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Abstract  

 

Stretchable electronics, such as stretchable electrodes and stretchable strain sensors, is vital 

for the soft electronics, such as human-like robots with artificial skins, wearable and 

implantable devices, and bionic sensory systems.  However, how to achieve high 

stretchability, sensitivity, stability and adhesion by using simple fabrication procedures, is 

still a big challenge.  In this thesis, a new strategy, surface strain regulation, is proposed to 

fabricate stretchable electrodes and strain sensors with high performance and accessible 

methods.  The principle is that if the distribution of surface strain energy could be changed 

in the active material into a random style but not the concentration mode, it will turn into 

the network instead of throughout breaking at the strain concentration point.  Based on it, 

more than five new material fabrication methods are developed: three of them for achieving 

stretchable active materials, and two for new sensors development and performance 

enhancement.   

 

In detail, carbon nanotubes network by coffee ring effect, nanopiles interlocking, and 

dynamic interface mingling are the new methods proposed to achieve stretchable 

conductors.  Hair-like and fiber-shaped structures are for new kinds of sensors and 

enhancing the performance.  And they are all based on this new strategy/concept, surface 

strain regulation.  The stretchable carbon nanotube thin film is successfully fabricated by 

coffee ring effect benefiting the high-gauge-factor stretchable strain sensors.   For this 

stretchable conductor, the surface strain regulation is achieved by the carbon nanotube 

network structure.  The film with gradient thickness successfully solved the problem of 

combining the contradictory properties of brittleness and stretchability achieving both high 

gauge factor and high stretchability.  Also, inspired by the piling process in the building, a 

transitional layer from the soft substrate to the rigid active material is constructed to 

achieve the surface strain regulation by the new nanopiles interlocking structure.  It is a 

new method to fabricate stretchable electrodes meanwhile addressing the solution for the 

adhesion problem between the active materials and substrate, which is the big obstacle for 

the real application of stretchable strain sensors.  Moreover, a more accessible method by 
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dynamic interface mingling of elastic polymer and metal is reported here to fabricate 

stretchable conductors with high stretchability and stability, high surface area and most 

importantly, high adhesion between the metal, gold, and elastic polymer, PDMS in a large 

scale. The underlying knack is to use uncured PDMS instead of fully cured one to receive 

the gold atoms generated by the thermal evaporation.  It will trigger a series of dynamic 

chemical and physical processes fabricating stretchable conductors with the unique 

microstructure of self-stripped kalst caves-like double layers.  The self-stripped kalst 

caves-like layer can tune the strain distribution on top and achieve the superior performance. 

Further, a new kind of stretchable strain sensors, stretchable hair-like sensors with a design 

of gradient transition, has been proposed and produced by utilizing 3D printing and out-of-

plane self-pinning effect, which will open up for exploration of stretchable hair-like sensors 

for soft electronic applications.  By surface strain regulation of the hair-like structure, the 

sensitivity is enhanced and more importantly, the strain direction can be detected.  Besides, 

a method to fabricate large-scale PDMS fibers is also proposed, by modifying the unique 

beads structure onto the fiber, the surface strain is redistributed and the sensitivity of the 

fiber-shaped stretchable strain sensors is significantly improved.  All above news methods 

developed have proven the power of the new strategy proposed here, surface strain 

regulation for stretchable electronics.  Based on it, many other methods could come up to 

fabricate new stretchable conductors and sensors.   
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Table 2.1 Comparison with other resistance-measurement based stretchable strain 

sensors. 
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Figure Captions 

 

Figure 1.1 The surface strain regulation concept.  If the strain is concentrated as shown 

in the left, the active material will break easily. But if the surface strain could be regulated 

to be a relatively randomly-distributed mode by certain structures design which will release 

the strain energy and achieve the conductive network. 

 

Figure 2.1 Application background of the bio-electrical signal detection and present on-

skin signals.  All organs are connected with related neuros, so as long as these neuros can 

be connected and read out, the control of the organs is possible.   

 

Figure 2.2 Scheme to show the overall principle to achieve stretchability.  All the 

methods to achieve stretchability are based on this spring-like principle.  The only 

difference is the component of the edge.  Current reported methods includes from 

molecular-level design, nanowire-level one, to the macro structure design. 

 

Figure 2.3 Current commercialized electrodes, including Utah, Caltech and Cuff 

electrodes to detect brain and peripheral neural signals. 

 

Figure 2.4 Current progress of the stretchable electrodes for the bio-signal detection.  

Part of the published results are listed here, including the micro spring-based structure, 

micro gold film-based one and the ultra-flexible one. 

 

Figure 2.5 Proposed methods to fabricate stretchable conductors. a) Composite of silver 

and multi-wall carbon nanotubes. b) Spring-like two-dimensional structures. c) Pre-

stretching induced wrinkle structure. d) Stretchable mesh structures fabricated by 

controlled Grain-boundary of metal. e) Nanopiles interlocking as the transitional layer to 

increase the adhesion and achieve stretchability. 

 

Figure 2.6 Young’s modulus and the experienced maximum strain of related tissues and 
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the developed stretchable conductor. 

 

Figure 2.7 Typical stretchable strain sensor reported recently.  Gauge factor and 

stretchability are indicated in the green boxes 

 

Figure 2.8 Typical fracture behavior of spring-like stretchable gold film. It would break 

at the strain concentration points located at the peaks and troughs 

 

Figure 2.9 Poor adhesion of the normal stretchable gold film on PDMS substrate by 

controlling the gold film growth with initial nano-size defects. 

 

Figure 3.1 The thickness-gradient film fabricated by using the self-pinning effect.  a,  

The liquid level is pinned for the most of the evaporation time resulting in gradient structure.  

During the process, there would be the hydrogen bond between the carboxylic acid groups 

on arbon nanotubes and the hydroxyl groups on PDMS improving the adhesion.  b, The 

original resistance of typical sensors with different plasma power for the hydrophilization 

treatment of PDMS substrate. 

 

Figure 3.2 Flow diagram of e-hair fabrication.  a, 3D printed mould with polylactic acid 

(PLA).  b, PDMS film is coated on it.  c, Cutting off with the stiffener stick inside.  d, 

Partial hydrophilization with oxygen plasma.  e, CNT solution is dropped on covering the 

whole root and part of the hair body under the help of capillary force.  f, Out-of-plane 

multiple rings form on the hair body and root by 3D self-pinning effect.  

 

Figure 3.3 Schematic diagram of the strategy of dynamic interface mingling and 

corresponding physical analysises.  a) Diagram illustrating to show the fabrication process 

and uncured PDMS was used as the substrate to receive the evporated gold.  b) Physical 

models of heat transfer and viscous flow during the dynamic process.  c) Simulation results 
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of the temperature distribution in the film and corresponding pressure distribution during 

the viscous flow under different viscousity (low viscousity in left and higher in right).  d) 

Diagram of the unique self-stripping double-layer structure. 

 

Figure 3.4 The coffee process after the CNT solution dropped to the surface after certain 

modifications. 

 

Figure 3.5 3D coffee ring effect after proper surface modification onto the 3D structure. 

 

Figure 3.6 Thin film with gradient thickness by coffee ring effect. 

 

Figure 3.7 Multiple rings formation only by folding the substrate film.  a, Diagram of 

the method of multi-ring formation.  The PDMS substrate is folded, then made hydrophilic, 

and finally dropped with CNT solution in the corner.  b, Image of fabricated multi-ring 

SWCNTs film.  Red dash line illustrates the central line of the corner.  

 

Figure 3.8 Three thin film growth modes for metal film by atoms stacking. 

 

Figure 3.9 Diagram to illustrate the fabrication process of stretchable gold film with 

nanopiles. The green color shown for the Cu tape represents the adhesive material on the 

Cu film that is totally transferred to gold film after peeling off the sample from the Cu tape 

indicating the good adhesion of the sample. 

 

Figure 3.10 Thickness-gradient stretchable gold film with initial nanocracks.  a) The film 

was stretched by using a customized stretcher.  b) Optical images of the film under different 

strain.  c) The gauge factor enhancement by applying the proposed new strategy. 
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Figure 3.11 Dynamic stretching with resistance testing.  The dynamic stretcher is at left 

side and the right shows the resistance testing equipment. 

 

Figure 3.12 Image to show five-point encapsulation method (a) side view and (b) top 

view. Herein, liquid metal, with high mobility and surface tension which is ideal for 

flexible encapsulation, is employed to connect the sensing film with the bonding wires.  

 

Figure 3.13 Air and water flow detection.  a, Image to illustrate the detection of wide-

range speed of nitrogen gas flow by tip-modified e-hair.  b, Image to present the setup of 

detecting water flow.  Diameter of the tube is 5 mm.   

 

Figure 3.14 FEM simulation of the film with nanopiles underneath and without. 

 

Figure 3.15  FEM simulation model and results.  a) Model of the substrate with randomly 

oriented micro pillars.  b) The strain regulation effect induced by the micro pillars. 

 

Figure 4.1 The inspiration of gradient structure from Golden Gate Bridge.  The force is 

transferred step by step from the most fragile part without supporting points to the main 

tower, by using the gradient suspended cable. Inspired by it, the thickness-gradient film for 

high-gauge-factor stretchable strain sensor is proposed.   

 

Figure 4.2 Thickness-gradient films for obtaining high gauge factor and high 

stretchability. a,b) Demonstration images and FEM simulation showing the mechanism 

behind the property of stretchability of the rigid films on soft polymers, one piece of note 

paper on air in a), and strain energy is released by the wrinkles. Another one is fixed on a 
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substrate, there would be no wrinkles and the throughout crack appears when the tensile 

strain applied in b). Based on the principle of the stretchability, the 3D image in c) with the 

desired structure would possess both high stretchability and high gauge factor. 

 

Figure 4.3 Self-spinning to fabricate thickness-gradient stretchable strain senor. a) 

Fabrication process of the CNTs film by self-pinning effect. b) Tensile strain of 60% is 

applied by using a stretcher. c) The microscope image of the thick part. The thick, 

transitional and thin regions could be approximately located and divided by red dot lines, 

the surface morphology of which are presented in d), e) and f) respectively. And the 

wavelength of wrinkles is measured. It decreases from the thick to the thin region as shown 

in g), which illustrates the gradient thickness of the film according to buckling theory. 

 

Figure 4.4 Surface morphology of the ring region under tensile strain of 5%.  Low- a) 

and high- b) magnification of FESEM images of the thick ring part. 

 

Figure 4.5 The 3D and 2D surface morphology of the thin region under 60% strain. 

 

Figure 4.6 Coffee ring effect to fabricate SSSs with gradient thickness.  a) Schematic of 

coffee ring process of SWCNTs film.  b) The gradient thickness data of the film.  c) One 

sample under stretch of the tensile strain of 60% by a customized stretcher.  d) The optical 

image of the ring region in c).  The wavelength of wrinkles differs from the thin to the thick 

region as shown in e).  The thickness could be divided into four regions marked with four 

capitalized Roman numbers.  SEM images to show the surface morphology of the thin, 

gradient and thick regions are presented in f), g) and h). 

 

Figure 4.7 Stretchable strain sensor performance when applied with uniaxial strain. a) 

PDMS substrate tends to break, when the applied tensile strain is larger than 150%. b) The 
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stability of the sensor. The sensor keeps stable performance during the 100,000 strain 

cycles and the strain rate is 400 mm/min. Besides, is shows stable performance when 100% 

strain is applied in c). d) The gauge factors at different cycles. As presented in b), there are 

two linear regions when applied strain is less than 15% and larger than 25%. Two gauge 

factors can be calculated.    

 

Figure 4.8 The control experiment to present the importance of the thick part for the 

gauge factor improvement.  a) The amplified present of the resistance changing before 15% 

strain.  b) The resistance changing under the cyclic strain of 100% (20,000 cycles).  c) The 

detailed data after applying 60% uniaxial strain of 100,000 cycles.  d) The resistance 

changing under different temperature at 100% uniaxial strain. 

 

Figure 4.9 The control experiment to present the importance of the thick part for the 

gauge factor improvement.   

 

Figure 4.10 The durability and the surface morphology under isotropic strain. According 

to the mechanical simulation in c), sensors are fabricated in the strain concentration area 

as shown in b) and the top view a). The resistance changing with the isotropic strain is 

shown in d). Utilizing the high stretchability, the LED circuit still works when suffering 

sharp bending, 1D stretching and isotropic strain as shown in e). The signal driven by the 

rhyme “little star” is presented in f). The numbered musical notation is listed on top and 

below every peak induced by the note. Insets present the amplified two same melodies.  

 

Figure 4.11  The durability and the surface morphology under isotropic strain.  a) The 

resistance changing under different cyclic isotropic strain.  b) The FESEM image of the 

sensor under uniaxial strain of 60%.  c, d) The Low- and  high-  magnification of FESEM 

images of the sensor under isotropic strain of around 85%. 
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Figure 4.13  The weak sound detection by using the novel sensor.  a) The different pitches 

detected by the sensor.  b) The displacement of the freestanding PDMS film under eigen 

vibrations.  Accordingly, the sensor could be fabricated in the center covering certain area 

to detect different vibrations.  

 

Figure 5.1.  Demonstration of the real tactile hairs.  a, Images to present the stretchability 

of the tactile hair.  b, Extension-force curve of a real tactile hair on the forearm of an adult 

Asian man. 

 

Figure 5.2 Bio-inspired stretchable tactile electronic hairs and structural mechanical 

optimization.  a, Diagram of the response of tactile hairs to mechanical stimuli, and the 

stretchable tactile electronic hairs inspired by this process. b, Three-step mechanical 

optimization based on energy conservation and classical bending moment theory, and four 

structures (I, II, III, IV) developed correspondingly. The final optimized structure (IV) 

comprises two parts: a hair body with a stiffener of polylactic acid (PLA) and a hollow root. 

c, The strain concentration and distribution under the bending angle of 45° as calculated 

by FEM simulation for the four different structures proposed in (b). The negative value 

reflects compression. d, Strain concentration in the four different structures in (a) under 

different bending angles. e, Strain distribution areas in the four structures in (a) under the 

bending angle of 45°. 

 

Figure 5.3 FEM simulation for strain distribution of different e-hair structures.  a-c, the 

topview and sideview of the e-hair with full substrate, hollow substrate, and hollow 

substrate with stiffener inside the hair body, respectively. 

 

Figure 5.4 On-hair multiple rings and the corresponding application to detect on-hair 

strain distribution.  a, Image of typical on-hair five rings.  b, Surface profile data of the five 

rings in (a).  c, The velocity and displacement monitored by high-speed camera.  d, This 

multiple rings can be employed to test the detailed deformation on the hair by careful 

encapsulation. 
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Figure 5.5 Soft tactile electronic hairs with out-of-plane multiple rings by the 3D self-

pinning effect and their performance with respect to strain sensing.  a, Diagram of the slip-

and-stick self-pinning effect which is essential for the formation of the out-of-plane 

multiple rings and CNT thin film on the e-hairs. b, Image of a fabricated e-hair.  Inset 

illustrates the five-point encapsulation method. c, Optical images of the e-hair during 

stretch and the corresponding strain distribution by FEM method shown in d. e, Resistance 

change with different strain concentration applied to the sensing unit. Normalized 

resistance, R/R0, where R and R0 are the resistance values monitored with and without 

applied strain. The inset shows how the strain is applied. f, The durability of the e-hair 

under tensile strain. Tensile strain of 120% at the sensing unit was applied for over 10,000 

strain cycles. 

 

Figure 5.6 E-hair fabricated with diameter of around 25 μm.  a, Image of the fine e-hair.  

b, FESEM image of the gradient root.  c, Typical cracks and wrinkles structure on the root. 

 

Figure 5.7 Comparison of relative resistance change between the structure with hollow 

root and the full root.  Result shows that the resistance changes more significantly in hollow 

root than that in full root, indicating that the strain transferring is more efficient in hollow 

one 

 

Figure 5.8 The resistance network modeling based on the strain distribution and related 

surface morphology under bending strain.  a, Normalized resistance with different bending 

angle in different strain regions (see Supplementary Fig. 1a).  b, The durability of the e-

hair under bending strain.  The inset presents the diagram of tensile strain and compression 

strain regions with black color and pink color respectively.  c-d, Cracks and wrinkles 

distribution in tensile region (Region i) and compressed region (Region iii) under the 

bending angle of 60°, respectively.  e, The resistance network is abstracted through three-

step modeling.  The four regions correspond to that analyzed in Supplementary Fig. 2 and 

the four resistors in the final model. 

 

Figure 5.9 Isotropic stretchability of the e-hair array.  Images to present how the 
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isotropic strain is applied in practice with smaller strain in (a) and larger strain in (b).  c, 

The e-hair array could be used to identify the touching pattern, like a ‘NTU’ pattern. 

 

Figure 5.10 Direction recognition when the direction of the bending strain slopes to that 

of encapsulation wires.  a, Diagram to illustrate this situation under five-points 

encapsulation method.  b-e, The resistance changing testing from point A to corresponding 

points, respectively. 

 

Figure 5.11 FESEM images of the e-hair under bending strain.  a, Image to present the 

boundary (red dash line) between the region iii and region iv as shown in Figure 3a.  b, The 

on-hair multiple rings (between red dash lines) under the bending strain.  The hair body is 

rotated to make it in horizontal under the FESEM.  c, The lower ring on the root (between 

the red dash lines).  Inset illustrates the typical magnified view of an area beside the lower 

ring on the root. 

 

Figure 5.12 Results of resistance network modeling and related experimental data for 

reference.  a, Resistance changing predicted by the resistance network model in Figure 3e.  

b, Experimental data of the resistance vibration from point B to point C. 

 

Figure 5.13 Gradient wavelength from the thick on-hair ring part (region ①), transitional 

part (region ②) to inner thin part (region ③).  a, On-hair thickness-gradient SWCNTs film.  

The e-hair is rotated to make the on-hair ring in horizontal under FESEM.  The on-hair film 

can be roughly divided into three regions: thick ring part (①), transitional part (②) and 

inner thin part (③), according to the wavelength of the wrinkle corresponding to the 

thickness of the film.  b, The detailed observation of the thick ring part in (a) and the 

definition of the wavelength.  c, Wavelength changing in different regions. 

 

Figure 5.14 Isotropic stretchability of the e-hair array and detection of subtle fluid flow. 

a, Photograph of the e-hair array. b, The normalized resistance change under different 

speeds ranging from 1 m/s ~ 11 m/s.  c, The stability of the detection signals under the 

nitrogen speed of 5.7 m/s.  d, The amplified view reveals that the damping vibration 
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dominates the later part of the signal as illustrated in the inset.  e, Signal obtained under 

different water speeds corresponding to two different flow states: laminar flow and 

turbulence flow.  The green square indicates a typical signal of laminar flow and the inset 

shows the magnified view.  The red ellipse highlights the typical vibration signal of the e-

hair driven by the turbulence flow.  The red rectangle shows the signal induced by the 

sudden shut-off of the water flow.  

 

Figure 5.15 Resistance response for different applied gas speed of nitrogen: 3.3 m/s in (a) 

and 1m/s in (b). 

 

Figure 6.1 Proposed surface strain redistribution strategy to enhance the sensitivity of 

fiber-shaped sensors, and the fabrication process inspired by droplet splitting. a) FEM 

simulation to investigate the strain regulation effect of the micro-structured fiber as 

compared to the smooth fiber.  b) Strain distribution along the fiber surface for the different 

structures in a). c) Inspired from the phenomenon of oil droplet splitting, the structured 

fiber in a) could be fabricated accordingly to regulate the strain distribution. 

 

Figure 6.2 Tensile strain of the design structure simulated by using FEM method to 

indicate the strain redistribution effect by the larger volume.  The modulus of the larger 

square region (blue region in the picture) is ten times larger than that of the fiber. 

 

Figure 6.3 Illustration of the fabrication process of PDMS fibers with beads.  a) PDMS 

fibers are fabricated sequently by viscosity control, dynamic traction and transient curing 

in silicon oil at 170-180 ºC.  b) After being cleaned and dried, beads are formed according 

to the principle of Plateau-Rayleigh instability, by controlling the Bond number. c) By 

keeping other fabrication parameters constant, the fiber diameter can be tuned by adjusting 

the dynamic viscosity.  The inset formula represents the red fitting curve. d) Influence of 

the dynamic viscosity of the PDMS precursor on the bead diameter. The inset red curve 

shows the predicted value by the theory.  

 

Figure 6.5 a) The viscosity changes with pre-curing time. b) Evolution of the fiber 
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profile with time under gravity (within 3 seconds).  c) The related profile at 3.4 seconds.  

d) Locally magnified region in c) to indicate the nonuniformity of the diameter of the fiber.  

 

Figure 6.6 a) The profile changing trajectory of the fiber under gravity with different 

time period.  b) Experiment data of the fiber diameter uniformity.  Inset illustrates the 

diameter measurement points on one fiber. 

 

Figure 6.7 a,c) Fibers with diameter of around 90 µm and 10 µm under lower 

magnification, and higher magnification is shown in b,d) correspondingly.  e) Meters of 

length of the as-prepared fiber.  

 

Figure 6.8 Beads-on-fiber stretchable strain sensors.  a) The stretchable gold film was 

deposited onto the structured fiber.  b) Resistance changes as a function of applied tensile 

strain. c) Long-term stability of stretchable strain sensors upon exposure to 5000 tensile 

strain cycles at an applied strain of 30%.  d) SEM images of the stretchable gold film at 

different locations along the fiber. e) Statistic analysis of the crack length in d).  f) 

Quantitative analysis of the effect of the bead protrusion height on the strain sensitivity.  

Inset formulas represent the fitting curve. 

 

Figure 6.9 a) Optical images of fibers with beads in different diameter, and the smaller 

one is observed in scanning electron microscope in b).   

 

Figure 6.10 a) Resistance changes with different strain cycles for stretchable carbon 

nanotube film when tensile strain of 10% is applied to the beads-on-fiber sensors.  b) 

Sensitivity comparison of fibers with and without beads. 

 

Figure 6.11 Demonstration of the beads-on-fiber stretchable strain sensor for sports 

monitoring.  a) Adhesion test of the PDMS film and the kinesiology tape.  Reliable 

attachment was achieved by interlocking effect of the PDMS and the tape.  b) The sensor 

with the tape was adhered onto the joint of lower limb to monitor the squatting.  c) Detailed 

description of the wireless resistance monitoring chip.  Also, the sensor can be used to 
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monitor the leg lifting.  d,e) The typical raw data obtained by the fiber-shaped sensor when 

detecting squatting and leg lifting.  The noise was induced by the limb natural vibration. 

 

Figure 7.1 Proposed concept of nanopile interlocking to simultaneously achieve high 

adhesion and large stretchability.  a) Diagram illustrating to show the principle of a tree 

standing firmly on the ground by stretching fractal roots into the soft soil.  b) High-adhesion 

model.  c) Inspired by it, just like piling process used in building, nanopiles are fabricated 

under the metal film to form the interlocking layer (equivalent to the transition layer in b)) 

between metal film and elastic polymer.  d,e) FEM simulations of the strain distribution in 

the film with and without nanopiles under the tensile strain of 10%. f) Strain distribution 

along the dashed black lines in d, e). 

 

Figure 7.2 Diagram to illustrate the fabrication process of stretchable gold film with 

nanopiles. The green color shown for the Cu tape represents the adhesive material on the 

Cu film that is totally transferred to gold film after peeling off the sample from the Cu tape 

indicating the good adhesion of the sample. 

 

Figure 7.3 Adhesion enhancement and stretchability achieved by the nanopile and 

corresponding principles behind.  a) Cross-section view of the fabricated stretchable gold 

film with nanopiles penetrating into the PDMS substrate. Insets show the front and reverse 

sides of the samples. The reverse is in black color induced by the absorption effect of the 

nanopile.  b) Adhesion comparison of the nanopile film with normal crack-based 

stretchable gold film and flat non-stretchable film.  c,d) Adhesion and stretchability 

performance with different film thickness for a given nanopile length of 1.5 µm, and 

different nanopile length for a given film thickness of 300 nm (inserts).  e-i) FEM 

simulation to investigate the effect of film thickness and nanopile length on the strain 

distribution in the film under the tensile strain of 10%. 

Figure 7.4 Images to show the fabricated samples. a, b) The effect of the adhesive 

material transferred from the copper tape to the gold film. 

 

Figure 7.5 Images to contrastively illustrate the adhesion problem of the normal crack-
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based stretchable gold film. a,b) The front and back side of the CSGF (left) and stretchable 

gold film with nanopiles (right).  The back side shows typical yellow color for CSGF and 

black color for the nanopile film. c,d) The adhesion test by using Cu tape for film with 

nanopiles. Only a small amount of the film is removed by the tape. However, almost all 

gold film is removed for the CSGF sample showed in e,f). 

 

Figure 7.6 Images to show the adhesion test process by using tensile in a) and tape 

method in for the sample with nanopiles in b-e) and the CSGF sample in f-i), respectively.  

The adhesive material on the scotch tape is even transferred to the gold film in d) indicating 

the excellent adhesion property for the sample with nanopiles.  Nearly all gold film is 

removed by the tape for CSGF. 

 

Figure 7.7 SEM images showing the facture mechanism of the sample with nanopiles. 

It is clearly shown that part of PDMS is left among the nanopiles and that some of the piles 

are removed, indicating a good interlocking effect between the nanopiles and PDMS 

substrate.  Additionally, the adhesion test was also conducted for stretchable CNT 

electrodes in c) and d). 

 

Figure 7.8 The investigation of the effect of the porosity on the performance. a,b) SME 

images of two different AAO template with similar pore size but different porosity.  c,d) 

Corresponding treatment by using open-code software Imagej to calculate the porosity.  e) 

Stretchability and adhesion test with different porosity. 

 

Figure 7.9 Images illustrating the unique feature of the crack-based principle to achieve 

stretchability. a) Front view of the NSGF and CSGF sample with the initial defect observed 

by optical microscope in b). c-e) The defect in the NSGF is the origin of the throughout 

cracks breaking the conductive path under strain. However, since the NSGF is based on the 

crack-based principle to achieve stretchability, the defect will not induce any strain 

concentration inside the film in f-h), although the defect already blocks more than half of 

the film, and the film still keeps conductive under strain. 
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Figure 7.10 SEM images illustrating the growth process of the gold film on AAO 

template. a-d) Different thickness of the gold film is deposited: 30, 50, 100, 300 nm 

respectively. Two typical features are observed: the grain size is relatively large (compare 

with Au film on glass, Figure S9c, d) and the morphology still reveals a porous state even 

for 300 nm thick films. 

 

Figure 7.11 AFM images in amplitude mode (a-b) and phase mode (c-d) to clearly and 

quantitatively reflect the surface grain distribution.  The grain size is as large as 200 nm 

and the porous-like state is evident. 

 

Figure 7.12 SEM images of the gold film deposited on AAO template (a-b) and glass 

slide (c-d) under the same film growth condition showing the totally different grain size 

and morphology.  The one on AAO is much larger than that on glass and most importantly, 

the porous state remains for that on AAO, but there is not for the flat gold film on glass. 

 

Figure 7.13 SEM images to investigate the film transition before and after 

electrochemical deposition. a) a relatively thin film (80 nm) is deposited on AAO templated, 

and the porous state is kept. However, all pores are sealed after the electrochemical 

deposition and before forming the nanopiles underneath. 

