecane hs
C10F =

93 ¡ 3u, n = 10).
In contrast, paper functionalized with C10

H is wet by
n-hexadecane. We silanized the paper after carving the
microfluidic channels, rather than before, in order to avoid
damaging the organosilane layer or exposing cellulose fibers
that had not come in contact with vapors of organosilane.
Tape (PET/EVA/LDPE, Fellowes adhesive sheet, http://www.

amazon.com/Fellowes-Self-Adhesive-Sheets-Letter5221502/dp/
B0010K824A) provides a low-cost, optically transparent seal for
the microfluidic channels. We used a syringe pump, connected
to the device through reusable silicone tubing (1.57 mm OD),
flangeless ferrules, and rings of double-sided adhesive layer (3M
Command Medium Picture Hanging Strips, http://www.
command.com/wps/portal/3M/en_US/NACommand/Command/
Products/Catalog/?N=3294736519&=rud), to drive flow through
the omniphobic channels. For applications requiring hexade-
cane, which can dissolve the double-sided adhesive layer, the
ferrules were connected to the device using Instant Krazy Glue
(Krazy Glue, Columbus OH).

Fabrication of open-channel paper microfluidic devices using
an electronic craft cutter

Fig. 1 schematically outlines the procedure used to fabricate
pressure-driven paper microfluidic devices. We created a
blueprint for the microchannels using computer-aided design
software (Adobe Illustrator1 CS5, Adobe Systems Inc.) and
carved the microchannels into the surface of the paper
substrate using an electronic craft cutting/engraving tool. We
rendered the resulting paper hydrophobic by vapor phase
functionalization with C10

F.21 Following functionalization, we
sealed the top of the device using a layer of tape with pre-cut
holes aligned with the inlets and the outlets of the
microchannels. We connected these channels to silicone
tubing using flangeless ferrules affixed to the device with
rings of double-sided adhesive tape. A syringe pump drove
fluid from the inlets to the outlets of the open microchannels
at flow rates of 5–100 mL min21. For applications requiring a
fixed inlet pressure, rather than a fixed volumetric flow rate,
we used gravity-driven flow and adjusted the hydrostatic
pressure by controlling the height of the inlet reservoir with
respect to the waste reservoir. These microfluidic devices can
withstand hydrostatic pressures up to 0.27 bar (27 kPa)
without delaminating.
The complete sequence of fabrication steps from design

concept to a working device can be completed within ten
minutes: (i) carving of 40 simple individual devices in a sheet
of cardstock paper takes less than 30 s (ii) vapor-phase
silanization of the entire engraved sheet requires y5 min, and
(iii) the assembly of one device (i.e. affixing adhesive layers and
tubing) takes y2 min.
Optimizing the quality of the seal between the inlets of the

device and the fluid supply is important for minimizing the
probability of failure of the devices (here we define success as
the continuous flow of liquid from inlet to outlet under a
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constant pressure of y0.2 bar (20 kPa) for an observation time
of at least one hour without leakage or delamination occurring
at fluidic connections or along the fluidic path). To seal the
ferrule to the paper device, we used a strong double-sided
adhesive tape (3M Command Medium Picture Hanging Strips);
no leakage at the ferrule occurred during our observation time
(65/65 cases). On a few occasions (2/65), fragments of cellulose
fiber or dust trapped in the channel during the fabrication
process impeded the flow of liquids through the microfluidic
device. Movie S13 shows the continuous flow of an aqueous
solution through an open microfluidic channel engraved in
omniphobic RF paper, as observed over a period of 3 h.

Results and discussion

Laminar flow and passive mixing in open paper
microchannels

To demonstrate the versatility of this fabrication process, we
created channels of different widths by choosing appropriate
blades to use with the craft-cutting machine: a thin blade
generated channels with widths of 45 ¡ 5 mm (n = 5, based on
SEM images), whereas an engraving tip generated channels
with widths of 100 to 300 mm. In both cases, selecting
appropriate settings of the craft-cutter can produce micro-
channels with depths between 50 and 300 mm. The dimensions

of the channels can be controlled by the combination of tip
width and craft-cutter settings.
Fig. 2C, E shows a pressure-driven paper microfluidic device

exhibiting laminar flow: two miscible aqueous phases, each
labeled with a different water-soluble dye (0.05% solutions of
Methylene Blue or Congo Red in water), were pumped through
a T-junction at a flow rate of 10 mL min21 (Reynolds number
Re = 2). An optical microscope at 50x magnification imaged the
two parallel streams within the 45-mm-wide channel (see inset
in Fig. 2E). These observations confirm that these devices can
reproduce the classical diffusion-limited co-flows reported in
open-channel microfluidic devices fabricated in materials
such as PDMS.47

To produce a device capable of mixing two fluid streams at
low Reynolds number, we carved a serpentine channel—a
channel geometry that induces mixing between two co-flowing
liquids48—into the paper (Fig. 2D, F). Two separate fluid
streams (0.05% solutions of Tartrazine or Methylene Blue in

Fig. 2 Laminar flow and passive mixing in pressure-driven paper microfluidic
devices. Schematic drawing of a) T-shaped microfluidic channel and b)
serpentine mixer. c) Image of the assembled T-shaped microfluidic device. d)
Image of the assembled serpentine microfluidic mixer. The insets in c) and d)
depict scanning electron microscope (SEM) images of the cross sections of the
‘‘T’’ shaped and serpentine microfluidic channels, respectively. e) ‘‘T’’ shaped
microfluidic channel (45 mm wide, 132 mm deep) exhibits laminar flow with
diffusion-limited mixing of two aqueous solutions of dye. d), f) Serpentine
microfluidic channel (280 mm wide, 80 mm deep) acts as a mixer for two streams
of yellow and blue aqueous solutions of dye. The insets in e) and f) are high-
magnification images of the microchannels. The arrows indicate the direction of
the liquid flow.

Fig. 1 Fabrication of microfluidic devices using the electronic craft-cutting/
engraving tool. i) Channels are carved into the cardstock paper using a thin
cutting blade or an engraving tip. ii) The paper is functionalized using C10

F to
render it omniphobic (color change illustrates the change in the surface
chemistry of the paper). iii) The top of the channels is sealed with transparent
adhesive tape. Fluidic connections are created by inserting silicone tubing into
the flangeless ferrules, which are attached to the device using rings of double-
sided adhesive layer.
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water) entered through a Y–junction at a flow rate of 10 mL
min21. Repeating C-shaped units turned the fluid through
180u to induce chaotic advection and passively enhance the
mixing of the streams. Thus close to the inlet we observed two
clearly delineated blue and yellow co-flowing liquid streams
that then became a single stream of green liquid 18 mm
downstream from the inlet (Fig. 2F). The mechanism for
inducing chaotic advection is the consecutive generation of
Dean vortices in the curved microchannel.48

Regulation of fluid flow by folding the microchannel

Valving systems developed for elastomer-based microfluidic
systems are compatible with pressure-driven paper microflui-
dic devices. For example, twist valves49 can turn the fluid flow
on/off in paper microchannels (see Fig. S5, ESI3).
We took advantage of the ease with which paper can be

folded to devise an alternative procedure for valving that does
not require the use of external parts. These ‘‘fold’’ valves
reduce the flow rate through the microfluidic channel when
the paper device is folded along an axis perpendicular to the
fluid flow. They are probably not applicable to complex
problems in sequential valving (as, for example, the sort of
systems developed by Quake and others50,51), but provide a
simple solution for controlling flows in elementary systems.
We characterized the ‘‘fold’’ valve by measuring the amount

of liquid expelled from the outlet as a function of the dihedral
angle of the folded paper making up this valve. We adjusted
the height of the liquid reservoir to obtain a steady flow of
y20 mL per minute for the unfolded device. We then adjusted
the dihedral angle while simultaneously wiping away any
excess liquid at the outlet. After 60 s, we used a calibrated
micropipette to measure the volume of liquid expelled as a
function of the dihedral angle. Fig. 3 illustrates the relation-
ship between the dihedral angle at the crease and the amount
of liquid expelled at the outlet. Increasing the dihedral angle
resulted in a continuous decrease in the amount of liquid
expelled at the outlet; no liquid was expelled at the outlet when
the folding angle reached or exceeded 90u (Fig. 3A). Unfolding
the crease restored the flow along the fluid path (Fig. 3B). Each
valve could be closed/opened at least ten times. Although we
have not characterized in detail the mechanism by which this
valve operates, we speculate that the tape constricts the
channel as the paper is creased (Fig. S7, ESI3), and decreases
the rate of flow through the channel. We expect the ‘‘fold’’
valve to be able to withstand pressures up to y27 kPa, since at
that pressure, the devices fail through delamination or
permeation of liquid into the porous hydrophobic matrix.

Regulation of fluid crossover between channels by pressure
difference

Omniphobic paper can also function as a ‘‘porous valve’’.
Because the silanized paper fibers have a low surface free
energy, liquid water does not spontaneously enter the pores of
the hydrophobic paper (i.e. water does not wick into the paper
due to capillarity). An applied pressure difference, however,
should be able to force water through the hydrophobic paper
pores.
The pressure difference, DPc, required to overcome the

surface free energy of the hydrophobic surface of the pores of

radius, R, is given by the Young–Laplace equation (eqn (1)),
where hs

H2O is the static contact angle of water with the
surface:

DPc~{
2c cos hH2O

s

R
(1)

For our system, in which hs
H2O y 137u, c = 72 mN m21, and

R y 2.6 mm (estimated from SEM images), eqn (1) predicts
that a difference in pressure DPc of 26 kPa is required for water
to break through the hydrophobic pores. This value is—
perhaps coincidentally—that at which the escape of water
from the channel into the hydrophobic pores of the
surrounding RF paper matrix is observed.
The pressure difference (DP) required to move water a

distance L through a porous medium, such as paper, is given
by Darcy’s equation (eqn (2)), where Q is the volumetric rate of
flow through the porous medium (m3 s21), k is the perme-
ability of the medium (m2), A is the cross sectional area to flow
(m2), and m is the viscosity of the liquid (Pa s).

DPm~
mLQ

kA
(2)

Fig. 3 Demonstration of a ‘‘fold’’ valve. a) Illustration showing how a ‘‘fold’’
valve regulates flow. b) Image of a microfluidic device in paper containing two
channels (50 mm wide, 150 mm deep). The dotted lines represent the folding
axes used to control fluid flow. The folding valve is closed when the folding
angle is 90u. Demonstration of fluid flow in a device with c) both valves closed,
d) right valve closed, left valve open, e) right valve open, left valve closed, f) both
valves open.
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The total pressure needed to initiate flow and drive water
across the porous medium of length L can be approximated as
the sum of the pressures calculated in eqn (1) and eqn (2):

DP~{
2c cos hH2O

s

R
z

mLQ

kA
(3)

The porous valve is ‘‘closed’’ below this threshold pressure.
When the pressure exceeds the threshold value, the valve
‘‘opens’’ and water is forced through the pores of the paper.
Fig. 4A shows a diagram of a microfluidic device that uses a

pressure-dependent porous valve to direct water into one of
two different paths depending on the location and magnitude
of the applied pressure. Two nonintersecting channels were
designed such that the shortest distance between the channels
was 0.8 mm. We sealed both sides of the device with gas-
impermeable tape to allow the application of a vacuum
through the paper channel (the paper devices discussed in
the previous sections were sealed with tape on only one side)
and placed a drop of an aqueous solution of dye at the inlet of
the first channel to serve as a reservoir.
Application of a vacuum (y5 kPa) at outlet 1 caused the

water to flow from the inlet to this outlet. Application of a

vacuum at outlet 2 changed the flow path: when the vacuum
exceeded a threshold pressure (y300 ¡ 30 Torr, or y40 kPa),
the water passed through the hydrophobic paper in the region
separating the two channels (Fig. 4), following the path from
the inlet to outlet 2. Below the threshold pressure, no water
passed through the hydrophobic paper; the paper served as a
porous valve with an opening pressure of 40 kPa. This pressure
difference represents the threshold pressure required for water
to overcome both the surface free energy (DPc = 26 kPa) and
resistance to flow through the pores of cardstock paper
functionalized with C10

F (DPm = 40–26 = 14 kPa). Since the
liquid passed though a bulk porous medium with no barriers
to guide the flow, some liquid permeated the pores laterally
and caused an apparent ‘‘bulge’’ at the crossing over between
the channels. This ‘‘bulge’’ was consistently observed across a
range of distances L and threshold pressures P.

We measured the linear velocity of water infiltrating the
channel corresponding to outlet 2 at a pressure of 40 kPa, and
estimated a volumetric flow rate Q = 10211 m3 s21 based on the
cross-sectional area A = 50 6 150 mm2 of the paper channel.
Using eqn (2), we obtained a value for the permeability of the
paper, k of y10214 m2. This value is in agreement with other
results from the literature on the permeability of paper.52

Thus, by examining eqn (2), porous valves in paper devices can
be designed to have a range of opening pressures. For
example, valves with higher threshold pressures can be
designed using paper with lower porosity and, thus, lower
permeability, k.

Gas transfer between adjacent independent microchannels

Paper—a fibrous matrix containing a network of intercon-
nected pores—generally exhibits much higher permeability to
gas than the solid materials used to fabricate microfluidic
devices. It is, for example, more than 100 times more
permeable to oxygen than PDMS, which is itself unusually
permeable (see Table S1, ESI3, for other materials). We used
the high permeability of paper to enable rapid gas transport
(,1 s) between two parallel microfluidic channels, the first of
which contained a solution of dissolved HCl or NH3, while the
second contained an indicator for the volatile compound
present in the first channel (Fig. 5).
We passed saturated aqueous solutions of dissolved HCl or

NH3 (37% and 28%, respectively) through one channel, which
was parallel to a second channel containing a solution of
universal pH indicator (Fig. 5A). The devices were sealed with
gas-impermeable tape on both sides. The color of the pH
indicator in the channel parallel to the HCl stream changed
from blue to yellow (from pH 9 to pH 5, Fig. 5C), while the
color of the pH indicator in the channel parallel to the NH3

stream changed from green to blue (from pH 7 to pH 10,
Fig. 5E). These color changes occurred within less than a
second of the liquids filling the channels. We observed no
change in the color of the pH indicator when we repeated this
procedure with aqueous solutions of a non-volatile acid (37%
H2SO4) or base (8% NaOH, which has the same pH = 13.6 as
the 28% solution of ammonia) in the neighboring channel
(Fig. S5, ESI3).
We interpret these results to indicate that the diffusion of

vapors of the volatile acid or base (HCl or NH3) through the

Fig. 4 A pressure-dependent porous valve between two microfluidic channels.
a) Design of a device with two independent microchannels, separated by a
distance of 0.8 mm. b) A device incorporating a pressure-dependent porous
valve for water between two microfluidic channels. Inset shows an SEM image
of the network of pores within cardstock paper (scale bar 100 mm). c) Image of
the device encased in tape. d) Fluid follows the open path from the inlet to the
outlet of the channel on the left. e) Fluid follows from the inlet of the channel on
the left to the outlet of the channel on the right using the shortest path.
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walls of the microfluidic device causes a change in the pH of
the solution in the neighboring channel. Our interpretation is
supported by separate tests in which the omniphobic paper
generated by functionalization with a fluoroalkane (C10

F)
resisted wetting by concentrated solutions of HCl, H2SO4,
NH3, or NaOH applied on its surface for more than two hours
(the duration of our observation; data not shown). The
timescale of the observed color change (,1 s) is also
consistent with that expected for the gaseous diffusion of
molecules between the channels, estimated by eqn (4), where L
(m) is the distance (in one-dimension), t is time (s), and D (m2

s 1) is the diffusion constant of molecules of gas.

t~
L2

2D
(4)

The diffusion constant, D, of small gaseous molecules such
as NH3 is typically on the order of 1026 m2 s21. Thus, it should
takey0.5 s for the NH3 vapor to diffuse between the channels.
The high gas permeability of paper also allows the removal

of gas contaminants and unwanted air bubbles, which diffuse
through the walls of the device. We demonstrate the removal
of air bubbles as large as 80 mL from aqueous solutions, using
RF paper as a porous membrane that is permeable to air (Fig.
S4, ESI3 and Movie S43).

Functional microfluidic devices in paper: serial diluters and
droplet generators

One of the useful characteristics of open-channel PDMS
microfluidics is the ability to precisely generate monodisperse
microdroplets of immiscible fluids, or well-defined gradients
of solutes in miscible liquids.53–55 The precise control over
volumes and concentration conferred by droplet-based (or
digital) microfluidics has led to new avenues of development
in chemical and biochemical screening, protein crystalliza-
tion, enzymatic kinetics, and bioassays.56

As proof of principle, we applied our paper engraving
technique to fabricate inexpensive devices for performing
serial dilutions, and for generating droplets in an immiscible
phase. Fig. 6A–B shows the serial dilution of an aqueous
solution of 0.05% Methylene Blue with a solution of 0.05%
Congo Red.
Both solutions were provided to their respective inlets at a

flow rate of 10 mL min21 (using a syringe pump). The serial
dilution can be visualized as a change in the color of liquids
inside the channels and at the outlets, from red and blue to
shades of purple. Fig. 6C–F shows the formation of droplets in
a T-junction in a paper microfluidic device with engraved
channels (y300 mm 6 200 mm cross-sectional dimensions).
n-Hexadecane served as the ‘‘carrier’’ fluid, or continuous
phase, and an aqueous solution of dye (0.05% Congo Red)
served as the dispersed phase. We established the flow of the
aqueous solution and the oil with syringe pumps. These two
phases met at the junction, where droplets ‘‘pinched-off’’ at
regular intervals.
The size of droplets generated at microfluidic T-junctions

can be controlled by adjusting the relative flow rates of the
continuous and dispersed phases.57 We thus formed droplets
of different sizes by varying the flow rate of the aqueous
solution while keeping the flow rate of the continuous phase
constant (See Movies S23, S33, S43). Fig. 6D–F shows several
representative micrographs of the system at different flow
rates of the continuous and dispersed phases. The droplets
generated in the paper microfluidic device were monodis-
perse; the coefficient of variation (CV) of the length of the
droplets (the distance between the furthest downstream and
upstream points along the interface of a fully detached plug)
generated at a frequency of 1.25 Hz was 1.1% (see discussion
in ESI3). By varying the flow rates of the dispersed and
continuous phases, water-in-oil droplets can be generated in
engraved channels at frequencies between 0.5 and 10 Hz,
similar to typical frequencies obtained in PDMS microfluidic
devices.56 Frequencies above 10 Hz are not presently feasible
because of limitations on the operating pressures that the
devices can withstand (30 kPa).

Fig. 5 Paper microfluidic systems enable gas transfer between independent
channels. a) Schematic drawing of the design of a microfluidic device with two
parallel channels. The distance between channels is 1 mm. b) Channel A is
empty, while a stream of 0.5% universal pH indicator is introduced in channel B.
d) Streams of 37% HCl(aq) and 0.05% universal pH indicator (Ind.) are
introduced in channels A and B, respectively. The transfer of HCl(g) from channel
A causes a change in the color of the pH indicator in channel B. Similarly,
streams of d) 0.05% universal pH indicator only or e) 28% NH4OH(aq) and 0.05%
universal pH indicator were introduced in channels A and B, respectively. The
change in the color of the universal indicator indicates the transfer of NH3

between channels. In all experiments, the fluid flow rate was set at 5 mL min21.
All scale bars are 5 mm.
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Paper-based droplet microfluidic systems offer several
potential advantages over systems fabricated in PDMS. Many
of the potential uses of droplet-based microfluidic devices are
driven by a need to compartmentalize solutions of particles,
cells or molecules into microreactors for further manipulation
by the addition (or removal) of other reagents. The high gas
permeability of paper facilitates the transfer of volatile
reagents from neighboring channels, or from the environ-
ment, and the release of gaseous by-products. Other active
means to manipulate droplets involve forces produced by
electric fields to create, recombine, split and sort charged
droplets.58 The integration of embedded circuits requires
materials with high dielectric strength, able to sustain the
high voltages required to charge the oil–water interface. The
dielectric strength (breakdown voltage) of the RF papers that
we tested varied between 8.3 ¡ 0.3 MV m21 (cardstock paper)
and 71.4 ¡ 8.0 MV m21 (Canson tracing paper—a high
density, cellulose paper). For comparison, the dielectric
strength of PDMS is 20 MV m21.59 Thus, this fabrication
technique, when combined with an appropriate choice of
paper, surface chemistry, and channel design, might lead to

the development of more complex droplet-based microfluidic
technologies.

Conclusions

The combination of cardstock paper silanized with a fluor-
oalkyl silane and a craft cutter provides the basis for a simple
new bench-top technique for the fabrication of open-channel
microfluidic devices. Like the familiar PDMS-based micro-
fluidic systems, these devices have open, microscale (45 6 100
mm2 cross section) channels, exhibit pressure-driven, low-
Reynolds-number flows and are compatible with multiphase
flows involving droplets of water in oil. Like other paper-based
microfluidic devices, the devices are inexpensive, mechanically
flexible, lightweight, disposable by burning, and highly
permeable to gases. These features provide new capabilities
that would be difficult to achieve using other types of
microfluidic devices: i) fast exchange of volatile compounds
between adjacent, fluidically-independent channels, as well as
access to reagents in the vapor phase outside the channel; ii)
regulation of flow rate by adjusting the folding angle at a
‘‘fold’’ valve (Fig. 3), or by using differences in pressure to
bridge unconnected channels (Fig. 4); iii) reduced probability
of adsorption or exchange of hydrophobic compounds
between channel walls in omniphobic paper compared to
PDMS,60 due to the oleophobicity of the surface; iv) easy
reconfiguration of the design of pre-existing microfluidic
devices, as it benefits specific applications, by engraving
additional channels or folding to create valves at desired
positions; v) compatibility with some liquids that swell or
destroy PDMS, including aromatic hydrocarbons (xylenes,
toluene, benzene) and concentrated sulfuric acid.60

These pressure-driven open-channel microfluidic devices
have three limitations: i) The omniphobic paper generated by
silanization with a fluoroalkane (C10

F) is not suitable for
manipulating fluids with surface tension below 27 mN m21

(e.g. pentane, methanol) since these fluids will penetrate the
pores of the silanized paper (many liquids with low surface
tensions are also incompatible with PDMS-based microfluidic
systems, as they swell or dissolve the PDMS).60 ii) The size of
the channels is defined by the thickness of the blade, and it is
thus difficult, with a simple cutter with a single blade, to
produce continuous channels with variable widths. iii) The gas
permeability of paper can lead to partial evaporation of the
liquid, causing changes in the concentration, medium
osmolality, or even complete drying of the device. This
problem can be addressed using a humidity-controlled atmo-
sphere, by incorporating hydration channel networks, or by
packaging the device.

Pressure-driven paper microfluidic devices fabricated using
this technique, with further development, have the potential to
provide new functional options in biomedical fluid handling,
clinical diagnostics, environmental monitoring, and micro-
fluidic and electronic systems.

Fig. 6 Open-channel paper microfluidic devices for serial dilution and genera-
tion of droplets in microchannels. a) The concept of a device for serial dilution of
two input fluid streams: the flow from each inlet is diluted by a factor of 2 at
each channel junction of the ladder network. b) Photograph of microfluidic
dilution device filled with blue (0.05% Methylene Blue) and red (0.05% Congo
Red) aqueous solutions as the two input fluid streams. c) Top view of a device
incorporating a microfluidic T-junction composed of rectangular channels. The
continuous fluid (here hexadecane dyed with Sudan Blue) flows along the main
channel, and dispersed phase (here water dyed with 0.05% Congo Red) enters
via an orthogonal inlet. For different rates of flow of continuous and dispersed
fluid, Qoil and Qwater, the device generates aqueous droplets of different lengths
Ld. Representative micrographs of the system at different ratios of flow rates for
the continuous and dispersed phases: d) Qoil : Qwater = 30, and Ld = y40 mm; e)
Qoil : Qwater = 8, and L = y300 mm; f) Qoil : Qwater = 4, and Ld = y600 mm.
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Materials and Equipment 

The cardstock paper and the adhesive tape used to seal the microchannels were purchased from 

Staples, Inc. (Boston, MA). The double-side adhesive strip (3M Command Medium Picture Hanging 

Strips) used to attach the flangeless ferrules to the device was purchased from Dickson Brothers 

(Cambridge MA).  The flangeless ferrules that connected the microfluidic device with the tubing were 

purchased from Upchurch Scientific, (Oak Harbor, WA).  Silicone tubing (1.57 mm OD) was obtained 

from VWR International LLC (Chicago, IL).  

 

 3,3,4,4,5,5,6,6,7,7,8,8,9,9, 10,10, 10–heptadecafluorodecyltrichlorosilane, 

CF3(CF2)7CH2CH2SiCl3 (C10
F) and decyltrichlorosilane ((C10) were purchased from Gelest Inc 

(Morrisville, PA). All chemicals were used as received without further purification.  The Silhouette 

Cameo electronic craft cutter (Silhouette Cameo, Silhouette America Inc), cutting tools, and engraving 

tip were obtained from Silhouette America Inc (Orem, UT). 

 

Device Fabrication 

Fig. S1 sketches the method used to fabricate pressure-driven paper microfluidic devices from 

cardstock paper. We designed the channels using computer-assisted design software (Adobe 

Illustrator® CS5, Adobe Systems Incorporated.) and used an electronic craft cutting/engraving tool 

(Silhouette Cameo, Silhouette America Inc.) to carve the design in the cardstock paper substrate (see 

Fig. S1). 
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Fig. S1 Silhouette Cameo electronic craft cutting tool a) before loading the paper, b) with the paper 

loaded. c) The microfluidic device design is generated using the cutter software, d) the craft cutter 

carves the design into the cardstock paper. The entire process takes less than 40s. 
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The silanization reaction was conducted in a chamber with a volume of 0.01 m3 at a 

temperature set at 95 °C.  The silanizing reagent is transferred into a glass vial under inert gas 

atmosphere and placed inside the chamber together with the samples. Each experiment typically 

required approximately 100 mg of C10
F in 5 mL of anhydrous toluene. The organosilane was vaporized 

at 95 °C under reduced pressure (~30 mbar, 0.03 atm) and allowed to react for 5 minutes. Diffusion 

inside the reaction chamber is sufficient for an even distribution of the organosilane within the 

chamber.  

After the hydrophobic treatment, the top of the channel was sealed with transparent tape 

(PET/EVA/LDPE, Fellowes adhesive sheet) to generate a flexible microfluidic device with an 

optically transparent cover.  Holes (1 mm diameter) were cut in the tape using the craft-cutting tool to 

serve as inlets and outlets. Flangeless ferrules (P-200 NX, Upchurch Scientific, Oak Harbor, WA, 

USA) with 1.59 mm outer diameter (O.D.) were used to connect the inlets and PE tubing with 1.59 

mm inner diameter (I.D.) Rings of double-sided strip (3M Command Medium Picture Hanging Strips), 

were cut using two punch biopsy instruments (1.5 mm and 6 mm Miltex Sterile Disposable Biopsy 

Punches), and used to affix the ferrules over the holes.  Fluid flow was provided by a syringe pump 

(Harvard Apparatus, PHD 2000) at a flow rate of 10 µL/min, unless otherwise specified. 

 

Cost of Fabrication 
 
Excluding labor and capital expenses, we estimate the cost for making any of the microfluidic devices 

described in this paper be is less than $0.007 (all prices are for small or research quantities of materials 

and reagents): i) The estimated cost of the paper is less than $0.0006 (~6 cm2 at $0.0001 per cm2 for 

cardstock paper). ii) The estimated cost of the organosilane is less than $0.00008 per cm2 (~$2 per 

gram; we estimate that 40 µL of organosilane can functionalize over one thousand 1 cm2 devices). iii) 

The estimated cost of the tape used to seal the device and to affix the ferrules is less than $0.005 
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(~6 cm2 at $0.00083 per cm2 for the adhesive sheet).  The estimated cost for the reusable flangeless 

ferrules and for the tubing used to connect the microfluidic device to a syringe pump is less than $3 

(two flangeless ferrules at $1.1 each, 30 cm of PTFE tubing at $2.45/m). 

 

Device Disposal by Incineration 

Devices fabricated using omniphobic paper that become contaminated with biohazardous waste can be 

incinerated to produce minimal amounts of solid by-products (See Fig S2, ESI†). Please see ref. 23 for 

a discussion of the environmental impact of burning RF paper. 
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Fig. S2 Demonstration of burning a device assembled from a layer of omniphobic paper, 

functionalized with C10
F, and tape (PET/EVA/LDPE). 
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Distribution in the of sizes of the droplets  

We used ImageJ (http://rsbweb.nih.gov/ij/) to measure the size of 20 consecutive droplets generated at 

three different rates, and calculated the standard deviation (σ) and the mean (µ) diameter of the drops 

at each flow rate. The coefficient of variation (CV) was calculated as σ/µ. CV values in percentage 

were 6.2%, 1.6% and 1.1% for droplets rates 1.25, 0.8, 0.5 Hz, respectively. Rates ranging from 1.25 

to 10 Hz exhibit similar CV values.  

 

Scanning Electron Microscopy 

The scanning electron microscope (SEM) images (insets in Fig. 2C, D, Fig. S3A, Fig. S7) of the paper 

microfluidic device were acquired with a Zeiss Supra55 VP FESEM at 2 kV at a working distance of 

6 mm. Before SEM imaging, the sample was sputter coated with Pt/Pd at 60 mA for 15–45 s. 

 

Contact Angle Measurements 

The contact angle measurements were performed by a contact angle goniometer (Ramé-Hart model 

100, Ramé-Hart Instrument Co.) at room temperature (20 – 25 oC) with ~20% relative humidity. The 

droplet volume for the measurement was ~10 µL (unless otherwise specified). 

 

Porosity  

In order to estimate the porosity (void fraction) of the paper substrates we used an analysis method 

based on image processing. SEM images of the cross-sections of paper were binarised and porosity 

was calculated as the black to white ratio (Fig. S3). The average porosity of cardstock paper was 

ε= 0.34 ± 0.02.
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Fig. S3 SEM image (left) and binarised image (right) of a cross section in cardstock paper. 
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Supplemental Table 1: Porous valves for water. The table shows the pressure difference required to 

move water through the pores in paper across a distance L between two open channels, where t is the 

time required for the liquid to cross that distance, P is the pressure drop, µ is the viscosity of the liquid 

(Pa·s), and k is the permeability of the medium (m2). 

 

P (Pa) L (m) t (s) Error (n=4) µ (Pa·s)         k (m2) 

4.0E+04 1E-03 1.5 ±0.5 8.90E-04 1.48E-14 

4.0E+04 2E-03 5 ±1.0 8.90E-04 1.78E-14 

4.0E+04 5E-03 22 ±3.0 8.90E-04 2.53E-14 
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Effective Diffusion Constants of NH3 and HCl through voids in omniphobic paper 
 

The diffusion constant of NH3 in air, Dbulk, has an experimental value of 2.2 x×10-5 m2/s at 25° C/1 

atm.1 Similarly, the diffusion constant of HCl in air is Dbulk=1.8x10-5 m2/s.2 The effective diffusion 

constant of gases in porous media Deff, can be estimated using the Bruggeman’s correction3 for the 

porosity ε : 

Deff = ε
1.5Dbulk                                                                         (1) 

Since ε ~ 0.3, the effective diffusion constants of NH3 and HCl through cardstock paper are on 

the order of 10-6 m2/s. 
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Fig. S4 A universal indicator in a channel parallel to a solution of a non-volatile acid or base does not 

change color. b) Streams of 38% H2SO4 (aq) and 0.05% universal pH indicator are introduced in 

channels A and B, respectively. Similarly, streams of d) 8.33% NaOH, which has the same pH=13.6 

as a 28% solution and 0.05% universal pH indicator were introduced in channels A and B, 

respectively. No transfer of liquids occurs between parallel channels 1 mm apart. 
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Supplemental Table 2: Oxygen permeability for several materials used to fabricate microfluidic 

devices (adapted from 4 , 5) 

Material Oxygen Permeability . 109 cm3 (STP). cm/s .cmHg 

Whatman#50     8000 

PDMS         60  

Polyethylene(low density)           0.8 

Polyvinyl chloride           0.14 

Nylon 6           0.004 

Mylar           0.0019 

Teflon           0.0004 
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Fig. S5 a) Design of the “twist” valve. b) Fabrication of a microfluidic system incorporating the valve. 

We fabricated twist valves from flangeless ferules and small machine screws, with a small amount of 

PDMS (~10 µL) added to the bottom part of the screw and allowed to cure to form a soft “cushion”. 

When turned clockwise, the screw lowers into the channel and contacts the bottom of the channel 

through the PDMS cushion. Turning the screw counterclockwise removes the obstruction and opens 

the valve. c) Demonstration of fluid flow in a device with both valves closed. d) Demonstration of 

fluid flow in a device with left valve closed, right valve open. e) Demonstration of fluid flow in a 

device with right valve closed, left valve open. f) Demonstration of fluid flow in a device with both 

valves open. The last segment of the channel exhibits laminar flow.   
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Fig. S6 Flow rate as a function of the dihedral angle of the “folding” valves. The flow rate was 

measured as the folding angle was adjusted for the left channel. The folding angle for the right channel 

was maintained at 90° throughout the experiments. The sequence of images of the device shows the 

left valve at different angles of folding: a) 90°, b) 45°, c) 0°. After t=3 s, drops of different sizes, 

corresponding to different levels of channel obstruction by the “fold” valve, are expelled from the 

outlet. d) Dependence of the flow rate on the folding angle.  

.  
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Fig. S7 SEM images of transverse sections through the “fold” valves, showing the constriction of the 

channel as a function of the folding angle at the valve. The sequence of images of the device shows the 

left valve at different angles of folding: a) 0°, b) 30°, c) 45°, d) 90°. At folding angles of 30° and 45°, 

the channel height appears to be lower than before folding (0°). At 90°, the channel top and bottom 

appear to be in close contact (height of channel less than 3µm). 
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Fig. S8 Snapshots of the series of plugs of an aqueous solution of blue dye separated by air bubbles as 

they pass through the open channel in hydrophobic paper. Air is expelled through the paper 

membrane, as observed at a flow rate of 25 µL/s. Bubbles are not visible in the microfluidic channel as 

they rapidly diffuse through the walls of the device. The flow of the aqueous phase in the channel is 

uninterrupted. 
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Fig. S9 A Y-shaped microfluidic channel (47 µm wide, 138 µm deep) exhibits laminar flow with 

diffusion-limited mixing of two aqueous solutions of dye.  In this experiment, after the channels are 

carved into the cardstock paper using a thin cutting blade, the paper is functionalized using 

decyltrichlorosilane (C10
H) to render it highly hydrophobic.  
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ABSTRACT: This work describes a device for electro-
chemical enzyme-linked immunosorbent assay (ELISA)
designed for low-resource settings and diagnostics at the
point of care. The device is fabricated entirely in hydrophobic
paper, produced by silanization of paper with decyl
trichlorosilane, and comprises two zones separated by a
central crease: an embossed microwell, on the surface of which
the antigen or antibody immobilization and recognition events
occur, and a detection zone where the electrodes are printed.
The two zones are brought in contact by folding the device
along this central crease; the analytical signal is recorded from the folded configuration. Two proof-of-concept applications, an
electrochemical direct ELISA for the detection of rabbit IgG as a model antigen in buffer and an electrochemical sandwich ELISA
for the detection of malarial histidine-rich protein from Plasmodium falciparum (Pf HRP2) in spiked human serum, show the
versatility of this device. The limit of detection of the electrochemical sandwich ELISA for the quantification of Pf HRP2 in
spiked human serum was 4 ng mL−1 (102 pmol L−1), a value within the range of clinically relevant concentrations.

E lectrochemical enzyme-linked immunosorbent assay
(ELISA) has the potential to be a useful alternative to

conventional colorimetric ELISA for clinical diagnostics
because the measured analytical signal is insensitive to color
interference and can be converted into a numeric output using
inexpensive electronics.1,2 Typically, electrochemical ELISA is
carried out in standard microtiter plates, with the electroactive
product of the enzymatic reaction being transferred at the end
to an electrochemical cell to perform the readout.2−4 The
complexity of the procedure generally limits electrochemical
ELISA to well-resourced laboratories with skilled personnel.
Easy-to-use, inexpensive, and reliable devices for electro-
chemical ELISA that can be mass-produced and that are simple
enough to be used, with further development, at the point of
care, e.g., in the field, in a patient’s home, or in a doctor’s office,
would be highly desirable, but they are still not widely available.
We wished to develop a device for electrochemical ELISA on
paper to provide a foundation for the development of low-cost,
fieldable devices for resource-limited settings.
Here, we describe the successful fabrication and use of a new,

simple family of paper electrochemical devices that can be used
for electrochemical ELISA. The devices are made entirely from
a sheet of C10

H paper5 (cellulose paper that has been rendered
hydrophobic by vapor-phase silanization with decyl trichloro-
silane) and ink, using only embossing, printing, and folding as
techniques for fabrication. Despite the remarkable simplicity of
these devices (simplicity in the materials used, the fabrication

method, and the operation) they are highly sensitive and exhibit
the electrochemical behavior typical of conventional electro-
chemical cells.
A number of research programs have focused on the

development of devices for electrochemical immuno-
assays.6−11 In electrochemical immunosensors, the layers of
immobilized antigens and antibodies are attached to the surface
of the electrochemical transducers.6,12−16 One consequence of
this design is that the immobilization of assay species on the
surface of the sensor and the sequential incubation and washing
steps may cause fouling of the electrodes and may impede
electron transfer.17−19 To limit this potential problem, spatial
separation of the immunoreactor and electrochemical detector
has been suitable in many cases.8,12,20 Aguilar et al.7 reported an
immunoassay format in which a recessed microdisk (for
capturing antigen) and a nanoband gold electrode (for
detection) were placed in close proximity within a microcavity.
Bhimji et al.8 developed an electrochemical ELISA in which the
capture and recognition of the antibody occur in close
proximity to large, three-dimensional gold microelectrodes.
The devices used in these assays are highly sensitive, but they
still suffer from drawbacks associated with complex micro-
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fabrication procedures (e.g., photolithography, thin-film depo-
sition, etching, or bonding),21 the use of materials (silicon,
glass, or polymers) that are not inexpensive, and the
requirement for external reference and auxiliary electrodes.
In recent years, paper has become an attractive material for

the fabrication of diagnostic devices for use in the developed
and developing world.22−26 Micro paper-based analytical
devices (μPADs),27−35 have been used, in conjunction with
colorimetric,36 fluorescent,37 chemiluminescent,38 and electro-
chemical19,32,39,40 detection technologies, for a variety of
applications in bioanalysis, including ELISA.36,41 In electro-
chemical microfluidic paper-based analytical devices
(EμPADs),39,42,43 first developed by Henry et al.,32 the porous
matrix of cellulose fibers through which analytes must travel to
the surface of the electrodes limits convective mass transport.44

Indeed, Crooks et al. recently demonstrated that the removal of
cellulose fibers from a microfluidic channel in paper, to allow
electrodes to contact the solution in the cavity directly, resulted
in improved mass transfer within the electroanalytical device.44

On the basis of the same principle, cellulose paper that has
been rendered hydrophobic can be used to fabricate electro-
chemical devices that exhibit rapid mass transfer: aqueous
droplets can rest directly on the surface of the electrodes
printed on hydrophobic paper and form a well-defined
electrode−electrolyte interface that enables rapid mass transfer
to the surface of the electrode.
C10

H paper5 (cellulose paper that has been rendered
hydrophobic by vapor-phase silanization with decyl trichloro-
silane) has several other properties that make it an attractive
substrate for the fabrication of devices for electrochemical
ELISA: (i) Its low surface free energy allows the printing of
electrodes with high reproducibility.45 (ii) Its hydrophobicity
and high surface area facilitates the immobilization of the
capture biomolecules (antibodies and antigens) on its surface.
(iii) Its flexibility allows the fabrication of microtiter wells by
embossing. (iv) Its foldability allows its use as a substrate for
devices with tunable geometry. (v) Its low cost and light weight
make it a useful material for the fabrication of disposable
devices.
The hydrophobic paper-based device for electrochemical

ELISA that we have developed comprises two zones separated
by a central crease: an embossed microwell, on the surface of
which the antigen immobilization and recognition events occur,
and a detection zone where the electrodes are printed. The
tunable geometry of the device allowed us to form an
electrochemical cell in which the solution of electroactive
species contacts the electrodes in the final step of the ELISA:
the two zones are brought into contact by folding the device
along the central crease, at which point when the analytical
signal is recorded. This approach of assembling a device by
folding components into contact has also been exploited, by
Crooks37,46,47 and others,19 as a means to fabricate paper-based
analytical devices. Here, the folding of the device is not just a
part of the fabrication process but a step in the analytical assay.
It allows us to minimize the fouling of the electrodes and
increase the sensitivity of the assay.
As a proof-of-concept demonstration, we used the device for

an electrochemical direct ELISA48 using rabbit IgG as a model
antigen and alkaline phosphatase-labeled anti-rabbit IgG as a
model antibody. Once the method was optimized, we used the
device to perform an electrochemical direct sandwich49 ELISA
for the quantification of a clinically relevant antigen, the
malarial histidine-rich protein from Plasmodium falciparum (Pf

HRP2), spiked into human serum. This article focuses solely on
the electrochemical aspects of a demonstration of principle and
is not intended to demonstrate a completely prototyped system
(including methods for sample preparation and addition).

■ EXPERIMENTAL SECTION
Materials and Chemicals. Chromatography paper (What-

man #1 Chr) was purchased from GE Healthcare (NJ, USA).
Graphite ink was prepared by mixing graphite paste
(C10903P14 carbon/graphite ink, Gwent Electronic Materials
Ltd., Torfaen, UK) and solvent (Ercon N-160 solvent thinner,
Ercon Inc., Wareham, MA, USA) in 55:45 m/m ratio. Decyl
trichlorosilane was purchased from Gelest Inc. (Morrisville, PA,
USA). p-aminophenyl phosphate (pAPP) was purchased from
Gold Biotechnology (St. Louis, MO, USA). Polystyrene
microtiter plates (UltraCruz ELISA Plate, high binding, 96
well, flat bottom) were purchased from Santa Cruz Biotech
(Dallas, TX, USA). Rabbit IgG, goat anti-rabbit IgG antibody
(A3689), goat anti-rabbit antibody conjugated with alkaline
phosphatase (ALP anti-rabbit IgG), ferrocenecarboxylic acid
(FCA), bovine serum albumin (BSA) solution (10% m/m in
DPBS), human serum, p-aminophenol (pAP), alkaline
phosphatase yellow (p-nitrophenyl phosphate, pNPP) liquid
substrate system for ELISA, and phosphate buffered saline
(PBS, product no P3744), pH 7.6 (25 °C), were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Goat anti-rabbit
IgG antibody labeled with DyLight 549 (DL549 anti-rabbit
IgG) was purchased from Jackson ImmunoResearch (West
Grove, PA, USA). Mouse monoclonal anti-Pf HRP2 IgG
antibodies (ABMAL-0445) and mouse monoclonal anti-Pf
HRP2 IgM antibodies (ABMAL-0444) were purchased from
Arista Biologicals (Allentown, PA, USA). Pf HRP2 (A3000)
was purchased from CTK Biotech (San Diego, CA, USA). We
conjugated the antibody against Pf HRP2 (ABMAL-0445,
Arista Biologicals) with alkaline phosphatase using an EZ-Link
maleimide-activated alkaline phosphatase kit (Pierce Biotech-
nology, Rockford, IL, USA). All chemicals and reagents were
used as received without further purification.
The Craft Robo Pro electronic craft cutter (Graphtec

Corporation, Tokyo, Japan) was obtained from Silhouette
America Inc. (Orem, UT, USA). The 3D printer was obtained
from Dimension 3D, Stratasys Inc. (Eden Prairie, MN, USA).
Absorbance and fluorescence measurements were performed
using a microtiter plate reader (model SpectraMax M2,
Molecular Devices, Vienna, VA, USA). Fluorescence measure-
ments were performed using a Typhoon FLA 9000 scanner
(GE Healthcare, Wilmington, MA, USA). Electrochemical
measurements were carried out using an electrochemical
analyzer (model Autolab PGSTAT302N, Metrohm, Riverview,
FL, USA).

Design and Fabrication of the Device. A “48-well plate”,
comprising 48 individual devices, was fabricated from a 20 ×
20 cm2 sheet of chromatography paper (see Figure S1 in the
Supporting Information). Paper was embossed and subse-
quently functionalized with decyl trichlorosilane; three electro-
des were deposited adjacent to each embossed feature (Figure
1). Individual devices were cut from the sheet using scissors.
We used embossing to shape the sheet of paper into a

microtiter plate using a pair of molds (one male, or projecting
mold, and one female, or intanglio mold). We designed the
shapes of the molds using SolidWorks (Dassault System̀es, S.
A., Veĺizy, France) (see Figure S2A in the Supporting
Information) and fabricated them from acrylonitrile butadiene
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styrene (ABS) using a 3D printer (see Figure S2B in the
Supporting Information). We wet a flat sheet of chromatog-
raphy paper with ethanol using a spray bottle in order to render
paper easier to shape, and then we placed it between the pair of
molds and pressed it manually. The embossed paper was then
removed and allowed to dry in air. The fast evaporation of the
ethanol helped to prevent undesired warping of the paper.
We functionalized chromatography paper using a silanization

reaction conducted in a chamber with a volume of 0.01 m3 at a
temperature set at 105 °C.5 The silanizing reagent, decyl
trichlorosilane, was transferred into a glass vial and placed
inside the chamber together with the samples. Each experiment
typically required approximately 100 mg of silane in 5 mL of
anhydrous toluene. Decyl trichlorosilane was vaporized at 95
°C under reduced pressure (∼30 mbar, 0.03 atm) and allowed
to react with the cellulose paper for 5 min. Diffusion and
convection inside the reaction chamber was sufficient for an
even distribution of the organosilane within the chamber. We
refer to the paper produced according to this protocol using
decyl trichlorosilane as C10

H paper.
We printed graphite electrodes on the surface of hydro-

phobic paper using a pen-on-paper50 approach. The template of
the three-electrode system, comprising working (WE), counter
(CE), and pseudoreference (RE) electrodes, was designed
using Adobe Illustrator (Adobe Systems Inc., San Jose, CA). All
three electrodes were printed using graphite ink in order to
minimize cost and simplify the procedure.
We used a 960-μm rollerball pen (Gelly Roll Metallic pen,

Sakura, Inc., Japan) to dispense the graphite ink. To clean the
pen, the ink barrel was separated from the rollerball tip, and the
commercial ink was removed using compressed air followed by
flushing with ethanol and sonicating in a bath of distilled water.
Graphite ink was loaded into the pen, and the ink was initially
forced through the rollerball tip by applying a pulse of

compressed air to the back of the ink barrel. The pen was
installed in the blade-set of the Craft Robo Pro electronic craft
cutter, and the electrodes were printed according to the digital
file. Figure S3 in the Supporting Information depicts the
process. Printed graphite features were allowed to dry at room
temperature (23 ± 2 °C) or a minimum of 1 h before being
used in experiments. Each printed feature has an area of ∼0.8 ×
16 mm2, of which 0.8 × 5 mm2 (0.040 ± 0.002 cm2) serves as
active electrode (WE, CE, or RE), in contact with the aqueous
solution, and ∼0.8 × 11 mm2 (0.088 ± 0.005 cm2) serves as a
connection and is inserted into a holder (see Figure S4 in the
Supporting Information) to connect with the potentiostat.