 

Figure 7.14 Mechanism of the stretchability and resistance change of the stretchable 

strain sensor.  a-b) Surface morphology of the gold film with nanopiles under tensile strain 

of 0% and 30%, respectively.  As comparison, the non-stretchable gold film under tensile 

strain of 30% is illustrated in c).  d) The typical resistance change of stretchable gold film 

with nanopiles and non-stretchable gold film. It indicates the fracture of the film when the 

resistance is beyond the detection limit.   e) Statistic analysis of the crack length in b, c).  

f) Resistance change under different applied tensile strain with more than 1000 cycles. The 

DC resistance changes in the small scale from around 5.5 Ω to 12.5 Ω which is only 1% of 

the interface impedance of the electrode, which has little effect on the EMG signal 

detection but can be utilized to detect strain. 
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Figure 7.15 a) Impedance of the electrode.  At about 100 Hz, the impedance is around 

1000 Ω which is much larger that the DC resistance of the electrode ( ~ 10 Ω). b) By using 

this electrode, the EMG signal can be detected and the amplitude spectrum analyzed. 

 

Figure 7.16 High-adhesion stretchable silver electrodes based on this strategy.  AAO 

template deposited with a) gold and b) silver.  c) Following the similar fabrication 

procedure, stretchable silver electrode was fabricated. 

 

Figure 7.17 Demonstration of the novel stretchable electrode and strain sensor detecting 

EMG signal and deformation induced by the elbow bending.  a) Image illustrating the 

position of the fabricated stretchable electrodes and stretchable strain sensors and testing 

motion. b) Images of nanopile (left) and normal crack-based stretchable electrodes (right) 

after friction test. Red dashed boxes show the test region and the optical images present the 

corresponding magnified tested regions.  c) EMG signal detected by the electrode with 

nanopiles after cyclic friction test.  d) Energy spectrum analysis of the EMG signal showing 

the frequency range of main energy distribution.  e) EMG signal detected by the CSGF 

after cyclic friction test. f) Signal-noise-ratio (SNR) comparison of those two electrodes. 

 

Figure 7.18 The electrode can also be used as the stretchable strain sensor to detect the 

elbow bending in a), and the EMG signal by using the electrode before friction test is shown 

in b). c) EMG signal detected by commercial non-stretchable electrodes.  d) Signal-to-

noise ratio comparison between the nanopile stretchable electrode and the non-stretchable 

commercial electrode 

 

Figure 7.19 A marker of red line on the biceps was used to demonstrate the strain in the 

skin for relaxing state in a) and contraction in b).  The length change reflected the strain of 

the skin. c) The resistance change of the stretchable electrode during the motion. 

 

Figure 7.20 The FEM simulation to calculate the strain transferred from the skin to the 

electrode.  
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Figure 7.21 The stretchable was sucked into the epoxy resin to become a non-stretchable 

electrode as the control. a) Image of the electrode. b) A typical EMG signal detected by 

this electrode. c) Amplitude spectrum analysis of the signal. d) SNR comparison of the free 

stretchable electrode and the fixed one 

 

Figure 8.1 Schematic diagram of the strategy of dynamic interface mingling and 

corresponding physical analysises.  a) Diagram illustrating to show the fabrication process 

and uncured PDMS was used as the substrate to receive the evporated gold.  b) Physical 

models of heat transfer and viscous flow during the dynamic process.  c) Simulation results 

of the temperature distribution in the film and corresponding pressure distribution during 

the viscous flow under different viscousity (low viscousity in left and higher in right).  d) 

Diagram of the unique self-stripping double-layer structure. 

 

Figure 8.2 Structures of the film with and without strain applied.  a,b) Cross-section 

SEM images of the self-stripping double-layer structure. Insets in a) show optical images 

of the front and reverse views of the sample with large area. The reverse is in black color 

resulted from the absorption effect by the gold nanoparticles and PDMS mingling layer.  

c,d) SEM and AFM images of the gold film showing the wrinkled structure with upheaval 

and depression.  e) SEM image of the stretchable film under tensile strain of 50 %.  Inset 

shows connecting bridge by the upheaval twisting. f) Resistance change under the tensile 

strain and it is out of the measurement range at around 135%.  Inset presents the optical 

image of the testing process. 

 

Figure 8.3 SEM images to further investigate the cross-section and surface structures. 

a,b) SEM images of the cross-section view.  c,d) Detailed surface morphology of the 

conductor. 

 

Figure 8.4 Different wrinkled structure with different ratio and pre-curing time. a-c) 

Different pre-curing time with the ratio of cross linker to monomer of 1:10. and for 1:20 in 

d-f). 
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Figure 8.5 Amplitude comparison of the wrinkle.  a-c) AFM image and the section 

amplitude data shown in c).  The film thickness is 300 nm (1:10, 25 mins). d,e) AFM image 

and the data for the same thickness film (1:20, 25mins).  f) The amplitude comparison of 

the above two film. 

 

Figure 8.6 Comparison of the wrinkles structures of our novel stretchable conductor and 

that fabricated by the traditional pre-biaxial strain method. a,b) Diagram to present the 

fabrication process of the pre-biaxial strain method.  c) Typical wrinkled structure of the 

novel conductor for relatively thick gold film (200 nm).  d) SEM image to present the 

surface morphology of the traditional film with the same film thickness. 

 

Figure 8.7 Mechanism of the stretchability and the performance of the stretchable 

conductor.  a-b) Finite element method simulation results to present the strain redistribution 

mechanism behind the stretchability.  c) Resistance change under cyclic tensile strain.  d) 

Stretchability vabration with different ratio of cross link to monomer and pre-curing time 

of PDMS.   e) Stretchability and gauge factor affected by the gold film thickness.  f) 

Adhesion with different ratio and pre-curing time. 

 

Figure 8.8 SEM images of the stretchable conductor under tensile strain.  a,b) The 

connecting effect by the twisting of the upheaval.  c,d) The morphology of the film under 

30% strain. The film is with cross linker to monomer ratio of 1:5 and pre-curing time of 25 

mins, and the corresponding morphology for the film with 1:10 ratio and 25 mins pre-

curing time is shown in e,f). 

 

Figure 8.9 FEM simulation model and results.  a) Model of the substrate with randomly 

oriented micro pillars.  b) The strain regulation effect induced by the micro pillars. 

 

Figure 8.10 Adhesion comparison by using Kapton tape.  a-c) The testing process for the 
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flat non-stretchable gold film, and for normal crack-based stretchable gold film and the 

novel stretchable conductor in d-f) and g-i), respectively. j) The transient resistance 

measured by multi-meter to present the conductivity after the peel test in g-i). 

 

Figure 8.11 Mingling effect of the evaporated gold and PDMS.  a) SEM image to show 

the cross-section view of the gold film.  b) The magnified view of mingling effect at the 

interface. 

 

Figure 8.12 SEM images to show the facture mechanism of the suspended film on PDMS 

substrate.  a-b) Surface morphology of the bottom of the suspended film, indicating that 

the fracture point is near to the junction of the micro pillars and the film. c-d) The 

corresponding view of the morphology on PDMS substrate.  Micro pillars are left on the 

substrate. 

 

Figure 8.13 Demonstration of the novel stretchable conductor as the neural stimulator.  a) 

Impedance of the electrode.  Inset shows the fitting model to calculate the equivalent 

capacitance.  b) Comparison of the equivalent capacitance of the wrinkled-surface novel 

conductor with the flat gold film.  The capacitance is normalized by that of the flat gold 

film.  c) Diagram of the set up to stimulate the sciatic nerve by the stretchable conductor 

and EMG monitoring system.  d) Optical image to present the implanted stretchable 

conductor.  e,f) Stimulation signal applied and the corresponding induced EMG signal 

detected. 

 

Figure 8.14 Demonstration of the stretchable conductor as the neural stimulator.  a) Setup 

of the stimulation and EMG monitoring.  b) Peak-peak value of the induced EMG signal 

with different stimulation voltage. 

 

Figure 9.1 Plasma Induced Brittle Layer Process. 
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Figure 9.2 a: The Illustration of Coffee Ring; b: The Illustration of a Sample Clipped in 

the MTS Strain Machine; c: The Illustration of a Sample with Brittle Layer at Small Strain; 

d: The Illustration of a Sample with Brittle Layer at Large Strain 

 

Figure 9.3 a: The SEM Image of the CNT Part of a Sample with Brittle Layer; b: The 

SEM Image of the CNT part of a sample without Brittle Layer 

 

Figure 9.4 a: The SEM Image of the CNT Part of a Sample with Brittle Layer with Mask; 

b: The SEM Image of the PDMS Part of a Sample with Brittle Layer with Mask; c: The 

SEM Image of the CNT Part of a Sample with Brittle Layer without Mask; d: The SEM 

Image of the PDMS Part of a Sample with Brittle Layer without Mask 

 

Figure 9.5 Encapsulation process of the stretchable strain sensor. 

 

Figure 9.6 a: The Relationship between resistance ratio and strain within 10% strain; b: 

The relationship between resistance ratio and strain within 30% Strain; c: The relationship 

between resistance ratio and strain within 60% strain. 

 

Figure 9.7 a: Initial resistance-strain performance with undiluted encapsulation; b: 

Resistance-strain performance after one month with undiluted encapsulation. 
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PDMS           Polydimethylsiloxane 

SSSs  Stretchable Strain Sensors 

SEM  Scanning Electron Microscopy 

TFM  Transmission Electron Microscopy 

GF  Gauge Factor 
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Chapter 1  

Introduction 

Stretchable devices are in fast development driven by the highly 

demands of more human-machine interfaces for applications in 

wearable electronics, healthcare, soft robotics, energy storage, and 

so on.  These devices would change the healthcare style from the 

merely relying on hospital to the portable self-test mode, and also 

change the interaction manner of human with the robotics by 

assembling smart flexible sensors onto the robotics’ skin.  Besides, the 

soft battery package would also benefit the whole flexible electronics 

because it is critical for the power supply. Generally, the stretchable 

conductor is essential for connecting the working circuit of the flexible 

device, working as the current collector in the stretchable 

capacitors/batteries and directly monitoring physiological indicators. 

In detail, currently, various flexible sensors and capacitors, such as 

flexible tactile sensors, stretchable strain sensors, stretchable micro 

capacitors and batteries, have been fabricated and demonstrated.  

However, stretchable electrodes and strain sensors still undergo the 

exploring process because each application field proposes new 

requirements in terms of the integration of the electrode with other 

components.  In this thesis, from the mechanics design, a new general 

strategy was proposed, surface strain regulation, to achieve a 

randomly-distributed fractures in the active materials releasing the 

strain energy and keeping the conductive network.   
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1.1 Hypothesis 

Stretchable electronics, such as stretchable electrodes and stretchable strain sensors, is 

important for the soft electronics, such as human-like robots with artificial skins, 

wearable and implantable devices, and bionic sensory systems.  However, the 

performances, such as stretchability, sensitivity, stability and adhesion, are still big 

challenges.  This work on the stretchable electrodes and strain sensors will contribute to 

the exploration of stretchable interface with human beings, such as artificial exoskeletal 

system. Also, based on the new strategy and concept, many other material processes 

could be developed taking a solid step towards the real application of stretchable/soft 

electronics. 

For a composite system of metal and polymer, the strain is normally transferred from the 

elastic polymer to the rigid metal, so this transferring process is critical to further achieve 

the stretchability of the metal, which means, the metal film or composite still keeps 

conductive under strain.  Previously, people more focused on the design of metal or other 

active materials themselves, but this transferring process of strain was not fully utilized.  

In this thesis, the strain transferring is fully made use to fabricate stretchable conductors 

and high-performance sensors.   The hypothesis is that, as illustrated in Figure 1.1, the 

surface strain regulation could be achieved by proper engineering of the strain 

transferring process.  And then the distribution of strain energy in the active material 

could be changed into a random style instead of the concentrated one, lastly the active 

material will turn into the network structure instead of breaking at the strain concentration 

point. The big advantage of this strategy is that since the strain is released by numerous 

fractures, it will affect little on the stretchability if part of these fractures are removed 

which means that the stretchable active materials is damage/defects insensitive in the 

application. 
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Figure 1.1 The surface strain regulation concept.  If the strain is concentrated as shown in the 

left, the active material will break easily. But if the surface strain could be regulated to be a 

relatively randomly-distributed mode by certain structures design which will release the strain 

energy and achieve the conductive network. 

1.2 Objectives and Scope 

The main objective of this thesis is to develop a new strategy and methods to fabricate 

stretchable electrodes and strain sensors with high performance, including high 

stretchability, long term stability, high adhesion between the active materials and the 

substrate, and high sensitivity for the strain sensor.  Besides, in the real application, the 

damage to the active material is inavoidable, and to develop a defects/fractures insensitive 

stretchable materials is also the critical point.  

In detail, the stretchable electrode is for the application of implantable neural interface or 

on-skin signal detection.[1-5]  For the implantable one, it would a long way to go to achieve 

a long-term stable electrode interface.  There are many challenges, including the 

stretchability, softness, interface impedane management, adhesion, biocompatibility, 

encapsulation and so forth.  The very first step is to achieve the soft stretchable electrode.  

Stretchable strain sensors, as one of the critical components in wearable electronics, are 

under fast development driven by recent advances in integrating electronic components 

with humans to obtain the real-time mechanical feedback for applications in healthcare, 

rehabilitation, human power enhancement and so forth.[6-11] But the sensitivity and 

stretchability are still to be investigated.  Also, methods to enhance the sensitvity should 
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be also further studied and propsed.  

The new strategy proposed here will give the community a new option to fabricate 

stretchable conductors with the unique properties of defects/fractures insensitivity, large 

stretchability, high adhesion and tunable sensitivity.  Different methods developed based 

on this strategy already proved that the strategy is effective and furthermore, different 

other new methods could be proposed based on it. 

1.3 Dissertation Overview 

 

The thesis addresses how to achieve the stretchable electrodes and strain sensors based 

on the new proposed strategy: surface strain regulation to release the strain energy by 

numerous micro fractures keeping the conductive network at the same time. Different 

new methods are developed based on this new strategy which already prove the efficiency 

of this strategy.   

 

Chapter 1 gives a rationale for this research. The hypothesis of controlling the surface 

strain distribution is proposed and analyzed, and the feature of this strategy is stated. The 

importance of achieving stretchable electrodes and strain sensors is elucidated. 

 

Chapter 2 reviews the literature related to the methods to achieve stretchability and the 

state-of-the-art advancement of stretchable electrodes and strain sensors.  The overall 

principle to achieve the stretchability is summarized and the feature and drawbacks of the 

present strategies are analyzed.  

 

Chapter 3 discusses the methods which are employed to do the study including the 

polymer preparation, surface modification, thermal evaporation, electrical testing 

technologies, and so on. 

 

Chapter 4 elaborates the first method developed based on this new strategy: surface strain 

regulation in the active materials.  The carbon nanotube was employed as the active 

material and a very straightforward method, coffee ring effect, to fabricate stretchable 

carbon nanotube film with gradient thickness was developed. The detailed performance 
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data is presented and so are the principles.  It is based on constructing the film with 

gradient thickness, which couples the seemingly contrary properties of brittleness and 

stretchability together to fabricate strain sensors with high gauge factor and large 

stretchability.  The thickness-gradient film was formed by employing self-pinning effect 

of the single wall carbon nanotube solution.  The fabricated sensor possesses surprisingly 

good performance covering all requirements of the sensitivity, stretchability and long-

term stability.   In this method, the surface strain regulation in the active materials is 

achieved by self-assembled carbon nanotube network structure itself.  The randomly 

distributed defects form during the coffee ring process, after that, they grow into micro 

fractures when tensile strain applied.  

 

Chapter 5 elaborates the stretchable hair-like sensors based on the three-dimensional 

coffee ring effect. In this work, the surface strain regulation is utilized to detect the strain 

applied direction.  The fine hair on human body or animal skins is quite an excellent strain 

sensor.  It can detect very tiny strain, e.g., the one induced by gentle wind.  It would be 

important if this sensing function can be mimicked. The sensor fabrication and 

performance data is presented and discussed here. the 3D stretchable tactile electronic 

hairs (e-hairs) with isotropic stretchability, which can detect multiple strains and the 

strain direction (any direction) with high sensitivity and stability by each single e-hair, 

and the unique underlying detection principle relies on the symmetry breaking of the 

resistance network at the root. Besides, the fabrication process is all-solution based by 

employing 3D printing and a capillary force-assisted self-pinning of carbon nanotubes. 

The e-hairs can be easily fabricated in an array format for efficient monitoring of gas and 

liquid flow. 

 

Chapter 6 elaborates the fiber-shaped stretchable strain sensors based on coffee ring 

effect of carbon nanotubes and micro-cracked stretchable gold film.  In this work, by 

surface strain regulation, the strain concentration is induced at certain locations which 

enhances the sensitivity significantly. This work tends to shift the vision of improving 

the sensitivity of the stretchable strain sensor from the active materials engineering to the 

mechanical design of the elastic substrate.  A novel strategy that enables surface strain 

redistribution in elastic substrate to significantly enhance the sensitivity is introduced.  
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Such enhancement method attributes to the delicate structure of beads on a fiber based 

on the principle of Plateau-Rayleigh instability.  Also, a new method of transient thermal 

curing is proposed for large-scale fabrication of PDMS fibers with predefined diameter. 

 

Chapter 7 introduces another new method to utilize the surface strain regulation 

achieving the stretchability, named nanopiles interlocking. In this work, the nanopiles 

interlocking layer serves as the transitional layer to tune the strain distribution mode in 

the active material to achieve the stretcability and high adhesion simultaneously.  Inspired 

by a tree, a new method is proposed to fabricate high-adhesion stretchable electrodes that 

can be used as strain sensors with tunable stretchability, high gauge factor and stability.  

The nanopile not only provides the interlocking effect to significantly improve the 

adhesion, but also ensures that the tensile strain in the film is redistributed to release the 

strain energy by random cracks forming the connecting network and achieving the 

stretchability. 

 

Chapter 8 elaborates a new method based on the strategy of surface strain regulation, 

dynamic interface mingling, to activate the synchronous forming of metal film and 

polymer at the interface. Dynamic interface mingling of elastic polymer and metal is 

ultilized to fabricate stretchable conductors with high stretchability and stability, high 

surface area and most importantly, high adhesion between the metal, gold, and elastic 

polymer, Polydimethylsiloxane (PDMS). The underlying knack is to use uncured PDMS 

instead of fully cured one to receive the gold atoms generated by the thermal evaporation.  

It will trigger a series of dynamic chemical and physical processes fabricating stretchable 

conductors with the unique microstructure of self-stripped kalst caves-like double layers 

and the superior performance.  The micro pillars in the cave will regulate the strain 

distribution in the active material to achieve the surface strain regulation achieving the 

stretchability. 

 

Chapter 9 summarizes the whole thesis, and presents some preliminary results which are 

not shown in the main chapters and some challenges to be overcome. 
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1.4 Findings and Outcomes 

 

This research led to several novel outcomes by: 

1. Proposing a new strategy/concept, surface strain regulation, to fabricate stretchable 

electrodes and strain sensors.  The performance of the electrode and strain sensors is 

significantly enhanced.  Following this strategy, the community could propose more methods.  

Also, it is a new perspective for the stretchable electronics. 

2. Developing more than five different methods based on the new strategy, respectively, 

to achieve the stretchability, fabricate high-adhesion stretchable electrodes, enhance the 

sensitivity of the stretchable strain sensors and demonstrate new mechanism to fabricate 

the sensors. 

3. This new strategy and methods contribute to the community of stretchable 

electronics by providing the new perspective and opening up new paths. 
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Chapter 2  

Literature Review 

In this chapter, the state-of-the-art method to fabricate stretchable 

electrodes and strain sensors are reviewed.  Related contribution and 

drawbacks of these methods are discussed.  To achieve the 

stretchability is the very first issue for the stretchable electronics.  

People already focus on it for tens of years. Although the overall 

principle behind is just the mesh structure or “spring” structure, 

different materials and designs were proposed for different 

applications.  But there are still some critical issues, such as adhesion 

between the active material and substrate, long-term stability, 

defects/damages sensitivity, and so on.  In order to address them, the 

strategy of “surface strain regulation” is proposed. 
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2.1 Methods to achieve stretchability 

Stretchable electronics is vital for the bio-integration of electronic components and 

biology,[1-5] such as soft exoskeleton system,[6] human-machine interfaces,[7-9] and 

implantable bioelectronics.[1, 10-12]  As the core units, stretchable electrodes and strain 

sensors provide the basic platform for investigating the electrophysiology of tissues in 

vivo/vitro and mechanical deformation in medical therapy and tissue engineering.[13-25]  

For example, integrated in the sensory skin, they can act ass and wearable assistive 

communication devices to track the illness and therapeutic effect (Figure 2.1).[26-30] 

 

Figure 2.1 Application background of the bio-electrical signal detection and present on-skin 

signals.  All organs are connected with related neuros, so as long as these neuros can be connected 

and read out, the control of the organs is possible.   

2.1.1 Current status of stretchable electrodes 

Herein, stretchability is defined as that the electrode can still keep conductive under 

mechanical deformations and correspondingly, the critical strain, defined as the strain at 

which the electrode turns from being conductive to being non-conductive, is used to 

determine the stretchability. 
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Owing to their importance and that naturally there is nearly no intrinsic stretchable fully 

conducting materials, past decades have seen an extensive investigation upon how to 

make them with intrinsic rigid conducting materials and elastic polymers.  Several 

strategies have been proposed including spring-inspired principle to which all in-

plane/out-of-plane buckled methods and mesh construction are attributed,[31-36] 

nanoparticle polymer composited,[37-40] liquid assembled[41-43] and crack-based method 

which can be used both for stretchable electrodes and strain sensors.[44-49] To summarize 

them, the principle behind all the methods to achieve stretchability could be illustrated in 

Figure 2.2.  The only difference is what has been chosen as the component of the edge of 

the mesh structure, and it could be as small as a molecular, nanowire and be as large as 

macro features, e.g., normal spring. 

 

Figure 2.2 Scheme to show the overall principle to achieve stretchability.  All the methods to 

achieve stretchability are based on this spring-like principle.  The only difference is the 

component of the edge.  Current reported methods includes from molecular-level design, 

nanowire-level one, to the macro structure design. 

Stretchable devices are in fast development driven by the highly demands of more 

human-machine interfaces for applications in wearable electronics, healthcare, soft 

robotics, energy storage, and so on.[50-57]  These devices would change the healthcare 

style from the merely relying on hospital to the portable self-test mode, and also change 

the interaction manner of human with the robotics by assembling smart flexible sensors 

onto the robotics’ skin.  Besides, the soft battery package would also benefit the whole 

flexible electronics because it is critical for the power supply.[58,59]  In detail, currently, 

various flexible sensors and capacitors, such as flexible tactile sensors, stretchable strain 



12 

Sh
ort 
R
un

12 

Sh
ort 
R
un

Literature Review  Chapter 2  

 

sensors, stretchable micro capacitors and batteries,[60-63] have been fabricated and 

demonstrated.  However, stretchable electrodes, the critical construction unit for flexible 

batteries and supercapacitors, flexible screen display, wearable sensors and implantable 

detectors, still undergo the exploring process because each application field proposes new 

requirements in terms of the integration of the electrode with other components.  

Generally, the stretchable electrode is essential for connecting the working circuit of the 

flexible device, working as the current collector in the stretchable capacitors/batteries and 

directly monitoring physiological indicators by replacing the rigid commercialized 

electrodes (Figure 2.3).[64-73]   

 

Figure 2.3 Current commercialized electrodes, including Utah, Caltech and Cuff electrodes 

to detect brain and peripheral neural signals. 

 

 

Figure 2.4 Current progress of the stretchable electrodes for the bio-signal detection.  Part of 

the published results are listed here, including the micro spring-based structure, micro gold film-

based one and the ultra-flexible one. 
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Currently, many research groups focus on settling the stretchability (the critical strain of 

up to more than 300% has been achieved) by utilizing the composite of the elastic 

component: polymer (Polydimethylsiloxane (PDMS) is quite often used) and the 

conductive components: metal, carbon, and conductive polymer (Figure 2.4).[74-78]  Since 

the fully conductive materials is rigid, e.g., gold as the soft metal can only suffer no more 

than the tensile strain of 5%, so the spring-like structure plays the key role in achieving 

the stretchability.  Normally, a spring is made of the rigid metal but possesses 

stretchability because of the geometrical construction.  Most of the current approaches 

can be taken as the variants of spring-like structure no matter it is wrinkled, serpentine, 

cracked, or mesh structure. There is an intrinsic problem for wrinkled and serpentine 

structures.  The stretchability achieved by using these methods is in the overall level, i.e., 

when you stretch the electrode at the very two ends, these two structures can be 

stretchable, however, if the tensile strain is locally applied along the conductive material 

wire at one basic unit of the spring-like structure, the conductor will suffer fractures 

immediately.  So ideally, in order to keep stretchability, the conductor should have many 

sub-hierarchical units of the spring structure.  The mesh and crack-based structures do 

not have the above disadvantages and are not sensitive to the strain concentration, 

because the deformation energy is already absorbed by the microcracks (Figure 2.5).  This 

big advantage significantly benefits the stability of the electrode and also the surgery in 

practice because it is quite easy to induce defects/local damage during the practical 

operation.  But the density of the crack and mesh should be carefully controlled, 

otherwise, if the typical scale of the crack and mesh is comparable with the width of the 

required electrode, e.g., 10 micrometers in width for monitoring one single neuro, the 

stretchability would be lost.  
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Figure 2.5 Proposed methods to fabricate stretchable conductors. a) Composite of silver 

and multi-wall carbon nanotubes. b) Spring-like two-dimensional structures. c) Pre-stretching 

induced wrinkle structure. d) Stretchable mesh structures fabricated by controlled Grain-

boundary of metal. e) Nanopiles interlocking as the transitional layer to increase the adhesion and 

achieve stretchability.[79-82] 

But when the use of the stretchability is examined in detail, critical problems are be found 

which need to be clarified: why so large stretchability is required and how the soft 

electrode would be deformed when practically implanted in vivo, because it would be 

difficult to image that the beating heart will give the electrode a hand to stretch it just like 

during the electrode testing process and as described before, the body liquid may not give 

it a chance to provide enough friction force to make it stretched.  However, the flexibility 

of the electrode, i.e., the bendability, requiring relatively small stretchability (< 10%) is 

definitely needed, and in order to grantee the performance, large stretchability is required. 

Moreover, softness is defined as the Young’s modulus of the electrode including the 

apparent and the intrinsic, both of which are important for the mechanical matching 

between the electrode and the tissue for the medical use, because the tissue has the 

interaction with the attached electrode in both bulky and cell level.  If the mechanical 

mismatching could not be overcome, there would be rejection reactions, tissue damages, 
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and even infection.  Therefore, stretchability and softness belong to the different concepts 

and in theory should be satisfied at the same time. 

It is noticed that although the softness of the electrode is important, it was not fully 

investigated compared to the stretchability.  In order to propose solutions for this issue, 

how the implanted device interacts with tissues in the cell level should be studied, 

nevertheless, the detailed process of the cell response to the implanted electrode is still 

not clear until now.  So at present, as the beginning step, the basic modulus matching 

should be achieved first.   

 

Figure 2.6 Young’s modulus and the experienced maximum strain of related tissues and the 

developed stretchable conductor.[83-91] 

Recently, for stretchable electrodes, PDMS is extensively employed as the soft substrate, 

while it possesses modulus of several MPa.  Therefore, for the real application, the 

PDMS-based stretchable electrodes would be only applied to the tissue, e.g., dura, whose 

modulus is similar to PDMS, and would not adaptable to other soft organs, like brain, 

heart and so forth, which are also the critical application areas.  Moreover, it should be 

noticed that even if the substrate is with the similar modulus with the target tissue, e.g., 

several hundreds/tens of kilo Pascals, the conducting material employed is still not as soft 

as the tissue!  One way to solve this issue is supposed to modify it with soft hydrogel 
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maintaining the lower interfacial impedance.  Electrode surface modification is quite 

important, and the related reviews could be referred [84]. 

Futhermore, the stretchability and softness are required for the electrode to solve the issue 

of mechanical mismatching, however, they are not good for the doctors to operate the 

electrode in the practical surgery process, e.g., for the brain stimulation where electrodes 

are required to insert into the brain.  Thus, how to achieve the switch of the softness and 

rigidity of the electrode is also important.  Recently, dissolvable rigid back up and 

temperature-sensitive polymers were employed to assist to insert or operate the soft 

electrode.  However it still requires to be further optimized in terms of the minimum 

damage to the tissue when inserting in and taking out, the fast-shifting and 

biocompatibility, and so forth.   

Next, the adhesion issue will be discussed.  Since as discussed previously, there is hardly 

fully conductive materials with high stretchability, as discussed previously, the composite 

of the polymer and metal were employed to fabricate the stretchable electrode.  However, 

because the polymer had totally different physical properties and chemical properties 

with metal/carbon, there would be poor interfacial adhesion between them.[92-96]   

Normally, two methods were utilized to get the good adhesion: one was to construct 

chemical bonding between active materials and soft substrate; the other was to use the 

physical interlocking.  Disulfide bond was extensively used to improve the interfacial 

adhesion between the gold film and the substrate.  However, disulfide bond becomes not 

stable when the electrode is used for the implantable purpose.  Therefore, physical 

method is still the good candidate.  The transition layer could be constructed from the 

soft substrate to the active material.  One of the methods was to build the interlocking 

layer, e.g., based on the nanopiles.  The nanopile interlocking layer can help to achieve 

the large stretchability and the high adhesion at the same time.  It should be noticed that 

good adhesion is vital for the stable performance and also quite important for the 

encapsulation, because the electrode not only needs to keep good adhesion with the 

substrate but also with the encapsulation layer normally also made of polymer.  Therefore, 

it is important to construct double-interfacial layer for the good encapsulation.  

For signal detecting, corresponding surface modifications to stretchable electrodes are 
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required to specifically monitor molecules or bio-electrical signals.  Electrochemical 

reaction was utilized to detecting related biomarkers.  Thus, the surface modification, by 

using paired molecules, aimed to enhance the chemical reaction at the interface.  For bio-

electrical signals, the electrode had to be modified, on the one hand, to make a soft 

interface with the soft tissue, and on the other hand, to lower the interface impedance to 

obtain high SNR signals.  Platinum, conductive polymer (like PEDOT, PPy), hydrogel, 

and even the composite of gel and neural cells were used to decrease the impedance and 

enhance the long-term monitoring.  However, it is still a big challenge to achieve the 

stable long-term monitoring.  As mentioned, it is not clear upon how the tissue interacts 

with electrodes in the cell and gene level.  Current modification still followed the original 

routine, like by using platinum, which had been already used since nineteenth century.  

And in 21st century, the biological study is booming and the corresponding knowledge 

will definitely benefit this surface modification. 

2.1.2 Recent advancement of stretchable strain sensors 

As one of the most interesting development approach to future electronics, the full fusion 

of human and electronic materials would be realized in the near future.[97,98] More and 

more human friendly wearable and implantable electronics are being developed.[99-105] 

Meanwhile, more human like robots with artificial skins[106-109] and relevant sensory 

system are being created.[110,111] All of those emerging devices demand one crucial 

component, stretchable strain sensors (SSSs), with large stretchability, high sensitivity 

and stability to monitor the strain state of the material itself or interfaces, which is crucial 

for the information feedback and system control.[112,113] Those strain sensors can be 

extensively used in the therapy of movement disorders,[114,115] micro strain detection in 

implantable medical devices such as artificial vessels implanted for aortic dissection 

therapy and neural interface electrodes,[116,117] and heartbeat monitoring. They also play 

a key role in the construction of artificial sensory system for the robots, for which touch 

sensors, joint movement control and thermal expansion detection are all dependent on the 

SSSs. 
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Figure 2.7 Typical stretchable strain sensor reported recently.  Gauge factor and stretchability 

are indicated in the green boxes. 

The SSSs should have high sensitivity, uniaxial stretchability, durability and isotropic 

stretchability in order to provide effective and stable performance. On the one hand, since 

the strain suffered in vivo is relatively small for implanted strain sensors, it should have 

high sensitivity to recognize the signal, otherwise, no strain could be detected. On another 

hand, for the motion detection and joint monitoring, the high stretchability are required 

to match the large-scale stretch. Meanwhile, the durability and isotropic stretchability are 

also the necessary properties for the stable performance. Recently, many approaches have 

been proposed to fabricate the SSSs by employing carbon composites/nanotubes,[118-123] 

metal/semiconductor hybrid structure,[124-130] graphene-based materials,[131-135] 

microfluidic devices,[136] conductive polymer compositions,[137-140] liquid metals and even 

3D printing (Figure 2.7).[141-144] However, it is still a big challenge to propose a principle 

to fabricate SSSs with all of those high performances, especially high gauge factor, 

stability, and uniaxial & isotropic stretchability, using an uncomplicated and facile 

method, which would be a solid step towards the novel and more practical stretchable 

strain sensor. 
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Table 2.1 Comparison with other resistance-measurement based stretchable strain sensors 

*  This work. 

Except the normal flexible strain sensor, skin has been taken as the largest organ in human 

body, and even “brain on the outside”.[158,159]  As a most interactive part with the external 

mechanical stimuli, it possesses diverse tactile sensor components,[160-163] and could be 

taken as a highly integrated, fast-response and highly sensitive soft strain-sensing device.  

Inspired by this, the booming interactive soft electronics also desire those strain-sensing 

performances, especially for memory devices,[164,165],electronic skin[166-168] smart 

robots,[169,170] and other human-machine interface equipments.[171] 

Among all of those sensor systems in skin, one subcomponent plays a key role in the 

detection of subtle strain induced by air flow, insect climbing, and even sound resonance, 

however, easily tends to be disregarded since it is usually taken as a small affixture on 

skin.  It is the hair, especially the sweat hair covered on most area of the body.  When 

Materials Maximum 
Uniaxial strain 

Maximum gauge 
factor 

Durability 
(cycles) 

Isotropic 
stretchability 

CNTs* 150% (Decided 
by substrate) 160 100,000 Yes 

CNTs[145] 180% 0.82 10,000 Not shown 

CNTs[146] 150% 2.3 12,500 Not shown 

CNTs & 
PEDOT[147] 

100% 60 1000 Not shown 

CNT fiber[148] 900% 64 10,000 Not shown  

CNTs & 
Graphene[149] 

100% 20,000 1000 Not shown 

ZnO NWs[150] 50% 800 16 Not shown 

Graphene[151] 8% 14 4 Not shown 

Graphene[152] 150% 15 10 Not shown 

Liquid metal[153] 100% 4.17 Not shown Not shown 

AgNWs[154] 60% 5.8 Not shown Not shown 

AgNWs[155] 80% 4.5 Not shown Not shown 

Pt-coated 
nanofibres[156] 

4.5% 11.45 Not shown Not shown 

Carbon 
grease[157] 

400% 3.8 1000 Not shown 
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you bend or blow your sweat hair, for example, on the forearm, the tactile signal will 

immediately be transferred to the brain.  The hair can significantly enhance the tactile 

sensitivity, particularly for air/water flow and slight touch without touching on the skin 

directly.  Besides, the hair on animals and plants are also of importance and even more 

powerful than that on human.  Bats possess fine hair overlaid on the wing which has been 

proved to assist its flying sensing the airflow.  Zebrafish equips with kinociliums in the 

center of neuromast on the lateral line to sense the water flow.  The tiny trigger hair 

ambushed in the carnivorous plant Venus flytrap is sensitive to any kinds of touching 

which will begin a cascade of rapid actions to trap the insect. Therefore, if this highly 

sensitive detection mode could be mimicked, the performance of this sensor would be 

largely improved. 

2.2 Defects sensitivity of the stretchable conductors 

To achieve the stretchability is the very first step for stretchable electronics, however, the 

stability is also crucial for the application, which highly depends on the sensitivity of the 

electrode to the defects induced either by the initial fabrication or by the cyclic strain 

applied.  The property of defects insensitive is quite important in the real application. 

Firstly, during the surgery, doctors will bring some damages unavoidably by sutures or 

by cutting to fit the tissue condition.  In this situation, if the electrode is sensitive to those 

defects, the electrode would lose functions easily during the strain applied.  Take the 

“spring-like” structure for example, it was already reported that the peaks and valleys in 

the structure were quite easy to break (Figure 2.8). So a new method has to be developed 

to fabricate stretchable electrode which should possess the defect-insensitive property. 
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Figure 2.8 Typical fracture behavior of spring-like stretchable gold film. It would break at 

the strain concentration points located at the peaks and troughs.[172] 

2.3 Adhesion of the stretchable conductors 

Herein, adhesion refers to that between the active material, e.g., gold and the polymer 

substrate, e.g., PDMS.  If with poor adhesion, the electrode will not be stable during the 

real application either for the in-vitro or in-vivo applications.   Unfortunately, because 

there are totally different physical and chemical properties between inorganic materials 

which normally is the active materials, and the organic materials which is the soft 

substrate or holder, so bad adhesion is the common issue for the thin film electrode 

(Figure 2.9).  It would be also correct for the composite structure, e.g., metal nanowires 

dispersed in the gel/polymer.  In this case, there is still adhesion problem in the micro 

scale.  It should be aware that the stable performance could not achieved without good 

adhesion.  Adhesion is also critical for the encapsulation, because the electrode not only 

needs to keep good adhesion with the substrate but also with the encapsulation layer 

normally also made of polymer.  Therefore, it is the critical issue to fabricate the soft 

stretchable electrodes with high adhesion. 
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Figure 2.9 Poor adhesion of the normal stretchable gold film on PDMS substrate by 

controlling the gold film growth with initial nano-size defects. 

2.4 Ph.D. in Context of Literature 

This work is to develop a new strategy to fabricate stretchable electrodes and strain 

sensors with high performance including high stretchability, sensitivity, stability and 

large-scale fabrication.  The strategy should also solve the problem of defects insensitive 

and bad adhesion.  The proposed new strategy is based on the concept of surface strain 

regulation, to fabricate stretchable electrodes and strain sensors. The principle is that if 

the distribution of surface strain energy in the active material could be changed into a 

random style but not the concentration mode, it will turn into the network instead of 

breaking at the strain concentration point.  This will also solve the problem of defects 

insensitive because the strain energy is absorbed in a distributed manner and losing part 

of the film will not affect the overall performance.  Also, the interfacial layer should be 

well engineered which will benefit the adhesion.   Based on it, more than five new 

material fabrication methods were developed: three of them for achieving stretchable 

active materials, and two for new sensors development and related performance 

enhancement 
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Chapter 3  

Experimental Methodology  

 

In this chapter, the principles behind the techniques used and the data 

analysis methods are discussed. The very first step is to fabricate the 

polymer substrate followed by surface modification for the subsequent 

film deposition either by thermal evaporation or by electrical 

deposition.  The surface chemistry affects the film growth significantly.  

It has to be carefully engineered in the material design.  The film 

growth is also carefully controlled according to the film growth 

principle.  Island growth mode is preferred in this study.  The 

mechanical and electrical testing are also introduced in this chapter, 

especially for the synchronous measurement of resistance and strain 

applied.  Technologies of image, including optical and electron-based 

ones are also presented here. Data analysis is carried out by using 

Matlab and Imagej softwares.  
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3.1 Polymer substrate and active materials preparation 

PDMS substrate was prepared by using spin coating.  A silicon wafer was used as a rigid 

backing after hydrophobization treatment by applying 1H, 1H, 2H, 2H perfluoro-octyl-

trichlorosilane.  The prepolymer and cross linker were mixed together in a 10:1 ratio after 

defoaming by vacuum, then spun at 600 rpm, sixty seconds, finally cured it in 80 °C for 

three hours.  The final thickness of around 110 micrometers film was obtained.  The 

hollow mask was fabricated by photolithography method. The mask was for fabricating 

hydrophilic locations on PDMS.  It was fabricated by utilizing customized equipment and 

the copper foil with the thickness of around 10 micrometers was taken as the substrate to 

be covered with one layer of photoresist at 3000 rpm for 60 seconds.  After that, it was 

made by standard photoetching method.  The thin copper film was etched by 1 mol/L 

solution of FeCl3.  And then it was cleaned by using deionized water with the help of 

ultrasound for five mins, dried in 60 °C oven for thirty mins and then adhered to the 

substrate accordingly.  Finally, the oxygen plasma was applied with pressure of five mbar 

and power of 50 W for one minute.[1-5] 

The SWCNTs with carboxylic functional group can be dispersed easily in the ultrasound 

bath.  It could be used after around ten minutes standing to get down the large aggregates.  

The concentration of two gram per liter was utilized here.  Finally, the fabricated sensors 

were ready to be used (Figure 3.1).   
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Figure 3.1 The thickness-gradient film fabricated by using the self-pinning effect.  a,  The 

liquid level is pinned for the most of the evaporation time resulting in gradient structure.  During 

the process, there would be the hydrogen bond between the carboxylic acid groups on carbon 

nanotubes and the hydroxyl groups on PDMS improving the adhesion.  b, The original resistance 

of typical sensors with different plasma power for the hydrophilization treatment of PDMS 

substrate. 

The PDMS film could be tuned to around 50 um thickness by using proper spinning speed.  

The PDMS ring was made on the half-cured PDMS thin film.  The thin PDMS film could 

be free-standing by using this method after being cured in 80 °C for three hours.  A hole 

with around 30 mm in diameter was made at center in a Petri dish and then covered by 

the fabricated free-standing thin film. 
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Preparation of e-hair template and stiffener.  The template was 3D printed using 

Ultimaker 2 with the nozzle diameter of 0.4 mm and the printed polymer was polylactic 

acid (PLA).  The rigid part of PLA (around 15 mm in length) with the tensile modulus of 

3.5 GPa was taken as the stiffener inside the hair.  In order to make stretchable e-hair 

hollow, the template had a cone-shaped root with the diameter of 7 mm for the base circle 

and the height of 5 mm.  The diameter of the e-hair is around 1.8 mm in cylindrical shape.   

Preparation of stretchable e-hair.  The polydimethylsiloxane (PDMS), purchased from 

Sigma Aldrich, was employed as the soft substrate.  The prepolymer and the cross linker 

were mixed together in a ratio of 10:1 by weight, and then defoamed by vacuum for about 

half of an hour, finally dropped onto the e-hair template fully, then spin coated at 500 

rpm for 60 s and cured in 60 °C for 6 h.  The thickness of the PDMS film was about 320 

µm.  The SWCNTs modified with the hydrophilic function group of carboxylic acid was 

from Carbon Solution, Inc..  It was dispersed in the deionized water in ultrasound water 

bath.  The power was 200 W for about 2 hours (Fisher Scientific FB15051).  The 

SWCNTs with the concentration of 2 g L-1 can be well dispersed in the solution and ready 

to be used after around 15 minutes’ standing for the subsiding of the large aggregates.  

Next, the gradient root of the e-hair was exposed to the oxygen plasma to become 

hydrophilic by using a covering mask with circled hollow pattern to limit the hydrophilic 

area.  The oxygen pressure was 5 mbar with power of 50 W for 0.5 minute.  After 

removing the hollow mask, 10 µL SWCNT solution was dropped on the gradient root 

and immediately covered the pattern even climbing up the hair to the height of about 2 

mm under the assistance of capillary force.  After the evaporation for around 30 minutes 

in the air at room temperature, the 3D self-pinning effect ended.  Finally, the e-hair was 

cut off from the PLA substrate with the stick left inside the hair, and the e-hair was ready 

to be tested after the careful encapsulation (Figure 3.2).  The stretchable e-hair array was 

also prepared in this similar method.  However, the wire bonding was more complicated 

and performed among the e-hairs following the pattern of crossing bar, and then the 

resistance vibration of certain hair was calculated by solving the linear equations. 
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Figure 3.2 Flow diagram of e-hair fabrication.  a, 3D printed mould with polylactic acid 

(PLA).  b, PDMS film is coated on it.  c, Cutting off with the stiffener stick inside.  d, Partial 

hydrophilization with oxygen plasma.  e, CNT solution is dropped on covering the whole root 

and part of the hair body under the help of capillary force.  f, Out-of-plane multiple rings form 

on the hair body and root by 3D self-pinning effect.  

Fabrication of PDMS fibers: PDMS 184 (Sigma Aldrich) with 1:10 weight ratio of the 

prepolymer and the cross linker was prepared following the normal procedure, and then 

pre-cured in 60 °C oven for around 25 minutes, lastly, kept in room temperature for 

different time to obtain the PDMS with different viscosity.  Meanwhile, the clean silicon 

oil was heated up to 170 to 180 degree centigrade.  During this process, it should be 

emphasized that the more uniform the temperature field of the silicon oil is, the better the 

quality of the fiber is, because the micro fibers were cured within 3 seconds in the hot oil 

and the temperature vibration would induce different thermal expansion in the same fiber 

inducing the abnormal deformation.  When the oil bath was ready, certain amount of 

PDMS precursor was stretched in a short time and then put into the bath.  After few 

seconds, the fiber was ready and taken out followed by the washing process by using 

daily-used cleaning fluid of hand sanitizer and deionized (DI) water.  Finally, fibers were 

immersed in the DI water overnight and then dried in 60 °C oven.   

Fabrication of beads onto the fibers: the prepared PDMS fibers were used to further do 

the modification with PDMS beads.  The viscosity tuning process of the PDMS precursor 

was the same with that described in the fabrication of the fiber.  Then fibers were 

immersed into the precursor for few seconds and then suspended vertically along the 

length direction.  After tens of seconds, beads will appear and then the fiber with beads 
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was put into the hot oil following the same process described before.  The beads diameter 

could be further regulated by using the PDMS precursor with different viscosity.   

Fabrication of the stretchable gold film and carbon nanotube film onto the fiber:[6-10] In 

order to demonstrate that the beads-on-fiber PDMS can act as the platform to enhance 

the sensitivity of the strain sensor, two kinds of stretchable conductive materials were 

employed as the active layer.  One was the stretchable gold film reported by the previous 

study; this film was with initial nano cracks without strain applied and these nano cracks 

will grow into micro cracks releasing the strain in the first strain cycle.  Then 

subsequently, micro cracks opened and closed during the next strain cycles inducing the 

resistance change and achieving the stretchability of the gold film.  The other one was 

the stretchable carbon nanotube film reported by the previous study.  This film followed 

the same principle to achieve the stretchability.  MTS model 42 was employed to apply 

the tensile strain.  And the liquid metal (Gallium-indium eutectic, Aldrich) acted as the 

wire bonding adhesive which could surface the tensile strain.  Keithley 4200-SCS was 

used to do the measurement using a sampling rate of 125 samples per second.  

 

Figure 3.3 Schematic diagram of the strategy of dynamic interface mingling and 

corresponding physical analysises.  a) Diagram illustrating to show the fabrication process and 

uncured PDMS was used as the substrate to receive the evporated gold.  b) Physical models of 

heat transfer and viscous flow during the dynamic process.  c) Simulation results of the 

temperature distribution in the film and corresponding pressure distribution during the viscous 

flow under different viscousity (low viscousity in left and higher in right).  d) Diagram of the 

unique self-stripping double-layer structure. 
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Fabrication of high-performance stretchable conductors: Glass slides without any pre-

treatment worked as the rigid backing for uncured PDMS (184, Dow Corning) with 

different ratio of cross linker to monomer of 1:5, 1:10, 1:20 and different pre-curing time 

of 15, 20, 25 minutes, respectively, in the 60 ℃ oven .  The sample was pasted onto the 

trial of the thermal evaporation machine with the PDMS film facing down towards the 

gold source.  When the vacuum achieved to 1.0 × 10-6 Torr, the chromium and gold source 

was heated up and started to evaporate in sequence at the rate of 0.2 and 0.5 Å s-1, 

repectively.  The sample was ready after the evaporation (Figure 3.3). 

Preparation of normal stretchable and flat non-stretchable gold film: As control samples, 

films were prepared following the previous method.  The normal crack-based stretchable 

gold film had an appearance of brown color due to the thin film thickness required by the 

special morphology of initial nano cracks.  The thickness of the film was around 80 nm.  

The up limit of the thickness for this stretchable film was around 100 nm.    

Peel test of tensile adhesion strength: The strength was obtained following the classical 

test process.  The cylindrical wood sticks were well adhered to samples by epoxy resin.  

MTS C42 with 50 N load cell was employed to test the adhesion force when the stick 

was pulled up by the Bionix vice grips.  Moreover, the synchronous measurement of 

resistance and tensile strain was performed as reported previously.[1] 

3.2 Surface modification 

After the surface modification, CNT solution was dropped onto the PDMS substrate.  

This modification was to make the surface hydrophilic.  The method is to used oxygen 

plasma or air plasma to hit the surface of the PDMS.  The function group will be replaced 

with hydrophilic ones.  Figure 3.4 illustrates the liquid state when the CNT solution was 

dropped onto the hydrophilic surface.  
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Figure 3.4 The coffee ring effect of the CNT solution dropped to the PDMS surface with 

oxygen plasma pre-treatment. 

This surface modification can be also applied to the 3D surface (Figure 3.5).  In 3D 

structure, there would be special physical process, like multiple rings generations. 

 

 

Figure 3.5 3D coffee ring effect after proper surface modification onto the 3D structure. 

3.3 Film deposition technologies  

For CNT film deposition, the coffee ring effect was employed.  The typical bundle of 
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CNT is around 1 um in length and 100 nm in diameter.  These small particle-like 

structures can be driven by the gradient evaporation rate on top of the liquid surface 

(Figure 3.6).  And finally, the ultra-thin film of CNT can be fabricated in the central area, 

and there is a thick film at the edge. 

 

Figure 3.6 Thin film with gradient thickness by coffee ring effect. 

By simply tuning the construction of the boundary, the ring formation can be well 

controlled.  For example, if the two side edges of the film are orthogonal, and the solution 

is dropped in the corner, there will be multiple rings generated (Figure 3.7).  These 

multiple rings could also be used to tune the sensitivity of the stretchable strain sensor. 

 

Figure 3.7  Multiple rings formation only by folding the substrate film.  a, Diagram of the method 

of multi-ring formation.  The PDMS substrate is folded, then made hydrophilic, and finally 

dropped with CNT solution in the corner.  b, Image of fabricated multi-ring SWCNTs film.  Red 

dash line illustrates the central line of the corner.  

For the growth of metal film by atoms stacking, it is well known that there are mainly 
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three modes here (Figure 3.8).  The bottom two are preferred for fabricating stretchable 

metal film, because there would be initial defects generated. But for this strategy, this 

stretchable film would be the control samples.  And this strategy will not depend on the 

growth mode of the metal film, but the strain distribution will be regulated by proper 

designs. 

 

Figure 3.8 Three thin film growth modes for metal film by atoms stacking. 

 

Figure 3.9 Diagram to illustrate the fabrication process of stretchable gold film with 

nanopiles. The green color shown for the Cu tape represents the adhesive material on the Cu film 

that is totally transferred to gold film after peeling off the sample from the Cu tape indicating the 

good adhesion of the sample. 
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Fabrication of high-adhesion stretchable electrodes and sensors: AAO templates 

purchased from Whatman, Singapore and Puyuan Nano, China with the pore size of 

around 100 nm were directly thermally evaporated with gold film of different thickness 

from 30 nm to 500 nm without any pre-treatment.  The vacuum was around 1.5 × 10-6 

Torr, the evaporation rate was 0.5 Å s-1 and the distance from the gold source to the target 

was around 8 cm.  The target tray rotated in 10 rpm.  Then, the template, as the working 

electrode and with Pt and Ag/AgCl as the counter and reference electrodes, was electro-

deposited with gold nanopile with different length by controlling the deposition time.  

The electroplating solution was the commercialized Au Orotemp 24 (Technic Inc.) and 

the potential bias used was -0.95 V.  After that, AAO templates were adhered with Cu 

tape and then adhered to the glass petri dishes by double-side carbon tape.  AAO 

templates were removed by 3 mol L-1 NaOH solution completely followed by DI water 

washing and natural drying.  The PDMS with the 1:10 weight ratio of the cross linker and 

monomer was diluted with hexane.  The weight ratio of PDMS and hexane was 3:7.  The 

pervious samples underwent oxygen plasma treatment and then were poured with the 

diluted PDMS immediately.  The samples were put into vacuum for two hours when the 

diluted PDMS gradually went into the gaps among the nanopiles and hexane evaporated 

away at the same time.  Lastly, they completed the polymerization in the oven at 80 °C.  

Fabricated samples can be peeled off from the Cu tape with the adhesive materials 

transferred from Cu film to the gold film which already indicated the good adhesion 

achieved (Figure 3.9). 

3.4 Synchronous testing of electrical and mechanical signals 

Dynamic resistance measurement:  Instron 5848 was used to apply uniaxial strain.  Liquid 

was employed metal to connect with the sensor.  Keithley 4200-SCS was used to measure 

the resistance.  There are two methods to do the testing: one is the manual (Figure 3.10) 

and the other is the automatic (Figure 3.11).   
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Figure 3.10 Thickness-gradient stretchable gold film with initial nanocracks.  a) The film was 

stretched by using a customized stretcher.  b) Optical images of the film under different strain.  c) 

The gauge factor enhancement by applying the proposed new strategy. 

 

 

Figure 3.11 Dynamic stretching with resistance testing.  The dynamic stretcher is at left side 

and the right shows the resistance testing equipment. 

The load cell of 500 N was used to test the tensile force by employing mechanical tester 

MTS C43.  The tensile speed was 1- 10 mm/min.  The cyclic bending strain was also 

applied by using this machine and a customized transducer to change the vertical 

displacement to rotation.  Field emission scanning electron microscopy (FESEM) was 
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performed using JEOL 7600F with the accelerating voltage of 5 kV and the current of 

110 pA.  The resistance was measured by using Keithley 4200-SCS with the sampling 

rate of 125 points per second.  

The bonding copper wires were with diameter of 0.1 mm to make the compliant contact 

with the SWCNTs rings (Figure 3.12).  The liquid metal (Gallium-Indium eutectic, 

Aldrich) severed as the conductive adhesive for hugely improving the stability of this 

encapsulation, especially benefitting the dynamic resistance testing.  It should be 

emphasized that wires were all shaped in an arc to keep continuous contact during the 

cyclic loading. 

 

Figure 3.12 Image to show five-point encapsulation method (a) side view and (b) top view. 

Herein, liquid metal, with high mobility and surface tension which is ideal for flexible 

encapsulation, is employed to connect the sensing film with the bonding wires.  

Nitrogen was employed here to apply the gas flow of different speed.  The double faced 

adhesive tape was used to modify on the head of the e-hair to enhance the gas pressure 

receiving.  Gas gun was open first, applied nitrogen for around 1 second and then 

removed (Figure 3.13).  The e-hair would suffer the damping vibration process before 
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reaching to the static state at last.  The rubber tube with diameter of 5 mm was utilized to 

tune the different flow state by adjusting the tap pressure.  Additionally, Reynolds number 

is the standard dimensionless number reflecting the flow state, and when it is larger than 

4000, the flow state is usually taken as turbulence. 