Evaluation of the Immobilization of Proteins on the
Surface of Microwells Embossed in Hydrophobic RH

Paper. All experiments were carried out at room temperature
(23 ± 2 °C). First, we tested the ability of C10

H paper to adsorb
proteins (antigens and antibodies) onto its surface by
evaluating the immobilization of a fluorescently labeled
antibody: goat anti-rabbit IgG labeled with DyLight 549
(DL549 anti-rabbit IgG). We prepared microtiter plates with
microwells embossed in chromatography paper functionalized
with decyl trichlorosilane. We incubated a solution of
fluorescent antibody (10 and 25 μg mL−1 DL549 anti-rabbit
IgG in PBS, pH 7.6) or blank (PBS, pH 7.6) in the microwells
(n = 7) for 10 min. Following the incubation, the solution was
removed, and the microwells (n = 7) were washed three times
with 100 μL of PBST (PBS, 0.05% Tween-20, pH 7.6). We
then recorded the fluorescence intensity of the wells using a
fluorescence scanner, with excitation and emission wavelengths
of 544 and 590 nm, respectively. The difference in fluorescence
intensity between the blank and the samples incubated with
DL549 anti-rabbit IgG (10 and 25 μg mL−1), followed by
washing, would indicate that the antibody was immobilized on
the surface of the well and did not elute with the washing
buffer.
We then tested the ability of a solution of a standard blocking

solution (1% BSA in PBS, pH 7.6) to prevent the nonspecific
adsorption of proteins on C10

H paper. Wells were blocked by
incubation for 10 min with the blocking solution. Solutions of
fluorescent antibody (DL549 anti-rabbit IgG at 10 and 25 μg
mL−1 in PBS, pH 7.6) and blank solutions (PBS, pH 7.6) were
incubated in either blocked or unblocked wells for 10 min. The
wells were washed with 100 μL of PBST three times, and the
fluorescence intensity of the wells was recorded using a
fluorescence scanner, with excitation and emission wavelengths
of 544 and 590 nm, respectively. If the BSA solution works
effectively as a blocking agent, then it should prevent the
adsorption of antibodies to paper. The unbound antibodies
would elute in the washing buffer, and, consequently, the
blocked wells should have fluorescence intensities undistin-
guishable from that of the background.
The mean fluorescence intensities of any two samples were

compared using an unpaired Student’s t test (GraphPad
Software, San Diego, CA, USA; www.graphpad.com). We
assumed statistical significance if P < 0.05.

Electrochemical Analysis. We performed cyclic voltam-
metry (CV) and square-wave voltammetry (SWV) with our
electrochemical device using a commercial potentiostat
(Autolab PGSTAT12, Metrohm). All electrochemical measure-
ments were carried out at room temperature (23 ± 2 °C). We
connected the paper device to the potentiostat using a reusable
magnetic PDMS holder (Figure S4). The PDMS holder
consisted of two parts (a top part, 3 × 1.1 × 0.5 cm3, and a

Figure 1. Fabrication of paper-based electrochemical devices.
Cellulose paper is (1) embossed by 3D printed molds containing an
array of circular features; (2) the embossed paper is subsequently
functionalized with decyl trichlorosilane; (3) three electrodes are
deposited adjacent to each embossed feature using a pen-on-paper
approach (Figure S3 depicts the process).
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bottom part, 3 × 6 × 0.5 cm3), each cast in PDMS and
containing an embedded magnet (Neodymium Magnets 1/2 ×
1/4 × 1/4 in.3 Bar N48, Apex Magnets, Petersburg, WV, USA).
The top part of the holder contained a 3-pin, 2.54 mm pitch
header that connected the electrodes to the potentiostat. The
paper device was placed between the two parts of the holder,
with the electrodes in contact with the pin header. The two
embedded magnets allowed the two parts of the holder to self-
align and the holder to open and close easily. This holder can
also be used to interface with portable electrochemical readers
such as the one developed by Nemiroski et al.2

To evaluate the performance of the printed electrodes, we
used cyclic voltammetry (CV). We performed this analysis
using ferrocenecarboxylic acid (FCA) at six different concen-
trations (10, 50, 100, 250, 500, and 1000 μmol L−1 in PBS, pH
7.6) and 4-amino phenol (pAP) at three different concen-
trations (10, 100, 1000 μmol L−1 in PBS, pH 7.6), at a scan rate
of 100 mV s−1. The electrochemical behavior of the electrodes
was further characterized by cyclic voltammetry using a solution
of FCA (100 μmol L−1 in PBS, pH 7.6) at different scan rates
(10, 50, 100, 200, and 300 mV s−1).
Cyclic voltammetry is not an ideal method for accurate

quantitation of electroactive species because the correction for
the capacitive current is typically uncertain.51 In order to
increase the sensitivity of our measurements, we used square-
wave voltammetry (SWV), a fast electrochemical technique
developed by Osteryoung and O’Dea.52 The electrochemical
signal of the pAP produced in the enzymatic amplification step
of the ELISA was recorded using SWV (scan potential between
−0.3 and 0.3 V; pulse amplitude = 0.10 V; square-wave
frequency = 10 Hz; step height = 0.005 V).
Electrochemical Direct ELISA for Detection of Rabbit

IgG. All experiments were carried out at room temperature (23
± 2 °C). Initially, each well was washed three times with 100
μL volumes of a solution of PBST. A drop (10 μL) of a solution
with a known concentration of rabbit IgG, in 10-fold serial
dilutions between 25 pg mL−1 (0.167 pmol L−1) and 25 μg
mL−1 (167 nmol L−1), was added to each embossed well, and
the wells were covered with a removable adhesive plastic (PET/
EVA/LDPE, Fellowes sheet) and allowed to incubate for 30
min. The solution was then aspirated from the wells with a
pipet, and the surface of the wells was rinsed with 50 μL of PBS
(pH 7.6). Next, the surface was blocked with 50 μL of a 1%
solution of BSA in PBST for 5 min. The solution was removed,
and the well was washed with 50 μL of PBST. A volume of 50
μL of anti-rabbit IgG ALP was added and incubated for 5 min.
The plate was washed three times with PBST. The enzymatic
amplification was performed by adding 50 μL of 5 mmol L−1

pAPP in a buffer solution (1× PBS buffer supplemented with
10 mmol L−1 MgCl2, pH 9.5). After the enzymatic reaction was
allowed to occur for 10 min, the device was folded, and the
electrodes were allowed to come into contact with the solution.
The electrochemical signal of the pAP produced was recorded
using square-wave voltammetry (SWV) (scan potential
between −0.3 and 0.3 V; pulse amplitude = 0.10 V; square-
wave frequency = 10 Hz; step height = 0.005 V). The LOD was
defined by the concentration that resulted in a signal equal to
the average signal of the control, i.e., at zero concentration of
IgG, plus three times the standard deviation of the signal of the
control.
Electrochemical Sandwich ELISA for Detection of Pf

HRP2. All experiments were carried out at room temperature
(23 ± 2 °C). Each well was washed three times with 100 μL of

a solution of PBST. The wells were coated by incubation of 50
μL of capture antibody (anti-Pf HRP2 IgM) at a concentration
of 10 μg mL−1 in PBST for 1 h. The wells were washed three
times with PBST and then blocked using 50 μL of a 1%
solution of BSA in PBST for 10 min. The solutions of
recombinant Pf HRP2 were prepared in a 10% m/m solution of
human serum in PBST. The wells were incubated with 50 μL
per well of solutions of human serum spiked with known
concentrations of Pf HRP2 for 30 min. The wells were then
washed three times with 50 μL PBST and incubated with 50 μL
of ALP-conjugated detection antibody (1 μg mL−1 in PBS, pH
7.6, anti-Pf HRP2 IgG−ALP). After incubation for 20 min
under agitation, the solution was aspirated. The wells were
washed five times with 50 μL of PBST instead of three times
because we found that it gave lower background for this assay.
Detection was completed by adding 50 μL of 5 mmol L−1

pAPP in a buffer (1× PBS buffer supplemented with 10 mmol
L−1 MgCl2, pH 9.5) at room temperature in each well. After the
enzymatic reaction was allowed to occur for 15 min, the device
was folded, the electrodes were allowed to come into contact
with the solution, and the signal was read using SWV (scan
potential between −0.3 and 0.3 V; pulse amplitude = 0.10 V;
square-wave frequency = 10 Hz; step height = 0.005 V). The
LOD was defined by the concentration that results in a signal
that was equal to the average signal of the control, i.e., at zero
concentration of Pf HRP2, plus three times the standard
deviation in the signal of the control.

Colorimetric Direct ELISA for Detection of Rabbit IgG.
A volume (200 μL) of a solution of antigen (rabbit IgG in 1×
PBS, pH 7.6), in 10-fold serial dilutions between 25 pg mL−1

(0.167 pmol L−1) and 25 μg mL−1 (167 nmol L−1), was added
to wells in a 96-well polystyrene plate and incubated for 16 h at
4 °C. The solution was removed from the wells, and the wells
were washed with 200 μL of PBS (pH 7.6). Next, the surface of
the well was blocked with 200 μL of a 1% solution of BSA in
PBST for 1 h at room temperature (23 ± 2 °C). The solution
was removed, and the well was washed with 200 μL of PBST. A
volume of 200 μL of anti-rabbit IgG−ALP was added and
incubated for 1 h at room temperature (23 ± 2 °C). The plate
was washed three times with PBST. The enzymatic
amplification was performed by adding 200 μL of alkaline
phosphatase yellow (pNPP) liquid substrate system for ELISA,
and the reaction was allowed to proceed for 20 min at room
temperature (23 ± 2 °C). Absorbance was recorded at 405 nm
using a microtiter plate reader.

Colorimetric Sandwich ELISA for Detection of Pf
HRP2. The wells of a 96-well polystyrene plate were coated by
incubation of 200 μL of capture antibody (anti-Pf HRP2 IgM)
at a concentration of 10 μg mL−1 in PBST for 16 h at 4 °C. The
wells were washed with 200 μL PBST and then blocked using
200 μL of a 1% solution of BSA in PBST for 1 h at room
temperature. The solutions of recombinant Pf HRP2 were
prepared in a 10 wt % solution of human serum in PBST. The
wells were incubated with 200 μL per well of solutions of
human serum spiked with known concentrations of Pf HRP2
for 1 h at room temperature. The wells were then washed three
times with 200 μL PBST and incubated with 200 μL of ALP-
conjugated detection antibody (1 μg mL−1 in PBS, pH 7.6, anti-
Pf HRP2 IgG−ALP). After incubation for 1 h at room
temperature under agitation, the solution was removed, and the
plate was washed three times with PBST. Detection was
completed by adding 200 μL of alkaline phosphatase yellow
(pNPP) liquid substrate system for ELISA, and the reaction
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was allowed to proceed for 20 min at room temperature (23 ±
2 °C). Absorbance was recorded at 405 nm using a microtiter
plate reader.

■ RESULTS AND DISCUSSION
Design and Fabrication of the Device. We have chosen

paper as a substrate for the fabrication of the electroanalytical
device because it is widely available, inexpensive, lightweight,
flexible, easily creased, easily printed with conductive materials,
and embossed or folded into 3D configurations; it also does not
break into sharps and can be disposed of easily by burning. The
ease of modifying its surface chemistry allowed us to render the
paper hydrophobic using a 5 min vapor-phase treatment with
decyl trichlorosilane (C10

H).5 The modified paper can be easily
printed with conductive inks,45 and it facilitates the physical
adsorption of biomolecules on its surface through hydrophobic
interactions. The roughness of the paper affords a large surface
area for the adsorption of proteins on the surface of the
functionalized paper. We took advantage of these properties to
immobilize antigens and antibodies on the surface of wells in
hydrophobic paper. Embossing was chosen to shape the paper
into a microtiter microplate because it is simple, rapid, and
requires inexpensive equipment (i.e., reusable molds generated
using a 3D printer). Embossing is also compatible with mass
fabrication methods such as reel-to-reel manufacture processes.
We produced linear arrays of electrodes (a graphite working

electrode, a graphite counter electrode, and a graphite quasi-
reference electrode) spaced 1.5 mm apart using a 960-μm
rollerball pen filled with colloidal graphite ink on C10

H paper
(Figure 1). The rollerball pen filled with conductive graphite
ink, under the control of a craft plotter, can transfer an easily
modifiable digital pattern onto a sheet of paper to generate
printed electrodes within minutes. This printing technique is
useful for rapid prototyping and mass customization of
electronic devices because it does not require custom-patterned
components, such as screens, stencils, and masks. This pen-on-
paper approach was first introduced by Russo et al.50 and was
further developed by Mirica et al.53 to draw gas sensors on
paper. In conjunction with the craft plotter, this approach
afforded us a high degree of reproducibility in the printing of
the electrodes, a high degree of flexibility in modifying and
optimizing the design of the electrodes, and a fast method of
fabricating relatively large numbers of electrodes (∼10 min to
print a file comprising 70 three-electrode cells) (see Figure S3
in the Supporting Information).
To minimize the fouling of the electrode by compounds

required for a typical ELISA, we have spatially separated the
process involved in the capture of the antigen and the detection
of the electroactive enzymatic product. The electroanalytical
device incorporates printed electrodes proximal to, but not in
contact with, the embossed microwell on the surface where the
immobilization of the antigen and the subsequent recognition
events occur. The flexibility and foldability of the paper
substrates allows us to bring the electrodes into contact with
the reaction mixture only when the electrochemical detection
step was ready to be performed. After completing the addition
and removal of the series of reagents required for the ELISA,
the device was folded along a central crease to bring the
electrodes in contact with the solution of the electroactive
product of the enzymatic reaction (Figure 2).
Evaluation of the Immobilization of Proteins on the

Surface of Microwells Embossed in Hydrophobic RH

Paper. We used a fluorescently labeled antibody, DL549

anti-rabbit IgG, to test the ability of the C10
H paper to adsorb

antibodies and protein antigens on the surface as well as to
evaluate the ability of bovine serum albumin (BSA) to block
remaining active sites. Using Student’s t test, we compared the
mean values of fluorescence intensity in wells incubated with
solutions of the fluorescently labeled antibody, followed by
triple wash with PBST, with the fluorescence intensity of the
blank (Figure S5). The increase in fluorescence intensity in the
unblocked wells compared to the blank was significant (95%
confidence interval; P < 0.0001 for both 10 and 25 ng μL−1 of
antibody), confirming the adsorption of the fluorescent
antibody on the surface of the hydrophobic C10

H paper. The
extent of the immobilization increased with increased
concentration of antibody in the solution (the mean values
for the fluorescence intensity following incubation with 10 and
25 ng μL−1 of antibody, followed by triple wash with PBST, are
different at a 95% confidence level; P = 0.0207), suggesting that
concentrations of antibody under 25 ng μL−1 are below the
saturation point of the well.
To test the ability of a protein solution to block the surface of

the wells within C10
H paper, we incubated the wells with

solutions of BSA (1% in PBST) for 10 min. Solutions of DL549
anti-rabbit IgG were then added to wells that were blocked or
unblocked, incubated for 10 min, and then washed with PBST.
In the wells that were blocked, the fluorescent signal was not
significantly different from the background (95% confidence
interval; P = 0.1199 for 25 ng μL−1 of antibody), whereas the
wells that were unblocked produced higher fluorescent signals.
Thus, the results showed that a solution of BSA can be used to
block nonspecific adsorption of proteins on the surface of C10

H

hydrophobic paper and a solution of PBST can be used
effectively to remove unbound proteins from blocked wells.

Recording the Analytical Signal. To evaluate the
performance of the electrodes over a potential window, we
recorded the cyclic voltammograms (CVs) of ferrocene
carboxylic acid (FCA) at six different concentrations (10, 50,

Figure 2. Schematic illustration of the approach of electrochemical
immunoassay in hydrophobic paper microwells. The electrochemical
sandwich ELISA depicted here comprises six steps: (1) immobilizing
capture antibodies (2) blocking with a solution of BSA, (3) binding of
antigen to antibody, (4) binding of detection antibody, conjugated to
ALP, to antigen, (5) ALP-mediated conversion of an electrochemically
inactive substrate (pAPP) into electrochemically active pAP, and (6)
electrochemical measurement.
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100, 250, 500, and 1000 μmol L−1 in PBS pH 7.6). FCA is a
redox probe with well-characterized electrochemical behavior.
Figure 3A shows the variation in the CVs of a solution of FCA
(100 μmol L−1 in PBS, pH 7.6) recorded using seven different
devices. We observed very small device-to-device variation in
the performance of the electrodes, as indicated by the small
relative standard deviation (RSD, defined as the percentage
ratio of the standard deviation to the mean of the distribution)
of 2.9% in the peak current, ip (Figure 3A). The peak current
potential separation ΔEp = Epa − Epc has an average value of 63
± 6 mV; this value indicates the presence of an almost
reversible process with a fast electron transfer (ipc/ipa = 1.02 ±
0.03).
To characterize the variation in the performance of the

electrodes between different batches as a function of the
concentration of the analyte, we determined the anodic peak
current, ipa, measured from the decaying cathodic current as a
baseline.51 Figure 3B shows that the anodic peak current is
linearly proportional to the concentration of FCA (R2 = 0.997).
To test whether the electrochemical process is adsorption- or

diffusion-controlled, we characterized the behavior of the
electrodes as a function of scan rate. We recorded cyclic
voltammograms of 100 μmol L−1 FCA in PBS, pH 7.6, at scan
rates between 10 and 300 mV s−1, and observed that the anodic
and cathodic peak currents (ipa and ipc) are linearly proportional
to the square root of the scan rate (R2 = 0.998 and 0.999,
respectively) (Figure 3D). This result indicates that the process
is diffusion-controlled. There is no significant variation of ΔEp
with the scan rate or with concentration (see Figure S7 in the
Supporting Information), suggesting that there is no significant
uncompensated solution resistance and that the kinetics of the
electron transfer process in the system is fast. The behavior is
similar to the behavior observed in traditional electrochemical

cells, suggesting that the rate of the electrochemical reaction is
governed by the diffusion of FCA into the surface of the planar
electrode.
After characterizing the reproducibility of the fabrication

method and the electrochemical behavior of the device using a
well-known redox probe, FCA, we analyzed the response of the
system to an electroactive species that can be used to quantify
the signal in an electrochemical ELISA. There are several
examples of enzyme/substrate pairs that can be used to
generate electroactive products. We have chosen alkaline
phosphatase (ALP) as the enzyme and 4-aminophenyl
phosphate (pAPP) as the substrate because a wide variety of
ALP-conjugated antibodies are commercially available and
because ALP and pAPP generate an electrochemically active
product, pAP, that can be oxidized to a quinone imine54 at a
relatively low potential (∼200 mV vs graphite quasi-reference
electrode). As the noise in electrochemical detection typically
increases with increasing potential, this low oxidation potential
of pAP is advantageous. This low potential also makes the
interference from the oxidation of other species in the sample
unlikely. We have characterized the behavior of the electrodes
with pAP using CV and observed that the anodic peak current
varies linearly with the concentration of pAP (R2 = 0.993) (see
Figure S6 in the Supporting Information). The variation of the
peak current potential separation with concentration of pAP is
shown in Figure S8. At high concentrations (>100 μmol L−1),
pAP shows quasi-reversible behavior, with a peak current
potential separation of 130 ± 17 mV at 1 mmol L−1

concentration in PBS (see Figure S7 and the discussion in
section S3 of the Supporting Information).

Electrochemical Direct ELISA for Detection of Rabbit
IgG. We used rabbit IgG as a model antigen48 and anti-rabbit
IgG−ALP conjugate as the detection antibody to test the

Figure 3. (A) Cyclic voltammograms of a solution of FCA (100 μmol L−1 in PBS, pH 7.6) for seven independently fabricated devices. (B) Plot of
relation between concentration of FCA in PBS, pH 7.6, and anodic peak current (ipa), measured at 100 mV s−1. The relationship is linear, with R2 =
0.997. (C) Cyclic voltammograms of a solution of FCA (100 μmol L−1 in PBS, pH 7.6) at different scan rates (10, 50, 100, 200, 300 mV s−1). (D)
Anodic (black) and cathodic (red) peak currents as a function of square root of the scan rate. In panels B and D, each datum represents the average
of seven independent measurements, and the error bars represent the standard deviation from the average.
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performance of our device in a direct ELISA. Rabbit IgG
(10 μL) was applied to each well in 10-fold dilutions ranging
from 0.167 pmol L−1 to 167 nmol L−1, the wells were covered,
and the solution was allowed to incubate for 30 min at room
temperature. After washing with PBST and blocking the surface
of the well with a solution of BSA, the anti-rabbit IgG−ALP
conjugate was added to each well and incubated for 10 min at
room temperature to allow binding with the rabbit IgG. After
the excess was washed away, a solution of the electrochemical
substrate pAPP was added to the microwells. The conversion of
pAPP to electrochemically active pAP was allowed to proceed
for 10 min before the device was folded along the central crease
to bring the electrodes into contact with the solution of the
electroactive enzymatic product, and the electrochemical signal
was measured using SWV (Figure 4).

The parameters for SWV measurement were identified in
preliminary trials to provide the highest signal-to-noise ratio in
the detection of a 100 nmol L−1 solution of pAP in PBS (data
not shown); these parameters were chosen as a pulse amplitude
of 0.10 V, a square-wave frequency of 10 Hz, and a step height
of 0.005 V for scanning the potential between −0.3 and 0.3 V
vs graphite quasi-reference electrode. The measurements were
performed using a commercial potentiostat; the parameters are
fully compatible with the portable electrochemical reader
developed by Nemiroski et al.2

We generated a calibration curve of the peak current
recorded by SWV versus the concentration of rabbit IgG at
concentrations ranging from 0.167 pmol L−1 to 167 nmol L−1

(in PBS, pH 7.6), as shown in Figure 4. The peak current of
pAP was found to be proportional to the concentration of
rabbit IgG. We can approximate this curve as linear in the
concentration range of 10−1000 pmol L−1 using a simple linear
regression (R2 = 0.998).
At the present state of development, the LOD of our

electrochemical direct ELISA for rabbit IgG is 2 pmol L−1 (0.3
ng mL−1). This LOD was lower than the one we determined
for conventional absorbance ELISA (8 ng mL−1) using the
same antigen/antibody pair. The detection limit reached using
our device is comparable with values reported in previously
published studies describing electrochemical ELISA carried out

with different devices and antigen/antibody pairs. For example,
Nemiroski et al.2 reported a LOD of 20 ng mL−1 for Pf HRP2,
Bhimji et al.8 reported a LOD of 1 ng mL−1 for HIV-1
antibodies, Sun et al.55 reported a LOD of 0.5 ng mL−1 for
cucumber mosaic virus, Liu et al.4 reported a LOD of 0.02 ng
mL−1 for α-fetoprotein, and Sha et al.3 reported a LOD of
0.5 pg mL−1 for the detection of dentine sialophosphoprotein.

Electrochemical Sandwich ELISA for Detection of Pf
HRP2. We used our device to detect and quantify levels of Pf
HRP2 spiked into diluted human serum using a sandwich
ELISA assay. We immobilized the capture antibodies (mouse
anti-Pf HRP2 IgM) on the hydrophobic C10

H paper surface by
passive adsorption. We conjugated the detection antibody
(mouse anti-Pf HRP2 IgG) to ALP in order to minimize the
number of incubation and washing steps in the assay.
We used human serum samples spiked with recombinant Pf

HRP2 at concentrations ranging from 1 to 106 ng mL−1 as our
test samples and subsequently generated a calibration curve for
the concentration of Pf HRP2 protein vs the peak current of
pAP, as recorded by SWV (Figure 5). The LOD for our device
was 4 ng mL−1 (102 pmol L−1). The LOD we measured in a
conventional colorimetric ELISA was 18 ng mL−1 for the same
antigen and antibody pair.