 

Figure 3.13 Air and water flow detection.  a, Image to illustrate the detection of wide-range 

speed of nitrogen gas flow by tip-modified e-hair.  b, Image to present the setup of detecting 

water flow.  Diameter of the tube is 5 mm.   

EMG signal and the deformation induced by the elbow bending were measured at the 

same time all by the fabricated stretchable units.  Two working electrodes were placed 

on the biceps and one reference electrode was hold in hand. Two ends of the stretchable 

strain sensor were adhered to two sides of the elbow.  EMG signal was amplified and pre-

treated by the commercialized device and software (Backyard Brains).   

3.5 Mechanical simulation 

Mechanical simulation is a powerful tool to investigate the mechanical behavior when 

the experiment is not easy to conduct, e.g., the mechanical behavior at the micro scale.  

The simulation results could provide the design inspiration and suggest the material 

choice.  For the thin film with nanopiles and without (Figure 3. 14), the difference can be 

observed very clearly.  Also, for the micro pillars under the whole film, the strain 

regulation effect is also studied by this simulation (Figure 3.15). 
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Figure 3.14 FEM simulation of the film with nanopiles underneath and without. 

 

 

Figure 3.15  FEM simulation model and results.  a) Model of the substrate with randomly 

oriented micro pillars.  b) The strain regulation effect induced by the micro pillars. 

3.6 Image and data analysis 

Commercial software Matlab, Origin, and the open-code software Imagej were utilized to analyze 

and visualized the data. 
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Chapter 4  

Coffee ring effect of carbon nanotubes* 

Stretchable strain sensors are vital for the emerging soft electronics, 

including wearable and implantable devices, human-like robots with 

artificial skins, and bionic sensory systems.  Particularly, the gauge 

factor (GF), reflecting the sensitivity, is vital for detecting the micro 

strain.  High gauge-factor sensors can largely improve the threshold 

detection level, thus opening up for exploration of subtle strain 

phenomena.  Several kinds of stretchable strain sensors were 

fabricated before, however, it remains a challenge to couple large 

stretchability with high sensitivity, because large stretchability 

demands that the material remains structurally and morphologically 

intact under large strain, while high sensitivity requires substantial 

structural changes even under small strain. In this work, for the first 

time, a new strategy was proposed by constructing the film with 

gradient thickness, which couples the seemingly contrary properties 

of brittleness and stretchability together to fabricate strain sensors 

with high gauge factor and large stretchability.  The thickness-

gradient film was formed by employing self-pinning effect of the single 

wall carbon nanotube solution. The fabricated sensor possesses 

surprisingly good performance covering all requirements of the 

sensitivity, stretchability and long-term stability.   
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4.1 Introduction 

Stretchable strain sensors are critical for the mechanical feedback to the bio-system and 

would be the important part for the wearable sensors and even the implantable sensors. 

Recent years witness the rapid development of stretchable strain sensors made by all 

kinds of new materials, including nanoparticles, nanowires, nanoflakes and so on.[1-50]  

But since either the fabrication method is complicated or the performance is not stable 

enough, the sensors still need to be further optimized to achieve the stable performance 

and go into people’s daily life.[51-61]  

Herein, the mechanism of adjusting gauge factor is proposed through further 

investigating the principle behind the stretchability of rigid films on soft substrates, and 

then a new strategy, thickness-gradient films, was proposed to fabricate SSSs with all of 

those high performances based on single wall carbon nanotubes by employing self-

spinning method, and this method is easy to be spread by using other materials. The novel 

SSSs can withstand uniaxial strain of more than 150%, isotropic strain of more than 75% 

(εA,), and strain cycles of about 100,000 cycles and 20,000 cycles with 60% and 100% 

strain applied, respectively. More importantly, the sensitivity is highly improved, and the 

gauge factor (GF) achieves to about 51 and 5 when ε is less than 15% and more than 25%, 

respectively. With those high performances and the facile fabrication method, the high-

performance SSSs, as partially demonstrated in this paper, can be potentially fabricated 

in large scale and extensively used in gait analysis, sound detection, micro-vibration and 

micro strain monitoring. Also, following the new strategy proposed here, different 

methods could be developed to fabricate the high-performance SSSs. 
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Figure 4.1 The inspiration of gradient structure from Golden Gate Bridge.  The force is 

transferred step by step from the most fragile part without supporting points to the main tower, 

by using the gradient suspended cable. Inspired by it, the thickness-gradient film for high-gauge-

factor stretchable strain sensor is proposed.   

According to the definition of GF, the brittle conductive materials have the most high 

GF, because when applied a relatively small strain, , it will break, and 

, but brittle materials do not have stretchability and its fracture is 

irreversible. Thus the sensor would possess both high stretchability and high sensitivity, 

if the brittleness could be combined with the stretchability.  It seems hard to combine 

those contradictory properties. As a matter of fact, many nature objects have their own 

strategies to overcome this problem. Take a tree for example, from soft soil to its rigid 

body, it stands firmly by numerous roots into the soil forming a kind of gradient structure 

below the ground. Also, as for the artificial building, such as the Golden Gate Bridge, 

force is transferred from the fragile part without supporting locations to the main tower 

by the gradient suspension cable (Figure 4.1). So, inspired by them, the strategy of the 

gradient construction should be used.  

0  R 

0( / ) /GF R R   
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Figure 4.2 Thickness-gradient films for obtaining high gauge factor and high stretchability. 

a,b) Demonstration images and FEM simulation showing the mechanism behind the property of 

stretchability of the rigid films on soft polymers, one piece of note paper on air in a), and strain 

energy is released by the wrinkles. Another one is fixed on a substrate, there would be no wrinkles 

and the throughout crack appears when the tensile strain applied in b). Based on the principle of 

the stretchability, the 3D image in c) with the desired structure would possess both high 

stretchability and high gauge factor. 

As a start, the principle of stretchability of SSSs should be investigated first.  Several 

strategies were proposed to achieve the stretchability.62-67 For a rigid film as illustrated 

in Figure 4.2a and b, it can be stretchable as suffering tensile strain when strain energy is 

released by the wrinkles. Here, wrinkles could be seen as the spring, however, if the rigid 

film is fixed on the substrate when applied strain and no wrinkles form, i.e., the 

wavelength of winkles is infinite, the strain energy can only be released by the 

propagation of the crack, and this process decreases the stretchability significantly, but 

greatly increases GF as analyzed above. The finite element modeling analysis also proves 

that the strain concentration at the tip of crack in wrinkle structure is about 40% smaller 

than that in flat film as shown in Figure 1a and b. Therefore, if the wavelength of wrinkles 

can be regulated, combining the large-wavelength-wrinkle structure together with that 

with smaller wrinkles will endow one sensor with both high stretchability and large GF. 

Furthermore, according to the buckling theory of rigid film on soft substrates, the 
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wavelength is as following:68 

                                                                                                                            (1) 

where h is the thickness; ,  are the plane strain moduli, 

and Ef, vf, Es, vs are modulus and Poisson’s ratio. So if the film has gradient thickness, 

there would be gradient wavelength when applying tensile strain (Figure 4.2c). 

4.2 Experimental Methods 

4.2.1 Carbon nanotubes solutions preparation 

The PDMS substrate was prepared by using spin coating.  A silicon wafer was used as a 

rigid backing after hydrophobization treatment by applying 1H, 1H, 2H, 2H perfluoro-

octyl-trichlorosilane.  The prepolymer and cross linker were mixed together in a 10:1 

ratio after defoaming by vacuum, then spun at 600 rpm, sixty seconds, finally cured it in 

80 °C for three hours.  The final thickness of around 110 micrometers film was obtained.  

The hollow mask was fabricated by photolithography method. The mask was for 

fabricating hydrophilic locations on PDMS.  It was fabricated by utilizing customized 

equipment and the copper foil with the thickness of around 10 micrometers was taken as 

the substrate to be covered with one layer of photoresist at 3000 rpm for 60 seconds.  

After that, it was made by standard photoetching method.  The thin copper film was 

etched by 1 mol/L solution of FeCl3.  And then it was cleaned by using deionized water 

with the help of ultrasound for five mins, dried in 60 °C oven for thirty mins and then 

adhered to the substrate accordingly.  Finally, the oxygen plasma was applied with 

pressure of five mbar and power of 50 W for one minute.   

The SWCNTs with carboxylic functional group can be dispersed easily in the ultrasound 

bath.  It could be used after around ten minutes standing to get down the large aggregates.  

The concentration of two gram per liter was utilized here.  Finally, the fabricated sensors 

were ready to be used.   
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4.2.2 Coffee ring formation process 

 

Figure 4.3 Self-spinning to fabricate thickness-gradient stretchable strain senor. a) 

Fabrication process of the CNTs film by self-pinning effect. b) Tensile strain of 60% is applied 

by using a stretcher. c) The microscope image of the thick part. The thick, transitional and thin 

regions could be approximately located and divided by red dot lines, the surface morphology of 

which are presented in d), e) and f) respectively. And the wavelength of wrinkles is measured. It 

decreases from the thick to the thin region as shown in g), which illustrates the gradient thickness 

of the film according to buckling theory. 
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In nano scale, it is quite difficult to fabricate specific patterns, but self-assembling process 

can be used to get them.[69-71] Self-spinning process driven by the solution evaporation 

will be helpful to fabricate desired films.[72-77] Generally, self-spinning process will take 

most of the time building up the thicker outer ring (Figure 4.3a).78 Through this method, 

the fabrication process of the thickness-gradient single-wall carbon nanotubes (SWCNTs) 

film on elastic substrate of polydimethylsiloxane (PDMS) was proposed (Figure 4.3a). 

The SWCNTs were water soluble modified with carboxylic acid. The PDMS surface was 

hydrophobic originally, but could be changed to be hydrophilic by proper oxygen plasma 

treatment. By using desired exposure pattern in the mask, there would be certain area of 

hydrophilic region, like an “S” shape shown in Figure 4.3a. The film with various shapes 

can be fabricated through this facile method. Additionally, the hydrogen bond could be 

formed between the hydroxy, generated by the plasma treatment on PDMS, and the 

carboxylic acid modified on SWCNTs improving the adhesion of the film on PDMS.  

 

Figure 4.4 Surface morphology of the ring region under tensile strain of 5%.  Low- a) and 

high- b) magnification of FESEM images of the thick ring part.  The thickness is increased from 

region I to IV sharply reflected by the crack size and wrinkle wavelength. 

A sample fabricated by this method under 60% uniaxial strain is presented in Figure 2b 

and c. The thick part of the film is black and the inner thin part is transparent. When 

applied only 20% uniaxial strain, the throughout cracks exist in the thick ring region 

(Figure 4.4a) and even under 10% strain, it is nearly broken (Figure 4.4b). Detailed 

investigation on the wavelength changing from the thick region to the thin one is shown 

in Figure 4.3d-f. The width of the cracks in the thick region is much larger than that in 
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transitional and inner regions, in which the cracks are more random and interconnected. 

Further, the wavelength of the wrinkles is gradually reduced by over two orders of 

magnitude from outer to inner (Figure 4.3f). According to Equation 1, it indicates that 

the gradient-thickness film is successfully fabricated. The surface profile data in Figure 

4.4a also proves this point and although the transitional region is only about 100 µm in 

width, it plays a key role in connecting the rigid thick part with the inner stretchable part. 

It can be seen that the throughout cracks in the thick region will branch in the transitional 

part and then merge with the numerous micro cracks in the inner thin region (Figure 4.4b). 

Also, the average thickness of the thick region is about 210 nm and that of the thin region 

is about 38 nm. Additionally, the detailed surface morphology confirms the proposed 

stretchability mechanism which predicts that the edge of the crack would suffer the out-

of-plane bending (Figure 4.2a). It can be observed clearly in Figure S4b that there are 

protuberances at the edge of cracks that is also proven by the profile data (Figure 4.5). 

 

Figure 4.5 The 3D and 2D surface morphology of the thin region under 60% strain. 
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4.3 Principal Outcomes 

4.3.1 Both high stretchability and sensitivity achieved 

 

Figure 4.6 Coffee ring effect to fabricate SSSs with gradient thickness.  a) Schematic of 

coffee ring process of SWCNTs film.  b) The gradient thickness data of the film.  c) One sample 

under stretch of the tensile strain of 60% by a customized stretcher.  d) The optical image of the 

ring region in c).  The wavelength of wrinkles differs from the thin to the thick region as shown 

in e).  The thickness could be divided into four regions marked with four capitalized Roman 

numbers.  SEM images to show the surface morphology of the thin, gradient and thick regions 

are presented in f), g) and h).   
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Figure 4.7 Stretchable strain sensor performance when applied with uniaxial strain. a) PDMS 

substrate tends to break, when the applied tensile strain is larger than 150%. b) The stability of 

the sensor. The sensor keeps stable performance during the 100,000 strain cycles and the strain 

rate is 400 mm/min. Besides, is shows stable performance when 100% strain is applied in c). d) 

The gauge factors at different cycles. As presented in b), there are two linear regions when applied 

strain is less than 15% and larger than 25%. Two gauge factors can be calculated.    

The fabricate SSSs and related characterizations are illustrated in Figure 4.6 in detail.  

The novel SSSs shows surprisingly good performance under uniaxial and isotropic strain 

which is quite vital for the practical application because the sensor will unavoidably 

suffer the multi-dimensional strain in practice. The strain rate of 10 mm/min was applied 

in order to eliminate the viscoelastic effect testing the intrinsic stretchability of the SSSs. 

The thickness of the PDMS substrate is about 110 µm, and under the uniaxial tensile 

strain of 150%, it tends to break first, which determines the stretchability of the sensor 

(Figure 4.7a) and meanwhile indicates that the stretchability of thickness-gradient 

SWCNTs film is much higher than that of normally used stretchable gold film.85 More 

importantly, the testing of the durability shows that the SSSs can suffer 60% strain of 

100,000 cycles, 100% strain of 20,000 cycles where PDMS substrates tend to break, and 

still have rather stable performance (Figure 4.7b and Figure 4.8a). The original data at 
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around 100,000 cycles under 60% strain and 20,000 strain under 100% is presented in 

Figure 4.8b and Figure 4.7c respectively. This durability is one of the best in reported 

SSSs, which hugely improves the service life taking a solid step towards the real 

application of SSSs. Besides, this novel SSSs still works in high temperature of up to 

120 ℃ as shown in Figure 4.8c and due to the high thermal expansion coefficient of 

PDMS, the resistance response curve becomes lower but still keeps the changing 

characteristics which can be adjusted with certain calibration in practice.  

  

Figure 4.8 The control experiment to present the importance of the thick part for the gauge 

factor improvement.  a) The amplified present of the resistance changing before 15% strain.  b) 

The resistance changing under the cyclic strain of 100% (20,000 cycles).  c) The detailed data 

after applying 60% uniaxial strain of 100,000 cycles.  d) The resistance changing under different 

temperature at 100% uniaxial strain. 

Further, it is obvious in Figure 4.7b that there are mainly two lineal regions for this SSSs 

which is similar with that fabricated by another group, and the amplified curve for the 

small strain region is shown in Figure 4.8d. The gauge factor is rather high achieving to 
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about 51 in the first linear region before 15% strain and about 5 after 25% strain, which 

is quite suitable for the real application, because the high sensitivity is definitely needed 

for the small strain detection, but for the high strain, it is easy to induce lower signal-to-

noise ratio if the sensor has too high sensitivity. The two phases of high gauge factor is 

induced by the gradient structure. As analyzed above, when the small strain of about 15% 

is applied, the thick ring region is totally broken, after that, the stretching process is 

dominated by the thin region. As a control experiment, the thick ring region was cut off 

and then the sample went through the exactly same testing process as described before 

(Figure 4.9). The GF decreases dramatically from 51 to only 2.8 indicating the 

importance of the gradient structure for the gauge factor improvement. The gauge factor 

of 51 achieved here is a breakthrough for the SSSs, hugely improving the sensitivity of 

the sensor, and based on it, as demonstrated below, very tiny vibration strain can be 

detected which will give more feedback information and extend the application field for 

the SSSs. More excitingly, following the principle proposed here, there is still more space 

for enlarging the gauge factor as desired by enlarging the thick region. Also, according 

to the Equation 1, people can carry out the principle from other perspectives such as 

adjusting the modulus properly. 

 

Figure 4.9 The control experiment to present the importance of the thick part for the gauge 

factor improvement.  For the control sample, the thick ring part was cut off. 

The gauge factor is independent on how wide it was cut in theory, because gauge factor 

refers to the relative variation in the resistance.  As shown in Figure 4.6c, the width of 

the ring is about 3 mm originally, so it is convenient to cut the lateral ring of around 200 

μm in width by using sharp thin blade (the cutting edge is around 20 μm in width).  And 

then the film was attached firmly on the PDMS substrate with standard testing shape 

(Figure 4.9) and applied tensile strain by fixing double-layer sample in order to minimum 
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the error of the strain transfer between the attached substrate and the sensor.  Additionally, 

the testing strain is only 2%, under which it is reasonable to omit the dissymmetry of the 

strain distribution in the sensor.  The result shows that when the thick region is cut off 

and then the 2% strain is applied, the gauge factor decreases dramatically from 161 to 

2.8. 

4.3.2 Isotropic stretchability 

As mentioned above, the isotropic stretchability of the SSSs plays a critical role in the 

real application process. One the one hand, it prevents the damage for uniaxial strain 

detection from the unavoidable or occasional multi-dimensional strain; on another hand, 

it provides the possibility for the sensor to detect the inflation and shrinking process such 

as the strain monitoring of implanted artificial blood vessels to mechanically test the 

blood interaction with the artificial tissue. In order to apply the isotropic strain, the special 

customized setup was designed based on the reported method (Figure 4.10a-c). 

The FEM simulation for the inflation process was applied to locate the strain 

concentration area where the SSSs was placed to be tested as shown in Figure 4.10c. The 

side view and top view of the inflated sample with the substrate of 35 µm-thickness 

PDMS film under εA of 0% to 95% are presented in Figure 4.9a-c. The performance under 

isotropic strain is also quite repeatable but when εA exceeds 75%, the sensor loses 

function (Figure 4.10d) and before that, the gauge factor, around 51.5, does not decrease 

as that under uniaxial strain does. As analyzed above, under uniaxial strain, normally, 

there are regular wrinkles in the film (Figure 4.11a), and the wrinkles structure under 

strain is critical for the crack propagation in the rigid film. However, the isotropic strain 

can apparently inhabit the wrinkle just like that shown in Figure 4.2b. It is hard to observe 

the wrinkle structure when applied isotropic strain, the crack becomes wider and the film 

even totally break in many places revealing the typical charging effect of PDMS under 

electron beam (Figure 4.11b-d). Thus, the resistance changing can still keep in the high 

level after the breaking of the thick ring region.  



64 

Sh
ort 
R
un

64 

Sh
ort 
R
un

Coffee ring effect of carbon nanotubes  Chapter 4  

 

 

Figure 4.10 The durability and the surface morphology under isotropic strain. According to the 

mechanical simulation in c), sensors are fabricated in the strain concentration area as shown in b) 

and the top view a). The resistance changing with the isotropic strain is shown in d). Utilizing 

thehigh stretchability, the LED circuit still works when suffering sharp bending, 1D stretching 

and isotropic strain as shown in e). The signal driven by the rhyme “little star” is presented in f). 

The numbered musical notation is listed on top and below every peak induced by the note. Insets 

present the amplified two same melodies. 
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Figure 4.11  The durability and the surface morphology under isotropic strain.  a) The resistance 

changing under different cyclic isotropic strain.  b) The FESEM image of the sensor under 

uniaxial strain of 60%.  c, d) The Low- and  high-  magnification of FESEM images of the sensor 

under isotropic strain of around 85%. 

Based on the novel SSSs, a wide range of applications could be developed. When the 

resistance changing meets the requirement of the circuit, the SSSs can support it as the 

stretchable electrode. An LED and a “NTU” patterned SSSs are in series connection. 

When the power is on, whatever kind of strain is applied, the LED is always in lighting 

(Figure 4.10e). Furthermore, it is still a challenge to detect the small strain vibration such 

as below 1% by employing SSSs due to the low gauge factor. Herein, when the relatively 

small prestretch strain is applied, the intrinsic vibration frequency of PDMS film could 

be around 200 Hz that is similar with the normal sound. Thus, sound was used to induce 

small strains in the PDMS film.  The sound employed here is from pitch C to high pitch 

one (Figure 4.10f) and the frequency is from 262 Hz to 523 Hz, the first three vibration 
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modes (Figure 4.12b) can estimate the strain concentration area and accordingly sensors 

were placed on. Nine basic pitches are recognized (Figure 4.13). Specially, it can be seen 

that many sub-wave modes are recorded (Inset of Figure 4.13a) indicating that the whole 

vibration damping process is captured which would be rather helpful.  

 

Figure 4.13  The weak sound detection by using the novel sensor.  a) The different pitches 

detected by the sensor.  b) The displacement of the freestanding PDMS film under eigen 

vibrations.  Accordingly, the sensor could be fabricated in the center covering certain area to 

detect different vibrations.  

4.3.3 Long-term stability 

The novel SSSs shows surprisingly good performance under uniaxial and isotropic strain 

which is quite vital for the practical application because the sensor will unavoidably 

suffer the multi-dimensional strain in practice. The strain rate of 10 mm/min was applied 

in order to eliminate the viscoelastic effect testing the intrinsic stretchability of the SSSs. 
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The thickness of the PDMS substrate is about 110 µm, and under the uniaxial tensile 

strain of 150%, it tends to break first, which determines the stretchability of the sensor 

(Figure 4.6a) and meanwhile indicates that the stretchability of thickness-gradient 

SWCNTs film is much higher than that of normally used stretchable gold film.85 More 

importantly, the testing of the durability shows that the SSSs can suffer 60% strain of 

100,000 cycles, 100% strain of 20,000 cycles where PDMS substrates tend to break, and 

still have rather stable performance (Figure 4.6b and Figure 4.7a). The original data at 

around 100,000 cycles under 60% strain and 20,000 strain under 100% is presented in 

Figure S5b and Figure 3c respectively. This durability is one of the best in reported SSSs, 

which hugely improves the service life taking a solid step towards the real application of 

SSSs. Besides, this novel SSSs still works in high temperature of up to 120 ℃ as shown 

in Figure 4.7c and due to the high thermal expansion coefficient of PDMS, the resistance 

response curve becomes lower but still keeps the changing characteristics which can be 

adjusted with certain calibration in practice. 

 

4.4 Conclusions 

In conclusion, through detailed investigation on the principle of stretchability of the rigid 

film on soft substrate, the mechanism of adjusting the gauge factor is developed. By 

constructing the film with gradient thickness, the seemingly contrary properties of 

brittleness and stretchability are combined together in one sensor endowing it with both 

high gauge factor and high stretchability. Based on this new strategy, novel thickness-

gradient SSSs are fabricated with highly improved gauge factor, high durability and high 

uniaxial and isotopic stretchability based on the spinnig effect of the SWCNTs solution. 

This propsed novel strategy and fabricated high-performance stretchable strain sensors 

take a solid step towards the real application in various fields. The sound detection taking 

advantage of the highly imporved gauge factor is demonstrated and the detailed damping 

vibration modes are recognized. Also, following the strategy, many other potential 

methods could be developed to improve the guage factor of the sensor. 
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Chapter 5  

Hair-mimicking soft sensors by 3D coffee ring effect* 

Soft tactile hairs, which exist extensively on the animal and plant 

surfaces, have evolved into a unique self-amplified strain-sensing 

machinery and constitute a crucial soft mechanical sensing 

component capable of detecting subtle strains and interactions in the 

immediate environment without direct contact with the skin. The 

unique structure feature is that the sensing unit and strain reception 

are with stretchability and in 3D architecture and function 

differentiation, which poses a big challenge for bio-mimic fabrication. 

Here, to the knowledge for the first time, the 3D stretchable tactile 

electronic hairs (e-hairs) with isotropic stretchabilit was reported, 

which can detect multiple strains and the strain direction (any 

direction) with high sensitivity and stability by each single e-hair, and 

the unique underlying detection principle relies on the symmetry 

breaking of the resistance network at the root. Besides, the fabrication 

process is all-solution based by employing 3D printing and a capillary 

force-assisted self-pinning of carbon nanotubes. The e-hairs can be 

easily fabricated in an array format for efficient monitoring of gas 

and liquid flow. 
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5.1 Introduction 

Tactile hair constitutes a mechanical sensing machinery capable of detecting subtle 

strains and interactions in the immediate environment without direct contact with the 

skin.[1-5]  Most eukaryotic species, including spiders, bats, zebrafish and even the Venus 

flytrap, possess fine tactile hair capable of sensing minute forces and the orientation of 

air/water flow.[6-8]  For example, when someone bends or blows his/her sweat hairs, the 

tactile signal will immediately be transferred to the brain. The 3D architecture of the 

tactile hair renders it particularly effective for strain sensing.  The body of the tactile hair 

acts as a stress amplifier that is transferring the external force acting on the tip to the root 

of the hair, where the sensing unit is safely protected beneath the skin.  Also, the tactile 

hair possesses stretchability.  One real hair, on the forearm for example, is capable of 

being lifted to as high as 5 mm with a peak force of ~0.2 N (Figure 5.1).  This 

stretchability is vital for the real applications because the hair has to accommodate large 

deformations induced by the sudden pull/stretch forces. 

 

Figure 5.1.  Demonstration of the real tactile hairs.  a, Images to present the stretchability of the 

tactile hair.  b, Extension-force curve of a real tactile hair on the forearm of an adult Asian man. 

Several previous studies reported electronic whiskers or cilia via composite materials to 

mimick the strain-detection function, [9-11] however, it is still a big challenge to mimic the 

critical features and functions of tactile hairs including stretchability, multi-strain 

detection and strain-direction recognition by using single e-hair but not an e-hair-array.  
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Herein, a new strategy was proposed to fabricate 3D e-hairs composed of stretchable 

sensing units, rather than relatively rigid ones, by employing capillary force-assisted 3D 

self-pinning effect which is a cost-efficient all-solution based method and could be 

potentially achieved in a large scale through the booming printing technology.  These e-

hairs can still work under more than 120% tensile strain applied at the sensing unit and 

detect multiple strains and the corresponding strain direction by using one single e-hair 

with good stability (more than 10,000 strain cycles), which would offer an attractive 

avenue for the production of highly integrated and fast-responding strain-detection 

devices for stretchable electronics.[12-26] 

5.2 Experimental Methods 

5.2.1 3D coffee effect of carbon nanotubes 

After having established the optimal e-hair structure for strain detection, the next step 

would be to fabricate the structure for real-life application.  The complex structure can 

be easily fabricated through 3D printing.  However the deposition of a stretchable 

conducting film for strain measurement poses the major challenge.  The stretchable 

conducting film must completely cover the out-of-plane gradient root region and part of 

the e-hair body to precisely monitor the strain concentration at the root. The most 

commonly available thin film fabrication methodologies (e.g., thermal evaporation and 

electro-deposition) are not suitable for a one-step deposition process on this complicated 

3D structure.  The previous study showed that single-wall carbon nanotubes (SWCNTs) 

modified with carboxyl could easily form the highly stretchable conductive film on flat 

PDMS substrate modified with hydroxy by utilizing self-pinning effect.  Specifically, 

SWCNTs can be patterned in any shape and not only form outer rings as normally done 

by simple self-pinning effect, but also fully cover the whole substrate with CNT film, 

which is essential for both high stretchability and high sensitivity.  In-plane self-pinning 

effect has been investigated extensively from the mechanism behind to the mathematical 

model29-32.  However, few studies were on the self-pinning effect in out-of-plane 

directionthat would help to construct 3D macroscopical structure with nanomaterials. 

To address it, the capillary force-mediated self-pinning effect of single-wall carbon 

nanotubes (SWCNTs) was further developed in the out-of-plane direction.  Specifically, 
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after construction of the optimal e-hair structure through 3D printing, the SWCNTs 

solution is dropped at the e-hair root and allowed to climb the hair body (height of around 

2 mm) through capillary action during which the self-pinning effect enables the formation 

of out-of-plane SWCNTs film.  The unique feature of the method is that SWCNTs cannot 

only form ring structure on the outside, but also fully cover the region inbetween the rings 

with a thin film.  The method is also suitable for deposition even on thin e-hair of diameter 

~25 μm.  It can be observed that multiple rings are formed on the e-hair body, which 

would facilitate the detection of strain distribution throughout the e-hair.  Two major non-

coplanar ring regions also can be observed; one at the bottom of the e-hair root and 

another on the body, which can be used as connection points in the following 

encapsulation and testing process. 

5.2.2 Electrical and mechanical testing 

Under current five-point encapsulation method, if the direction of applied strain is on 

neither BC nor DE, but slopes at certain angle with them, how to identify the direction?  

Obviously, RAB and RAE are in the compressed region under this situation and tensile 

region for RAC and RAD.  The performance of RAB, RAC, RAD and RAE under this situation 

were checked, finding that both RAB and RAE decrease at bending angle of 15°, and both 

RAC and RAD increase at the same time. Therefore, the sloping direction can also be 

roughly identified by using this five-point method.  And following the proposed strategy, 

the direction could be more precisely recognized by increasing the connecting points on 

the lower ring. 

Moreover, RAB is highly sensitive to the bending angle.  Here, the sensitivity, i.e., the 

gauge factor (GF), so GF achieves to about 24% deg.-1, i.e., when it has only 1 bending 

degree changing, RAB will increase by 24%.  The e-hair, with this high sensitivity, can 

detect the pressure driven by the soft wind and water flow as demonstrated later.  The 

stability for the bending process is also tested and it shows repeatable performance of 

RAB and RAC even after 1,000 bending cycles at bending angle of 15°.  Details could be 

referred to following contents (Figure 5.8 and 5.10). 
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5.3 Principal Outcomes 

5.3.1 Stable hair-like sensor fabricated 

Herein, the concept of stretchable strain-sensing electronic hair was proposed and a new 

strategy to demonstrate it by employing capillary force-assisted three-dimensional (3D) 

self-pinning effect was introduced which is a cost-efficient all-solution based method and 

could be potentially achieved in a large scale through the booming printing technology.  

The proposed concept will open up for exploration of stretchable hair-like sensors for e-

skin, smart robots and other soft electronics.  The new strategy introduced involves a 

series of delicate designs which collaborate closely to achieve the desire sensing property.  

The structure of the stretchable strain-sensing hair is mechanically optimized firstly 

achieving the efficient strain transferring from the top to the bottom.  The new 

phenomenon of jumping self-pinning process in the vertical direction under the help of 

capillary force is observed making multiple parallel rings on the hair, through which the 

strain on the hair can be detected segmentally.  Most importantly, the direction of 

applying strain can be distinguished by corporately utilizing the rings on the hair and that 

at the bottom.  Also, the related principle, i.e., the symmetry breaking of the resistance 

network, is fully investigated.  The stretchable strain-sensing hair can detect multiple 

strains, including tensile, compressed, and bending strains possessing high sensitivity, as 

high as 0.18 per deg; high stability, withstanding more than 1000 cycles.  Also, it was 

demonstrated that it can be fabricated in array and efficiently detect the airflow and water 

flow. 

The sensing part would be fabricated on the bottom of e-hair, just like the real hair, in 

order to protect sensing unit from scratch/friction.  Therefore, the e-hair structure must 

benefit the strain transferring from the hair body to the root, especially for bending strain, 

i.e., the peak strain, and the area of strain concentration, in the root should be maximized, 

which helps to keep good sensitivity.  It requires that the structure of e-hair be carefully 

designed.  Ideally, the strain energy could be totally transferred from the top to the root 

where the sensing unit is located.   
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Figure 5.2 Bio-inspired stretchable tactile electronic hairs and structural mechanical 

optimization.  a, Diagram of the response of tactile hairs to mechanical stimuli, and the stretchable 

tactile electronic hairs inspired by this process. b, Three-step mechanical optimization based on 

energy conservation and classical bending moment theory, and four structures (I, II, III, IV) 

developed correspondingly. The final optimized structure (IV) comprises two parts: a hair body 

with a stiffener of polylactic acid (PLA) and a hollow root. c, The strain concentration and 

distribution under the bending angle of 45° as calculated by FEM simulation for the four different 

structures proposed in (b). The negative value reflects compression. d, Strain concentration in the 

four different structures in (a) under different bending angles. e, Strain distribution areas in the 

four structures in (a) under the bending angle of 45°. 
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Here, the design routine of structural mechanics starting from the most basic one was 

followed.  One simple model of the e-hair could be the type of directly inserting the soft 

hair into the elastic substrate (Type I, Figure 5.2b).  For this situation, the whole substrate 

is the strain buffer zone that can assist in absorbing the strain energy, and the strain is 

hard to be concentrated at the root inducing the sharp decrease of both   and  in the root 

as suggested by finite element modeling (FEM) (Figure 5.2c-e).  Specifically, strain 

concentration is much smaller for both tensile and compression strain (Figure 5.2e), 

indicating that the sensitivity of the e-hair would be lower.  Thus, first of all, the overall 

distribution volume of strain was tuned by constructing a gradient transition region 

between the hair and the elastic substrate (Type II, Figure 5.2b).  It would benefit the 

patterning of the sensing material in terms of avoiding the sharp transition and take the 

responsibility of consuming applied strain energy instead of the whole substrate, so the 

strain distribution would be mainly in this area.  Further, according to the classical 

formula of strain energy, the relationship between the external work, W, and the inner 

deformation energy could be constructed as follows:
 

, where E is the 

Young’s modulus, ε is the strain induced, and V is the volume.  According to the mean-

value theorem of integrals, it could be always described as  where    

is the mid-value, and  is the average thickness.  Thus, for a given external work 

applied,   could be maximized by relatively reducing the volume, e.g., by hollowing this 

gradient transition region (Type III, Figure 5.2b).  The FEM shows that  increases 

dramatically from Type I to Type III (Figure 5.2e), however, εc just slightly increases 

(Figure 5.2d) which is mainly ascribed to the softness of the hair itself and large area of 

strain distribution can be observed on it (Figure 5.2c,d).  Again, the classical theory of 

bending moment was used.  The e-hair could be simplified as an ideal beam, and the 

formula of the force in the root should be as: F=3EIy/L3, where y is the deflection, E is 

the Young’s modulus, L is the length of the e-hair, and I is the inertia moment.  Thus,  F~ 

3EIymax/L
3 and then, for a specific e-hair with a given length and applied with a certain 

ymax, εc is decided by the stiffness, EI.  So, how to enhance the stiffness of the e-hair is a 

critical issue.  The design of coaxial composite e-hair is adopted to overcome it and 

Young’s modulus of the core, which is much larger than that of the surrounding soft 
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polymer (Polydimethylsiloxane), is utilized to increase its stiffness enhancing the ability 

of strain transferring.  The FEM proves that   is increased significantly (Figure 5.2d), and  

is hugely enlarged both for tensile and compression strain (Figure 5.2d and see top view 

in Figure 5.3a) after this four-step optimization.  So far the design has been ready to be 

used to demonstrate the proposed concept.  It should be emphasized that there could be 

further optimization following this routine, e.g., by adjusting the shape parameter of the 

conic root and modulus of the polymer and the stiffener. 

 

Figure 5.3  FEM simulation for strain distribution of different e-hair structures.  a-c, the 

topview and sideview of the e-hair with full substrate, hollow substrate, and hollow substrate with 

stiffener inside the hair body, respectively. 

For the structure design of the e-hair, the out-of-plane gradient root is vital for enhancing 

the sensitivity of the sensor unit (Figure 5.2c).  However, how to make the sensor film 

fully cover on it and partially on the e-hair, in order to precisely monitor the strain 

concentration at the root (Figure 5.2c), by using a facile method is a big challenge, 
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because most of the film fabrication method, e.g., thermal evaporation, electrodeposition, 

cannot realize one-time forming on this complicated 3D structure.  Nevertheless, self-

pinning effect, as a unique self-assembling process, provides an extremely efficient way 

to pattern and functionalize nanomaterials in relatively large scale by utilizing the non-

equilibrium mass-transfer process during the solution evaporation, and may help to 

successfully deposit active materials on 3D substrates due to the wetting process.   

The previous study showed that single-wall carbon nanotubes (SWCNTs) modified with 

carboxyl could easily form thickness-gradient carbon nanotube films with the 

stretchability of more than 150% on flat PDMS substrate modified with hydroxy by 

utilizing self-pinning effect.  Specifically, SWCNTs can be patterned in any shape and 

not only form outer rings as normally done by simple self-pinning effect, but also fully 

cover the whole substrate with CNT film of different thickness, which is essential for 

high gauge-factor sensor.  In-plane self-pinning effect has been investigated extensively 

from the mechanism behind to the mathematical model.  However, few studies were on 

the self-pinning effect in out-of-plane direction that would help to construct 3D 

macroscopical structure with nanomaterials. 

 

Figure 5.4  On-hair multiple rings and the corresponding application to detect on-hair strain 

distribution.  a, Image of typical on-hair five rings.  b, Surface profile data of the five rings in (a).  

c, The velocity and displacement monitored by high-speed camera.  Red and green segments are 

to illustrate the velocity jumping and dropping.  d, This multiple rings can be employed to test 
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the detailed deformation on the hair by careful encapsulation. 

Herein, combining with the gradient transition root of the e-hair, it is found that the 

capillary force would help to overcome the gravity of the solution, which drives the self-

pinning effect in the out-of-plane direction.  Following the previous structure design, 

firstly, we 3D printed the template with the desired shape and the hair part on the template 

would be taken as the stiffener stick inside the e-hair subsequently.  Then the PDMS film 

was coated on it.  After curing, the film was peeled off with the stiffener stick inside, and 

then was locally hydrophilic by employing proper oxygen plasma.  Finally, SWCNTs 

solution was dropped on and would immediately cover the whole gradient root including 

part of the hair under the help of capillary force.  After the evaporation of around thirty 

minutes, the SWCNTs rings and film were successfully deposited on the root.  During 

this process, surprisingly, a new physical phenomenon was observed by closely checking 

the evaporation process on the hair.  It was found that there were multiple rings, proved 

by the thickness profile data, on the hair after the evaporation, indicating that the pinning 

process is not continuous but more like a jumping one.  To fully understand the 

mechanism behind, the evaporation process was monitored by using a high-speed camera 

and tracked the dropping of liquid level on the hair.  The jumping phenomenon of the 

liquid level was clearly revealed.  Its displacement was analyzed by image post 

processing (Figure 5.4).  Sudden increases in its displacement can be observed and there 

was velocity peaks correspondingly.  The formation of multiple rings on a flat substrate 

has been observed by carefully controlling the solute and evaporation conditions.  

However, few reports were on the multi-ring formation in the out-of-plane direction, 

which would play a key role in the detection of strain direction and detailed strain 

distribution on the hair in the following investigation.  The principle behind it should be 

similar to that in the flat substrate, because only gravity is introduced into the dynamic 

system and the governing mechanism, which is the balance among the pinning force, 

capillary force and gravity, does not change.  Also, there is the gradient thickness of the 

multiple rings on the vertical hair as that on the flat substrate has.  Those multiple rings 

could be also utilized to monitor the strain changing on the hair by taking the adjacent 

rings as the connecting points and testing the resistance vibration.  Further, following this 

strategy, multiple rings were also induced on the flat substrate without any external 

assistance and subtle evaporation controlling, only through introducing the vertical 
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boundary by folding the flat film, which indicates that what it has been found could be 

further explored to achieve multi-ring effect opening up for new method of nano-

materials patterning. 

5.3.2 Full stretchability of this sensor 

 

Figure 5.5 Soft tactile electronic hairs with out-of-plane multiple rings by the 3D self-pinning 

effect and their performance with respect to strain sensing.  a, Diagram of the slip-and-stick self-

pinning effect which is essential for the formation of the out-of-plane multiple rings and CNT 

thin film on the e-hairs. b, Image of a fabricated e-hair.  Inset illustrates the five-point 

encapsulation method. c, Optical images of the e-hair during stretch and the corresponding strain 

distribution by FEM method shown in d. e, Resistance change with different strain concentration 

applied to the sensing unit. Normalized resistance, R/R0, where R and R0 are the resistance values 

monitored with and without applied strain. The inset shows how the strain is applied. f, The 
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durability of the e-hair under tensile strain. Tensile strain of 120% at the sensing unit was applied 

for over 10,000 strain cycles. 

The fabricated e-hair is presented in Figure 5.5a,b.  There are two non-coplanar ring 

regions: one is at the bottom and another at the top, which will be used as the connecting 

part in the following encapsulation and testing process (inset of Figure 5.5b).  As 

investigated before, the in-plane SWCNTs film possesses full stretchability, but the 

stretchability of the out-of-plane one suffering the out-of-plane strain has to be studied 

first, because the real hair is relatively stretchable and the fabricated sensor unit should 

possess stretchability to work for e-skin.  The sample was attached firmly on a rigid 

substrate, and then was applied with tensile strain in the vertical direction (inset of Figure 

5.5c).  The strain applied is defined according to the original length of the hair part 

(around 15 mm).  Thus, 30% strain, i.e., the extension of 4.5 mm, is comparable to the 

limit of the real hair.  E-hair presents high stretchability during the test, even after 1000 

strain cycles at 30% strain (Figure 5.5d), indicating that the out-of-plane SWCNTs film 

keeps its stretchability and stability.  It also shows good performance under the 

compression strain (Figure 5.5).  Those good stretchability and stability provides a basic 

platform for the strain-sensing function of the e-hair, especially for the bending strain, a 

typical strain that the hair normally suffers.  Besides, this effect is also applied to the fine 

hair with smaller diameter (Figure 5.6).  After the successful fabrication, the performance 

of the hollowed hair is compared with that with full substrate to verify the hypothesis 

proposed previously (Figure 5.7).  The diameter of the e-hair is tunable, and an e-hair 

with diameter of only around 25 μm was demonstrate here (Figure 5.7a).  It also possesses 

the structure of gradient roof (Figure 5.7b) and the similar surface morphology when 

being bended (Figure 5.7c).  It indicates that e-hairs could be fabricated in relatively small 

diameter increasing the integration level and spatial resolution of the sensing function. 
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Figure 5.6  E-hair fabricated with diameter of around 25 μm.  a, Image of the fine e-hair.  b, 

FESEM image of the gradient root.  c, Typical cracks and wrinkles structure on the root. 

 

Figure 5.7  Comparison of relative resistance change between the structure with hollow root 

and the full root.  Result shows that the resistance changes more significantly in hollow root than 

that in full root, indicating that the strain transferring is more efficient in hollow one 

5.3.3 Strain direction recognition 

For the bending strain, it is highly desirable for the e-hair to distinguish the direction of 

the strain applied, which would open up for exploration of delicate strain tracking.  

According to the previous FEM simulation, it is obvious that the strain distribution in the 

root could be roughly divided into four regions: tensile region (i), compressed region (iii), 

and two side regions (ii, iv).  Thus, the direction can be recognized theoretically as long 

as Region i and Region iii are figured out.  Since the ring on the hair is just located in the 

parting between Region i and Region iii, it would play a vital role in reflecting the strain 

distribution by monitoring the resistance vibration.  Therefore, during the encapsulation, 

i.e., the wire bonding and testing process, the ring on the hair would be a critical 

connecting point.  Specifically, five wire bonding points were chosen: one is on the hair 

(Point A) and the other four are on the four principal directions (Points B-E), and monitor 

the resistance between Point A and the other four.  When the bending strain is applied in 

one direction, e.g., from point B to point C, RAB, RAC, RAD and RAE, where R is the 
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resistance between related points, are measured individually (Figure 5.8).  It is observed 

that RAB, always larger than the initial value, increases with the bending angle, however, 

RAC decreases at the beginning and then almost keeps constant afterwards, and RAD, RAE 

nearly do not show any changing with the increase of the bending angle.  This diverse 

changing feature is critical for distinguishing the strain direction.  The rising of RAB is 

definitely ascribed to that the shortest electron path from Point A to Point B is suffering 

stretching strain, and the decreasing of RAC is due to the compression (Region i and iii, 

Supplementary Fig. 1a).  RAB is highly sensitive to the bending angle.  The e-hair, with 

this high sensitivity, can detect the pressure driven by the soft wind and water flow as 

demonstrated later.  Besides, the reason why RAC decreases first and then nearly keeps 

constant is that the compression can only connect the cracks in the CNT film initially but 

cannot contribute further increase in the resistance.   

For stretchable e-hairs, except the direction recognition, their performance under 

isotropic strain is also of importance for real applications, since they would inevitably 

suffer the multidimensional strain in practice even when they are supposed to be applied 

one-dimension tensile strain.  On the other hand, the isotropic stretchability is difficult to 

be achieved requiring more complicated design. The previous study has shown that the 

CNT film formed by self-pinning effect on the 2D flat substrate possesses isotropic 

stretchability.  Herein, the isotropic stretchability of e-hairs fabricated by 3D self-pinning 

effect is checked.  Firstly, the e-hair array is successfully fabricated indicating that it can 

be utilized in a large scale, and the booming printing technology could be employed to 

make a facile and rapid fabrication process, since the self-pinning effect is a solution 

based method.  Then, the two edges of the array are fixed on a hollowed rigid substrate 

(Figure 5.9) and a stick with lubricant on its head and larger diameter than that of sub-

hollowed roof in the e-hair applies vertical stress from the bottom (Figure 5.9).  It shows 

that the changing trend of the resistance in different strain domain still keeps the same 

with that without isotropic strain applied.  The resistance changing in compression side 

is more significant which is ascribed to bridging cracks induced by the pre-isotropic strain.  

This result proves that the e-hair possesses isotropic stretchability and can keep its 

performance under isotropic strain.  Moreover, the e-hair array can be fully used to 

recognize the tactile pattern, e.g., a tactile path with ‘NTU’ shape (Figure 5.9).  This 

ability of pattern recognizing will be of importance for the e-skin and smart robots 
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endowing them with the ability to sense the external complex stimuli, in which it is no 

need to touch directly on the sensor system. 

 

Figure 5.8 The resistance network modeling based on the strain distribution and related 

surface morphology under bending strain.  a, Normalized resistance with different bending angle 

in different strain regions (see Supplementary Fig. 1a).  b, The durability of the e-hair under 

bending strain.  The inset presents the diagram of tensile strain and compression strain regions 

with black color and pink color respectively.  c-d, Cracks and wrinkles distribution in tensile 

region (Region i) and compressed region (Region iii) under the bending angle of 60°, respectively.  

e, The resistance network is abstracted through three-step modeling.  The four regions correspond 

to that analyzed in Supplementary Fig. 2 and the four resistors in the final model. 
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Figure 5.9  Isotropic stretchability of the e-hair array.  Images to present how the isotropic 

strain is applied in practice with smaller strain in (a) and larger strain in (b).  c, The e-hair array 

could be used to identify the touching pattern, like a ‘NTU’ pattern 

Under current five-point encapsulation method, if the direction of applied strain is neither 

on BC nor DE, but slopes at certain angle with them (Figure 5.10), how to identify the 

direction?  Obviously, RAB and RAE are in the compressed region under this situation and 

tensile region for RAC and RAD.  the performance of RAB, RAC, RAD and RAE under this 

situation were checked, finding that both RAB and RAE decrease at bending angle of 15 

deg., and both RAC and RAD increase at the same time (Figure 5.10).  Therefore, the 

sloping direction can also be roughly identified by using this five-point method.  And 

following the proposed strategy, the direction could be more precisely recognized by 

increasing the connecting points on the lower ring. 
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Figure 5.10 Direction recognition when the direction of the bending strain slopes to that of 

encapsulation wires.  a, Diagram to illustrate this situation under five-points encapsulation 

method.  b-e, The resistance changing testing from point A to corresponding points, respectively. 

 

 

Figure 5.11 FESEM images of the e-hair under bending strain.  a, Image to present the 

boundary (red dash line) between the region iii and region iv as shown in Figure 3a.  b, The on-

hair multiple rings (between red dash lines) under the bending strain.  The hair body is rotated to 

make it in horizontal under the FESEM.  c, The lower ring on the root (between the red dash 

lines).  Inset illustrates the typical magnified view of an area beside the lower ring on the root. 

For better understanding the behavior of resistance changing and generalizing the strategy, 

the structure of the SWCNT film when suffering bending and the related physical model 
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behind should be fully investigated.  According to the FEM analysis (Figure 5.11), the 

film can be roughly divided into four regions (i-iv) (top view in Fig. 4a) corresponding 

to related strain state (Figure 5.11).  Herein, the e-hair under bending strain was further 

observe by employing the field emission scanning electron microscopy (FESEM), 

showing that the surface morphology of the film in the four regions is totally different 

and the boundary of the regions induced by the different strain domain, e.g., between 

Region iii and iv, can be distinguished clearly (Figure 5.11).  Specifically, the crack is 

orthogonal to the stretching direction in Region i  and parallel to the compression 

direction in Region iii.  In contrary, the induced wrinkle is parallel to the stretching 

direction in Region i and orthogonal to the compression direction in Region iii.  The crack 

blocks the conducting path in Region i increasing the resistance, but is parallel to that in 

Region iii which has little effect on the resistance.  However, wrinkles in Region iii will 

shorten the conducting path to some extent resulting in the decrease of the resistance.  All 

of those predicted performance of resistance has previously been proved by the 

experimental data (Figure 5.12).   

 

Figure 5.12 Results of resistance network modeling and related experimental data for 

reference.  a, Resistance changing predicted by the resistance network model in Figure 3e.  b, 

Experimental data of the resistance vibration from point B to point C. 

Further, the ring part is also examined carefully, since all the connecting points of wire 

bonding are on the ring during the resistance testing process.  It is found that there is 

typical gradient thickness from the on-hair ring part  to the on-hair inner thin partwhich 

is verified by the gradient wavelength (Figure 5.13) according to the buckling theory.  

This gradient thickness was also found for self-pinning effect on 2D flat substrate in the 
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previous study, indicating that the 3D self-pinning effect could still follow the same film-

forming mechanism with that on 2D flat substrate during the pinning process.  Besides, 

the detailed observation for the thick ring part reveals that there is no throughout cracks 

in it, because no strain is applied along the ring itself during the bending process, 

therefore, it is ideal for the wire bonding by taking the connecting points on this ring part.  

This analysis is also applicable to the lower ring.   

 

Figure 5.13 Gradient wavelength from the thick on-hair ring part (region ①), transitional part 

(region ②) to inner thin part (region ③).  a, On-hair thickness-gradient SWCNTs film.  The e-

hair is rotated to make the on-hair ring in horizontal under FESEM.  The on-hair film can be 

roughly divided into three regions: thick ring part (①), transitional part (②) and inner thin part 

(③), according to the wavelength of the wrinkle corresponding to the thickness of the film.  b, 

The detailed observation of the thick ring part in (a) and the definition of the wavelength.  c, 

Wavelength changing in different regions. 

Based on those analyses, the resistance model can be built up as illustrate in Figure 5.8e.  

Since there is only one connecting point on the on-hair ring, it is equivalent to an 

equipotential node.  And the lower ring is divided into four parts by the four connecting 

points.  The four strain domains turn to be four resistors accordingly.  By applying the 

classical Kirchhoff's law, the formula is , where i is ith node, k is the 

kth circuit, I is the current and V is the voltage.  The equivalent resistance between every 

two nodes could be calculated.  Thus, the strain applied can be simulated by increasing 

or decreasing Rn (n= i, ii, iii and iv) according to the different strain domain.  Due to the 

symmetry of this circuit, the resistance of Ri and Riii can be tuned, and calculate the 

equivalent resistance of RAB and RBC to investigate whether the experimental data can 

be explained (Figure 5.8e) and prove that it is the breaking of the circuit symmetry that 

0, 0i k

i k

I V  



92 

Sh
ort 
R
un
ni
ng 
Tit
le 

92 

Sh
ort 
R
un

92 

Shor
t 
Run
ning 

Hair-mimicking soft sensors  Chapter 5  

 

helps to distinguish the direction of strain applied.  When the bending strain is applied 

from B to C and from C to B, RBC does not change at all due to the symmetry of this 

circuit which is also proved by the experimental data (Figure 5.12a), however, RAB 

changes significantly with different strain domain (Figure 5.12b).  Therefore, if there is 

no Node A that could be utilized to test the resistance, the direction information would 

be lost, indicating that the on-hair ring is vital for breaking the symmetry of the circuit 

and distinguishing the direction of strain applied.   

5.3.4 Air and water blow detection 

 

Figure 5.14 Isotropic stretchability of the e-hair array and detection of subtle fluid flow. a, 

Photograph of the e-hair array. b, The normalized resistance change under different speeds 

ranging from 1 m/s ~ 11 m/s.  c, The stability of the detection signals under the nitrogen speed of 

5.7 m/s.  d, The amplified view reveals that the damping vibration dominates the later part of the 

signal as illustrated in the inset.  e, Signal obtained under different water speeds corresponding 

to two different flow states: laminar flow and turbulence flow.  The green square indicates a 

typical signal of laminar flow and the inset shows the magnified view.  The red ellipse highlights 

the typical vibration signal of the e-hair driven by the turbulence flow.  The red rectangle shows 
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the signal induced by the sudden shut-off of the water flow.  

 

Figure 5.15 Resistance response for different applied gas speed of nitrogen: 3.3 m/s in (a) and 

1m/s in (b). 

As introduced before, in nature, bats and Zebrafish make use of the hairy sensory system 

to sense the airflow and water flow assisting flying in the sky and swimming under the 

water, respectively.  Inspired by this, the e-hair can also detect the gas and water flow 

with high sensitivity.  In order to further enhance the sensitivity to the gas flow, a small 

fan-shaped modification on the hair structure is added to receive the gas force more 

efficiently, and then different speed of nitrogen flow is applied to the e-hair.  The 

resistance of tensile strain domain is monitored to sense the nitrogen flow from the speed 

of 1 m/s to around 10.5 m/s occupying five speed regions from light flow to fresh breeze 

(Figure 5.14a,b) according to the standard windspeed classification.  Light flow (0.3-1.5 

m/s) is the weakest wind speed region in which wind motion starts to be visible in smoke.  

It can induce around 20% changing in resistance, and arouse increase by a factor of about 

10 for the region of fresh breeze (8.0-10.7 m/s) (Figure 5.14c,d).  More excitingly, the 

damped vibration of the e-hair after receiving a pulsed gas pressure for both low and high 

wind speed can also be monitored (Figure 5.15), which could be an important information 

for the vibration recognition.  In sum, the e-hair can sense both weak and strong gas flow 

with the significant discrimination and could be extensively utilized in the field of flying 

control and wind field analysis.  As for water flow detection, it is hard to observe the 
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damped signal because the viscosity of water is much larger than that of nitrogen and the 

balance between the water pressure on the hair and the strain induced in the root can be 

built in a static manner but not through vibration.  Therefore, it can be found that the 

resistance increasing is not as sharp as that under nitrogen pressure and it will decrease 

to some extent but not back to original state reflecting the balance building process.  