According to a study by Dondorp et al., the mean (95% CI)
concentration of Pf HRP2 in the plasma of 337 patients with
falciparum malaria was 0.84 μg mL−1, corresponding to a range
of 0.57−1.11 μg mL−1.56 This result suggests that our assay can
easily and accurately detect the presence of Pf HRP2 in
concentrations that are clinically relevant.

■ CONCLUSIONS
This study describes the development of a device for an
electrochemical ELISA designed, ultimately, for integration into
systems for low-resource settings. Made entirely from hydro-
phobic paper and printed carbon electrodes, our device is
versatile: it can be used for direct, indirect, or sandwich ELISA
and can be readily adapted to detect other analytes for which
appropriate antibodies and antigens have been developed.

Figure 4. Effect of concentration of IgG on the SWV peak current in a
direct ELISA. The average value of the blank was subtracted from each
measurement. Each datum is the mean of seven replicates, and the
error bars are standard deviations of the measurements. The limit of
detection is estimated to be 2 pmol L−1. The R2 value of the curve fit
to the data using the Hill equation is 0.978. The curve is approximately
linear between the concentrations of 10 and 1000 pmol L−1 of rabbit
IgG per well (R2 = 0.998).

Figure 5. Effect of concentration of Pf HRP2 on the SWV peak
current in a sandwich ELISA. The average value of the blank was
subtracted from each measurement. Each datum is the mean of seven
replicates, and the error bars are standard deviations of the
measurements. The limit of detection is estimated to be 4 ng mL−1.
The R2 value of the curve fit to the data using the Hill equation is
0.988. We can approximate the curve as linear between the
concentrations of 10 and 1000 ng mL−1 of Pf HRP2 per well (R2 =
0.989).
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Arrays of such devices can interface with multichannel
electrochemical readers to perform multiplex analyses.
This device has five significant features: (i) it is quantitative

and sensitive, (ii) it is cost-effective (∼$0.005 per device for
materials, not including the cost of the biochemical reagents),
due to the inexpensive materials and method used for its
fabrication, (iii) it is easily stored and transported, (iv)
contaminated devices can be easily disposed of after use (by
incineration), and (iv) the equipment used for electrochemical
detection is lighter, smaller, and less expensive than conven-
tional spectrophotometers or optical scanners. The paper-based
device described here can be coupled with miniaturized
electrochemical readers with performance comparable to that
of commercial potentiostats, as described previously by
Nemiroski et al.2 The cost of these devices along with the
ease of interfacing with telephone and web-based systems for
transferring information to medical and public health person-
nel, and for processing and storage, has the potential to
broaden the applicability of electrochemical analysis in field
settings.
At its present demonstration level of development, this work

does not, of course, meet all of the demands of low-resource
settings. The need to add and remove small fixed volumes of
reagents manually and sequentially still limits the practicality of
this device in field applications. To simplify the user interface,
the integration with other technologies for reagent storage and
fluid delivery remains to be explored. Having recently
demonstrated the development of open-channel microfluidic
systems in omniphobic and hydrophobic paper,57,58 of
particular importance for future integration with our device
are two technologies: “mChip”,59,60 a method to introduce
metered plugs of reagents, separated by air spacers, into
microfluidic channels, and “blister pumps”,61,62 a method that
uses on chip “blisters” that can be manually actuated by the user
to transport fluids through microfluidic channels on the device.
While future development is still needed to render these
devices fieldable, the work demonstrates the potential of this
kind of device and analysis.
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Associate content 

 

An image depicting a “48-well plate” comprising 48 individual electrochemical cells 

embossed in hydrophobic RH paper; a schematic diagram showing the design and 

dimensions of the molds used for embossing; a representation of the technique used 

for the printing of electrodes; an image depicting the PDMS holder used to connect 

the paper-based device to a potentiostat; an analysis of the immobilization of a 

fluorescent antibody on the surface of RH paper; an analysis of the electrochemical 

behavior of a set of independently fabricated devices in response to pAP; an analysis 

of the variation of the peak current potential separation with scan rate and with 

concentration of analyte; a discussion of the cost of fabrication per device, and a 

discussion of the environmental impact of disposing of devices by incineration.    
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Figure S1: A “48 well plate” comprising 48 individual electrochemical cells. The 

diameter of each well is 7 mm.  
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 S3 

 

 

 

Figure S2: (A) Characteristic dimensions of the features in the molds used for 

embossing. (B) Image depicting the 200×200 mm molds used to emboss the “48 well 

plate”. Left: negative mold. The diameter of each feature is 8 mm; the depth of each 

feature is 1.1 mm. Right: positive mold. The diameter of each feature is 7 mm; the 

height of each feature is 0.8 mm. 

  

A 
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 S4 

 

 

 

 

Figure S3: Printing of electrodes using a pen filled with conductive graphite ink and 

a desktop cutter-plotter (Craft ROBO Cutting plotter). (A) The electrode design is 

loaded into ROBO Master, the software that controls the output of the plotter; B) the 

plotter with the paper loaded; c) the plotter prints the electrode onto the surface of the 

paper. The entire process takes less than 8 min for 48 electrodes. 
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 S5 

 
 
 
 
 
Figure S4: PDMS holder (A) consisting of two PDMS parts with embedded magnets 

(B). The holder can be used to connect the three electrodes (RE, WE and CE) of the 

electrochemical cell with the cable leads of a potentiostat (C).   
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 S6 

 

Figure S5: Immobilization of a fluorescent antibody (DL549 anti-rabbit IgG) on the 

surface of wells embossed in C10
H –treated paper. Comparison of the fluorescence 

intensity from wells that were either blocked (grey bars) or unblocked (white bars) for 

10 min with a solution of BSA (1% in PBS), washed, then incubated with solutions of 

DL549 anti-rabbit IgG  (0, 10 or 25 ng µL-1 in PBS, pH 7.6) for 10 min and washed. 

White bars indicate comparison of the fluorescence signal from wells with 

immobilized DL549 anti-rabbit IgG at different concentrations. The results represent 

the average normalized fluorescence intensity of seven independent measurements, 

and the error bars represent one standard deviation from the average. The results were 

normalized to the average fluorescence intensity of control wells (unblocked), 

incubated with 25 ng µL-1 of antibody.  
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 S8 

 

Figure S6. A-C) Cyclic voltammograms of pAP for a range of concentrations for 

seven devices prepared in different batches. D) Plot of relation between pAP 

concentration and measured anodic peak current (CV); the scales for both 

concentration and peak current are logarithmic.  Each datum represents the average of 

seven independent measurements, and the error bars represent the standard deviation 

from the average. 
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 S9 

 

 

Figure S7. Variation of the peak current potential separation ΔEp = Epa - Epc with: (A) 

scan rate, for a 100 µmol L-1 solution of FCA in PBS, pH 7.6; (B) concentration of 

FCA in PBS, pH 7.6, at a scan rate of 100 mV s-1. In (B), the x-axis is logarithmic. 
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 S10 

Figure S8. Variation of the peak current potential separation ΔEp with: (A) 

concentration, and (B) peak current measured for three concentrations of pAP 

[1 mmol L-1, 100 µmol L-1, 10 µmol L-1] in PBS, pH 7.6, at a scan rate of 100 mVs-1. 

In (A), the x-axis is logarithmic. 
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S1. Cost of Fabrication 

Excluding labor and capital expenses, we estimate the cost for making any of the 

microfluidic devices described in this paper be less than $0.007 (all prices are for 

small or research quantities of materials and reagents): i) The estimated cost of the 

paper is less than $0.004 (~6 cm2 at $0.0007 per cm2 for Whatman Chr 1 

chromatography paper). ii) The estimated cost of the organosilane is less than 

$0.00008 per cm2 (~$1 per gram; we estimate that 40 µL of organosilane can 

functionalize over one hundred 6 cm2 devices). iii) The estimated cost of the graphite 

ink (Gwent graphite paste diluted in Ercon N-160 solvent thinner) is less than $0.001 

per device. 

Cost considerations. Broken down into 3 categories: materials (cost per device), 

fabrication (cost of machinery), and packaging (cost per device). 
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Table S1. Cost of fabrication per device 

Item Used per device Cost Total cost 

per device 

Whatman Chr 1 paper 6 cm2 $0.52 / 400 cm2 sheet $0.0040 

Organosilane < 1µL $1.00 / gram $0.0001 

Gwent graphite paste in 
solvent 

20 mg $0.20 /gram $0.0010 

Graphtec Craft Robo Pro 1 machine $1,200.00 < $0.0001 

Ink pen with refillable 
cartridge 

1 pen $10.00 < $0.0001 

Cutting platform 1 package of 3 $15.00 < $0.0001 

Technician 1 worker $30,000.00/year < $0.0001 

Total cost per device ~$0.0060 
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S2. Device Disposal by burning 

The organosilane used to functionalize the paper is not fluorinated. Paper 

functionalized with decyl trichlorosilane can be burned without significant 

environmental consequences in order to dispose of potentially contaminated samples. 

S3. Variation of the peak current potential separation ΔEp with concentration  

To distinguish between kinetic and resistive effects in the solution of pAP, we have 

plotted the peak potential separation versus peak current for different concentrations 

of analyte at a potential scan rate of 100 mV s-1 (Figure S8). The measured cathodic-

to-anodic peak potential separation, ΔEp (V), and the ohmic resistance in the cell, 

R (Ω), are related by the following equation:1 

ΔEp = (ΔEp )kin + 2ipR Eq. 1

The ordinate at the origin in this equation, (ΔEp )kin (V),  is related to kinetic 

parameters of the interfacial electron transfer process. 2 

For pAP, we plotted ΔEp vs ip, and used a simple linear regression to test the 

linearity of the two variables. The data fit the linear regression y=a + bx, with R2 

=0.998, a=0.051 V, and b=29.86 Ω; thus, R=~15 Ω. 

Since the resistance in the cell is not high (< 100 Ω), we hypothesize that the 

shift in cathodic-to-anodic peak potential separation is caused by slow or quasi-

reversible electron-transfer kinetics from pAP to the electrode surface. pAP has been 

found to be quasi-reversible in other electrochemical systems.3 In addition, the shift in 

cathodic-to-anodic peak potential separation is not significant in the CV of a molecule 

with fast electron transfer kinetics, FCA, at the same concentration (1mmol L-1), 

electrolyte solution and scan rate, which should exhibit comparable uncompensated 

solution resistance (see Figure S7). 
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 Inkjet Printing of Conductive Inks with High Lateral 
Resolution on Omniphobic “R F  Paper” for Paper-Based 
Electronics and MEMS 

   Joshua    Lessing     ,        Ana C.    Glavan     ,        S. Brett    Walker     ,        Christoph    Keplinger     ,        Jennifer A.    Lewis     ,*    
   and        George M.    Whitesides   *

ambient humidity can alter the performance of the printed 
circuit. 

 Common methods for printing electronics on paper (e.g., 
gravure, screen printing, stencil printing, chemical vapor 
deposition with shadow masking) [ 15,17 ]  require the creation of 
a master (a custom-patterned component such as a screen, 
stencil, or mask) for printing each new pattern. The fabrication 
of these masters is a time-consuming and often expensive pro-
cess, which is incompatible with rapid prototyping and mass 
customization of electronics, although these technologies are 
widely used in large-scale manufacturing. Russo et al. have 
recently developed a pen-on-paper approach for fabricating 
electronic structures on paper; [ 18 ]  the resolution of this method 
is, however, limited to a few hundred microns or higher and 
the method is not readily scalable. 

 Here, we report a digital fabrication method for creating 
high-resolution conductive patterns on paper that both advances 
the use of paper substrates for printed electronics, and contrib-
utes to our program on low-cost, paper-based diagnostics. [ 19–31 ]  
The major innovation in this work is the use of omniphobic 
paper [ 1 ]  as a substrate for the deposition of multiple inks using 
a piezoelectric inkjet printer. Piezoelectric inkjet printing is a 
non-contact, additive, and high-precision printing method (with 
resolution typically ≥ 20 µm, though higher resolution has been 
obtained at the laboratory scale, [ 15,32,33 ]  that does not require the 
generation of a master, but instead creates patterns based on 
easily modifi able digital fi les. [ 15,34 ]  The precise control over the 
positioning of the droplets and over the interfacial free energy 
of the paper substrate enabled us to print, with high resolution, 
conductive patterns that are resistant to damage from exposure 
to common solvents and to folding. 

 We modifi ed the surface free energy of paper using a fast 
vapor-phase treatment with organosilanes. [ 1 ]  This process, 
which occurs in approximately fi ve minutes, does not require 
wetting (and distorting) the paper, or removal of solvents. Treat-
ment with non-fl uorinated organosilanes renders paper hydro-
phobic; treatment with highly fl uorinated compounds such as 
fl uoroalkyltrichlorosilanes transforms paper into a material that 
is omniphobic (both hydrophobic and oleophobic). [ 1 ]  In both 
cases, the chemical modifi cations result in engineered papers 
with mechanical properties independent of humidity. These 
engineered papers still retain the fl exibility and low resistance 
to gas transport of untreated paper. [ 1 ]  

 We used four commercially available reagents to study the 
effect of the change in interfacial free energy (provided by the 
covalently grafted organosilane) on the resolution of printed DOI: 10.1002/adma.201401053

  Dr. J. Lessing, A. C. Glavan, Dr. C. Keplinger, 
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  We describe the use of omniphobic “fl uoroalkylated paper” (“R F  
paper”) [ 1 ]  as a substrate for inkjet printing of aqueous inks that 
are the precursors of electrically conductive patterns. By con-
trolling the surface chemistry of the paper, it is possible to print 
high resolution, conductive patterns that remain conductive 
after folding and exposure to common solvents. Inkjet printing 
on omniphobic paper is a promising method of fabrication for 
low-cost, fl exible, foldable, and disposable conductors on paper 
(and other fl exible substrates) for electronics, microelectrome-
chanical systems (MEMS), displays, and other applications. The 
ability to resist wetting by liquids with a wide range of surface 
tensions, combined with foldability, mechanical fl exibility, light 
weight, low cost, and gas permeability, makes omniphobic R F  
paper a versatile alternative to the polymer, glass and silicon-
based materials upon which printed electronics are currently 
being deposited. 

 To make printing the primary platform for patterning fl ex-
ible conductors, inexpensive functional inks and substrates 
must be developed and integrated with a fabrication process 
capable of broad use. Paper, which is both ubiquitous and inex-
pensive, has been used as a substrate for printed electronics 
since the 1960s, when Brody and Page at Westinghouse Electric 
fi rst stencil-printed inorganic thin-fi lm transistors on paper. [ 2,3 ]  
Despite many advances in the fi eld of printed electronics, [ 4–9 ]  
including inkjet printing on paper, [ 10–14 ]  conventional cellulose-
based paper still remains an underutilized substrate in com-
mercial applications other than conventional printing, [ 15,16 ]  due, 
in part, to the poor barrier properties it provides for liquids. 
Wetting has the effect of dispersing inks deposited on the sub-
strate, and lowering the resolution and conductivity of printed 
structures. Moreover, since paper is hygroscopic, changes in 
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conductive features: (i) (3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-hep-
tadecafl uorodecyl) trichlorosilane (CF 3 (CF 2 ) 7 CH 2 CH 2 
SiCl 3 , “C 10  F ”), (ii) methyltricholorosilane (CH 3 SiCl 3 , “C 1  H ”), 
(iii) decyltrichlorosilane (CH 3 (CH 2 ) 9 SiCl 3 , “C 10  H ”), and (iv) 
tris(dimethylamino)silane (TDA). A relatively smooth paper, 
(Canson tracing paper, Model No. 702–321) is used as a sub-
strate for applications requiring maximum lateral resolution; 
this choice of paper minimizes irregularities in the conduc-
tivity and resolution of printed features induced by surface 
roughness. 

 We fi rst examined, by means of apparent static ( θ s  ) contact 
angle [ 35 ]  measurements, the wettability of the organosilane-
modifi ed paper substrates. [ 1 ]  In the absence of this treatment, 
water droplets are found to immediately wick into the paper 
( Figure    1  ). By contrast, silanization renders the papers hydro-
phobic, i.e., water no longer wicks into them, but rather forms 
droplets on their surfaces with apparent static contact angles, 
 θ s  

H2O  , between 100° ± 6 (for TDA,  n  = 7) and 128° ± 4 (for C 10  F , 
 n  = 7). Based on the static contact angle measurements, the 
hydrophobicity of the surfaces appears to increase according to 
the series: untreated paper < TDA < C 10  H  < C 1  H  < C 10  F .  

 Figure  1  clearly demonstrates that the wetting of untreated 
and silanized paper by water correlates with the lateral resolu-
tion of the printed conductive features. Canson tracing paper, 
untreated or silanized with TDA, C 1  H , C 10  H , and C 10  F , is used 
as a substrate for the inkjet printing of 80-µm-wide wires (the 
intended width based on the features in the digital fi le) using 
reactive silver ink dispensed by a Fuji Dimatix DMP-2831 
printer (see Supplementary Information for details). We used 
this reactive silver ink [ 36 ]  because it yields patterned features 
whose electrical conductivity is superior to that of features 
obtained using commercial silver nanoparticle inks. The reac-
tive silver ink is essentially a modifi ed Tollens’ reagent: that is, 
an aqueous solution that contains a soluble complex of silver 
ions, primary amines and a reducing agent—formic acid. As 
the chelating primary amines are volatilized upon heating at 
modest temperatures (≤120 °C), the formic acid reduces the 
uncomplexed silver ions to silver particles. 

 This process results in patterned features with conductivities 
that are 60–90% of the bulk conductivity of silver, since there 

are no polymeric or other organic residues in 
the ink formulation. [ 36 ]  Optical micrographs 
show that the lateral resolution of printed 
features improves with increasing hydro-
phobicity: untreated paper = 585 ± 87 µm, 
TDA = 292 ± 34 µm, C 10  H  = 149 ± 31 µm, 
C 1  H  = 137 ± 13 µm, and C 10  F  = 90 ± 5 µm 
( n  = 10 measurements of the feature width). 
The lateral resolution of the printed features 
is linearly correlated with the apparent static 
contact angle,  θ s  

H2O   on the surface of each 
paper (Figure S1). This effect is most pro-
nounced for C 10  F –treated paper, which shows 
a substantial improvement in maximum lat-
eral resolution compared to the untreated 
paper substrate. Scanning electron micros-
copy (Figure S2), energy-dispersive X-ray 
spectroscopy (Figure S3), and optical pro-
fi lometry (Figure S4) reveal that the hydro-

phobicity of the engineered paper surfaces serves to focus the 
deposition of silver particles onto a smaller area, thus enabling 
printing of conductive features. The resistance per unit length 
of the printed wires in Figure 1 decreases with increasing 
hydrophobicity:  R  TDA  = 2371 ± 1618 Ω/cm,  R  C10H  = 400 ± 
206 Ω/cm,  R  C1H  = 265 ± 64 Ω/cm, and  R  C10F  = 132 ± 25 Ω/cm 
(each resistances measured for  n  = 7 distinct features). The 
observed conductivity of wires printed on silanized papers 
stands in contrast with the very high resistance of the features 
printed on untreated paper (resistance greater than the detec-
tion limit of our multimeter >10 MΩ). 

 The resolution of inkjet-printed patterns is limited by sev-
eral factors: the wettability of the substrate, the hydrodynamics 
of the jetted microdroplets, and the volatility of the constitu-
ents of the ink. [ 34 ]  Typically, 20 µm is considered the smallest 
feature size achievable via inkjet printing. [ 37 ]  Features of this 
size are typically achieved using 1-pL droplets, but can also 
be achieved by tuning the waveform of 10-pL cartridges to 
generate droplet volumes below 10 pL. We chose our most 
hydrophobic paper in the series, Canson tracing paper treated 
with C 10  F  ( s

H O2Θ  = 129° ± 4,  n  = 7), to test the maximum lateral 
resolution achievable using reactive silver ink dispensed from 
a 10-pL Dimatix cartridge. A 10-pL spherical droplet has a dia-
meter of 27 µm. We printed lines with thickness determined by 
the width of single drops, with a spacing set at 20 µm between 
consecutive drops. SEM imaging (Figure S5) shows that a max-
imum lateral resolution of 28 ± 5 µm and a line edge roughness 
of 6 µm is achieved on this paper. To the best of our knowledge, 
this resolution has never before been achieved with droplets of 
this volume, suggesting that a high level of control over line 
width can be achieved by decreasing the surface free energy of 
the substrate. Although the 28 µm-wide feature appears to be 
continuous by SEM, it is not conductive. Since its width is on 
the same size scale as that of the individual cellulose fi bers, the 
surface roughness of the tracing paper likely introduces local 
discontinuities in the patterned wires (see Figure S4). These 
discontinuities could be remedied simply by printing multiple 
overlapping layers of ink. Unfortunately, we are unable to 
demonstrate this effect because our printer cannot achieve 
accurate multilayer printing at this scale due to its inability to 
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 Figure 1.    (A) Images of 10-µL drops of water on a series of Canson tracing papers, modifi ed 
with different organosilanes, and their corresponding static contact angles (Θs) (with standard 
deviation for  n  = 7 measurements). (B) Optical micrographs of silver wires printed on the 
modifi ed or unmodifi ed Canson tracing paper substrates using the reactive silver ink with a 
target resolution of 80 µm.
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reproduce droplet location below an accuracy of ±25 µm. We 
anticipate that printing of microscopic wires (<30 µm) with a 
10-pL droplet would be possible by using a printer with higher 
droplet-positioning accuracy and a paper with lower surface 
roughness (e.g., nanocellulose paper). [ 38 ]  

 To test the performance of the inkjet-printed silver features 
upon exposure to common solvents, we quantifi ed the change 
in electric resistance of silver wires printed on C 10  F  paper after 
drops of solvent are deposited on their surface. Ten 50-µL drops 
of solvent were deposited along the path of each silver wire 
( n  = 7, 10 cm-long, and 1 mm-wide wires were tested per sol-
vent). We found that the percentage change in resistance after 
30 min of solvent exposure is negligible for conventional sol-
vents used for inkjet printing (e.g., water, ethanol, and glycerin). 
We also tested a chemically diverse set of solvents (toluene, gla-
cial acetic acid, chloroform, dimethyl sulfoxide, acetone, and 
hexadecane) that are not conventionally used for inkjet printing 
and again found that only a small change in resistance occurred 
(Figure S6). 

 To compare the performance conferred by different sub-
strates to high-conductivity features, we printed wires (25 cm 
long, and 120 µm wide, printed with 5 layers of ink) of silver 
nanoparticle-, reactive silver-, [ 36 ]  and carbon-based inks onto 
a series of “alkylated papers” (“R H  paper” produced by vapor-
phase silanization of paper with alkyl trichlorosilanes), “fl uoro-
alkylated papers” (“R F  paper” produced by vapor-phase silaniza-
tion of paper with fl uoroalkyl trichlorosilanes), and PET fi lms, 
and tested their resistance. When using the same ink, wires 
printed on C 10  F  and C 1  H  treated paper have resistances compa-
rable to wires printed on a commercial PET fi lm designed for 
conductive inkjet printing (see  Table 1 ). 