Moreover, the e-hair still can record the signal induced by different speed of water flow.  

And when the speed increases to around 1 m/s in a rubber tube with diameter of 5 mm 

(Reynolds number is about 5000) , the flow state turns to be of turbulence which is a 

typical transformation in fluid, which can also be reflected in the signal monitored (Figure 

5.14e).  It indicates that the e-hair could be utilized to distinguish the fluid speed and state 

transformation which is critical for fluid flow sensing.  More specifically, once the 

switching of input water is suddenly shut off, there will be vibration wave inside the water 

induced by the fluid inertia, which can also be recognized by the e-hair.  This ability to 

sense the fluid flow could benefit the fluid field analysis, under-water robot and 

microfluidic control. 

5.4 Conclusions 

Always taken as the small affixture on skin, stretchable hair-sensing system, however, 

possesses multi-functional sensing ability and could sense tension, compression and 

bending, providing the basic function of sensing airflow, water flow and other subtle 

touch that does not directly contact with skin.  In order to mimic those functions, it 

requires a systematic design to make the e-hair possess high sensitivity, isotropic 

stretchability and meanwhile, achieve the delicate integration of the structure 

optimization and the active material fabrication.   

Analysis of structural mechanics is the first critical step to design the structure of the e-

hair by considering the efficient strain transferring from the hair body to the sensing unit 

below.  This design should maximum the strain concentration and its covering area in the 

root achieving high sensitivity.  The simplest structure was studied and the desired 

gradient hollowed root with stiffener inside the hair after four-step optimization was 

obtained under the help of FEM simulation.  And then since the desired structure is the 

out-of-plane one with 3D spatial configuration but not the conventional 2D flat one, how 
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to integrate it with active materials is a challenge.   

A new strategy was proposed, capillary force-assisted 3D self-pinning effect, utilizing 

the advantage of both the climbing provided by the capillary force and self-assembling 

process of the self-pinning effect.  This seamless integration meets all the above 

requirements of the e-hair even including the ability to distinguish the direction of the 

strain applied which is critical for many applications.  The mechanism behind this ability 

is proposed and the key point is to break the symmetry of the resistance networks under 

the assistance of multiple out-of-plane rings supported by the new strategy.  Also, many 

other schemes could be carried out following this proposed mechanism by employing 

other active materials to achieve the direction recognition of the strain applied.  Like the 

real hair, the e-hair can be easily integrated in a large scale and used to detect multiple 

strains, very soft gas flow and fluid flow.  Plenty of flow details can be monitored 

including flow speed, damping vibration, quasi-static force balance and flow state.  

Additionally, it has to be emphasized that the 3D printing technology and solution-based 

active material process are employed here which make the whole process cost-efficient 

and high-yielding even for a large scale.  The concept of stretchable e-hair and related 

design principles proposed open up for exploration of new sensing unit for the artificial 

skin, smart under-water robot and flow field analysis making a solid step towards the 

interactive sensing and adaptable interfaces.  . 
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Chapter 6  

Structured fibers for fiber-shaped stretchable strain 

sensors* 

Stretchable strain sensors are critical components for wearable 

electronics to obtain the real-time mechanical feedback for 

applications in healthcare, rehabilitation, human power enhancement 

and so forth.  In this work, a new fiber-shaped stretchable strain 

sensor is reported. The vision of improving the sensitivity of the 

stretchable strain sensor could be shifted from the active materials 

engineering to the mechanical design of the elastic substrate.  A novel 

strategy that enables surface strain redistribution in elastic substrate 

to significantly enhance the sensitivity is introduced. Such 

enhancement method attributes to the delicate structure of beads on a 

fiber based on the principle of Plateau-Rayleigh instability.  Also, a 

new method of transient thermal curing is proposed for large-scale 

fabrication of PDMS fibers with predefined diameter. 
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6.1 Introduction 

Stretchable strain sensors, as one of the critical components in wearable electronics, are 

under fast development driven by recent advances in integrating electronic components 

with humans to obtain the real-time mechanical feedback for applications in healthcare, 

rehabilitation, human power enhancement and so forth.[1-6]  Fiber-shaped stretchable 

strain sensors with small testing areas possess huge potential in being directly weaved 

into textiles. Such sensors are becoming more accessible in terms of wearability and 

integrability, making fiber-shaped sensors an increasingly important research field.[7-16]  

Recently, non-fiber-shaped stretchable strain sensors with flat structures have been 

extensively developed including sensors based on grapheme/grapheme oxide, carbon 

nanotubes, liquid metals, metal-semiconductor hybrids, hydrogels, self-healing materials, 

conducting polymers and micro fluidics.[17-47]  In comparison, fiber-shaped stretchable 

strain sensors have been less explored.[14, 48-53]  The sensitivity achieved is still far away 

from satisfactory and the enhancement method is rarely addressed.  The reasons behind 

are as follows.  First of all, compared to mature technologies like spin coating, that 

enables fabrication of homogeneous flat films with desired thickness, it is still a big 

challenge to produce stretchable micro fibers with controllable diameters at large scale 

using established thermosetting polymers like polydimethylsiloxane (PDMS).  Secondly, 

compared to well-established photolithography techniques that have been extensively 

applied to fabricate nano/micro patterns on flat geometries, it is quite difficult to 

introduce such structures on a single fiber. 

Herein, a new fiber-shaped stretchable strain sensor is reported. An innovative process is 

introduced that enables surface strain redistribution in elastic fibers to significantly 

enhance the sensitivity/Gauge factor. Also, a new method of transient thermal curing is 

proposed for large-scale fabrication of PDMS fibers with predefined diameters. The fiber 

diameter can be tuned from ~ 10 µm to ~ 1000 µm.  This dynamic process is investigated 

in detail to fabricate fibers with good uniformity.   

The principle of Plateau-Rayleigh instability is utilized to modify fibers with uniformly 

distributed beads.  These beads can tune the strain distribution along the fiber by 

rearranging the strain from the beads to the areas inbetween the beads – a strategy that 
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effectively results in strain concentration.  The local strain is magnified by this process 

resulting in longer cracks in stretchable gold films/CNT films deposited on the surface of 

the fiber, and the sensitivity is significantly improved compared to fibers without beads.  

It was demonstrated that the beads-on-fiber stretchable strain sensor can be employed to 

reliably monitor sports activity.  Following the strategy, other thermosetting polymer 

fibers could be employed to further enhance the sensitivity.  It is also envisioned that the 

proposed strategy of strain redistribution can be applied to non-fiber-shaped stretchable 

strain sensors. 

 

Figure 6.1 Proposed surface strain redistribution strategy to enhance the sensitivity of fiber-

shaped sensors, and the fabrication process inspired by droplet splitting. a) FEM simulation to 

investigate the strain regulation effect of the micro-structured fiber as compared to the smooth 

fiber.  b) Strain distribution along the fiber surface for the different structures in a). c) Inspired 

from the phenomenon of oil droplet splitting, the structured fiber in a) could be fabricated 

accordingly to regulate the strain distribution. 

The strategy of strain redistribution is theoretically introduced to enhance the sensitivity 

of fiber-shaped stretchable strain sensors.  It should be emphasized that for flat thin films, 

the most common approach to enhance the sensitivity involves manipulation of the 
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conductive materials itself to enable tuning of crack distribution and length,[24, 54] film 

thickness,[19] and nano/micro patterns.[34].  As for the fiber-shaped sensor, the method to 

enhance the sensitivity still requires to be further explored.  In addition, finite element 

modeling (FEM) is employed to assist in the design of the strain sensors.   

 

Figure 6.2 Tensile strain of the design structure simulated by using FEM method to indicate 

the strain redistribution effect by the larger volume.  The modulus of the larger square region 

(blue region in the picture) is ten times larger than that of the fiber. 

When a certain work, W, is applied to a system, the energy is absorbed/stored as the strain 

in the materials. The work can be written as 
2W E dV  , where E is the modulus, ε is 

the strain and V is the volume of the materials.  Although the average strain is constant 

for a given volume under the same applied work, the local strain distribution still can be 

enlarged by relatively decreasing the local volume.  Therefore, for the resistive 

stretchable strain sensors, the sensitivity can be significantly improved if the stretchable 

conductive materials are deposited in the region(s) where the local strain is magnified.  

By employing FEM it was found that the strain was indeed tuned by proper design. For 

example, the maximum achievable strain almost doubled by introducing an uneven 

distribution of microstructures along the fiber chain (Figure 6.1a, b).  In addition, if high-

modulus materials are employed in the low-strain (large volume) regions, the maximum 

strain can be further enhanced (Figure 6.2).  Following this way of reasoning, the 

sensitivity of the fiber-shaped stretchable strain sensor can be enhanced as long as a 

methodology to modify the fibers with an uneven distribution of microstructures can be 

devised.  It is well known that when oil flows along one fiber it will automatically split 

into droplets because of Plateau-Rayleigh instability (Figure 6.1c). Inspired by this 
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phenomenon, PDMS beads are produced on the PDMS fibers with the desired uneven 

distribution of microstructures that could take advantage of the strain redistribution effect 

as previously discussed (Figure 6.1c).  

6.2 Experimental Methods 

6.2.1 Transient curing of thermal setting polymer 

As the very first step, a feasible method needs to be developed for large-scale fabrication 

of micrometer sized PDMS fibers. For thermoplastic polymers in general it is convenient 

to employ the micro-jetting method to produce fibers from the polymer melt.  However, 

PDMS cannot be melted and jetted.  Molding is an alternative method, but it was hard to 

fabricate fibers on micrometer length scale at reasonable cost.  Inspired by Ramen, a 

traditional noodle processing methodology was employed to fabricate micro fibers in 

large quantities.  There are three typical procedures to prepare Ramen noodles: dough 

preparation, traction by hand/machine, and cooking in boiling water.  The physical 

concepts behind each of them are: proper viscosity adjustment, dynamic application of 

traction strain, and transient curing (Figure 6.3a and Figure 6.4).  Herein, we used a pre-

curing method to obtain the proper viscosity, followed by applying traction strain and 

then transient curing.  The difference between the Ramen approach and ours is that 

boiling water cannot be used for curing of PDMS as boiling water might affect the fiber 

structure. In addition, PDMS is intrinsically hydrophobic making it difficult to fully 

immerse it in hot water.  Instead, silicone oil (170 - 180 ºC) was used for transient curing.  

It has slightly smaller density than PDMS, but its boiling point is much higher than water.  

Importantly, it is compatible with PDMS and can be removed easily using normal 

detergents.  After that, micro beads were distributed automatically followed by transient 

curing (Figure 6.3b).  
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Figure 6.3 Illustration of the fabrication process of PDMS fibers with beads.  a) PDMS fibers 

are fabricated sequently by viscosity control, dynamic traction and transient curing in silicon oil 

at 170-180 ºC.  b) After being cleaned and dried, beads are formed according to the principle of 

Plateau-Rayleigh instability, by controlling the Bond number. c) By keeping other fabrication 

parameters constant, the fiber diameter can be tuned by adjusting the dynamic viscosity.  The 

inset formula represents the red fitting curve. d) Influence of the dynamic viscosity of the PDMS 

precursor on the bead diameter. The inset red curve shows the predicted value by the theory.  
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6.2.2 Beads modification by Plateau-Rayleigh instability 

 

Figure 6.4 a)  As-prepared fibers were washed by the daily-used detergent followed by water 

and then dried in the air. b) Then after dipping with PDMS precursor, beads form automatically 

according to the Plateau-Rayleigh Instability.  c) Finally, fibers with beads were put into the 

silicon oil going through the transient curing. 

After the fiber fabrication process, beads was modified on the fiber to enhance the 

sensitivity as discussed above.  Beads-on-fiber phenomena are commonly found for the 

nano-size fibers during the electro-spinning process,[55-57] but only a few reports have 

been published for micron-sized fibers.[58-60]  Basically, beads automatically form when 

the viscous liquid flows along a vertically aligned fiber.  The formation mechanism has 

been studied in detail,[61-64] and the competition and balance between the surface tension 

and gravity, also called Plateau-Rayleigh instability, could explain this behavior (Figure 

6.3b).  The dimensionless Bond number, 0

3

h8
gR

=G γ
ρ

, where ρ is the density of the 

liquid, g is the gravitational acceleration constant, R is the diameter of the fiber, γ is the 

surface tension and h0 is the undisturbed film thickness of the PDMS precursor, has been 

used to predict the occurrence of bead formation.[62]  According to this principle, the fiber 

diameter significantly affects the attachment and distribution of the beads.  Normally, 0.7 

is regarded as a critical value for bead formation, i.e., when G is larger than 0.7, the 

viscous liquid is in steady flow and beads cannot form, but for smaller G values beads do 

form.  In order to tune the diameter of the bead, D, as discussed above, the viscosity, 

traction time and distance must be controlled.  By applying the same traction time and 

distance, the effect of the viscosity on the diameter was investigated and it could be tuned 

from ~ 200 µm to 900 µm (Figure 6.3d).  According to theory the beads diameter can be 
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predicted as follows: [62]  

2/3 1/3 2/3

max 1.2860 1.413 0.2904 ( )H c c O c    
 

2/3 1 4/30.5960 0.33 0.19 ( )G c c O c     
 

where H is the protrusion thickness of the PDMS film and max ( ) / 2H D R  ; c is the 

migration speed of the bead.  Thus, for a given Bond number, the bead diameter can be 

predicted and the obtained values were in agreement with those found experimentally. 

6.2.3 Stretchable active materials deposition and performance testing 

In order to demonstrate that our beads-on-fiber PDMS can act as the platform to enhance 

the sensitivity of the strain sensor, two kinds of stretchable conductive materials were 

employed as the active layer.  One was the stretchable gold film reported by the previous 

study; this film was with initial nano cracks without strain applied and these nano cracks 

will grow into micro cracks releasing the strain in the first strain cycle.  Then 

subsequently, micro cracks opened and closed during the next strain cycles inducing the 

resistance change and achieving the stretchability of the gold film.  The other one was 

the stretchable carbon nanotube film reported by the previous study.  This film followed 

the same principle to achieve the stretchability.  MTS model 42 was employed to apply 

the tensile strain.  And the liquid metal (Gallium-indium eutectic, Aldrich) acted as the 

wire bonding adhesive which could surface the tensile strain.  Keithley 4200-SCS was 

used to do the measurement using a sampling rate of 125 samples per second. 

6.3 Principal Outcomes 

6.3.1 Large-scale PDMS fiber fabrication 

PDMS fibers were obtained with good uniformity along the length direction and with 

predefined diameters by adjusting the viscosity of PDMS and the traction time.  The 

dynamic viscosity of PDMS was tuned by pre-curing process (Figure 6.5a) and it 

influenced the fiber diameter (Figure 6.3c).  In order to achieve uniform fibers, for a given 

viscosity, the period over which the traction strain was applied need to be strictly 
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controlled.  Considering the traction process as a viscous catenary flow under gravity, the 

fiber morphology could be simulated. 

 

Figure 6.5 a) The viscosity changes with pre-curing time. b) Evolution of the fiber profile 

with time under gravity (within 3 seconds) by simulation using Comsol.  c) The related profile at 

3.4 seconds from the simulation results.  d) Locally magnified region in c) to indicate the non-

uniformity of the diameter of the fiber. 

  

Figure 6.6 a) The profile changing trajectory of the fiber under gravity with different time 
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period.  b) Experiment data of the fiber diameter uniformity.  Inset illustrates the diameter 

measurement points on one fiber. 

The beads on the fiber remained uniformly distributed during the first 3 seconds (Figure 

6.5b-d). Then they gradually turned thicker in the middle and thinner near the traction 

point (Figure 6.5c,d, 6.6a).  When the mass transfer of the viscous fluid no longer could 

compensate for the tensile effect inside the fiber, the fiber became thicker in the middle 

and non-uniform.  Therefore, all fibers were immersed into the hot silicon oil bath in the 

first few seconds of the traction in order to obtain the fibers with relatively uniform 

diameter.  The fibers were cut at different position along the length direction and the 

diameter was measured to ensure reproducible uniformity (Figure 6.6b).  Moreover, the 

diameter of the fiber, R, also can be controlled by the amount of added PDMS, its 

viscosity and the traction length. A minimum diameter of about 10 µm with 4 cm in 

length was obtained by rapidly increasing the traction range.  The length-to-diameter ratio 

achieved to around 4000 (Figure 6.7).  The maximum fiber diameter was around 1 mm 

with 8 cm in length through decreasing the traction range.  Importantly, by repeating this 

fabrication process, meters of length of the fiber can be fabricated in a short time (Figure 

6.7). 

 

Figure 6.7 a,c) Fibers with diameter of around 90 µm and 10 µm under lower magnification, 

and higher magnification is shown in b,d) correspondingly.  e) Meters of length of the as-prepared 

fiber.  

6.3.2 Beads modification on a single fiber and Sensitivity enhanced 
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One typical sample of the fiber with beads is shown in Figure 6.8a.  Various active layers 

can be deposited on this platform including carbon nanotubes and stretchable gold films 

(Figure 6.8a).  The stretchability of this fiber-shaped stretchable strain sensor can reach 

~ 120 % (Figure 6.8b).  Besides, it possesses linear response with the applied strain. This 

sensor still remains stable after more than 5000 strain cycles under 30% tension strain 

(Figure 6.8c). 

 

Figure 6.8 Beads-on-fiber stretchable strain sensors.  a) The stretchable gold film was 

deposited onto the structured fiber.  b) Resistance changes as a function of applied tensile strain. 

c) Long-term stability of stretchable strain sensors upon exposure to 5000 tensile strain cycles at 

an applied strain of 30%.  d) SEM images of the stretchable gold film at different locations along 

the fiber. e) Statistic analysis of the crack length in d).  f) Quantitative analysis of the effect of 

the bead protrusion height on the strain sensitivity.  Inset formulas represent the fitting curve. 
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FEM is also employed to investigate the strain redistribution effect induced by the beads 

(Figure 6.8d).  It is evident that the beads tune the strain distribution and induce the strain 

concentration, which will further determine the crack distribution of the deposited gold 

film.  This stretchable gold film can still be conductive under the large mechanical 

deformation.  The underlying mechanism relies on numerous randomly-distributed initial 

nano-cracks that develops into micro cracks to release the applied tensile strain.[65, 66]  

Therefore, these micro-cracks can be taken as the tracking signal for the surface strain 

distribution.  It is observed that cracks indeed became longer and wider at the strain 

concentration areas compared to those found in areas exposed to a smaller strain (Figure 

6.8d).  The statistical analysis also confirmed that cracks became longer than those 

observed in fiber without beads (Figure 6.8e).  It is also worth mentioning that the 

resistance change was determined by the longest cracks that were more abundant of the 

fibers with beads. As a result, the fiber with beads possessed larger resistance change, 

i.e., higher gauge factor, than that without beads (Figure 6.8f).  Other stretchable 

conductive materials can also be applied for this sensitivity-enhanced platform to 

fabricate fiber-shaped sensors.  For example, carbon nanotubes was also employed as the 

conductive layer, and the sensitivity enhancement was observed and the gauge factor 

increased to a value around 100 (Figure 6.9 and 6.10). Moreover, since the strain can be 

tuned by using the platform, any active materials can be utilized to enhance the sensitivity. 

Thus, it opens up a new perspective to tune the sensitivity by employing a hybrid 

approach where the supporting elastic substrate is different from the active material itself. 

 

Figure 6.9 a) Optical images of fibers with beads in different diameter, and the smaller one 
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is observed in scanning electron microscope in b).   

 

Figure 6.10 a) Resistance changes with different strain cycles for stretchable carbon nanotube 

film when tensile strain of 10% is applied to the beads-on-fiber sensors.  b) Sensitivity 

comparison of fibers with and without beads. 

6.3.3 Sports motion monitoring 

Finally, it was demonstrate that the fiber-shape stretchable strain sensor can be used to 

monitor strain induces during sports activity.  A practical issue in wearable stretchable 

strain sensoring relates to proper strain transfer from the object (muscle/joint) to the 

sensor. Only a few studies have been published on this aspect.  The default hypothesis 

assumes that the object properly interfaces with stretchable strain sensor, and that the 

only issue worthwhile considering is the sensitivity of the sensor.  However, the 

adaptability of the wearable sensor to the object upon deformation must be considered to 

ensure that the strain is accurately transferred to the sensor to avoid the signal distortion.  

Herein, it is reported that the interlocking effect between PDMS and textile (e.g., 

kinesiology tape) provides a reliable adhesion mechanism that guarantees proper strain 

transfer (Figure 6.11a).  The PDMS precursor was half-cured and then poured onto the 

porous fibrous textile.  Through the mechanical test, the strength of the junction area of 

PDMS and textile is larger than that of PDMS itself (Figure 6.11a). Moreover, the 

kinesiology tape is a good candidate to support the stretchable strain sensor.  It adheres 

tightly and conformably to skin and is insensitive to the sweat.  Integrated with the 

customized chip, the data was recorded wirelessly (Figure 6.11b,c).  The gesture of 

squatting and leg lifting was successfully monitored (Figure 6.11d,e).  It is envisioned 

that the fiber-shaped sensors can be further integrated with other fiber-shaped 



110 

Shor
t 
Run
ning 

Fiber-shaped stretchable strain sensors  Chapter 6  

 

batteries/super-capacitors to achieve the smart textile in the near future for potential 

healthcare, rehabilitation and sports monitoring and so forth. 

6.4 Conclusions 

In summary, the new beads-on-fiber stretchable strain sensor is reported based on the 

principle of Plateau-Rayleigh instability and the novel strategy of the strain redistribution 

through delicate structure designs to enhance the sensitivity of the fiber-shaped 

stretchable strain sensor is proposed.  a new large-scale PDMS fiber fabrication method 

is also reported inspired by the traditional noodle preparation process.  The fiber diameter 

and the diameter uniformity along the length direction can be well controlled.  The fiber-

shaped stretchable strain sensors can be reliably used to monitor the sports activity.  

Following the strategy, the sensitivity of the fiber-shaped stretchable strain sensor could 

be further enhanced and other thermosetting polymer based fiber sensors can be 

fabricated.  Also, the proposed strategy to enhance the sensitivity could be applied to non-

fiber-shaped stretchable strain sensors. 



111 

Shor
t 
Run
ning 

Fiber-shaped stretchable strain sensors  Chapter 6  

 

 

Figure 6.11 Demonstration of the beads-on-fiber stretchable strain sensor for sports 

monitoring.  a) Adhesion test of the PDMS film and the kinesiology tape.  Reliable attachment 

was achieved by interlocking effect of the PDMS and the tape.  b) The sensor with the tape was 

adhered onto the joint of lower limb to monitor the squatting.  c) Detailed description of the 

wireless resistance monitoring chip.  Also, the sensor can be used to monitor the leg lifting.  d,e) 

The typical raw data obtained by the fiber-shaped sensor when detecting squatting and leg lifting.  

The noise was induced by the limb natural vibration. 
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Chapter 7  

High-adhesion stretchable electrodes by nanopiles 

interlocking* 

Stretchable electronics is vital for the bio-integration of electronic 

components and biology, such as soft exoskeleton systems, human-

machine interfaces, and implantable bioelectronics.  Adhesion is 

crucial for the long-term use of stretchable devices, such as the 

detection of body-surface bio-signals in electromyography and 

electrocardiography, and implanted devices.  However, the particular 

combination of materials to fabricate the stretchable electrodes faces 

one intrinsic problem related to interfacial adhesion, especially for 

the thin film electrode on elastic substrate.  This is due to the huge 

difference in physical and chemical properties (e.g., Young’s modulus: 

tens of GPa for gold while only several MPa for PDMS) between the 

conductive material and the elastic substrate. In this work, inspired 

by a tree, a new strategy – nanopile interlocking - is proposed to 

fabricate high-adhesion stretchable electrodes that can be used as 

strain sensors with tunable stretchability, high gauge factor and 

stability.  The nanopile not only provides the interlocking effect to 

significantly improve the adhesion, but also ensures that the tensile 

strain in the film is redistributed to release the strain energy by 

random cracks forming the connecting network and achieving the 

stretchability. 
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7.1 Introduction 

Stretchable electronics is vital for the bio-integration of electronic components and 

biology,[1-5] such as soft exoskeleton systems,[6] human-machine interfaces,[7-9] and 

implantable bioelectronics.[10-12]  As core units, stretchable electrodes and strain sensors 

provide the fundamental platform for investigating the electrophysiology of tissues in 

vivo/vitro as well as mechanical deformation in medical therapy and tissue 

engineering.[13-30]  Since naturally there is nearly no intrinsic stretchable materials that is 

fully conductive, several strategies have been proposed to achieve the stretchability 

including spring-inspired principles,[31-36] nanoparticle polymer composites,[37-40] liquid 

assemblies[41-43] and crack-based thin films.[44-49]  The strategies are diverse, but the 

overwhelming majority of the methodologies are based on various combinations of 

inorganic conductive materials (e.g. metals and carbon) and organic elastic polymers (e.g. 

polydimethylsiloxane (PDMS) and polyurethane). 

These particular combination of materials faces one intrinsic problem related to 

interfacial adhesion, especially for the thin film electrode on elastic substrate.  This is due 

to the huge difference in physical and chemical properties (e.g., Young’s modulus: tens 

of GPa for gold while only several MPa for PDMS) between the conductive material and 

the elastic substrate.[50-61]  Adhesion is crucial for the long-term use of stretchable 

electronics, such as the detection of body-surface bio-signals in electromyography (EMG) 

and electrocardiography (ECG), and implanted devices where the interface friction may 

easily induce failures of debonding.[62, 63]  Thus, one overarching materials challenge is 

to simultaneously obtain electrodes with desirable stretchability and high adhesion to the 

supporting polymer substrate. 
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Figure 7.1 Proposed concept of nanopile interlocking to simultaneously achieve high 

adhesion and large stretchability.  a) Diagram illustrating to show the principle of a tree standing 

firmly on the ground by stretching fractal roots into the soft soil.  b) High-adhesion model.  c) 

Inspired by it, just like piling process used in building, nanopiles are fabricated under the metal 

film to form the interlocking layer (equivalent to the transition layer in b)) between metal film 

and elastic polymer.  d,e) FEM simulations of the strain distribution in the film with and without 

nanopiles under the tensile strain of 10%. f) Strain distribution along the dashed black lines in d, 

e). 

Inspired by the plants, like trees, standing firmly on the ground by stretching out fractal 

roots underneath (Figure 7.1a-c), an interlocking layer could be introduced by growing 

biomimetic roots under the electrode to significantly enhance the adhesion.  More 

importantly, it is also desired that the roots extending into the soft substrate could regulate 

the strain distribution in the metal film thus avoiding throughout cracks induced by the 

strain concentration.  It needs to be stressed that the strain energy is transferred from the 

elastic substrate to the top rigid metal film.  So the manner how it is transferred through 

the interface between the metal film and elastic substrate is crucial for the performance 
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of the electrode.  Compared with the traditional flat film without any special structure 

design underneath, the strain in the film with roots would be transferred from the substrate 

to the biomimetic root layer first and then to the metal film on top.  The metal roots are 

much more rigid than the soft substrate, and could efficiently regulate strain distribution 

in the metal film.  The finite element modeling (FEM) results show that the roots or pile 

array underneath can indeed change the strain distribution into a more random style inside 

the film compared with that in flat film without pile array (Figure 7.1d-f).  Therefore, a 

kind of nanopile structure could be constructed to create an interlocking layer that offers 

both high adhesion and stretchability. 