  To investigate the mechanical fl exibility and resistance to 
creasing of the printed silver features, we produced a linear 
array of them ( n  = 7 distinct samples of paper, each with printed 
wire arrays were tested) with width = 1 mm, and length = 
10 cm, spaced 3 mm apart, using a single layer of reactive 
silver ink on Canson C 10  F -treated tracing paper. We measured 
the resistance of a feature as a function of the number of times 
we creased the sheet of paper on which they were printed. 
One cycle constituted folding the paper to a full crease –cor-
responding to the formation of a –180° angle (acute folding, 
silver on the inside) or a +180° angle (obtuse folding, silver 
on the outside) –and back. The ends of the electrode-patterned 
paper substrates are affi xed to the crossheads of an Instron 

5544A electromechanical testing machine, and the distance 
between the crossheads is cycled between 0 and 40 mm. 
Images of these samples undergoing a creasing cycle are 
shown in Figure S7 A-C. A crosshead distance of 0 mm leads 
to the formation of a crease in the paper substrate in the direc-
tion perpendicular to the printed silver features. Figure S7D 
shows the averaged resistance values obtained from the array 
as a function of the number of creasing cycles. The resistance 
of the features did not vary signifi cantly (<5%) from the orig-
inal, pre-creasing resistance, after being folded once to either a 
+180° or a –180° angle. This observation remains true for 100 
consecutive folds, i.e., there is no signifi cant increase (<5%) in 
the respective electrical resistance of the prints relative to their 
initial pre-creased values. We hypothesize that the resilience of 
the wires to repeated cycles of folding is due, in part, to the 
strength of adhesion of the silver to the cellulose fi bers of the 
C 10  F  paper, as evidenced by the adhesion test in Movie M1. 

  Electroadhesion . As a demonstration of the ability to print 
defect-free high-resolution conductive features over large areas, 
we prototyped fl exible electroadhesive devices on omniphobic 
R F  tracing paper, using inkjet printing. Electroadhesion [ 39 ]  is 
an electrically controlled adhesion technology used for appli-
cations that require reversible, adhesive-free, binding to a 
substrate. [ 40–45 ]  A typical electroadhesion pad consists of two 
interdigitated electrodes patterned on the surface of a dielectric 
material. Electrostatic forces are created between electroadhe-
sive pads and a substrate that is either electrically insulating or 
conductive (although much lower forces are achieved with elec-
troadhesion for nonconducting objects). [ 42 ]  Charging the inter-
digitated electrode creates fringe fi eld lines between the positive 
and negative electrodes that extend in the direction normal to 
the electrode pattern. When the electroadhesive pad is brought 
in proximity to a substrate (e.g., glass, drywall, wood, concrete, 
or metals), its fringe-fi eld lines penetrate the substrate, and 
redistribute charge to create a pattern of opposite polarity in the 
substrate. [ 39–42 ]  The Coulombic attraction between the charges 
on the electrode and the complementary, induced charges on 
the surface of the substrate creates an electrostatic force that 
can be used to adhere the electroadhesive pad to the substrate. 
Controlling of the electrostatic adhesion voltage permits the 
adhesion to be turned on and off easily. 

 We used inkjet printing of the reactive silver ink to deposit 
a pair of interdigitated electrodes on a fl exible dielectric layer 
(C 10  F -treated Canson tracing paper), in order to fabricate an 
electroadhesive device ( Figure    2  ). The high resolution of the 
printing in conjunction with the use of omniphobic paper 
allowed us to deposit 500-µm wide interdigitated electrodes 
over a large area (57.5 cm 2 ). This high resolution of printing 
resulted in a pattern that was free of defects that give rise to 
short circuits, which, if present, would render the device inop-
erable. We note that if the same pattern were inkjet printed on 
untreated paper, the bleeding of reactive silver ink features into 
one another would result in short circuits. We applied a poten-
tial difference of 2 kV by connecting the electrodes to a high 
voltage power supply, and subsequently observed adhesion of 
the device to a glass surface that was suffi cient to support a 
500-g weight hanging from the base of the sheet (Movie M2).  

 To demonstrate the utility of omniphobic R F  paper as a sub-
strate for creating printed electronics, we fabricated mechanical 

  Table 1.    Comparison between resistances (Ω) of wires a)  ( n  = 10) printed 
on different substrates—modifi ed papers (C 1  H  and C 10  F ) and a PET 
fi lm—using three different inks.  

Ink tested R C  1  H  
[Ω]

R C  10  F  
[Ω]

R PET  
[Ω] e) 

 Reactive Silver Ink b)  5 ± 1 4 ± 1 13 ± 1

 Silver Nano-particle Ink c)  24 ± 3 10 ± 4 33 ± 7

 Carbon Ink (×10 –4 ) d)  87 ± 1 76 ± 2 65 ± 7

     a)  25 cm × 120 µm wires were printed in 5 layers;   b)  Reactive Ag Ink #1 (Electron-
inks Inc.),   c)  Nanoparticle Colloidal Silver Ink DGP 40-LT-15C (Advanced Nano 
Products),   d)  Carbon Ink 3801 (Methode Electronics Ink);   e)  PET fi lm (DuPont 
Melinex ST506/500).   

Adv. Mater. 2014, 26, 4677–4682
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and electrochemical sensors with carbon ink on C 10  F  modifi ed 
paper. We used carbon ink for the demonstration of paper-based 
MEMS and electrochemical devices in order to achieve a larger 
resistivity and a broader electrochemical window, respectively, 
than possible with silver inks. MEMS defl ection sensors were 
fabricated to demonstrate an application in fl exible electronics; 
electrochemical testing strips demonstrated an application that 
requires solvent-resistant electronics. 

  Paper MEMS . We fabricated cantilever-type MEMS defl ec-
tion sensors by depositing carbon ink (Methode 3801) on 
C 10  F -treated Canson Vellum paper. Canson Vellum paper 
(Model No. 702–442) is used as a substrate for the printing of 
MEMS cantilever defl ection sensors, because it has a higher 
bending elastic modulus than many other papers. We tested 
the ability of a series ( n  = 5) of these sensors ( Figure    3  A – left) 
to measure beam defl ection by cycling the device between an 
upward and downward defl ection point while measuring the 
end-to-end resistance of the printed cantilever. An image and 
a schematic of the testing rig are shown in Figure  3 A (right) 
and 3B respectively. The plot in Figure  3 C shows the resist-
ance as a function of time for a typical device, as it is defl ected 
cyclically. We observed a drop in resistance upon compression 
of the print during upward defl ection, refl ecting (we hypoth-
esize) an increase in the number of connections in the per-
colation network between carbon particles. A rise in resist-
ance is observed during downward defl ection as a result of a 

corresponding decrease in the number of connections upon 
extension.  

  Paper-Based Electrodes . We used inkjet printing to deposit 
arrays of electrodes over a non-planar paper surface consisting 
of wells embossed in omniphobic C 10  F  paper. Whatman #1 
Chromatography Paper is used as a substrate for the printing 
of electrodes in electrochemical devices, because its high 
surface roughness increased the surface area accessible for 
electrochemical reactions and, for some applications, the sen-
sitivity of detection. The electrode confi guration consists of 
inkjet-printed working, counter, and quasi-reference carbon 
electrodes (WE, CE, and QRE, respectively). A well-defi ned 
area for the electrolyte/analyte solution is formed by par-
tially overlapping the electrode area over an embossed well 
( Figure    4  A-D). The electrochemical operation of the paper-
based three-electrode system is tested by recording cyclic 
voltammograms for 1 mM and 100 µM solutions of 4-amino-
phenol [ 46 ]  (Figure  4 E). The precise control over the positioning 
and volume of the droplets afforded by inkjet printing enabled 
us to print electrodes with a coeffi cient of variation as low 
as 2.1%, measured as the relative standard deviation (RSD, 
defi ned as the percentage ratio of the standard deviation 
to the mean of the distribution) in the peak anodic current 
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 Figure 3.    (A) Left, MEMS defl ection sensor fabricated by depositing 
carbon ink on C 10  F  Canson Vellum paper with an inkjet printer. Ercon 3456 
silver ink was applied manually at the ends of the device to improve elec-
trical connections with the testing rig. Right, Image of the experimental 
setup used for cyclically defl ecting an array ( n  = 5) of MEMS sensors. 
(B) Schematic describing the experimental setup (left) and a diagram of 
the circuit employed for measuring device resistances (right). (C) Plot of 
resistance vs. time for a representative device during 10 cycles of upward/
downward defl ection.

 Figure 2.    Electroadhesive pad printed on C 10  F  Canson tracing paper using 
the reactive silver ink. (A) Schematic of the interdigitated electrode design 
used for the pad. (B) Illustration of a cross-section of the electroadhe-
sive pad depicting the fringe electric fi eld lines, generated from the elec-
trode, charging a glass surface by induction. (C) Schematic showing the 
arrangement of the electroadhesive pad used for the experiment. (D) An 
electroadhesive pad (with dimensions given in A) under an applied 2 kV 
potential adheres to a glass plate with suffi cient strength to support a 
500g weight.
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( i p  , measured from the decaying cathodic current as a base-
line, [ 47 ]  among different devices.  

 In summary, we describe the use of inkjet printing to 
fabricate simple, fl exible electronic devices on omniphobic 
R F  paper. These structures are thin, lightweight, breathable 
(permeable to gases), and resistant to damage by exposure to 
water and other common solvents. Unlike electronic systems 
fabricated on silicon, glass, ceramics or polymers, these struc-
tures can be folded and unfolded repeatedly, for storage in 
small spaces or to form three-dimensional structures, which 
can be trimmed or shaped using scissors. Moreover, elec-
tronics printed on omniphobic R F  paper can be disposed of 
by incineration thereby reducing environmental issues asso-
ciated with the storage and management of electronic waste 
(end-of-life electronics). Our paper-based digital fabrication 
method has the potential to reduce the cost of development 
of electrical, electroanalytical and MEMS devices. In addi-
tion to use in health monitoring and diagnostics solutions in 
the developing world, these low-cost, high-performance elec-
tronics may fi nd commercial applications in economies in 
which cost is critically important.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the website of the Whitesides group (http://gmwgroup.harvard.
edu/pubs).  
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Experimental 

Fabrication of RH and RF papers. The silanizing reagents: tris(dimethylamino)silane (TDAS), 

tricholoromethylsilane (CH3SiCl3, “C1
H”), trichlorodecylsilane (CH3(CH2)9SiCl3, “C10

H”), 

trichloro(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluorodecyl)silane  (CF3(CF2)7CH2-

CH2SiCl3, “C10
F”), were purchased from Gelest Inc (Morrisville, PA). All chemicals were used 

as received without further purification. Canson tracing paper, Model No. 702-321, and Canson 

Vellum paper, Model No. 702-442 were purchased from Blick Art (Cambridge, MA, USA) and 

used as received. Whatman #1 Chromatography Paper was purchased from GE Healthcare (NJ, 

USA) and used as received. 
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The silanization reaction was conducted in a chamber with a volume of 0.01 m3 at a 

temperature set at 105 °C.  The silanizing reagent was transferred into a glass vial and placed 

inside the chamber together with the samples. Each experiment typically required ~100 mg of 

silane in 5 mL of anhydrous toluene. The silane was vaporized at 105 °C under reduced pressure 

(~30 mbar, ~0.03 atm) and allowed to react for 5 minutes. Diffusion inside the reaction chamber 

was sufficient for an even distribution of the silane within the chamber.  

 

Inkjet printing:  All inkjet printing was performed using a Fuji Dimatix DMP-2831 which 

dispensed inks using the Fuji Dimatix model waveform. Droplets were dispensed from a 10 pL 

cartridge; drop spacing was set at 20 µm and printing frequency at 5-10 kHz (except for the 

electroadhesive pad, and the wires used for optical profilometry, and SEM images of cross-

sectional areas; these features were printed using a 1 pL cartridge with a drop spacing of 9 µm). 

The Fuji Dimatix model waveform used an ejection voltage of 40V (except for the minimum 

wire resolution test that used an ejection voltage of 18-24V).  The nozzles were heated to 30-

33°C with a vacuum of 4 in H2O for silver inks and 5 in H2O for Methode 3801 carbon ink. 

Characterization of the solvent resistance of printed conductive features on omniphobic RF 

paper. Solvents were used as received: anhydrous ethanol (Pharmco-Aaper, 200 proof, 

absolute), n-hexadecane (Sigma-Aldrich, anhydrous, ≥99%), chloroform (Sigma-Aldrich, 

anhydrous, ≥99%), acetone (Sigma-Aldrich, anhydrous, ≥99%), acetic acid (Sigma-Aldrich, 

glacial),  (DMSO (Sigma-Aldrich, anhydrous, ≥99%), glycerin (Sigma-Aldrich, anhydrous, 

≥99%), toluene (Acros, spectrophotometric grade >99%), dimethylsulfoxide (DMSO, Sigma-

Aldrich, anhydrous 99.9%). Water is ultrapure and deionized (resistivity = 18.2 MΩ-cm).  
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In each solvent test, 10 distinct drops (volume = 50 µL) were added along the conductive 

path of each individual printed wire. The resistance of the wire was measured before the addition 

of the drops, and 30 minutes after it, using the test leads of a digital multimeter.  For each 

solvent, the procedure was repeated for seven distinct wires.  

Contact angle measurements. The contact angle measurements were performed using a contact 

angle measurement system (Ramé-Hart model 500-F1, Ramé-Hart Instrument Co.) at room 

temperature (20 – 25 °C) with ~20% relative humidity. The droplet volume for the measurement 

was ~10 µL (unless otherwise specified). The droplet profile was fitted to a spherical profile 

using the software provided by the system (DROPimage Advanced, v. 2.0).  

Polymeric films used as substrates for printing. The Melinex ST506/500 films were provided 

by DuPont Teijin Films. 

Inkjet inks. The following inks were printed on Melinex ST506/500, C1
H treated Canson tracing 

paper and C10
F treated Canson tracing paper to compare the resistance of different combinations 

of substrate and ink: DGP 40-LT-15C (Advanced Nano Products), reactive silver ink 

(Electroninks Inc.), and carbon ink 3801 (Methode Electronics Inc.). 

Scanning electron microscopy imaging of printed features on the surface of paper. SEM 

data was collected on unmetalized samples using a Zeiss Ultra Plus FESEM with an Extra High 

Tension of 2kV and a working distance ranging from 8.9 mm-9.7 mm collected with a positively 

biased Everhart-Thornley detector.  
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Analysis of the wire cross-sections by scanning electron microscopy and energy-dispersive 

X-ray spectroscopy. Wires printed with 3 layers of reactive silver ink on C10
F or untreated paper 

were adhered to copper tape and coarsely sectioned with a razor blade.  Next, the samples were 

then mounted and sectioned in a JEOL IB-09010CP cross section polisher using a 5 kV 

acceleration voltage.  SEM data was collected on unmetalized samples using a Zeiss EVO 50, 

with an Extra-High Tension of 20 kV and a working distance ranging from 6.5 mm-7.5 mm; data 

was collected with a positively biased Everhart-Thornley detector.  Finally, energy-dispersive x-

ray spectroscopy (EDS) data was collected for each sample on a EDAX, part number PV72-

15040LC. 

 

Adhesion test. We assessed the adhesion of reactive silver ink to omniphobic C10
F paper by 

applying adhesive tape (Scotch matte finish magic tape, 3M) to regions patterned with the ink, 

and measured, with a digital multimeter, the change in resistance, following the removal of each 

application of tape.  

 

Optical profilometry of paper and of features printed on paper. We measured the RMS 

roughness with a Taylor-Hobson CCI HD Optical Profiler under a 20x objective according to the 

ISO25178 standard. The CCI method is based on the cross-coherence analysis of two low-

coherence light sources, the beam reflected from our sample and a reference beam reflected from 

a reference mirror. Paper has a low reflectance that hinders the application of interferometry 

techniques. To improve the reflectance of paper we deposited a conformal thin layer of Au (~20 

nm) using a Cressington 208HR sputter coater. In each experiment, at least seven 0.8 µm x 

0.8 µm areas were analyzed. Least Square Plane (LSP) leveling was applied to all images.  
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Measurements of roughness. The root mean square surface roughness, SR.M.S., is the standard 

deviation of the surface height distribution and is more sensitive to large deviations from the 

mean line than other statistical measurements of roughness.[6]  

The roughness parameters were calculated according to the equation (1), in which A is the area 

of the surface (µm2), and z is the height (µm).  

SR.M .S . =
1
A

Z 2 (x, y)dx
A
∫∫ dy (1)

 

 

The R.M.S. roughness, as measured by optical profilometry, was SR.M.S.= 2.4 ± 0.2 µm for the 

surface of the silver wire printed on C10
F paper, 4.7± 0.6 µm for the surface of the silver wire 

printed on untreated paper, SR.M.S.= 3.2 ± 0.4 µm for the surface of C10
F paper, and SR.M.S.= 3.1 

± 0.4 µm for the surface of untreated paper. 

 

Resistance measurements: The resistance of the wires was measured using the test leads of a 

digital multimeter. By taking measurements over different wire lengths we found that contact 

resistance between the leads of the multimeter and the printed wires was negligible, thereby 

rendering four-point resistance measurements unnecessary. 

 

MEMS. The MEMS pattern was printed with 3 layers of carbon ink 3801 (Methode Electronics 

Inc). For the MEMS deflection sensor, we manually applied Ercon 3456 silver ink to the ends of 

each cantilever to improve electrical connections with the voltage sensing pins of the testing 

apparatus.   
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Theory of wetting. The wettability of the substrate dictates how well the inkjet printed fluids 

will wet and spread. The spreading parameter (Equation 1), where γSV, γLV, and γSL are the solid–

vapor, liquid–vapor, and solid–liquid surface energies per unit area, respectively, describes the 

thermodynamic criterion for equilibrium wetting of chemically homogenous smooth solid 

substrates. When S ≥ 0, the process is accompanied by a decrease in free energy and the liquid 

displaces the vapor phase, wetting the substrate completely; when S < 0, the liquid forms a drop 

with a definite angle of contact between the liquid phase and the solid substrate. [1] 

S = γ SV − (γ LV +γ SL )                                                           (1) 

The interfacial interaction leading to the formation of a drop on the surface is described by 

Young ́s equation (Equation 2): [1]  

cosθS =
γ SV −γ SL
γ LV                                                           (2) 

 

 

[1] A. W. Adamson, A. P. U. Gast, Physical Chemistry of Surfaces, Wiley,  1997.  
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Figure S1: Relationship between the width of features printed on a modified or unmodified 

paper, and the contact angle of water on the respective surface. The data is fitted to a linear 

trendline with the equation: y = 296.12x + 299.9, R2=0.98. The vertical blue dotted line shows 

the y-axis at x=0. 
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Figure S2. SEM images of the surfaces of silver features printed on treated and untreated papers 

using reactive silver ink. 
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Figure S3: Cross sectional imaging of printed wires. (Left) SEM images of the cross-sections 

silver wires printed in three layers on C10F (top) and untreated (bottom) paper, using reactive 

silver ink. The wires had an intended width (based on the size of the features in the digital file) of 

300 µm. The axis in each SEM image maps to the energy-dispersive X-ray (EDS) spectroscopy 

line scans (right) collected for the Ag L line emission.  The red dots overlayed with the SEM 

images indicate the location of the red vertical lines in the EDS plots, representing the 

approximate edge of the paper.  The EDS spectra show that, in the absence of the 

fluoroalkylsilane treatment, the reactive silver ink appears to penetrate the paper. 
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Figure S4: Surface profilometry of patterned paper. 3-D profiles of 0.8 mm x 0.8 mm areas of 

(A) omniphobic C10
F and (B) untreated paper, patterned with wires printed with three layers of 

reactive silver ink. The wires had an intended width (based on the size of the features in the 

digital file) of 300 µm. The areas imaged were chosen such that at least 30% of the surface was 

not visibly (by reflectance microscopy) covered by silver. Single line scans across the surface of 

the wire shows in (C) the accumulation of silver on the surface of the C10
F paper, and in (D) the 

blurred boundary at the edge of the wire printed on untreated paper.   
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Figure S5:  SEM image of a 4 mm-long silver feature printed using 10 pL droplets of reactive 

silver ink, with 20 µm spacing between drops, on C10
F–treated Canson tracing paper.  The feature 

depicted here has an average width of 28 ± 5 µm (n=41) and a line edge roughness of 

σLER = 6 µm (n=41). 

222



	  

 

 

Figure S6: Percentage change in resistance following exposure of wires printed on C10
F 

omniphobic paper to solvent.  Ten 50 µL drops of solvent were deposited along the path of each 

1 mm wide, 10 cm-long wire (n=7 wires were tested per solvent) printed with reactive silver ink, 

and the end to end resistance was measured before and after solvent exposure. 
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Figure S7: Resistance to creasing of printed conductive features: (A, B, C) Images of the test 

specimens undergoing a creasing cycle. (D) No significant increase in the respective electrical 

resistance was observed for the conductive prints relative to their initial, as-printed state, when 

the creasing occurs with the silver features either in (E) compression or in (F) extension. 
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  1.     Introduction 

 Robots based on rigid structural elements—metallic skel-
etons, electrical motors, conventional mechanical actuators, 
and mechanical joints—can be superb at performing tasks that 
require high precision, rapid movement, or application of high 
levels of force or power. These “hard” robots are, however, often 
heavy, costly, and diffi cult (and expensive) to control. [ 1–3 ]  Hard 
robots designed to be lightweight and capable of performing 
delicate operations are vulnerable to damage by impact or by 
compression; joints and sensors are especially vulnerable to 
bending, collisions, and blunt impacts, since even small defor-
mations can lead to incorrect positioning of their components 
and to failure. [ 4,5 ]  

 Robots that resist damage by pressure or impact would be 
useful in operations that expose them to damaging mechanical 

insults—e.g., by falling, impact, or other 
crushing forces. Examples of relevant 
applications of inexpensive, light, damage-
resistant actuators and machines include 
search and rescue, and the exploration of 
human-unfriendly, dangerous, unstable 
sites. 

 “Soft” machines—robots fabricated 
largely using elastomeric structural ele-
ments—offer an alternative to conven-
tional “hard” machines. [ 6–12 ]  Soft actua-
tors, for example, take advantage of the 
anisotropic expansion under pressure 
of a network of elastomeric pneumatic 
chambers connected by small channels 
to accomplish, with relative simplicity, 
types of complex motions and tasks for 
which conventional hard machines would 

require complex control systems and large numbers of compo-
nents. [ 6–10 ]  Moreover, because they are fabricated from elasto-
mers, soft actuators can resist certain kinds of damage (such 
as blunt impacts or severe bending) better than hard robotic 
structures (and also most animals of comparable weight and 
size). We wished to quantify the range of physical damage 
that soft machines, fabricated largely in silicone elastomers, 
can withstand without suffering changes in mechanical 
performance. 

 This paper characterizes the resistance to physical damage of 
soft pneumatic actuators based on composite structures com-
prising a highly elastomeric siloxane (Ecofl ex) and a strain-lim-
iting layer or core of either PDMS or a composite fl exible mate-
rial (such as paper or Nylon mesh embedded in an elastomeric 
matrix). We tested the resistance of these actuators to uniaxial 
forces, compressive loads, severe bending, transient pressures 
(impacts), and blunt impacts.   

 2.     Background 

 Many different strategies to improve the impact resistance of 
hard robots have been met with various degrees of success. [ 13,14 ]  
The German Aerospace Center (DLR) has developed and com-
mercialized torque-controlled lightweight robots (LWRs) com-
prising arms or hands. [ 13,15 ]  These actuators were built using 
lightweight, damage-resistant materials such as urethane 
resins. The compliance of these systems, particularly of their 
joints, remains an issue. [ 5 ]  The vulnerability of the joints can 
be diminished by introducing mechanical compliance into 
their design, or by dynamically decoupling the rotational 
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 We fabricated multi-channel structures molded in a fl exible 
silicone elastomer (Ecofl ex 00–30, Smooth-on, http://www.
smooth-on.com) using standard soft lithographic techniques. [ 22 ]  
A fl at membrane with typical thickness between 0.5 and 2 mm 
was used to seal the channels in the pneumatic network, and 
to serve as a strain-limiting layer. This strain-limiting layer 
was fabricated using a silicone elastomer (polydimethylsi-
loxane (PDMS, Dow Corning Sylgard 184)), or a composite of 
polyester/cellulose blend paper (VWR, West Chester, PA), or 
a Nylon mesh (Small Parts, Inc.) embedded in Ecofl ex. These 
materials are easily accessible, relatively inexpensive, non-toxic, 
and easily shaped. Moreover, they can be bonded to each other 
to form multilayer and 3D structures. We acquired force data 
using an Instron 5544A electromechanical testing machine at 
1000 Hz.   

 3.2.     Characterization of the Resistance of Soft Actuators and 
Robots to Tension and Compression 

 In previous work, we described the fabrication and perfor-
mance of different classes of soft pneumatic machines such 
as starfi sh-shaped grippers, [ 6 ]  quadrupeds, [ 7 ]  and tentacles. [ 8 ]  
 Figure    1   illustrates these devices and their characteristics. We 
used these actuators (with different embedded strain-limiting 
layers) to study the resistance of this type of soft devices to 
several common sources of mechanical damage. We tested the 
mechanical performance of the most vulnerable parts of the 
soft actuators: legs of the soft starfi sh and quadrupeds, 5-cm 
long pieces of soft tentacle. [ 6–8 ]  After each test, the structures 
were examined for local failures (i.e., tears or “aneurysms”: 
ruptures of the internal walls of the pneu-net) and function 
(“ability to grip” for starfi sh and tentacles, “locomotion” for 
quadrupeds). 

  We subjected the soft machines to uniaxial forces in order 
to characterize the deformability of their elastomeric compo-
nents. These soft actuators elongate in the direction of the force 
to accommodate the deformation until the maximum strain 
before failure is reached. We characterized the maximum strain 
before failure of the soft actuators using the strain at break 
coeffi cient ( ε b  ) defi ned by Equation  ( 1)  . [ 23 ]  Here,  l 0   is the length 
of the soft machine when no external tensile or compressive 
stress is applied and  l b   is the length of the device at the point of 
failure. The parameter  ε b   is dimensionless, and takes positive 
values for tensile strain, and negative values for compressive 
strain.

ε = − o

o

l l
lb

b
(1)

 The tensile strength (TS) is the maximum tensile stress to 
which a material can be subjected before failure. [ 23 ]  The com-
pressive strength (CS) is the maximum compressive stress to 
which a material can be subjected before failure. Intuitively, 
both TS and CS measure the mechanical stress required to 
bring a material to the point of failure, while  ε b   measures 
the deformation that a material can withstand before failure 
occurs.   

inertia of the actuator from the joints and connectors when 
an impact occurs; these changes necessarily bring complexity 
and expense. Spring-based transmissions have been used as 
compliant joints; their use, however, decreases performance as 
a consequence of the oscillations and settling time with which 
they are associated. [ 5 ]  

 A different strategy to improve impact resistance in hard 
robots is to introduce mechanically compliant components in 
the robot to shield the rest of the structure from impacts. “Sand 
Flea”, for example, is a 5-kg robot that drives like a remote-
controlled car on fl at terrain, but, using a cylindrical launcher 
powered by pressurized carbon dioxide, can jump up to nine 
meters into the air to overcome obstacles. [ 16 ]  This robot relies 
on its four oversized plastic wheels, with diameters larger 
than the thickness of its body, to absorb the impact forces on 
landing. [ 17 ]  Similarly, other jumping robots such as “Jollbot” 
or “Sandia hopper” use an external shock-absorbing shell to 
damp shock impulse, and dissipate kinetic energy of a landing 
after vertical leaps of up to four meters. [ 18,19 ]  Greater impacts, 
however, will saturate the shock absorbers on these robots, and 
cause damage when their hard components absorb parts of the 
kinetic energies of the impacts. 

 Shape-memory Alloys (SMAs)—alloys that “remember” 
their original, cold-forged shape and that return to their pre-
deformed shape on heating—have been used to make worm-
like soft robots. [ 11,20,21 ]  For example, GoQBot—a caterpillar-
inspired rolling robot—has a soft elastomeric body with two 
sections, each of which houses a tensile actuator that provides 
bending for inching movements. [ 11 ]  The soft body of this robot 
protected it from crashes with speeds over 0.8 m/s. [ 11 ]  “Mesh-
worm” is an earthworm-like robot fabricated from nickel tita-
nium (NiTi) SMA coiled springs. This robot stretches and 
contracts to crawl across the ground using a sequential antago-
nistic motion achieved using NiTi coil actuators. This soft robot 
can withstand certain mechanical insults, exemplifi ed by the 
crushing pressures encountered when “meshworm” is stepped 
on by a human. [ 21 ]  

 We have previously demonstrated the fl exibility of pneumatic 
networks (pneu-nets) embedded in elastomeric structures as 
actuators for soft structures. [ 6–10 ]  These structures are, in essence, 
only slabs of elastomeric polymers (sometimes including 
embedded, fl exible, sheets, meshes, or fi bers) surrounding chan-
nels fi lled with gas; we expect them to be signifi cantly more 
resistant to blunt impacts, stretching, and bending than hard 
robots of similar size and weight. Here we test that expectation.   

 3.     Results and Discussion  

 3.1.     Choice of Materials 

 We chose embedded pneumatic networks (pneu-nets) to supply 
energy to our soft machines because the low viscosity of air ena-
bles rapid actuation. [ 9 ]  Air is also lightweight and widely avail-
able. The degrees of freedom of the actuation are determined 
by the size and distribution of the pneumatic channels, which 
expand upon pressurization. We have described the design of 
the soft robotic structures previously (starfi sh, [ 6 ]  quadrupeds, [ 7 ]  
and tentacles [ 8 ] ). 
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maintaining its “soft”, fl exible characteristics. Figure  2 a shows 
that a soft tentacle with a strain-limiting core comprising 
an embedded bungee cord can withstand an axial extension 
stress of ∼8.25 MPa. Soft starfi sh grippers and quadrupeds 
with embedded nylon mesh (Figure  2 b,c) tolerate axial exten-
sion stress up to ∼2.50 MPa without breaking. These values 
exceed the typical values of tensile force per unit area that 
would damage hard robotic systems (and especially their vul-
nerable components, such as joints) of comparable size. [ 5 ]   

 Toughness is the ability of a material to absorb energy and 
deform without fracturing. The values of the toughness of the 
soft actuators will indicate, therefore, the maximum amount of 
energy that they can absorb without failing. Toughness can be 
determined by measuring the area underneath the stress-strain 
curve, as defi ned by Equation  ( 2)   [ 23 ]  Here  T  is the toughness 
(J/m 3 ),  ε  is the strain (dimensionless), and  σ  is the stress (Pa):

 3.3.     Resistance to Tensile Strain 

  Figure    2   shows that soft robots fabricated entirely from elas-
tomers (Ecofl ex and PDMS, in our case) exhibit maximum 
strain at break of  ε b   ∼1.2, and provides evidence that these 
soft robots can accommodate higher axial extensions than 
small animals with hard skeletons (such as rodents or small 
birds) [ 24 ]  or hard robots of comparable weight and sizes. [ 25 ]  
The cortical bone in vertebrates has a  ε b   ∼0.012, [ 26 ]  while 
the tentacular stalk of a squid can tolerate strains as high 
as 0.8 [ 27 ]  (although strains higher than 0.2 cause irreversible 
damage to the giant nerve fi ber embedded in the stalk). [ 28 ]  
The values of  ε b   for entirely elastomeric soft robots are con-
sistent with experimental values of the elongation at break of 
pure PDMS; [ 29 ]  the tensile strength of these robots is, how-
ever, relatively low (TS ∼150 kPa for soft robotic tentacles, and 
∼400 kPa for soft robotic quadrupeds and starfi sh grippers), 
comparable to the tensile strength of the squid mantle (TS = 
310 kPa). [ 30 ]  To increase the resistance of the soft robots to 
tensile forces, we introduced different materials in the strain 
limiting layers of these robots. These fl exible strain-limiting 
layers have a much higher stiffness than pure elastomers 
and allow the soft robot to withstand higher loads while still 

   Figure 1.    Soft actuators used to test the mechanical damage resistance 
of soft robots. a) Schematic design of the pneu-nets of the tentacle. 
b) Actuation of a tentacle with three-dimensional mobility. c) Design and 
d) actuation of a starfi sh-shaped gripper. e) Design and f) actuation of a 
quadruped capable of walking using several gaits. 

   Figure 2.    Typical stress-strain curves for soft machines with different 
embedded materials and composites. (a) Soft tentacles with PDMS, rope, 
or bungee cord as strain-limiting cores. (b) Starfi sh gripper and (c) quad-
rupeds, with PDMS, paper, or nylon mesh as strain-limiting layers. The 
points of failure are marked in the graph by asterisks. 
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as a paper sheet or Nylon mesh) embedded in strain-limiting 
layers, the failure of the soft machines occurs when the lateral 
expansion induced by the compressive force causes the delam-
ination of the pneumatic layer from the embedded material. 
For composite strain-limiting layers, the failures occur at com-
pressive stresses between ∼9.60 MPa for paper and ∼10.2 MPa 
for Nylon mesh (as non-extensible layers). Animals of sizes 
and weights comparable to these soft machines are signifi -
cantly more vulnerable than these soft machines to compres-
sion damage. For example, the maximum compressive stress 
tolerated by mouse vertebrae is ∼2.5 MPa. [ 31 ]  Compressive 
stresses above 200 kPa break the axoplasm of the giant nerve 
fi ber embedded in the stalk of a squid, and irreversibly damage 
it. [ 32 ]   

  Figure    5   compares the tolerance to compressive force of a 
soft robotic tentacle and a stainless steel cylinder with similar 
dimensions (OD = 12 mm, wall thickness = 1 mm, length = 
2 cm) and comparable weights (2.4 g for the soft tentacle frag-
ment, and 5.6 g for the stainless steel cylinder). The stainless 
steel cylinder—a representative component of “hard” robots 
fabricated using metals—is irreversibly damaged when a com-
pressive force of ∼1800 N is applied. When the same compres-
sive force is applied to a soft tentacle, its elastic body deforms 
without material failure, and allows the system to recover its 
original shape when the load is removed.    

 3.5.     Resistance to Transient Pressure (Impacts) 

 The elastomeric matrix of soft machines can effi ciently absorb 
and distribute the force of impacts over their entire structure. [ 33 ]  
This characteristic allows soft robots based on elastomers to 
tolerate a wide range of blunt impacts; examples include being 
dropped on concrete, hammered vigorously, or even run over 
by a car. 

 Soft tentacles resist being thrown onto fl at concrete surfaces 
with velocities of at least 27 m/s (the highest value we measured 
quantitatively) without changing their response to pneumatic 

 ∫ σ ε=
ε

0
T d

break

  
(2)

   

 An embedded bungee cord provided soft robotic tentacles the 
highest toughness of the series (710 kJ/m 3 ,  Figure    3  c); a strain-
limiting core made of rope provided the lowest corresponding 
toughness. Among starfi sh grippers and quadrupeds, the 
highest toughness (∼400 kJ/m 3 ) is observed for stain-limiting 
layers with embedded nylon mesh, and the lowest for stain-lim-
iting layers made of PDMS.    

 3.4.     Resistance to Compressive Strain 

 Soft robots based on elastomers can also tolerate a wide range 
of compressive forces due to the isotropic elastic properties of 
their elastomeric components: materials sometimes used as 
shock-absorbents. [ 29 ]  As elastomers are incompressible “quasi-
fl uids”, they expand along directions perpendicular to the 
compressive force to accommodate the deformation.  Figure    4   
shows that actuators that use PDMS in strain-limiting layers or 
cores fail under compressive stress higher than 2.6 MPa, when 
PDMS cracks, having exceeded its maximum deformation at 
break. [ 29 ]  When using materials with higher stiffness (such 

   Figure 3.    Values of the strain at break (a), the tensile strength (b), and 
toughness (c) of soft machines as a function of the composition of their 
respective strain limiting layers. 

   Figure 4.    Values of compressive strength for different actuators as a func-
tion of the composition of their respective strain limiting layers. 
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 We tested the resistance of these soft machines quantita-
tively to high transient pressures by subjecting them to sub-
stantial mechanical insults.  Figure    7  a shows snapshots of a 
car (a 2012 Ford Focus Hatchback), running over a soft robotic 
gripper using paper as strain-limiting layer (see Movie_M3). 
Despite the compressive force exerted by a 1450 kg motor 
vehicle, the soft gripper did not show any visible signs of 
damage or changes in its ability to grasp and hold objects. The 
nylon mesh strain-limiting layer also provided some resist-
ance to puncture hazards such as broken glass. Figure  7 b 
shows snapshots of the same car running over a soft robotic 
gripper placed on top of a pile of fragments of crushed glass 
(see Movie_M4).    

 3.6.     Resistance to Severe Bending, Twisting, and Wadding 

  Figure    8   shows that soft actuators based on fl exible elastomers 
are undamaged by bending with a small radius of curvature. 

pressure (see Figure S8). We predict that these soft machines 
will survive falls from any height (within the atmosphere) if we 
estimate their terminal velocity (V T ) to be V T  ∼12.7 m/s (see 
Supporting Information); at this velocity, the soft actuator will 
experience transient pressures of ∼30 kPa during a 5 ms impact 
with the concrete (see Movie_M5). Our soft actuators can resist 
compressive stresses one order of magnitude higher (in the 
order of MPa, see Figure  3 ). 

  Figure    6   shows snapshots of a quadruped being repeat-
edly struck with a steel hammer. Videos of the experiment, 
Movie_M1 and Movie_M2, are included in the Supporting 
Information. We found that the robot kept crawling without 
any apparent changes to its gait after multiple strikes from the 
hammer.  

   Figure 5.    Comparison between resistances to compressive forces for a 
soft-robotic tentacle and a stainless steel cylinder, with the same diameter 
and length. a) Compressive test of a stainless steel cylinder. b) Images 
of the metallic tube before and after being subjected to a compressive 
load of 1.8 kN, corresponding to a compressive stress of ∼7.5 MPa. 
c) Compressive test of a soft tentacle with a bungee cord as strain-lim-
iting core. d) Images of the soft tentacle before and after being subjected 
to a compressive load of 2.2 kN, corresponding to a compressive stress 
of ∼9.2 MPa. e), f) Compressive strain as a function of compressive load 
applied for the stainless steel tube and the soft tentacle. 

   Figure 6.    Snapshots of a quadruped with a Nylon mesh strain-limiting 
layer being repeatedly struck with a hammer while walking. The power of 
the hammer strike is suffi cient to drive a nail into a piece of wood. The 
tubes that supply gas to the pneumatic network are depicted on the left. 
See Supporting Information, Movie_M2 for the full movie. 
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as paper, rope, or nylon mesh, and elastomers, yet displays 
remarkable resistance to a wide range of mechanical insults. 
When more highly developed, these soft robotic structures 
have the potential to be useful as soft machines that can 
operate in congested and hazardous spaces. Pneumatic and 
hydraulic actuators have proven to be successful in large, 
industrial robotic machines; [ 34–37 ]  recent advances intended 
to render soft pneumatic robots autonomous and bring them 
to mainstream usage have focused on developing or adapting 
portable sources of pneumatic pressure and on reducing the 
complexity of the valving systems required to control these 
systems. [ 38 ]  Pressure can be generated “on-board” using min-
iature compressors and custom pressure regulators, [ 39 ]  or 
by using controlled gas-generating chemical reactions, such 
as the combustion of methane [ 40 ]  or the decomposition of 
hydrogen peroxide. [ 41 ]  

 Alternatives to pneumatic systems include electrically actu-
ated soft systems, which might be considered in applications 
that require specifi c performance characteristics. Dielectric 
elastomer actuators, for example, are based on elastomer mem-
branes coated with compliant electrodes; this type of electroac-
tive polymer exhibits large voltage induced deformations, [ 42,43 ]  
high specifi c energy density and high energy effi ciency, [ 44,45 ]  
and can operate under a large range of frequencies of applied 
voltage. [ 46 ]  Common disadvantages include shelf-lives of only 
several weeks, [ 47 ]  relatively high rates of failure, [ 48 ]  and the 
requirement of high-voltage driver circuits. [ 44 ]  Actuators based 
on ionic polymer-metal composites can be operated at relatively 
low voltages, [ 49 ]  but require wetting by water or other conduc-
tive fl uids to compensate for evaporation and maintain ion 
mobility. [ 49 ]  

 The soft pneumatic systems described in this manuscript 
have several characteristics that make them especially well-
suited for applications in hazardous environments: i) they can 
be fabricated simply, rapidly and suffi ciently inexpensively that 
they can be considered for single-use applications; ii) they can 
be light (with a low loading in their contact with ground); iii) 
they are simple to actuate and control; iv) they are undam-
aged after being severely bent, dropped, hammered, folded, 
and wadded. Before this study, we might have assumed that 
to build tougher soft robots (i.e. able to absorb large amounts 
of energy without mechanical damage) would require new, 
sophisticated materials and mechanical designs. In fact, 
common materials may provide enough toughness (at least 
to compressive damage) for many immediate applications of 
these devices. 

 The soft machines described here, at the present level of 
development, also have two limitations: i) Soft robots based 
on pneu-nets are typically less resistant than hard robots to 
penetrating trauma, sharp punctures, and high tempera-
tures. We have recently described the use of alternative com-
posite materials that minimize the damage to the pneumatic 
channels of grippers when manipulating sharp objects; [ 50 ]  ii) 
They are not presently capable of exerting the same level of 
force as a hard robot with equivalent mass. Circumventing 
this limitation will require the use of different materials and 
designs.   

This ability of soft robots to resist bending in any part of 
their structure is an important advantage of soft robots over 
hard robots of the same size. Figure  8 a–c shows a soft robotic 
tentacle being twisted and tied in three overhand knots. Upon 
untying, the function of the tentacle is restored (N = 7 actua-
tors). A starfi sh is bent at 180-degree angle (Figure  8 d–f). Upon 
release of a compression load of 1.2 kN, the starfi sh is actuated 
and experiences no loss of function (N = 7 actuators). A quad-
ruped is wadded with two consecutive 180-degree bends and 
compressed (1.2 kN), but after release it returns to a normal 
gait (N = 7 actuators).     

 4.     Conclusions 

 This paper describes the resistance of soft actuators such as 
grippers, quadrupeds, and tentacles to mechanical damage 
by axial extension, or due to compressive forces, transient 
impacts, and bending that would damage animals or “hard” 
robotic systems of similar weight and size. These robots 
are built entirely from commonly available materials, such 

   Figure 7.    a) Snapshots of an elastomeric gripper with a paper strain-lim-
iting layer being run over by a 1450 kg Ford Focus Hatchback. The vehicle 
exerts a compressive force of ∼3.6 kN, or compressive stress of up to 
∼1.71 MPa over the surface of the starfi sh. b) Snapshots of an elastomeric 
gripper with a Nylon mesh strain-limiting layer being run over by the 
same car when resting over a pile of pieces of crushed glass. The Nylon 
mesh embedded in the strain-limiting layer protected the pneumatic layer 
from puncturing. In both cases the gripper is still functional after being 
run over by the vehicle. See Supporting Information, Movie_M3 and 
Movie_M4 for the full movies. 
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curves, at a data acquisition rate of 10 000 points 
per minute. Figure S6 shows the parameters 
used to describe the stress-strain curve of a soft 
actuator.  

  Supporting Information 
 Supporting Information is available from the Wiley 
Online Library or from the author. The author 
is hosting it on the Whitesides group website 
(http://gmwgroup.harvard.edu/pubs).  
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 5.     Experimental Section 
  Fabrication of Micropneumatic Soft Machines : We used computer-

aided-design (CAD) software (Alibre, Inc.) to design a negative mold of 
the pneumatic network of the soft actuators. We fabricated the negative 
mold in acrylonitrile butadiene styrene (ABS) using a three-dimensional 
(3D) printer (StrataSys Dimension Elite, Eden Prairie, MN). We cast the 
pneumatic network of the actuators using a two-part silicone rubber 
(Ecofl ex 00-30, Smooth-On Inc., Easton PA.) Figure S1 and Figure S2 
describe the molds used to fabricate quadrupeds and starfi sh grippers 
and the design of the respective pneumatic networks. Figure S3 
illustrates the design of the molds we used to fabricate soft tentacles, 
according to the method described before. [ 8 ]  Details of the procedure 
used to fabricate the strain-limiting layers and to bond them to the 
pneumatic layers, as well as the procedure used to connect the soft 
robot to an off-board pressure source, are described in the Supporting 
Information. 

  Force-deformation Measurements : The force–deformation curves were 
recorded using an electromechanical test frame (Model 5544A, Instron, 
Norwood MA) equipped with a load cell with a capacity of either 1000 N 
or 10 000 N, operated at a crosshead speed of 5 mm/min. Typically, 
seven test specimens were used for each material in each test method. 
To securely grip the specimen and reduce the potential for damage 
(tearing, puncturing) caused by gripping, we placed four layers of 
paper/polyester fabric between the metallic grips of the testing machine 
and the specimen (see Figure S4 for details). Methods recorded load 
(N) vs. axial extension (mm) or load (N) vs. axial compression (mm) 

   Figure 8.    a) A soft robotic tentacle is b) twisted, stretched, and tied in three overhand knots. 
c) The function of the tentacle is restored upon untying, (N = 7 actuators). d) A starfi sh is 
e) bent at 180-degree angle and compressed under a load of 1.2 kN. f) The starfi sh is released 
and actuated without experiencing loss of function (N = 7 actuators). g) A quadruped is 
h) wadded with two consecutive 180-degree bends and compressed under a load of 1.2 kN. 
i) The quadruped returns to a normal gate after being released (N = 7 actuators). 

[1]     M.    Richard  ,   R.    Clavel  ,  Mech. Sci.    2011 ,  2 ,  99 .  
[2]     Y.    Yun  ,   Y.    Li  ,  Nonlinear Dynam.    2010 ,  61 ,  829 .  
[3]     B.    Chen  ,   Z. C.    Pei  ,   Z. Y.    Tang  ,   X. Q.    Guo  ,   H. X.    Zhong  ,  Adv. Sci. Lett.   

 2012 ,  8 ,  433 .  
[4]     N. O.    Pérez-Arancibia  ,   K. Y.    Ma  ,   K. C.    Galloway  ,   J. D.    Greenberg  , 

  R. J.    Wood  ,  Bioinspir. Biomim.    2011 ,  6 ,  036009 .  
[5]     A.    Albu-Schaffer  ,   O.    Eiberger  ,   M.    Grebenstein  ,   S.    Haddadin  ,   C.    Ott  , 

  T.    Wimbock  ,   S.    Wolf  ,   G.    Hirzinger  ,  IEEE. Robot. Autom. Mag.    2008 , 
 15 ,  20 .  

[6]     F.    Ilievski  ,   A. D.    Mazzeo  ,   R. F.    Shepherd  ,   X.    Chen  ,   G. M.    Whitesides  , 
 Angew. Chem., Int. Ed.    2011 ,  123 ,  1930 .  

[7]     R. F.    Shepherd  ,   F.    Ilievski  ,   W.    Choi  ,   S. A.    Morin  ,   A. A.    Stokes  , 
  A. D.    Mazzeo  ,   X.    Chen  ,   M.    Wang  ,   G. M.    Whitesides  ,  Proc. Natl. 
Acad. Sci. USA    2011 ,  108 ,  20400 .  

[8]     R. V.    Martinez  ,   J. L.    Branch  ,   C. R.    Fish  ,   L.    Jin  ,   R. F.    Shepherd  , 
  R.    Nunes  ,   Z.    Suo  ,   G. M.    Whitesides  ,  Adv. Mater.    2012 ,  25 , 
 205 .  