Herein, a new strategy - nanopile interlocking - is reported to fabricate high-adhesion 

stretchable electrodes that can also be used as strain sensors with tunable stretchability, 

high gauge factor and stability.  The nanopile not only provides an interlocking effect to 

significantly improve the adhesion, but also ensures that the tensile strain in the film is 

redistributed to release the strain energy by randomly distributed cracks forming the 

connection network and achieving the stretchability.  The adhesion is significantly 

improved by over an order of magnitude compared to stretchable thin gold film with 

initial nanocracks and non-stretchable flat gold film.  The stretchability of the electrode 

can reach ~ 50% which is more than enough for the body-surface measurements that 

typically encounter deformations up to ~ 30%.[64]  As a proof of concept, it is 

demonstrated that the stretchable electrode can be used to detect EMG signals and that 

the stretchable strain sensor can be utilized to simultaneously monitor the deformation 

induced by the elbow bending.  The strategy provides a new perspective to achieve 

stretchability that is vital for stretchable electronics.  It also opens up for exploration of 

the advanced property-function relationships combining high adhesion and stretchability. 

7.2 Experimental Methods 

7.2.1 Nanopiles growth 

 Anodic aluminum oxide (AAO) templates purchased from Whatman, Singapore and 

Puyuan Nano, China with the pore size of around 100 nm were directly thermally 

evaporated with gold film of different thickness from 30 nm to 500 nm without any pre-

treatment.  The vacuum was around 1.5 × 10-6 Torr, the evaporation rate was 0.5 Å s-1 
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and the distance from the gold source to the target was around 8 cm.  The target tray 

rotated in 10 rpm.  Then, the template, as the working electrode and with Pt and Ag/AgCl 

as the counter and reference electrodes, was electro-deposited with gold nanopile with 

different length by controlling the deposition time.  The electroplating solution was the 

commercialized Au Orotemp 24 (Technic Inc.) and the potential bias used was -0.95 V.  

After that, AAO templates were adhered with Cu tape and then adhered to the glass petri 

dishes by double-side carbon tape.  AAO templates were removed by 3 mol L-1 NaOH 

solution completely followed by DI water washing and natural drying.  The PDMS with 

the 1:10 weight ratio of the cross linker and monomer was diluted with hexane.  The 

weight ratio of PDMS and hexane was 3:7.  The pervious samples underwent oxygen 

plasma treatment and then were poured with the diluted PDMS immediately.  The 

samples were put into vacuum for two hours when the diluted PDMS gradually went into 

the gaps among the nanopiles and hexane evaporated away at the same time.  Lastly, they 

completed the polymerization in the oven at 80 °C.  Fabricated samples can be peeled off 

from the Cu tape with the adhesive materials transferred from Cu film to the gold film 

which already indicated the good adhesion achieved (Figure 7.2). 

 

Figure 7.2 Diagram to illustrate the fabrication process of stretchable gold film with 

nanopiles. The green color shown for the Cu tape represents the adhesive material on the Cu film 

that is totally transferred to gold film after peeling off the sample from the Cu tape indicating the 

good adhesion of the sample. 
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7.2.2 Adhesion testing 

The tensile adhesion strength and adhesion ratio were used to quantitatively reflect the 

adhesion following the well-developed testing process.  The samples were adhered to the 

cylindrical wood sticks by epoxy resin.  The tensile machined used here was MTS C42 

with 50 N load cell and 100 N Bionix vice grips.  The adhesion ratio was calculated by 

the area ratio of the left gold film to the initial gold film.  In addition, dynamically 

synchronous resistance and impedance measurement under uniaxial strain was conducted 

as reported previously[45]. 

7.2.3 EMG monitoring 

EMG signal and the deformation induced by the elbow bending were measured at the 

same time all by the fabricated stretchable units.  Two working electrodes were placed 

on the biceps and one reference electrode was hold in hand. Two ends of the stretchable 

strain sensor were adhered to two sides of the elbow.  EMG signal was amplified and 

pre-treated by the commercialized device and software (Backyard Brains).  The signal 

was further analyzed in Matlab by using an opencode. [73] 

7.3 Principal Outcomes 

7.3.1 High-adhesion stretchable electrodes 

In a typical experiment, anodic aluminum oxide (AAO) membrane was employed as a 

template to electrochemically fabricate the metallic nanopile array.[65, 66]  Then the 

template was dissolved after fixing the surface on the copper tape with acrylic adhesive 

as the adhesion layer, followed by the oxygen plasma treatment.  Diluted PDMS was 

poured onto the nanopile structure and cured in the vacuum.  Finally, the fabricated 

sample was peeled off from the copper tape (Figure 7.3).  During this process the acrylic 

adhesive on the copper tape was totally transferred onto the metal surface, suggesting 

that the adhesion between the metal film and the elastic polymer was even higher than 

that between the copper and the acrylic film (Figure 7.4).  However, most of the normal 

stretchable gold film prepared by the crack-induced principle would detach from the 

polymer after peeling off the copper tape (Figure 7.5).  It was also evident that the piling 

structure had been successfully inserted into the elastic substrate (Figure 7.3a).  Finally, 
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the acrylic layer was removed in acetone.  As control experiments, normal crack-based 

stretchable gold film (CSGF)[67] and dense non-stretchable gold film (NSGF) were 

prepared by employing the commonly-used adhesion enhancement method, i.e., with 10 

nm-thickness chromium as the adhesive layer for both. 

 

Figure 7.3 Adhesion enhancement and stretchability achieved by the nanopile and 

corresponding principles behind.  a) Cross-section view of the fabricated stretchable gold film 

with nanopiles penetrating into the PDMS substrate. Insets show the front and reverse sides of 

the samples. The reverse is in black color induced by the absorption effect of the nanopile.  b) 

Adhesion comparison of the nanopile film with normal crack-based stretchable gold film and flat 

non-stretchable film.  c,d) Adhesion and stretchability performance with different film thickness 

for a given nanopile length of 1.5 µm, and different nanopile length for a given film thickness of 

300 nm (inserts).  e-i) FEM simulation to investigate the effect of film thickness and nanopile 

length on the strain distribution in the film under the tensile strain of 10%. 
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Figure 7.4 Images to show the fabricated samples. a, b) The effect of the adhesive material 

transferred from the copper tape to the gold film. 

 

Figure 7.5 Images to contrastively illustrate the adhesion problem of the normal crack-based 

stretchable gold film. a,b) The front and back side of the CSGF (left) and stretchable gold film 

with nanopiles (right).  The back side shows typical yellow color for CSGF and black color for 

the nanopile film. c,d) The adhesion test by using Cu tape for film with nanopiles. Only a small 

amount of the film is removed by the tape. However, almost all gold film is removed for the 

CSGF sample showed in e,f). 
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The so-prepared samples underwent the standard testing process under tensile strain to 

quantitatively evaluate the adhesion strength by using a rigid rod with epoxy resin as the 

glue (Figure 7.6a).[68-70]  The peeling stress, σa, and the area ratio (the remaining metal 

film to the original film), Sa, were measured and calculated.  it was found that Sa was > 

95% for samples with nanopiles but only 13% and < 5% for NSGF and CSGF films, 

respectively, indicating a significant improvement of the adhesion to the elastic nanopile 

substrate.  When the rigid rod with the epoxy resin was peeled off from the metal surface, 

the overall stress was calculated to be ~ 2.6 MPa which only took off < 5% of the gold 

film with nanopiles underneath, showing that the adhesive strength of the weakest part 

was around 2.6 MPa and the actual strength was larger than that between the epoxy resin 

and gold film.  Notably, the strength was only ~ 0.25 MPa for CSGF and NSGF (Figure 

7.3b).  Undoubtedly, the strategy can improve the adhesion strength at least an order of 

magnitude.  Scotch tape was employed to intuitively illustrate the enhancement effect 

(Figure 7.6b-i).  Obviously, all CSGF was easily removed from the substrate by the tape, 

whereas the gold film with nanopile underneath appeared to adhere strongly to the 

substrate.   

 

Figure 7.6 Images to show the adhesion test process by using tensile in a) and tape method 

in for the sample with nanopiles in b-e) and the CSGF sample in f-i), respectively.  The adhesive 

material on the scotch tape is even transferred to the gold film in d) indicating the excellent 

adhesion property for the sample with nanopiles.  Nearly all gold film is removed by the tape for 

CSGF. 
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The surface morphology of the removed part was investigated to reveal the fracture 

principle of the films with nanopiles.  A small portion of nanopiles was missing and small 

amount of residual PDMS was found on the nanopiles (Figure 7.7a,b).  Thus, the 

debonding was not exclusively induced by the nanopile detachment but also by cohesive 

failure of PDMS, which indeed points towards a strong nanopile interlocking effect.  

Besides, crack-based stretchable carbon nanotube film was fabricated as the control 

sample.[45]  It was found that the adhesion of the CNT film (functionalized with 

carboxylic acid group) with oxygen plasma treated PDMS was only about half of that of 

nanopile samples, but it was larger than that of crack-based stretchable gold film due to 

the hydrogen bond interaction  (Figure 7.7c,d).  Additionally, the effect of the density of 

nanopiles on the performance was investigated (Figure 7.8).  It showed that the adhesion 

decreased but the stretchability increased with the decrease of the porosity, indicating 

that the nanopile became loose which benefitted the stretchability.  However, is is also 

predicted that if it is too loose, the stretchability would also decrease because the extreme 

condition is that there is totally no nanopile underneath. 

 

Figure 7.7 SEM images showing the facture mechanism of the sample with nanopiles. It is 

clearly shown that part of PDMS is left among the nanopiles and that some of the piles are 

removed, indicating a good interlocking effect between the nanopiles and PDMS substrate.  

Additionally, the adhesion test was also conducted for stretchable CNT electrodes in c) and d). 
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Furthermore, the effect of nanopile length and metal thickness on the adhesive strength 

was investigated in detail.  The Sa increased with increasing nanopile length in a linear 

manner.  This was not an unexpected finding since the adhesion strength is mainly 

decided by the contacting area between the nanopiles and the polymer.  However, only 

small changes in Sa was seen with increasing metal film thickness (Figure 7.3c).  

Interestingly, when the effect of nanopile length on the stretchability was investigated, it 

was 

 (Figure 2d insert).  

Moreover, the stretchability increased monotonically with increasing thickness up to 

about 400 nm above which it started to decrease (Figure 7.3d).  In addition, it should be 

noticed that it is hard to achieve both the maximum stretchability and largest adhesion 

simultaneously (Figure 7.3c,d), but the stretchability can achieve to > 30% which 

satisfied the basic requirement for the skin surface bio-signal detection[64] and the 

adhesion ratio can be larger than 85% when the film thickness and nanopile length is 

larger than or equal to 300 nm and 0.5 µm, respectively. 

 

Figure 7.8 The investigation of the effect of the porosity on the performance. a,b) SME 

images of two different AAO template with similar pore size but different porosity.  c,d) 

Corresponding treatment by using open-code software Imagej to calculate the porosity.  e) 

Stretchability and adhesion test with different porosity. 
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Figure 7.9 Images illustrating the unique feature of the crack-based principle to achieve 

stretchability. a) Front view of the NSGF and CSGF sample with the initial defect observed by 

optical microscope in b). c-e) The defect in the NSGF is the origin of the throughout cracks 

breaking the conductive path under strain. However, since the NSGF is based on the crack-based 

principle to achieve stretchability, the defect will not induce any strain concentration inside the 

film in f-h), although the defect already blocks more than half of the film, and the film still keeps 

conductive under strain. 

In order to gain a deeper understanding of the mechanism, the crack-based principle to 

achieve stretchable conducting materials was investigated in detail.  As mentioned earlier, 

the crack-based one releases the strain energy by numerous randomly distributed micro 

cracks, whereas the non-stretchable flat film does it via the throughout cracks that cut off 

the conducting path.  Moreover, films with randomly distributed micro cracks display 

small changes in surface morphology during stretching in contrast to the non-stretchable 

film with the throughout cracks (Figure 7.9a,b).  One unique feature of micro crack-based 

stretchable conducting films is that they are insensitive to the presence of defects in the 

metal film.  The stretchable films, such as those fabricated based on spring-like strategy, 

on the other hand, are indeed sensitive to defects introduced during fabrication and/or 
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subsequent manipulation/treatment (Figure 7.9c-e).  For example, such defects serve as 

nucleation points for throughout cracks because of local strain concentration.  On the 

contrary, crack-based stretchable metal films do not suffer from strain concentration 

because the strain energy already has been released by the random micro cracks inside 

the film.  Although the presence of defect removes some of the micro cracks, the film 

still remains stretchable and conductive (Figure 7.9f-h).  Since micro cracks normally 

form during the first cycle of the tensile strain, randomly distributed seeds in the film 

might assist in the formation of micro cracks.  Therefore, two parameters are proposed 

to determine the overall stretchability/conductivity of the film: 1) the initial surface 

morphology of the film (decided by the film growth condition) determining the origin of 

the micro cracks; and 2) the nanopiles penetrating into PDMS regulating the strain 

distribution in the film. 

 

Figure 7.10 SEM images illustrating the growth process of the gold film on AAO template. a-

d) Different thickness of the gold film is deposited: 30, 50, 100, 300 nm respectively. Two typical 

features are observed: the grain size is relatively large (compare with Au film on glass, Figure 

S9c, d) and the morphology still reveals a porous state even for 300 nm thick films. 
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Figure 7.11 AFM images in amplitude mode (a-b) and phase mode (c-d) to clearly and 

quantitatively reflect the surface grain distribution.  The grain size is as large as 200 nm and the 

porous-like state is evident. 

The influence of the surface morphology on the gold film evaporation and the 

electrochemical deposition processes on top of and within the AAO were investigated.  

For example, it is well-known that the physical and chemical properties of substrate 

surface, such as surface roughness and surface energy, govern the film growth during the 

gold evaporation process.  It was found that the texture and grain distribution of the 

initially formed gold film was guided by the surface morphology of the porous AAO film.  

Relatively large nanoparticle-like feature appeared during the evaporation process that 

finally resulted in a morphology consisting of coarse grains (Figure 7.10 and 7.11).  

Under the same growth condition, these grains were found to be much larger (~ 250 nm) 
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(Figure 7.12a,b) than those observed for films grown on glass (~ 40 nm) (Figure 7.12c,d), 

indicating that the gold film on AAO is less dense and porous in nature.  Furthermore, 

the apertures surrounded by larger grains (Figure 7.12a,b) might serve as starting points 

(seeds) for the micro crack-formation during initial stretching.  

 

Figure 7.12 SEM images of the gold film deposited on AAO template (a-b) and glass slide (c-

d) under the same film growth condition showing the totally different grain size and morphology.  

The one on AAO is much larger than that on glass and most importantly, the porous state remains 

for that on AAO, but there is not for the flat gold film on glass. 

 

Figure 7.13 SEM images to investigate the film transition before and after electrochemical 

deposition. a) a relatively thin film (80 nm) is deposited on AAO templated, and the porous state 

is kept. However, all pores are sealed after the electrochemical deposition and before forming the 

nanopiles underneath. 
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The electrochemical deposition process is also important for the final outcome as it would 

change the surface morphology of the nanopile metal film.  The electrolyte penetrates the 

AAO template and seals the pores prior to formation the nanopile structure.  From the 

top view of thin gold film, it can be clearly seen that the overall film appearance changes 

from mesh-like morphology into a dense film (Figure 7.13).  Therefore, for small 

nanopile thickness (< 1.5 μm), the apertures in the gold film were sealed by the 

electrochemical deposition resulting in a dense film that decreased the stretchability.  

Notably, the film still possessed a stretchability of more than 15% due to the strain 

regulation effect of the nanopiles (Figure 7.3d).  With increasing thickness, the apertures 

inside the evaporated gold film were less affected by the electrochemical deposition 

process which resulted in improved stretchability most likely because of micro crack 

formation.  However, if the film was too thick (up to 500 nm in thickness), although there 

were still initial apertures in the upper layer, the strain regulation of the nanopile tended 

to disappear in agreement with the FEM simulation (Figure 7.3e-g), resulting in a less 

stretchable film.  For a certain nanopile length (e.g. 1.5 um), the strain distribution was 

relatively random when the film thickness is smaller.  It can be clearly seen that there 

was less strain on top of the nanopile dividing the strain concentration inside the film, 

which can be called “regulation effect” of the nanopile (Figure 7.3e).  However, the strain 

distribution tended to be homogenous with the increase of the film thickness (Figure 7.3f, 

g) indicating that the regulation effect weakened. For a certain film thickness, when 

decreasing nanopile length, as shown by the FEM simulation (Figure 7.3e, h and i), the 

strain distribution tended to be homogenous, regulation effect weakened and the 

stretchability decreased.  Therefore, for a thin gold film (~ 300 nm) and short nanopiles 

(<0.5um), the apertures were sealed without the strong strain regulation from the nanopile, 

which induced the sharp decrease of the stretchability (insert Figure 7.3d).   
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Figure 7.14 Mechanism of the stretchability and resistance change of the stretchable strain 

sensor.  a-b) Surface morphology of the gold film with nanopiles under tensile strain of 0% and 

30%, respectively.  As comparison, the non-stretchable gold film under tensile strain of 30% is 

illustrated in c).  d) The typical resistance change of stretchable gold film with nanopiles and non-

stretchable gold film. It indicates the fracture of the film when the resistance is beyond the 

detection limit.   e) Statistic analysis of the crack length in b, c).  f) Resistance change under 

different applied tensile strain with more than 1000 cycles. The DC resistance changes in the 

small scale from around 5.5 Ω to 12.5 Ω which is only 1% of the interface impedance of the 

electrode, which has little effect on the EMG signal detection but can be utilized to detect strain. 
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The surface morphology of the metal film under strain was also investigated in order to 

further understand the mechanism of the stretchability (Figure 7.14a-c).  The cracks were 

aligned perpendicular to the strain direction for both the nanopile and NSGF samples.  

However, it was obvious that much longer cracks were formed in the NSGF sample than 

those in the corresponding nanopile film.  And the NSGF film turned to be non-

conductive almost with the immediate effect when applied tensile strain (Figure 7.14d).  

Moreover, quantitative analysis confirmed a narrow distribution of short cracks in the 

nanopile film (Figure 7.14e).  In addition, the crack edge rolled up induced by the weak 

adhesion in the NSGF, but it did not happen for nanopile film due to the good adhesion 

(Figure 7.14c).  Furthermore, benefiting from the growth mode on AAO and the 

regulation effect of the nanopile, the thickness of the metal film can be as large as 500 

nm when the film still kept stretchability.  This cannot be obtained with CSGF that 

requires a film of much smaller thickness < 100 nm.[67]  The thicker film also significantly 

reduced the initial resistance to ~ 5.5 Ω, a value that changed to ~ 12.5 Ω under tensile 

strain of 10%.  Both values were relatively low in comparison to the impedance of the 

same electrode in EMG monitoring ~1300 Ω (at several hundred Hz) (Figure 7.15a).  

Thus, the resistance change would not have significant effect on the EMG signal 

detection.  This resistance change can be also employed to detect tensile strain (GF ~ 

12.5).  Herein, gauge factor (GF), corresponding to the sensitivity of the strain sensor, is 

defined as ∆R/R0/∆ε, where R0 is the initial resistance and ε is the strain applied.  The 

performance of this stretchable strain sensor was quite stable even after one thousand 

cycles, and it showed a linear response (Figure 7.14f).  Stretchable silver electrodes 

(Figure 7.16) following the strategy indicating that it can apply to various metals. 

 

Figure 7.15 a) Impedance of the electrode.  At about 100 Hz, the impedance is around 1000 Ω 

which is much larger that the DC resistance of the electrode ( ~ 10 Ω). b) By using this electrode, 

the EMG signal can be detected and the amplitude spectrum analyzed. 
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Figure 7.16 High-adhesion stretchable silver electrodes based on this strategy.  AAO template 

deposited with a) gold and b) silver.  c) Following the similar fabrication procedure, stretchable 

silver electrode was fabricated. 

7.3.2 EMG and mechanical strain monitoring 

As a proof of concept, it is demonstrate that the fabricated stretchable gold films 

following this strategy can be used both for the detection of EMG signals and strain 

induced by the elbow bending (Figure 7.17a).  EMG is an important bio-signal vital for 

constructing invasive human-machine interface[71] and can be extensively utilized for soft 

robotic control, exoskeleton systems and in wearable assistive healthcare devices.[72]  

Accurate prediction of the human motion unfortunately cannot be achieved only by 

exclusively monitoring EMG signals, as they tend to suffer from electrode-bio interface 

failures and/or external mechanical noise.[18]  Normally, there would be strain generation 

in the skin surface or near joint with the muscle contraction.  Thus, strain detection and 

EMG monitoring can be combined to obtain accurate motion information.  Long-term 

monitoring always involves friction between the skin and the electrode.  Herein, the long-

term friction was simulated by cyclic friction test in short time (300 cycles in around 10 

mins) by using PDMS with a rough surface and a CSGF sample was used as control.  The 

resistance changes matched well with the elbow bending (Figure 7.18a), and the EMG 

signal was simultaneously monitored (Figure 7.17c and Figure 7.18b).  The frequency 

spectrum of the signal obtained using nanopile electrode showed that the energy mainly 

concentrated in the frequency range of a few hundred Hertz (Figure 7.17 and Figure 7.16b) 

which is the typical distribution of EMG.  However, the crack-based electrode showed 

much lower signal-noise-ratio (SNR) and it was hard to distinguish the EMG signal from 

the noise (Figure 7.17e,f).  Additionally, the EMG signal was also measured by using 
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normal commercial non-stretchable electrodes that had no resistance change during the 

detection (Figure 7.18c). It shows that these electrodes have comparable signal-to-noise 

ratio (Figure 7.18d) indicating that the resistance change in the stretchable electrode has 

little effect on the accurate measurement (See more detailed discussion in the 

Supplemental Note and Figure 7.19-7.21). 

 

Figure 7.17 Demonstration of the novel stretchable electrode and strain sensor detecting EMG 

signal and deformation induced by the elbow bending.  a) Image illustrating the position of the 

fabricated stretchable electrodes and stretchable strain sensors and testing motion. b) Images of 

nanopile (left) and normal crack-based stretchable electrodes (right) after friction test. Red dashed 

boxes show the test region and the optical images present the corresponding magnified tested 

regions.  c) EMG signal detected by the electrode with nanopiles after cyclic friction test.  d) 

Energy spectrum analysis of the EMG signal showing the frequency range of main energy 

distribution.  e) EMG signal detected by the CSGF after cyclic friction test. f) Signal-noise-ratio 

(SNR) comparison of those two electrodes. 
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Figure 7.18 The electrode can also be used as the stretchable strain sensor to detect the elbow 

bending in a), and the EMG signal by using the electrode before friction test is shown in b). c) 

EMG signal detected by commercial non-stretchable electrodes.  d) Signal-to-noise ratio 

comparison between the nanopile stretchable electrode and the non-stretchable commercial 

electrode 

Herein, in order to test how much strain will be induced, a marker of a red line was made 

on the volunteer’s skin of biceps (with the same orientation with the electrode; see inset 

of Figure 7.18b) and measured the length change of this marker before and after muscle 

contraction (Figure 7.19a,b).  The strain induced can be calculated as (8.2-7.5) / 7.5 (mm) 

~ 9.33%.  

 

Figure 7.19 A marker of red line on the biceps was used to demonstrate the strain in the skin 

for relaxing state in a) and contraction in b).  The length change reflected the strain of the skin. 

c) The resistance change of the stretchable electrode during the motion. 
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For the same procedure of the contraction and release of the biceps, how much strain was 

transferred from the skin to the electrode was also investigated by testing the resistance 

change of the stretchable electrode (Figure 7.19c).  The resistance changed from ~ 7.5 

ohm to ~ 9.5 ohm.  The baseline is not at ~ 5.5 ohm as tested in Figure 3f.  It is because 

there will be definitely pre-strain in the film during the processing of the electrode onto 

the skin.  Thus, the total strain in the electrode, εt = εpre + εs, where εpre is the pre-strain 

and εs is the strain induced by the skin deformation.  Since the electrode has linear 

response to the strain, so εpre ~ (7.5-5.5) / (12.5-5.5) * 10% ~ 2.86 % and εs ~ (9.5-7.5) / 

(12.5-5.5) * 10% ~ 2.86%. And εt ~ 5.72%.  

In addition, it should be notified that there was strain mismatch between the skin (~ 

9.33%) and corresponding strain in the electrode (~ 2.86%).  It was due to the Young’s 

modulus difference.  Normally, that of skin is ~ 100 kPa (refer to IEEE Trans Biomed 

Eng. 2010, 57, 953) and PDMS is ~ 1.8 MPa. 

 

Figure 7.20 The FEM simulation to calculate the strain transferred from the skin to the 

electrode.  

In order to further verify the test, finite element modeling (FEM) mechanical simulation 

was conducted to calculate the strain in the electrode by using software Abaqus.  For this 

simulation, 3D modeling was employed with mesh type of C3D8R taking PDMS as 

elastic polymer and used ‘Tie’ interaction to combine the skin and the electrode assuming 

that the electrode was well adhered onto the skin and since the gold film is thin enough 

compared to the thickness of the PDMS substrate, its mechanical effect was ignored.  

Also, part of the electrode was only simulated and did not have to consider the effect of 
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the curvature of the skin.  The calculation was performed at the workstation of Dell 

Precision T7610.  The result showed that the strain in PDMS was around 2.466% when 

9.33% strain was applied in the skin (Figure 7.20a).  It was comparable with the tested 

strain (~ 2.86%) further proving that the testing was correct.  It was also calculated the 

strain in the electrode with different strain in the skin, showing that the strain will not 

exceed 15% when it reached to 30% in the skin (Figure 7.20b). 

Then three experimental evidence were provided to show that the DC resistance change 

in the electrode, i.e. the gauge factor, will not affect the accurate measurement of EMG 

signal.  

From the perspective of the electrode characterization: 

1. The strain in the electrode induced by the contraction of the biceps has already been 

evaluated.  The ~ 5.72% strain did not affect the DC resistance significantly (from ~5.5 

ohm to ~ 9.5 ohm).  Compared with the impedance (~ 1300 ohm) of the electrode, only 

0.3% variation was induced by the DC resistance.  This fluctuation was much lower than 

that induced by the skin treatment, sweating, or mechanical slip (refer to “Surface 

Electromyography: Physiology, Engineering and Applications” 2016, Eds: Roberto 

Merletti, Dario Farina, Ch 3, pp 63-64).  It had little effect on the accurate measurement.  

In addition, even for the maximum strain in the skin (~ 30%), i.e., the strain in the 

electrode < 15%, according to the gauge factor of 12.5, DC resistance change in the 

electrode < 12.5 * 0.15 * 5.5 / 1300 ~ 0.8%. 

From the perspective of the measured EMG signal: 

1. Stretchable electrodes were fixed onto the rigid backing by using epoxy resin to make 

non-stretchable electrodes which will have negligible resistance change during the test.  

The whole electrode was sucked into the epoxy resin only exposing the gold film to detect 

the EMG signal (Figure 7.21a).  The detected signal with amplitude spectrum analysis is 

shown in Figure 7.21b,c.  It can be clearly seen that the spectrum of fixed electrode 

(Figure 7.21c) and free stretchable one (Figure 7.16b) has the similar feather of the energy 

distribution with respect to the frequency.  The energy also concentrated below 1k Hz.  