[9]     R. V.    Martinez  ,   C. R.    Fish  ,   X.    Chen  ,   G. M.    Whitesides  ,  Adv. Funct. 
Mater.    2012 ,  22 ,  1376 .  

[10]     S. A.    Morin  ,   R. F.    Shepherd  ,   S. W.    Kwok  ,   A. A.    Stokes  ,   A.    Nemiroski  , 
  G. M.    Whitesides  ,  Science    2012 ,  337 ,  828 .  

Received:  October 29, 2013 
Revised:  December 1, 2013 

Published online:  February 1, 2014 

Adv. Funct. Mater. 2014, 24, 3003–3010

232



FU
LL

 P
A
P
ER

3010

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[31]     M. F.    Vaz  ,   H.    Canhão  ,   J. E.    Fonseca  , in  Advances in Composite Mate-
rials – Analysis of Natural and Man-Made Materials  (Ed:   D. P.    Tes-
inova  ), InTech, 2011; available from: http://www.intechopen.com/
books/advances-in-composite-materials-analysis-of-natural-and-
man-made-materials, accessed: Jan, 2014.  

[32]     P.    Gallant  ,  J. Neuropathol. Exp. Neurol.    1992 ,  51 ,  220 .  
[33]     T.    Sugaiwa  ,   H.    Iwata  ,   S.    Sugano  , presented at  8th IEEE-RAS Interna-

tional Conference on Humanoid Robots ,   2008 .  
[34]     A.    Hosovsky  ,   M.    Havran  ,  Teh. Vjesn.    2012 ,  19 ,  673 .  
[35]     M.    Mori  ,   K.    Suzumori  ,   M.    Takahashi  ,   T.    Hosoya  ,  Adv. Robotics    2010 , 

 1 ,  233 .  
[36]     B.    Tondu  ,   P.    Lopez  ,  IEEE Control Syst. Mag.    2000 ,  20 ,  15 .  
[37]     A.    Ollero  ,   S.    Boverieb  ,   R.    Goodallc  ,   J.    Sasiadekd  ,   H.    Erbee  , 

  D.    Zuehlkef  ,  Annu. Rev. Control    2006 ,  30 ,  41 .  
[38]     B.    Mosadegh  ,   A. D.    Mazzeo  ,   R. F.    Shepherd  ,   S. A.    Morin  ,   U.    Gupta  , 

  I. Z.    Sani  ,   D.    Lai  ,   S.    Takayama  ,   G. M.    Whitesides  ,  Lab Chip    2014 ,  14 , 
 189.   

[39]     A.    Marchese  ,   C.    Onal  ,   D.    Rus  , in  Experimental Robotics , Vol.  88  
(Eds:   J. P.    Desai  ,   G.    Dudek  ,   O.    Khatib  ,   V.    Kumar  ),  Springer Interna-
tional Publishing , Cham, Switzerland.   2013 , p.  41 .  

[40]     R. F.    Shepherd  ,   A. A.    Stokes  ,   J.    Freake  ,   J.    Barber  ,   P. W.    Snyder  , 
  A. D.    Mazzeo  ,   L.    Cademartiri  ,   S. A.    Morin  ,   G. M.    Whitesides  , 
 Angew. Chem., Int. Ed.    2013 ,  52 ,  2892 .  

[41]     C. D.    Onal  ,   X.    Chen  ,   G. M.    Whitesides  ,   D.    Rus  ,  Int. Symp. Robot. 
Res.    2011 ,  Retrieved from: http://www.isrr-2011.org/ISRR-2011/Pro-
gram_fi les/Papers/Onal-ISRR-2011.pdf, accessed: Jan, 2014 .  

[42]     C.    Keplinger  ,   M.    Kaltenbrunner  ,   N.    Arnold  ,   S.    Bauer  ,  Proc. Natl. 
Acad. Sci. USA    2010 ,  107 ,  4505 .  

[43]     C.    Keplinger  ,   T. F.    Li  ,   R.    Baumgartner  ,   Z. G.    Suo  ,   S.    Bauer  ,  Soft 
Matter    2012 ,  8 ,  285 .  

[44]     R.    Pelrine  ,   R.    Kornbluh  ,   Q. B.    Pei  ,   J.    Joseph  ,  Science    2000 ,  287 , 
 836 .  

[45]     F.    Carpi  ,   S.    Bauer  ,   D.    De Rossi  ,  Science    2010 ,  330 ,  1759 .  
[46]     C.    Keplinger  ,   J. Y.    Sun  ,   C. C.    Foo  ,   P.    Rothemund  ,   G. M.    Whitesides  , 

  Z. G.    Suo  ,  Science    2013 ,  341 ,  984 .  
[47]     J. S.    Plante  ,   S.    Dubowsky  ,  Smart Mater. Struct.    2007 ,  16 , 

 S227 .  
[48]     J. S.    Plante  ,   S.    Dubowsky  ,  Int. J. Solids Struct.    2006 ,  43 , 

 7727 .  
[49]     M.    Shahinpoor  ,   Y.    Bar-Cohen  ,   J. O.    Simpson  ,   J.    Smith  ,  Smart Mater. 

Struct.    1998 ,  7 ,  R15 .  
[50]     R. F.    Shepherd  ,   A. A.    Stokes  ,   R. M. D.    Nunes  ,   G. M.    Whitesides  , 

 Adv. Mater.    2013 ,  25 ,  6709 .  

[11]     H. T.    Lin  ,   G. G.    Leisk  ,   B.    Trimmer  ,  Bioinspir. Biomim.    2011 ,  6 , 
 026007 .  

[12]     E.    Brown  ,   N.    Rodenberg  ,   J.    Amend  ,   A.    Mozeika  ,   E.    Steltz  , 
  M. R.    Zakin  ,   H.    Lipson  ,   H. M.    Jaeger  ,  Proc. Natl. Acad. Sci. USA   
 2010 ,  107 ,  18809 .  

[13]     H.    Liu  ,   P.    Meusel  ,   G.    Hirzinger  ,   M.    Jin  ,   Y.    Liu  ,   Z.    Xie  ,  IEEE-ASME T. 
Mech.    2008 ,  13 ,  461 .  

[14]     Q. M.    Li  ,   Q. H.    Qin  ,   S. W.    Zhang  ,   H.    Deng  ,  Appl. Mech. Mat.    2011 , 
 44 ,  743 .  

[15]     U.    Hagn  ,   M.    Nickl  ,   S.    Jörg  ,   G.    Passig  ,   T.    Bahls  ,   A.    Nothhelfer  , 
  F.    Hacker  ,   L.    Le-Tien  ,   A.    Albu-Schäffer  ,   R.    Konietschke  ,  Ind. Robot.   
 2008 ,  35 ,  324 .  

[16]     E.    Ackerman  , IEEE Spectrum Robot. Blog,  Retrieved from http://
spectrum.ieee.org/automaton/robotics/military-robots/boston-
dynamics-sand-flea-demonstrates-astonishing-jumping-skills, 
accessed: Jan, 2014.   

[17]    Boston Dynamics,  SandFlea Jumping Robot.  Retrieved from http://
www.bostondynamics.com/img/SandFlea Datasheet v1_0.pdf, 
accessed: Jan, 2014 .  

[18]     M.    Kova   ,   M.    Schlegel  ,   J. C.    Zufferey  ,   D.    Floreano  ,  Auton. Robot.   
 2010 ,  28 ,  295 .  

[19]     P.    Weiss  ,  Sci. News    2001 ,  159 ,  88 .  
[20]     Y. K.    Wang  ,   C. N.    Song  ,   Z. L.    Wang  ,   C.    Guo  ,   Q. Y.    Tan  , in  Intelli-

gent Computing and Information Science , Vol.  135  (Ed:   R.    Chen  ), 
 Springer ,  Berlin Heidelberg    2011 , p.  619 .  

[21]     S.    Kim  ,   E.    Hawkes  ,   K.    Choy  ,   M.    Joldaz  ,   J.    Foleyz  ,   R.    Wood  , pre-
sented at  IEEE/RSJ International Conference on Intelligent Robots and 
Systems  IROS,   2009 .  

[22]     Y.    Xia  ,   G. M.    Whitesides  ,  Ann. Rev. Mat. Sci.    1998 ,  28 ,  153 .  
[23]     W. F.    Smith  ,   J.    Hashemi  ,  Foundations of Materials Science and 

Engineering ,  McGraw-Hill Publishing ,  New York    2006 .  
[24]     A. A.    Biewener  ,  J. Exp. Biol.    1982 ,  98 ,  289 .  
[25]     C.    Li    A. M.    Hoover  ,   P.    Birkmeyer  ,   P. B.    Umbanhowar  ,   R. S.    Fearing  , 

  D. I.    Goldman  ,  Proc. SPIE  Orlando, USA,   2014 , 7679.  
[26]     T. M.    Keaveny  ,   E. F.    Morgan  ,   G. L.    Niebur  ,   O. C.    Yeh  ,  Annu. Rev. 

Biomed. Eng.    2001 ,  3 ,  307 .  
[27]     W. M.    Kier  ,   J. L.    VanLeeuwen  ,  J. Exp. Biol.    1997 ,  200 ,  41 .  
[28]     J. A.    Galbraith  ,   D. R.    Matteson  ,   L. E.    Thibault  ,  J. Biomech. Eng.    1993 , 

 115 ,  13 .  
[29]     F.    Schneider  ,   T.    Fellner  ,   J.    Wilde  ,   U.    Wallrabe  ,  J. Micromech. 

Microeng.    2008 ,  18 ,  065008 .  
[30]     J. D.    Kuo  ,   H. O.    Hultin  ,   M. T.    Atallah  ,   B. S.    Pan  ,  J. Agric. Food Chem.   

 1991 ,  39 ,  1149 .  

Adv. Funct. Mater. 2014, 24, 3003–3010

233



Copyright WILEY-VCH Verlag GmbH & Co. KGaA, 69469 Weinheim, Germany, 2014.

Supporting Information

for Adv. Funct. Mater., DOI: 10.1002/adfm.201303676

Soft Actuators and Robots that Are Resistant to Mechanical
Damage

Ramses V. Martinez, Ana C. Glavan, Christoph Keplinger,
Alexis I. Oyetibo, and George M. Whitesides*

234



  
 

Copyright WILEY‐VCH Verlag GmbH & Co. KGaA, 69469 Weinheim, Germany, 2011 

 
 
 
 
 
 

 
 
 
 
 

Supporting Information 
 
 
for Adv. Funct. Mater., DOI: 10.1002/adfm.2013XXXXX. 
 
 
Soft Robotic Actuators and Robots that Are Resistant to 
Mechanical Damage 
 
 
Ramses V. Martinez‡, Ana C. Glavan‡, Christoph Keplinger, Alexis I. Oyetibo, 

and George M. Whitesides* 

 

‡ These authors contributed equally to this work. 

* Corresponding author email: gwhitesides@gmwgroup.harvard.edu 

 

  

235



S2 
 

 

 “Soft Robotic Actuators and Robots that Are Resistant to Mechanical 
Damage” 

 
By Ramses V. Martinez1‡, Ana C. Glavan1‡, Christoph Keplinger1, 

Alexis I. Oyetibo1, and George M. Whitesides1,2,3* 

 

Supporting Information 

 
Fabrication of Quadrupeds and Starfish Grippers by Casting of Elastomers. Figure S1 

and Figure S2 describe the molds used to fabricate quadrupeds and starfish grippers, 

respectively, according to the method described before.[1, 2] We cast the pneumatic network of 

the actuators using a two-part silicone rubber (Ecoflex 00-30, Smooth-On Inc., Easton PA.) 

We mixed equal volumes of Ecoflex 00-30 prepolymer part A and part B, poured it in the 

negative molds, and cured the mixture at room temperature for 2 hours. After unmolding the 

elastomeric slab, we layer a compliant, relatively inextensible sheet on the top of the channels 

that form the pneumatic network in order to seal them. These relatively inextensible sheets 

served as strain-limiting layers and were fabricated from: i) [poly(dimethyl siloxane) 

(PDMS); Sylgard 184, Dow Corning]; ii) Nylon mesh (Wear-Resistant Nylon Mesh, Product 

Code 9318T74, McMasters Carr Supply Company, Dayton NJ) impregnated with uncured 

Ecoflex 00-30 prepolymer, degassed in a desiccator at 36 Torr for 3 min and cured for 2 hours 

at room temperature; or a iii) polyester/cellulose blend paper (VWR, West Chester PA) 

impregnated with uncured Ecoflex 00-30 prepolymer, degassed in a desiccator at 36 Torr for 

3 min, and cured for 2 hours at room temperature. A thin film of Ecoflex 00-30 prepolymer 

was applied at the interface between the inextensible sheet and the slab of elastomer; as the 

elastomer cures, the two parts weld together, and in so doing, seal the pneumatic network. 

After the composite structure was formed, and completely cured, we trimmed the excess of 

strain-limiting sheet with scissors.  

236



S3 
 

 

Fabrication of Soft Robotic Tentacles. Figure S3 illustrates the design of the molds we 

used to fabricate soft tentacles, according to the method described before.[3] We filled the 

negative mold with Ecoflex 00-30 prepolymer and cured the elastomer by heating at 60 ˚C for 

15 min. We removed the central template channel and filled the central canal with i) PDMS 

prepolymer (Sylgard 184, Dow Corning, Midland, MI), ii) rope (100% Natural Jute 3-ply 

Twine, 1/8 inches diameter, Nassco, Lombard, IL), or iii) bungee cord (Nylon Bungee cord, 

3 mm (1/8 inches diameter), The Original Bungee Company, Harbor City, CA). After 

unmolding, we filled 5 mm-thick sections at both ends of the tentacle with Ecoflex 00-30 

prepolymer and cured the elastomer at 60 °C for 15 min to seal the pneumatic channels. 

 
 
Attaching to the Off-board Pressure Source. We used polyethylene tubing (Intramedic, 

Sparks MD) with an outer diameter of 1.57 mm to connect the pneumatic network of the soft 

actuators with the external gas source. The insertion of the flexible tubing was facilitated by 

the use of a 1.65 mm stainless steel cannula. All our soft machines were fully actuated when 

the valve pressure on the external gas source was 400-700 mbar (40-70 kPa). 

 

Estimation of the Terminal Velocity of a Soft Tentacle in Free Fall. When dropped from a 

high altitude, objects reach their terminal velocity when the drag (air resistance force) on the 

actuator equals the force of gravity.[4] Then, the terminal velocity is defined by Eq. 1S. Here 

m (kg) is the mass of the soft actuator, g (m/s2) is the gravity, ρair (kg/m3) is the density of 

air, A (m2) is the cross section of the soft actuator and Cd (dimensionless) is the drag 

coefficient. 

                                                             (1S) 

We approximate the value of Cd for the fall of a tentacle from the fall of a long circular 
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rod the atmosphere, assuming that the circular rod falls with the lateral area facing down, and 

that the flow in the boundary layer is entirely laminar. Under these assumptions, Cd = 1.2 [5] 

The other parameters in the equation are: ρair= 1.225 kg/m3 (assuming that the fall happens at 

15 °C), mtentacle= 0.018 kg, g= 9.81 m/s2, A=0.0015 m2 (longitudinal cross sectional area of the 

tentacle). 

Substituting these values on Eq. 1S we get a VT= 12.7 m/s, or 45.6 km/h. The 

momentum on impact is mv, and we assume a time Δt of impact of 5 ms. The force is: 

~ ∆

∆
(2S) 

The transient pressure is given by Eq. 3S; substituting the values, we obtain P=30 kPa.  

∆

∆
(3S) 

Figure S8 and Movie_M5 show the impact of a soft tentacle being thrown at a speed higher 

than its terminal velocity (~27 m/s; 97 km/h) against concrete. The tentacle is still functional 

after the impact (see Fig. S8b) 
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Figure S1. a) Schematic representation of the plastic (ABS) mold used to fabricate the 

pneumatic layer of the quadrupeds using soft lithography. b) Top view of the pneumatic 

network of a soft quadruped, showing the relevant dimensions. 
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Figure S2. a) Schematic representation of the plastic (ABS) mold used to fabricate the 

pneumatic network of the starfish grippers using soft lithography. b) Top view of the 

pneumatic network of a starfish gripper, showing the relevant dimensions. 
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Figure S3. Fabrication of 3D tentacles. a) Mold with the templates for the pneu-nets and the 

central channel. b) The mold is enclosed in a container having the final outer diameter of the 

tentacle. The templates for the pneumatic channels are parallel to the walls of the container. 

Ecoflex 00-30 is poured inside the mold and allowed to cure. After the template for the central 

channel is removed, PDMS is poured into the void formed and allowed to cure, forming a 

strain-limiting core. c) Cross-section of the tentacle showing the relevant dimensions. 

d) Schematic view of a tentacle with a strain-limiting core made of PDMS and three 

pneumatic channels parallel to the core. 
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Figure S4. a) Screw side action grips used for holding test specimens that undergo tensile 

testing using an electromechanical test frame. b) Test specimens are protected with four layers 

of polyester-cellulose paper to minimize damage by the grips. c) The electromechanical test 

frame starts applying tension while the values for the load (N) and extension (mm) are 

recorded. d) A test specimen (here, the leg of one quadruped) is used to estimate the tensile 

strength of this soft actuator. e) When the strain of the sample reaches 0.21, the strain-limiting 

layer (here, a paper-elastomer composite) tears, exposing the underlying pneumatic channel. 
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Figure S5. Parameters used to determine the tensile strength of the soft actuators. a) Scheme 

showing the tensile testing of cylindrical samples (sections of soft tentacles). b) Scheme 

showing the tensile testing of parallelepipedic samples (fragments of soft quadrupeds or 

starfish). c) Scheme showing the different parameters used to describe the stress-strain curve. 
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Figure S6. Representative stress-strain curves for the materials used for the fabrication of the 

soft actuators presented in this study.  
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Figure S7. a) Compression platens provide a hardened surface for uniform stress distribution 

in compression tests. b) A quadruped with a paper strain-limiting layer undergoes 

compression testing to characterize its compressive strength (see Fig. 8f). c) After applying a 

compressive load of 1.3 kN the paper of the strain-limiting layer tears and prevents the 

actuator from functioning normally. 
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Figure S8. a) Snapshots of a high-speed video of a tentacle with a PDMS core-limiting layer 

being thrown against concrete pavement at a speed of 27 m/s (~97 km/h). b) Actuation of the 

tentacle after the impact demonstrating that the soft actuator is still functional. See Supporting 

Information, Movie_M5 for the full movie. 
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Videos. The following videos are part of this supporting information section: 

1. Movie_M1. A functional quadruped being hammered while at rest. The power of the

hammer strike is sufficient to break a small glass bottle.

2. Movie_M2. A functional quadruped being hammered while walking. The power of

the hammer strike is sufficient to drive a nail into a piece of wood.

3. Movie_M3. Video of a starfish gripper with a strain-limiting layer made of paper

being run over by a car.

4. Movie_M4. Video of a starfish gripper with a Nylon mesh strain-limiting layer being

run over by a car when resting over a pile of pieces of crushed glass (1-3 mm thick).

5. Movie_M5. Video of a soft tentacle impacting the concrete at 27 m/s (~97 km/h).
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Abstract 

 Breathing is one of the primary vital signs used to diagnose the health 

status of patients; it is related to many common disorders and diseases, ranging 

from pulmonary and cardiovascular diseases to sleep-related disorders. Current 

methods of monitoring breathing require cumbersome, inconvenient and often 

expensive devices; this requirement sets practical limitations on the frequency 

and duration of measurements. This article describes a paper-based moisture 

sensor that uses the hygroscopic character of paper (i.e. the ability of paper to 

adsorb water reversibly from the surrounding environment) to measure patterns 

and rate of respiration by converting the changes in humidity caused by cycles 

of inhalation and exhalation to electrical signals. The changing levels of humidity 

that occur in a cycle causes a corresponding change in the ionic conductivity of 

the sensor, which can be measured electrically. By combining the paper sensor 

with conventional electronics, data concerning respiration can be transmitted to 

a nearby smartphone or tablet computer for post-processing, and subsequently 

stored on a cloud server, or they can be further analysed by a healthcare 

professional remotely.  This means of sensing provides a new and practical 

solution to the problem of recording and analysing patterns of breathing. 
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Introduction 

 Rate of respiration, together with heart rate, blood pressure and body 

temperature, are used by healthcare workers to estimate the basic health-

status of patients 1,2. In differentiating between stable and unstable patients, 

the rate of respiration is a better metric than other vital signs 3. Abnormalities 

in the rate and pattern of respiration are a strong predictor of acute events, 

such as cardiac arrest, or for characterizing illnesses, such as chronic 

obstructive pulmonary disease (COPD), pneumonia, and asthma 4. 

 The respiratory rate of a healthy adult at rest is 12-20 breaths per 

minute, corresponding to an exchange of 6-8 litres of air per minute 5. 

Fieselmann et. al. reported that a rate of respiration greater than 27 breaths 

per minute was the most important predictor of cardiac arrest in hospital wards 
6. Cretikos and co-workers observed that, in the general wards, patients 

suffering from a serious illness, and having a rate of respiration greater than 24 

breaths per minute, could be identified as high risk (for intervals up to 24 

hours), with a specificity of 95% 3. Continuous measurement of the rate and 

depth of respiration during sleep is also important in diagnosing sleep apnea, a 

condition estimated to affect 25 million Americans, 80% of whom remain 

undiagnosed 7-10. 

 In addition to being an important metric for characterizing health, the rate 

of respiration is a reliable marker for determining the anaerobic threshold (AT), 

also known as the lactate threshold, in athletes 11,12.  AT is defined as the 

highest level of exercise that can be maintained without inducing metabolic 

acidosis 13;  this level is strongly associated with athletic performance. 

 In most clinical settings, (e.g. the emergency room of a hospital), the rate 

of respiration is commonly measured by observing the patient from a distance 
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and counting the rising and falling of the chest 14. Although this method is 

simple, it is subjective, and provides little, if any, information about the depth of 

respiration of the patient. It is also challenging and impractical to monitor 

individual patients visually over extended periods of time 15. 

 Dedicated biomedical instruments accurately monitor the rate of 

respiration; these instruments usually use the sound, airflow, and movement of 

the chest 16, airflow is the most commonly used in clinics. A temperature sensor 

(e.g. thermistor) is typically used for detection, since exhaled air is usually 

warmer than the inhaled air, and the cyclical change in temperature can be 

transduced and correlated to a rate of respiration 17. This method, however, is 

prone to errors due to unintentional displacement of the (rigid) sensor during 

measurement. 

 Other technologies measure respiratory activity using a pressure sensor 
18,19. In this method, an increase in pressure is registered by the sensor when 

the subject exhales air. The main drawback of this method is the heavy, non-

flexible facemask/mouthpiece or the uncomfortable nasal cannula that the 

subject must wear. These instruments are also expensive; more than $150 

without the reader electronics (the components that digitize the recorded 

analog signal and display the results) and several thousand dollars as a complete 

system; this cost limits the use of this type of device. Detection of the rate of 

respiration based on sound using acoustic sensors, such as microphones, has 

been suggested as an alternative 20-22.  This form of transduction, however, 

performs poorly when the patient coughs/sneezes, snores or cries (in case of 

infants) or is in a noisy surrounding. 

 This article reports an effective, simple, inexpensive sensor for monitoring 

respiration. The sensor is capable of measuring the rate of respiration of a 

person by detecting the difference in moisture content of inhaled and exhaled 
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air. The sensor comprises a piece of paper with digitally printed graphite 

electrodes, and is attached inside a flexible textile procedure mask (commonly 

used in hospitals). We also designed and fabricated a battery-powered 

standalone unit that can interface with an internet-enabled tablet 

computer/smartphone. Our system can display and upload the collected data to 

the cloud, and thus enable remote access to the results. The paper sensor, 

electronics, and software, essentially transform a simple textile mask into a 

functional mask (with internet connectivity), which can measure, analyze, store, 

and share information concerning the rate and pattern of respiration of 

individual patients. 

Experimental Methods  

Sensor and Mask Design 

 The paper sensor exploits the hygroscopic character of cellulose paper - 

i.e. its tendency to adsorb water from the environment. For instance, at a 

relative humidity (RH) of 70%, paper absorbs up to 10% of its weight in water. 

Since the ionic conductivity of the paper is proportional to the amount of water 

on the surface of the cellulose fibers, the changes in moisture content of paper 

due to breathing can be used to monitor respiration 23,24.  

 When breathing out, the human breath is fully humidified (RH 100%), and 

therefore, increases the amount of water on the sensor, and thus its ionic 

conductivity. When breathing in, the amount of water on the surface of the 

cellulose fibers is reduced because the surrounding atmosphere almost always 

has a lower RH than the exhaled air. This change in the amount of adsorbed 

water decreases the ionic conductivity of the sensor (Figure 1). Essentially, the 

paper sensor transduces variations in the level of moisture of its immediate 

surrounding to an electrical signal.  Using this strategy, we can acquire the rate 
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and pattern of respiration of a person accurately. As the sensor itself measures 

changes in moisture content between the inspired and expired air, the system 

requires no calibration. 

Materials Fabrication and Characterization 

 The paper sensors were fabricated by digitally printing graphite ink (Ercon 

Graphite Ink 3456) using a ball-point pen and a craft cutter/printer (Graphtec 

Craft Robo Pro) onto paper 25. The graphite ink was diluted with a proprietary 

solvent (Ercon ET160) 55:45 w/w to obtain desired consistency for printing, 

and the mixture was homogenized using a tip sonicator to create a uniform 

dispersion. Using this printing technique, large numbers of sensors can be 

printed with high accuracy (Figure 2). (Other printing techniques such as screen 

printing or reel-to-reel printing can, of course, also be used for increased 

throughput). We chose an interdigitated electrode design to increase the area 

of the electrodes and the signal-to-noise ratio. This design also allows rapid 

access of humidity to the paper. We have also produced sensors with 

electrodes located on the top and bottom surface of the paper (Figure S1). The 

power required for this design of the sensor is 250 µW at a RH of 90%, which is 

similar to the power requirement of the interdigitated design (175µW) at the 

same RH. Due to slightly higher complexity in manufacturing, we fabricated 

sensors with the interdigitated design for convenience. The types of paper we 

used in the experiments were Whatman 3MM Chr and Whatman 1 Chr by GE 

Healthcare, and copy paper from WB Mason. 

 We purchased the procedure masks from CVS (CURAD Surgical 

Facemasks). This brand was chosen purely based on its widespread availability 

and low cost, but we anticipate that most other brands can also be used 

successfully.  

253



 
 

 
 

 We characterized the response of the sensors to RH in a system built in-

house (see supporting information Figure S2). It consisted of two mass-flow-

controllers supplying dry and humidified N2 streams. Both streams of nitrogen 

were controlled by a computer using LabView software. The electrical 

measurements were made with a Keithley 2400 source-meter. We designed the 

electrodes of the paper sensors to fit into the electrical connector in the 

measurement system such that eight sensors could be measured in parallel. 

Electronics and Software 

 We designed the reader electronics using off-the-shelf components 

purchased from Digikey (including the Arduino microcontroller).  The printed 

circuit board (PCB) was designed using Eagle application package and was 

manufactured by Silver Circuits Sdb. Bhd., Selangot Malaysia. The Bluetooth 

shield, Kedsum KDF001A, for the Arduino board was purchased separately from 

Amazon. The housing for the electronics was designed using AutoCAD and 

printed with a Dimension; Stratasys, Inc 3D printer in acrylonitrile-butadiene-

styrene (ABS) thermoplastic polymer.  

 We analysed the power characteristics of each subsystem as well as the 

entire device and the paper sensor (Figure S3). The system required a steady 

supply of 130 mA when all of the components, including the Bluetooth wireless 

link between the device and the tablet computer, were active at a 5V supply 

voltage. This corresponds to a power requirement of 650 mW. The power 

specifications can be substantially reduced through further optimization and 

redesign of the electrical circuit. The paper-sensor had the lowest power 

requirement among the electronic components used in the system with a peak 

power consumption of 500 µW (<0.05% of the entire system).  
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 The Android app was designed and implemented in the Android Studio 

development environment using Java and XML programming languages. We used 

a Samsung Galaxy Tab 4 tablet computer for testing. 

 Human Subjects Research 

 We obtained written consent from all subjects who participated in the 

experiments. The research protocol and all associated materials were approved 

by the Harvard University, Faculty of Arts and Sciences, Institutional Review 

Board (IRB) under the reference number IRB15-0949.  

 

Results and Discussion 

Sensitivity of Paper-based Moisture Sensor to Relative Humidity 

 The moisture content of paper is a function of the relative humidity of the 

surrounding environment 23,24. Figure 3 shows the electrical conductivity of the 

paper-based moisture sensors, fabricated from different types of paper, over a 

range of RH (0 – 90% RH). We performed these electrical measurements by 

applying a 25V DC potential across the graphite electrodes and measuring the 

resulting current. We chose 25V to obtain a high signal-to-noise ratio. Currents 

less than 1 nA had a poor signal-to-noise ratio and were not used. 

 We used three different kinds of papers for the fabrication of the paper 

sensors: i) Whatman 1 Chr, ii) Whatman 3MM Chr and, iii) copy paper. Both 

Whatman 1 Chr and Whatman 3MM Chr papers are made of pure cotton 

cellulose fiber with a basis weight of 87 g/m2 and 185 g/m2. (The basis weight 

of paper is defined as the weight of paper per unit area) 26. The standard copy 

paper had a basis weight of 80 g/m2. None of the sensors fabricated from these 
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papers generated a readable current below an RH of 20%. Whatman 1 Chr had 

the lowest sensitivity, and did not produce a distinguishable signal below an RH 

of 65%. Whatman 3MM Chr was significantly more sensitive than Whatman 1 

Chr, and detected all levels of RH >30%. The difference in sensitivity between 

sensors fabricated with Whatman 3MM Chr and Whatman 1 Chr may be due to 

their basis weight. A larger area of cellulose fibers in a given area of paper would 

create a greater number of electrically conductive pathways at a given level of 

RH, reduce the overall resistivity, and increase the sensitivity.  The copy paper 

showed the highest sensitivity. The high sensitivity of copy paper may be 

related to various sizing components, particularly clay, added in the 

papermaking process. Clay is added to create a smooth surface for increased 

printability. The added clay increased both the concentration of ions in the 

paper substrate and the hydrophilicity of the system, and thus increase 

conductivity 27. The high sensitivity of the copy paper, however, resulted in 10 

times higher power consumption compared to Whatman 3MM Chr. We, 

therefore, used Whatman 3MM Chr for the remainder of the experiments. 

 The sensor is a simple two-electrode electrochemical cell, in which water 

(from atmosphere or breath) is electrolyzed on the application of an electrical 

potential between the electrodes. The corresponding oxidation and reduction 

reactions of water on the surface of the two graphite electrodes produce a 

measurable electrical current. We expect the only electrolysis products to be 

small quantities of O2 and H2. 

  We observed only a weak dependence of the output current of the paper 

sensor on the temperature (between 22 ºC and 40 ºC; Figure S4). We attribute 

this small difference to an increase in the mobility of ions at elevated 

temperatures, and thus an increase in conductivity 24. The observed difference, 

however, was small enough (20% at RH 90%) to neglect.  
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 We also verified that the paper sensor is not sensitive to CO2 (see Figure 

S5) up to a mole fraction in the gas flowing through the sensor of 25%. We 

presume this insensitivity is due to the low solubility of CO2 in water (< 0.5 g / 

L, room temperature, 1 atm) 28. The paper sensor is, therefore, primarily 

sensitive to changes in the amount of moisture present in paper, and is not 

affected by the concentration of CO2 in human breath (<5%). 

 The electrical conductivity of paper can be modified by the addition of 

ionic species, which increase the concentration of charge carriers in paper, and 

thus, increase transport of charges between the electrodes. Widely available 

water soluble ionic compounds, such as salts, therefore, represent a simple, yet 

effective method to fine-tune the electrical properties of the paper sensor 

(Figure S6 and S7). 

 

Recording and Analysis of Respiratory Signals 

 We placed pure cellulose paper-based moisture sensors, with no added 

salts, in textile procedure masks to demonstrate their use with healthy adults 

(seven members of our research team - Figure 4a).  

 We designed and fabricated a simple device for data acquisition using off-

the-shelf electronic components (Figure 4b and c). This instrument generated a 

25V DC potential from a 5V DC power source, and applied the voltage across 

the electrodes of the paper sensor. The unit amplified and digitized the resulting 

electrical current and transmitted the data to a tablet computer (Figure 4d) 

over a wireless Bluetooth communication link. The custom-built Android 

application, with a minimally complex design, displayed the incoming data and 

ran simple analytics (e.g. Fourier transformations). The software could also save 

the collected results to a text file, which could be uploaded to the cloud, or 

emailed to a third party for off-site analysis. This feature would be particularly 
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useful for individuals who might monitor their respiration at home, and wish to 

share their results remotely.  

 The Android application also has the option to apply finite-impulse-

response (FIR) and infinite-impulse-response (IIR) digital filtering algorithms to 

the acquired signal 29. Digital filters are commonly used for the separation of 

combined signals and the restoration of distorted (i.e. noisy) signals. Since the 

system we described can be used as a research tool, the user has the flexibility 

to design custom digital filters (e.g. low-pass, high-pass, band-pass, band-stop) 

to extract other metrics from the recorded pattern of respiration. The filter 

coefficients can be stored as a text file on the tablet computer and imported 

when the application is launched. Both the filtered and the raw data are 

recorded as a text file for later analysis. By implementing additional compressed 

sensing / sparse sampling algorithms, the size of the files containing the 

collected data can be made significantly smaller, to enable use of networks with 

low speeds. This capability is required in the developing world 30,31. 

 The functional textile mask was able to track the respiratory activity of 

the subjects successfully up to 15 minutes at room temperature (Figure 5a and 

Figure S9 – S14) while at rest (i.e. sitting in a chair); the duration of the 

experiment was limited by the specifications of the IRB. There is a significant 

initial drift in the output of the paper sensor. The drift probably reflects the 

large difference in drying and humidifying cycles during breathing, and reaches 

equilibrium in a few minutes. Since, however, we are primarily interested in 

measuring the intervals between the signal maxima, the change in the absolute 

level of signal caused by the drift is not relevant. Figure 5b displays different 

breathing patterns acquired during a representative experiment with a single 

subject. The area marked with (1) is a normal breathing pattern (which consists 

of periodic breathing cycles of similar magnitude) followed by a deep breath 
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marked as (2). During this period, the subject had a rate of respiration of 14 

breaths per minute. A pause in breathing was registered as a drop in the 

recorded output current (3). A mixture of deep, slow, fast, shallow breathing 

patterns could also be accurately monitored during the experiment and marked 

as (4) in Figure 5b. The device responded seamlessly to the transition between 

periods of fast, shallow and normal breathing (Figure 5c). The system was also 

able to acquire and transmit all of the collected data to the tablet computer.  

Figure 6 shows one of the trials (see Figure S15 – S19 for data from the 

rest of the trials) in which a subject took a short walk inside the building to test 

two performance factors of the system: i) noise levels in the collected data 

during movement, and ii) system performance during light exercise (i.e. walking 

around the hallways) and vigorous exercise (i.e. high tempo climbing of four 

flights of stairs in the building). The recorded data had little observable noise 

during both light exercise (Figure 6b) and vigorous exercise (Figure 6c); the 

rate of respiration could easily be detected by counting the number of peaks.  

The subject registered a rate of respiration of 12 breaths/min during light 

exercise, and 22 breaths/min during more vigorous exercise. (The breath counts 

were calculated manually from the collected data).  Interestingly, some of the 

subjects (Figure S8) decreased their rate of respiration when transitioning from 

light exercise (24 breaths/min) to vigorous exercise (16 breaths/min). These 

subjects compensated for the decrease in rate of respiration by taking deeper 

breaths (Figure S6b and S6c). Figure 7a summarizes the rate of respiration of 

each subject during light and vigorous exercise.  

To provide an additional metric (one related to the respired volume) for 

the respiration of subjects, we analysed the amplitude of the signal generated 

by the sensor. The amplitude of the signal correlates to the depth of breathing 

by the subject. When a subject transitions from light exercise to vigorous 
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exercise, two parameters related to respiration may change: i) the rate of 

respiration (RR), which can be calculated by counting the number of peaks in 

the captured cyclic signal, and ii) the depth of respiration (DR), which we 

assume to correlate (undoubtedly non-linear with) the peak-to-peak amplitude 

of the train of breaths captured by the device. We defined an empirical metric, 

the Breathing Index (BI) (see Figure S20 for more details on BI) as a function of  

RRvigorous, the rate of respiration during vigorous exercise, RRLight –the rate of 

respiration during light exercise, DRVigorous –the peak-to-peak amplitude of the 

signal during vigorous exercise, and DRLight, the peak-to-peak amplitude of the 

signal during light exercise. This approach, leads to the obvious conclusion that 

all of the subjects exchanged a larger volume of air during vigorous exercise (BI 

> 1) than they did during light exercise (Figure 7b), a conclusion that cannot be 

derived solely from the rate of respiration. Our analysis indicated that Subject 

#5 is more fit than Subject #1, since Subject #5 has the lowest breathing index 

among all participants in the experiment. 

Overall, the paper sensor, electronics and the mobile app, performed 

without failure or interruption of data during the experiments, and thus has the 

potential to be used for monitoring breathing at rest and during physical 

activity. An inexperienced individual could learn how to read and interpret these 

graphs within a few minutes. Filtering out the drifting baseline using digital 

filters would further simplify the process of manual interpretation.   

Conclusions 

The paper-based electrical respiration sensor is a sufficiently low-cost ($ 

0.005 for materials for the paper chip and $1.50 for the mask) that it can be 
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considered for single-use applications. It enables continuous monitoring of the 

respiratory activity of a number of populations (e.g., patients, athletes, research 

subjects, smokers, perhaps children). The information is obviously less accurate 

than that available in a pulmonology laboratory, but is more convenient and 

perhaps more useful in routine and at-home monitoring. We believe this sensor 

will be (at least initially) most immediately useful in characterizing sleep apnea. 

In addition, we believe athletes, or others to whom fitness is important, might 

use this sensor to monitor breathing to track changes in their performance. The 

fabrication procedure for the sensor is simple; it requires only a digital printer 

and a conductive ink (graphite ink in our case). We were able to print more than 

40 sensors in 15 minutes with this method, in our lab, but printing could easily 

be adopted to much higher volume methods (e.g., screen printing, reel-to-reel 

printing). Since we compare changes in conductivity for inhalation and 

exhalation during each breathing cycle, we eliminate the need to calibrate for 

drift, or to remove drift instrumentally: the sensor is self-referenced. The 

inevitable drift in the mean water content of the paper – a drift that is usually a 

disadvantage of paper as a component of sensors, and often a disqualifying 

characteristic – is irrelevant here. 

 The paper-based respiration sensor, combined with conventional 

electronics, is capable of collecting and sending respiration data to a tablet 

computer or a smartphone using wireless connectivity. The custom-built 

Android app running on the tablet computer/smartphone has the ability to run 

simple analytics (e.g. Fourier transforms) on the incoming data stream, and 

apply digital filtering algorithms for signal processing. Both the raw and the 

filtered data can be uploaded to the cloud and shared with a healthcare 

professional with the click of a button, thus eliminating unnecessary visits to 

the clinic. 
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  The system has three limitations: i) The power requirement for electronics 

is too high for intervals of use up to a full day on a single charge of the battery 

(although it should be adequate for one complete night of sleep: the current 

design can run for 9 h on a single charge using a 18650 type lithium ion battery 

with a nominal capacity of 2600 mAh); the data acquisition system requires 

daily charging of its batteries. Full day or week monitoring would require more 

battery capacity. ii) The electrodes of the sensor are prone to cracking if the 

paper is folded, but folding should not occur during regular use of the sensor. 

iii) We expect the paper sensor may not work efficiently, or at all, at 

temperatures < 0 ºC due to freezing of the moisture and build-up of ice inside 

the paper. We expect that the performance of the sensor would also be reduced 

on a day with RH 100% at 37 ºC, however, such conditions are not common (in 

Singapore, RH 100% can occur during prolonged periods of rainfall but the 

temperatures never exceed 36 ºC 32).    

 The paper sensor has a short (on the time-scale required to measure 

breathing) response time. We were able to capture rates of respiration up to 60 

breaths per minute without loss of precision. This performance is adequate for 

most applications. 

 The operation of the system is sufficiently simple that inexperienced, 

first-time users can be trained in a matter of a few minutes; all they have to do 

is to put on the mask, run the Android app and click on “start” in order to 

monitor and record respiration. 
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Figure 1. (A) Schematic illustration of the facemask for respiration monitoring 

with the embedded paper-based sensor and electronics. (B) Mechanism of 

operation of the paper-based electrical respiration sensor.   
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Figure 2. (A) Schematic illustration of the fabrication of digitally printed paper 

sensors with graphite ink. (B) Image of an array of sensors; (C) An individual 

paper-based sensor next to a US Nickel. 
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Figure 3. Electrical characterization of the paper-based moisture sensor, 

fabricated on different paper substrates. The error bars represent standard 

deviations (SD) for N = 7 

269



270



 
 

 
 

Figure 4. (A) The facemask with the embedded paper-based sensor. (B) 

Photograph of the data acquisition electronics with Li-ion batteries, Arduino 

microcontroller board, custom designed amplifier board, and 3D printed casing. 

(C) Simplified circuit diagram of the electronics. (D) Photograph of tablet 

computer running the Android app, which can display and analyse the incoming 

data stream from the data acquisition electronics. 
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Figure 5. (A) The resting respiratory activity of a subject recorded using the 

functional facemask. We asked the subject to breathe normally, take deep 

breaths, pause and breathe randomly during the experiment. (B) Breathing 

patterns recorded while: 1. breathing normally, 2. taking a deep breath, 3. 

paused and, 4. random breathing. (C) Plot showing the seamless transition 

between fast and shallow breathing (1) and normal breathing (2) 
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Figure 6. (A) Respiratory signal during light (B) and vigorous (C) exercise. 

The subject in this experiment had an increase in the rate of respiration from 12 

breaths/min during light exercise to 22 breaths/min during vigorous exercise.
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Figure 7. Summary of the rate of respiration (A) of each subject during light 

and vigorous exercise. (B) The Breathing Index of each subject during light and 

vigorous exercise.  Although some subjects exhibited an increasing or 

decreasing rate of respiration when transitioning from light exercise to vigorous 

exercise, all of the subjects respired a higher volume of air during vigorous 

exercise than light exercise indicated by a BI >1. (Error bars represent standard 

deviations for N= 7) 
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Figure S1. (A) Fabrication procedure of the paper sensor with aligned 

electrodes printed on both sides of paper (top and bottom) (B) Light 

photograph of an actual device. The light source is behind the device, showing 

the aligned electrodes at both the front and back of the paper. 
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Figure S2. Schematic view of the system constructed to characterize the 

paper-based sensor. We used two mass flow controllers – MFC – to mix flows of 

humidified nitrogen and dry nitrogen to control the RH inside the measurement 

chamber. The humidified stream was created by bubbling nitrogen through a 

bottle containing deionized water (D.I. water) 
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Figure S3. Power consumption distribution of the data acquisition electronics. 

The current design requires a steady supply of 130 mA. Our design has large 

voltage conversion losses and which can be eliminated by optimizing the system 

for power, especially the step-up DC-DC converter and voltage regulator 

circuitry. Reducing clock speed for the microcontroller board would also reduce 

power consumption 
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Figure S4. Characterization of paper-based moisture sensors at 22 ºC and 40 

ºC. The error bars represent standard deviation (SD) 
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Figure S5. Response of the paper-based moisture sensor in the presence of 

CO2. In this experiment, the dry N2 stream is replaced with a CO2 stream using a 

three-way T-valve at t = 270s as indicated by the arrow in the figure. There was 

no increase in the sensor output when the sensor was exposed to 25% v/v CO2. 

The RH inside the test chamber was kept constant at approx. 70% during the 

experiment. 
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Figure S6. Characterization of paper-based moisture sensors with different 

salts (KNO3, K2HPO4, NaCl) at the same concentration over a range of RH of 0-

90%. We added 100 µL of 1mM (100 nmol) aqueous solution of KNO3, K2HPO4, 

NaCl on a paper sensor fabricated using Whatman 3MM Chr paper and 

evaporated the excess water in a conventional oven at 60 ºC for one hour. To 

calculate the concentration of salt with respect to the amount of cellulose in 

paper, we cut a piece of Whatman 3MM Chr paper with the same size as the 

sensor (16 mm x 22 mm) without the electrodes and weighed it on an analytical 

balance (100 mg). The addition of 100 nmol of salt resulted in a concentration 

of 1 nmol of salt per 1 mg of cellulose. We presume, small differences in the 

signal level are due to variations in hygroscopicity of the salts and solubility of 

the salts in water. The error bars represent standard deviations (SD). 
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Figure S7. The effect of added NaCl on the electrical response of Whatman 

3MM Chr paper at different salt concentrations. The error bars represent 

standard deviations (SD) 
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Figure S8. (A) Recorded respiratory signal during light (B) and vigorous (C) 

exercise. The subject in this experiment had a decrease in the rate of respiration 

from 24 breaths/min during light exercise to 16 breaths/min during vigorous 
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exercise. The subject compensated for this reduction in the rate of respiration 

by taking deeper breaths. 

 

Figure S9. The resting respiratory activity of Subject #1. (1) Indicates normal, 

(2) paused and, (3) fast and shallow breathing 
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Figure S10. The resting respiratory activity of Subject #2. (1) Indicates 

normal, (2) paused and, (3) fast and shallow breathing 
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Figure S11. The resting respiratory activity of Subject #3. (1) Indicates 

normal, (2) paused and, (3) fast and shallow breathing 
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Figure S12. The resting respiratory activity of Subject #4. (1) Indicates 

normal, (2) paused and, (3) fast and shallow breathing 
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Figure S13. The resting respiratory activity of Subject #5. (1) Indicates 

normal, (2) paused and, (3) fast and shallow breathing 
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Figure S14. The resting respiratory activity of Subject #6. (1) Indicates 

normal, (2) paused and, (3) fast and shallow breathing 

 

290



 
 

 
 

 
Figure S15. Recorded respiratory signal of Subject #1 during light (1) and 

vigorous exercise (2).  
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Figure S16. Recorded respiratory signal of Subject #2 during light (1) and 

vigorous exercise (2).  
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Figure S17. Recorded respiratory signal of Subject #3 during light (1) and 

vigorous exercise (2). 
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Figure S18. Recorded respiratory signal of Subject #4 during light (1) and 

vigorous exercise (2). 
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Figure S19. Recorded respiratory signal of Subject #5 during light (1) and 

vigorous exercise (2). 

  

295



 
 

 
 

 

 

 

 

Figure S20.  A conceptual waveform describing the parameters for calculating 

the empirical metric “Breathing Index” (BI); here, RRvigorous is the rate of 

respiration during vigorous exercise, RRLight is the rate of respiration during light 

exercise, DRVigorous is the peak-to-peak amplitude of the signal during vigorous 

exercise, and DRLight, is the peak-to-peak amplitude of the signal during light 

exercise. BI is the product of the RR and DR. Since the baseline RR and DR of 

patients will vary between patients, we normalize the RR and DR values during 

vigorous exercise by the RR and DR values during light exercise for each patient, 

respectively. 
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