Also, they had comparable signal-to-noise ratio (SNR) indicating that the DC resistance 
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change of the free stretchable electrode, i.e., the gauge factor, did not affect the accurate 

measurement (Figure 7.21d).  

2. As responded before, the similar SNR of the signal detected by the commercial non-

stretchable electrode with ours also indicated that it will not affect the accurate 

measurement. 

 

Figure 7.21 The stretchable was sucked into the epoxy resin to become a non-stretchable 

electrode as the control. a) Image of the electrode. b) A typical EMG signal detected by this 

electrode. c) Amplitude spectrum analysis of the signal. d) SNR comparison of the free 

stretchable electrode and the fixed one 

7.4 Conclusions 

In summary, a new strategy, nanopile interlocking, was reported to obtain films 

possessing simultaneously high stretchability and strong adhesion by addressing the 

critical issues of adhesion governed by the intrinsic difference of the physical and 

chemical properties of metal and polymer.  Films with an interpenetrating nanopile later 

display an interlocking effect with the elastic substrate that significantly increases the 

adhesion. It also adjusts the strain distribution in the metal film.  The fabricated 

stretchable conductive metal film can be used both for stretchable electrodes and strain 
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sensors to reliably detect EMG signals and the joint motions.  This study opens up a new 

perspective of simultaneously achieving films with high adhesion and large stretchability.  

Following this new routine and the strategy, many other methods could be proposed to 

develop highly stable stretchable electronic devices. 
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Chapter 8  

Synchronous Interface Forming of Metal Film and Polymer 

for High-performance Stretchable Conductors* 

 

A new strategy, dynamic interface mingling of elastic polymer and 

metal, is reported to fabricate stretchable conductors with high 

stretchability and stability, high surface area and most importantly, 

high adhesion between the metal, gold, and elastic polymer, 

Polydimethylsiloxane (PDMS). The underlying knack is to use 

uncured PDMS instead of fully cured one to receive the gold atoms 

generated by the thermal evaporation.  It will trigger a series of 

dynamic chemical and physical processes fabricating stretchable 

conductors with the unique microstructure of self-stripped kalst 

caves-like double layers and the superior performance. 
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8.1 Introduction 

Recent years witness the paradigm shift in the research field from silicon-based rigid 

electronics to bio-materials/elastic materials-based deformable electronics.[1-7]  The 

underlying driven force is the pursuing for more human-friendly electronics and even the 

human-machine integration to further facilitate daily life and enhance human power.  

Under this direction, soft implantable devices,[8, 9] flexible electronic interfaces,[10, 11] 

smart sensors for Internet of Things (IoT),[12-14] wearable diagnosis sensors,[15-17] flexible 

batteries,[18-20] soft robotics,[21-23] and other stretchable devices are all in the rapid 

development.[24-32] 

For all of these flexible/stretchable devices, stretchable conductors, which can keep 

conductive under large mechanical deformation (> 30% strain), are the most fundamental 

units to achieve desired functions.[33]  However, naturally, there are hardly intrinsically 

stretchable fully conductive materials.  Several strategies were proposed to fabricate the 

stretchable fully conductive materials by combining the elastic polymer with fully 

conductive materials, such as metal and carbon.[34-58]  Nevertheless, poor interfacial 

adhesion was also induced by this direct combination, especially for the conductive metal 

film on elastic substrate, because of the totally different physical and chemical properties 

of organic polymer and inorganic conductive materials.[59-61]  Adhesion is vital both for 

the subsequent conductor encapsulation process which typically invloves the multi-mask 

photolithography or the peel-off process demanding good adhesion of the metal film on 

ealstic substrate, and for the practical use, such as interface signal monitoring which 

inevitably invloves the severe interface friction.  If metal film could not well adhere to 

the elastic substate, the stretchable conductor either can not go through the encapsulation 

process or fails in the short term in pratical applications.  So how to achieve high adhesion 

and high stretchability simultanously is a big challenge for the reliable stretchable 

electronics.   

Herein, a new strategy, dynamic interface mingling of elastic polymer and metal, is 

reported to fabricate stretchable conductors with high stretchability and stability, high 

surface area and most importantly, high adhesion between the metal, gold, and elastic 

polymer, Polydimethylsiloxane (PDMS). The underlying knack is to use uncured PDMS 
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instead of fully cured one to receive the gold atoms generated by the thermal evaporation.  

It will trigger a series of dynamic chemical and physical processes fabricating stretchable 

conductors with the unique microstructure of self-stripped kalst caves-like double layers 

and the superior performance.  The stretchability ( > 130%) was achieved by the strain 

redistribution by the tuning effect of the micro pillars inbetween the stripped gold-PDMS 

mingling layer and the PDMS substrate.  High adhesion ( > 2 MPa) was achieved because 

of the mingling effect at the interface.  The film can be fabricated in large scale easily ( > 

10 cm × 10 cm).  Both strechability and good adhesion are essential for the implantation 

electrode because of the inevitable friction between the tissue and electrode.  As a proof 

of concept, the novel stretchable electrodes were implanted and entwined around the 

sciatic nerve in rats as neural stimulators.  The induced myoelectricity signal was 

recorded accordingly.  Our novel strategy, dynamic interface mingling, is easy-to-use and 

opens a new path to achieve stretchability and high adhesion simultaneously.  The 

obtained high-performance stretchable conductors take a solid step towards the practical 

application of stretchable electronics. 

8.2 Experimental Methods 

8.2.1 Half-cured PDMS preparation 

Glass slides without any pre-treatment worked as the rigid backing for uncured PDMS 

(184, Dow Corning) with different ratio of cross linker to monomer of 1:5, 1:10, 1:20 and 

different pre-curing time of 15, 20, 25 minutes, respectively, in the 60 ℃ oven .  The 

sample was pasted onto the trial of the thermal evaporation machine with the PDMS film 

facing down towards the gold source. 

8.2.2 Thermal evaporation of gold film and other testing 

When the vacuum achieved to 1.0 × 10-6 Torr, the chromium and gold source was heated 

up and started to evaporate in sequence at the rate of 0.2 and 0.5 Å s-1, repectively.  The 

sample was ready after the evaporation. 

Preparation of normal stretchable and flat non-stretchable gold film: As control samples, 

films were prepared following the previous method.[68]  The normal crack-based 

 



150 

Shor
t 
Run
ning 

Synchronous interface forming                                Chapter 8  

 

 stretchable gold film had an appearance of brown color due to the thin film thickness 

required by the special morphology of initial nano cracks.  The thickness of the film was 

around 80 nm.  The up limit of the thickness for this stretchable film was around 100 nm.    

Peel test of tensile adhesion strength: The strength was obtained following the classical 

test process.  The cylindrical wood sticks were well adhered to samples by epoxy resin.  

MTS C42 with 50 N load cell was employed to test the adhesion force when the stick was 

pulled up by the Bionix vice grips.  Moreover, the synchronous measurement of resistance 

and tensile strain was performed as reported previously.[69] 

Animal surgery and neural stimulation: Adult male Sprague-Dawley rats (150 – 200g) 

were obtained from Guangdong Medical Experimental Animal Center (Guangdong, 

China).  All procedures were carried out under the guidelines of the Institutional Animal 

Care and Use Committee of Shenzhen Institutes of Advanced Technology, Chinese 

Academy of Sciences.  The anesthesia and surgery followed the standard procedures.  The 

electrode was carefully implanted and entwined around the sciatic nerve and did the 

stimulation and EMG recording by using Medlab biological signal collecting and 

handling system. 

8.3 Principal Outcomes 

8.3.1 Large-scale high-performance stretchable electrodes 

Normally, PDMS is always used after being fully cured and then undergoes the 

subsequent fabrication process, for example deposited with metal/semiconductor film 

after certain pre-treatment (like oxygen plasma).[56, 62]  The concept is that why not deposit 

metal film when the polymer is in partially cured state (Figure 8.1a), which would induce 

a series of dynamic physical-chemical process, and most importantly, the evaporated 

metal would mingle with the elastic substrate.  Thus, metal and polymer could enter into 

each other at the interface that could result in high adhesion between them.  
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Figure 8.1 Schematic diagram of the strategy of dynamic interface mingling and 

corresponding physical analysises.  a) Diagram illustrating to show the fabrication process and 

uncured PDMS was used as the substrate to receive the evporated gold.  b) Physical models of 

heat transfer and viscous flow during the dynamic process.  c) Simulation results of the 

temperature distribution in the film and corresponding pressure distribution during the viscous 

flow under different viscousity (low viscousity in left and higher in right).  d) Diagram of the 

unique self-stripping double-layer structure. 

Detailed physical-chemical processes could be predicted as follows (they all happen 

simultaneously) (Figure 8.1b): 1. PDMS and gold mingle together and enter into each 

other at the interface, when the hot fast-speed gold strikes onto the soft uncured PDMS.  

2. During Step 1, partially cured PDMS still undergoes the polymerization and does much 

faster under the thermal radiation of the gold source (temperature can be up to 1800 K) 

and heat transfer from the hot deposited gold.  The quasi-steady-state heat transfer for 

certain unit of the film includes the processes of heat input from the thermal radiation and 

the hot deposited gold, QI , and heat dissipation from the thermal radiation at both sides 

of the film, Qd1 and Qd2, and conduction at the backing, Qd3 (heat convection can be 
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omitted).  Under the hypothesis of quasi-steady state, QI ≈ Qd1 + Qd2 + Qd3 (Figure 1b).  

Then the temperature distribution can be roughly obtained (Figure 1c).   

 

Figure 8.2 Structures of the film with and without strain applied.  a,b) Cross-section SEM 

images of the self-stripping double-layer structure. Insets in a) show optical images of the front 

and reverse views of the sample with large area. The reverse is in black color resulted from the 

absorption effect by the gold nanoparticles and PDMS mingling layer.  c,d) SEM and AFM 

images of the gold film showing the wrinkled structure with upheaval and depression.  e) SEM 

image of the stretchable film under tensile strain of 50 %.  Inset shows connecting bridge by the 

upheaval twisting. f) Resistance change under the tensile strain and it is out of the measurement 

range at around 135%.  Inset presents the optical image of the testing process. 
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Because of the low thermal conductivity of PDMS and relatively slow thermal dissipation 

rate, the temperature gradient exists inside the film.  The maximum temperature can be ~ 

120 ℃ that significantly speeds up the polymerization of the bottom.  It's worth also 

emphasising that the temperature of the bottom near to the heat source could be higher 

than 120 ℃  when the thermal diffusion is not in steady state actually.  3. During Step 1 

and 2, mechanical process happens simultaneously (Figure 8.1b).  Density of gold 

(19,300 kg m3) is much higher than that of PDMS (0.97 kg m3).  With the increase of 

the deposition of gold at the interface, gold would pull down one thin layer of PDMS.  

However, at the same time,  partially cured PDMS becomes high-viscosity rapidly when 

the temperature goes up as discussed in Step 2.  Eventually, the self-weight, G, balances 

with the viscosity force of PDMS, Fη, and the viscous film would not move downward 

once the viscosity is large enough as proven by the simulation (Figure 8.1c), which means 

that the film shape will be rapidly frozen due to the temperature rising. 

 

Figure 8.3 SEM images to further investigate the cross-section and surface structures. a,b) 

SEM images of the cross-section view.  c,d) Detailed surface morphology of the conductor. 

Finally, since the thermal evaporation rate is slow (usually ~ 0.5 Å s-1) and it takes around 

33 minutes to deposit a 100 nm-thickness film, the whole elastic substrate is fully 
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polymerized during this process.  Thus, the obtained film should possess a special 

structure: suspended layered composite one with mingling effect at the interface 

supported by pulled-out micro pillars during above dynamic processes (Figure 8.1d).  It 

is proven subsequently that this special structure could endow the film with high 

stretchability, stability, high adhesion and high surface area.  The strategy proposed here 

breaks the routine and opens up a new perspective to fabricate stretchable conductors.  

Considering the simple fabrication process and large-scale yield (inset of Figure 8.2a), 

the novel high-performance film would be one of the best candidates for stretchable 

electrodes, soft sensors and other flexible electronics in the real application. 

 

Figure 8.4 Different wrinkled structure with different ratio and pre-curing time. a-c) Different 

pre-curing time with the ratio of cross linker to monomer of 1:10. and for 1:20 in d-f). 

From the cross-section field emission scanning electron microscope (FESEM) image, the 

beautiful karst caves-like composite structure can be clearly observed (Figure 8.2a,b and 

8.3).  The suspended film was with two layers of gold and PDMS and the transitional 

layer between them induced by the mingling effect can also be roughly observed (Figure 

8.3a,b).  It was linked with the substrate by micro pillars underneath.  Also, the surface 

morphology of the film was in random wrinkled state (Figure 8.2c,d), which should be 

induced by the modulus mismatch between the gold and PDMS during the dynamic 

polymerization.  When investigated in detail, the wrinkled film was consisted of gold 

nanoparticles (grain size is ~ 20 nm) (Figure 8.3c,d).  We also studied the effect of weight 
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ratio of cross linker to PDMS monomer and the pre-cured time on the surface morphology 

and subsequent performance.  Different wrinkled structures can be obtained with different 

fabrication conditions (Figure 8.4a-f).  When the pre-cure time was the same, the wrinkles 

became denser for lower ratio and the amplitude was smaller (Figure 8.5a-f).   

 

Figure 8.5 Amplitude comparison of the wrinkle.  a-c) AFM image and the section amplitude 

data shown in c).  The film thickness is 300 nm (1:10, 25 mins). d,e) AFM image and the data for 

the same thickness film (1:20, 25mins).  f) The amplitude comparison of the above two film. 

8.3.2 Principle of the stretchability achieved 

 

Figure 8.6 Comparison of the wrinkles structures of the novel stretchable conductor and that 

fabricated by the traditional pre-biaxial strain method. a,b) Diagram to present the fabrication 

process of the pre-biaxial strain method.  c) Typical wrinkled structure of the novel conductor for 

relatively thick gold film (200 nm).  d) SEM image to present the surface morphology of the 

traditional film with the same film thickness. 
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It should be emphasized that wrinkles here are different with that fabricated by the normal 

pre-stretch method.[63-65]  The latter actually requires relatively smaller thickness of the 

metal film on top.  In order to get the similar pattern, 2D pre-strain should be applied 

inside the elastic substrate (Figure 8.6a,b) and then deposited with metal film.  When 

released, 2D pattern appeared due to the mismatch of the modulus.  However, the 

amplitude of those wrinkles was highly dependent on the adhesion and the thickness of 

the metal film.  If the thickness is too large (like ~ 300 nm), it is hard to form regular 

dense wrinkle structure according to the buckling theory.[63]  The experiment also proved 

that there were hardly wrinkles for the gold film (Figure 8.6c,d).  Wrinkles still exist for 

the gold film thickness of as large as 500 nm by using the novel method due to the good 

adhesion and the special dynamic mingling process (Figure 8.7a,b).  The wrinkle structure 

also contributed to the stretchability of the film.  During the stretch, initial cracks 

appeared at the depression positions (Figure 8.2e) and then propagated.  Some upheaval 

blocks twisted and still kept connected (inset of Figure 8.2e, and Figure 8.8 a,b). 

However, obviously, not all upheaval blocks connected in the cracks.  Besides, the 

stretchability achieved by the novel films was surprisingly good ( > 130%) (Figure 8.2f ).  

There must be another dominated mechanism behind.  Observed closely, the stretchable 

film showed numerous random distributed micro cracks (Figure 8.2e and Figure 8.8c-f), 

indicating that the strain energy was released by those micro cracks forming connecting 

network inside the film.  The strain regulation effect induced by micro pillars underneath 

is crucial.  this effect was simulated by placing random micro pillars under the suspended 

film (Figure 8.7a) and the results showed that the strain distribution was indeed regulated 

by the pillars underneath to the relatively random style, compared to the flat film without 

micro pillars (Figure 8.7b and Figure 8.9).  The strain distribution determined the crack 

formation during the stretch and random distribution significantly benefited the 

stretchability. 
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Figure 8.7 Mechanism of the stretchability and the performance of the stretchable conductor.  

a-b) Finite element method simulation results to present the strain redistribution mechanism 

behind the stretchability.  c) Resistance change under cyclic tensile strain.  d) Stretchability 

vabration with different ratio of cross link to monomer and pre-curing time of PDMS.   e) 

Stretchability and gauge factor affected by the gold film thickness.  f) Adhesion with different 

ratio and pre-curing time.  NCSG refers to normal crack-based stretchable gold film and FNSG 

refers to flat non-stretchable gold film. 
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Figure 8.8 SEM images of the stretchable conductor under tensile strain.  a,b) The connecting 

effect by the twisting of the upheaval.  c,d) The morphology of the film under 30% strain. The 

film is with cross linker to monomer ratio of 1:5 and pre-curing time of 25 mins, and the 

corresponding morphology for the film with 1:10 ratio and 25 mins pre-curing time is shown in 

e,f). 

Those random distributed micro cracks will increase the resistance making the stretchable 

conductor as a stretchable strain sensor to detect the how large the mechanical 

deformation is applied in the film, and the sensitivity, reflected by the gauge factor 

defined as ∆R/R0/ε, can achieve to as large as 20.  The resistance change is quite 

repeatable at least for 1,000 strain cycles (Figure 8.7c).  Moreover, the effect of the ratio 

of cross linker to monomer and pre-cured time on the stretchability and gauge factor was 

investigated in detail.  The stretchability decreased with the decrease of the ratio and the 
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pre-curing time, indicating that the film possesses poor stretchability for initially less 

cured PDMS that is less viscous.  The liquid with less viscousity tends to be discontinous 

during the stretching, whereas the suspended composite film tended to dropdown more, 

i.e., more stretching, for less viscous liquid according to the simulation result of viscous 

flow (Figure 8.1c).  So,  the number of the pulled-out micro pillars will decrease 

dramatically for less-viscosity film in this process making it lose the ability of strain 

regulation and the strain tended to concentrate causing poor stretchability.  It was also 

true for the situation that thin gold film was deposited, because the heat transfer became 

less for thinner film deposition which was equivalent to the less pre-curing.  But when 

the film thickness was further increased, the wrinkle structure will be relatively filled up. 

Also, the larger thickness would increase the defects inside the film and lower the 

ductility of the film.  So the stretchability decreased again with the further increase of the 

film thickness (Figure 8.7e).  Additionally, since the sensitivity is the reverse behavior to 

the stretchability, it also showed reverse change trend with respect to the stretchability 

(Figure 8.7e).  

 

Figure 8.9 FEM simulation model and results.  a) Model of the substrate with randomly 

oriented micro pillars.  b) The strain regulation effect induced by the micro pillars. 
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Figure 8.10  Adhesion comparison by using Kapton tape.  a-c) The testing process for 

the flat non-stretchable gold film, and for normal crack-based stretchable gold film and 

the novel stretchable conductor in d-f) and g-i), respectively. j) The transient resistance 

measured by multi-meter to present the conductivity after the peel test in g-i). 

The adhesion performance is vital for the real application of stretchable electronics.  It 

was found that the adhesion strength achieved to as large as about 2 Mpa that is much 

larger than that of normal crack-based stretchable gold film (NCSG) (~ 0.2 MPa) and the 

flat non-stretchable gold film (FNSG) (~ 0.5 MPa) (Both are with 10 nm Chromium as 

the adhesive layer) (Figure 8.7f).  In order to intuitively demonstrate the adhesion 

enhancement, high-adhesion Kapton tape was employed to do the comparison peel test 

(Figure 8.10 and Video 2).  It was clearly shown that the high-adhesion Kapton tape made 

little damage to the novel film, but peeled a large area of the film from the normal 

stretchable gold film and non-stretchable gold film.  The good adhesion achieved was 

due to the dynamic mingling process as discussed before.  The hot high-speed gold 

nanoparticles stroke into the un-cured polymer and fully inter-connected with the 

substrate (Figure 8.11).   
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Figure 8.11 Mingling effect of the evaporated gold and PDMS.  a) SEM image to show the 

cross-section view of the gold film.  b) The magnified view of mingling effect at the interface. 

 

Figure 8.12 SEM images to show the facture mechanism of the suspended film on PDMS 

substrate.  a-b) Surface morphology of the bottom of the suspended film, indicating that the 

fracture point is near to the junction of the micro pillars and the film. c-d) The corresponding 

view of the morphology on PDMS substrate.  Micro pillars are left on the substrate. 

After the peel test, the surface morphology of both the top of the PDMS substrate and the 
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bottom of the suspended film were investigated in order to investigate the fracture 

mechanism.  It was found that the micro pillar was broken at the junction between the 

pillar and the suspended film.  The bottom of the gold film was exposed (Figure 8.12a,b), 

indicating that the facture was still induced by the interface failure although the mingling 

effect already significantly enhanced the adhesion.  The facture strength of PDMS film 

under tensile strain is around 2.24 MPa,[67] whereas the adhesion strength of the novel 

film can achieve to 2 MPa which is comparable with the fracture one, indicating that the 

achieved adhesion strength almost reached the limit.  Correspondingly, the pillar was 

observed on the PDMS substrate (Figure 8.12c,d).  This morphology also verified the 

successful fabrication of the unique suspended double-layer composite film in large area.   

 

The novel stretchable conductors with high adhesion, which can be fabricated simply in 

large area, have huge potential in the practical application in the field of implantable soft 

electrodes, body-surface electrophysiology signal detection and other stretchable smart 

sensors.  

8.3.3 Bio-electrical signal detections 

As a proof of concept, it was demonstrate that the stretchable conductors can be utilized 

as neural stimulators to efficiently apply stimulation voltage driving the movement of 

thigh muscle of rats, indicating that they could be used as the neural stimulation electrode 

for neural regeneration and rehabilitation.  Benefiting from the wrinkle structure, the 

electrode has larger equivalent surface area and lower impedance as a result.  The 

impedance of the electrode was monitored and made the fitting model by employing the 

typical constant phase element to obtain the equivalent capacitance per area (Figure 

8.13a).  The interface capacitance was at least 4 times larger than that of the flat gold film.  

It was also tunable simply by using PDMS with different ratio of cross linker to monomer 

(Figure 8.13b) because of the different density of the wrinkles achieved as discussed 

before.  Taking this advantage, the novel stretchable electrodes were implanted and 

entwined round the tracts of sciatic nerve in thigh muscle of rats as nerve stimulators, and 

monitored the induced EMG signal simultaneously (Figure 8.13c and Figure 8.14a).  The 

sciatic nerve was successfully entwined and stimulated by soft electrodes (Figure 8.13d).  
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Both the stimulation and EMG detection was well applied and monitored with clear input 

and output signals (Figure 8.13e,f).  The EMG response was more sensitive at the early 

stage of the stimulation and became less sensitive with the increase of the applied 

stimulation voltage in terms of the peak-peak value of the response (Figure 8.13b).  With 

further surface modification and treatment, novel electrodes could be used as the long-

term implantable ones to monitor/stimulate the target nerve, because of the superior 

performance on the stretchability, stability, biocompatibility, high surface area and high 

adhesion. 

 

Figure 8.13 Demonstration of the novel stretchable conductor as the neural stimulator.  a) 

Impedance of the electrode.  Inset shows the fitting model to calculate the equivalent capacitance.  

b) Comparison of the equivalent capacitance of the wrinkled-surface novel conductor with the 

flat gold film.  The capacitance is normalized by that of the flat gold film.  c) Diagram of the set 

up to stimulate the sciatic nerve by stretchable conductor and EMG monitoring system.  d) Optical 

image to present the implanted stretchable conductor.  e,f) Stimulation signal applied and the 

corresponding induced EMG signal detected. 
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Figure 8.14 Demonstration of the stretchable conductor as the neural stimulator.  a) Setup of 

the stimulation and EMG monitoring.  b) Peak-peak value of the induced EMG signal with 

different stimulation voltage. 

8.4 Conclusions 

In summary, a new strategy, dynamic interface mingling, is reported to fabricate high-

performance stretchable conductors.  Opposite to the traditional fabrication method, 

uncured PDMS was used to accept the gold nanoparticles generated by the thermal 

evaporation.  The evaporated gold mingled with PDMS dynamically at the interface.  The 

three physical-chemical processes: mingling effect, PDMS polymerization under the heat 

radiation by the thermal evaporation and the energy carried by the evaporated gold, and 

the stripping of gold-PDMS ultrathin layer under the gravity, happened at the same time.  

The unique self-stripped kalst caves-like structure with wrinkled surface was fabricated 

in large area.  It can redistribute the strain from the concentration mode of flat film to the 

relatively random mode, achieving the high stretchability.  Mingling effect enhanced the 

adhesion significantly and wrinkles structure increased the surface area of the electrode.  

The stretchable conductor can be used to monitor the mechanical deformation and 

electrophysiology signals.  It can also act as the implantable nerve stimulator as 

demonstrated to benefit the neural regeneration/rehabilitation.  The high-performance 

stretchable conductors take a solid step toward the practical applications.  And the novel 

strategy opens a new perspective to composite metal and polymer.  Following it, many 

other stretchable composite films could be further developed. 
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Chapter 9  

Discussion and Future Work 

 

In this chapter, the preliminary results of stretchable conductor 

encapsulation and related effects on the stretchability and sensitivity 

are discussed.  Also, the interfacial brittle layer is introduced to 

further enhance the sensitivity and linearity of the stretchable strain 

sensor.  At last, the future work in order to obtain the long-term stable 

soft stretchable electrodes and sensors is discussed. 
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9.1 General Discussion 

In this thesis, it mainly addresses how to achieve the stretchable electrodes and strain 

sensors based on the new proposed strategy: surface strain regulation to release the strain 

energy by numerous micro fractures keeping the conductive network at the same time. 

Different new methods are developed based on this new strategy which already prove the 

efficiency of this strategy.   

Firstly, the hypothesis of controlling the surface strain distribution is proposed and 

analyzed, and the feature of this strategy is stated. The importance of achieving 

stretchable electrodes and strain sensors is elucidated.  Also, the methods which are 

employed to do the study are discussed including the polymer preparation, surface 

modification, thermal evaporation, electrical testing technologies, and so on. 

Based on this strategy, five new methods are developed: three of them for achieving 

stretchable active materials, and two for sensor performance enhancement.  In detail, 

carbon nanotubes network by coffee ring effect, nanopiles interlocking, and dynamic 

interface mingling are the new methods proposed to achieve stretchable conductors.  

Hair-like sensors and fiber-shaped sensors are the new methods for new kinds of sensors 

and enhancing the performance. 

The carbon nanotube was employed as the active material and a very straightforward 

method, coffee ring effect, to fabricate stretchable carbon nanotube film with gradient 

thickness was developed. The detailed performance data is presented and so are the 

principles.  It is based on constructing the film with gradient thickness, which couples the 

seemingly contrary properties of brittleness and stretchability together to fabricate strain 

sensors with high gauge factor and large stretchability.  The thickness-gradient film was 

formed by employing self-pinning effect of the single wall carbon nanotube solution.  

The fabricated sensor possesses surprisingly good performance covering all requirements 

of the sensitivity, stretchability and long-term stability.   In this method, the surface strain 

regulation in the active materials is achieved by self-assembled carbon nanotube network 

structure itself.  The randomly distributed defects form during the coffee ring process, 

after that, they grow into micro fractures when tensile strain applied.  
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Stretchable hair-like sensors based on the three-dimensional coffee ring effect are 

proposed. In this work, the surface strain regulation is utilized to detect the strain applied 

direction.  The fine hair on human body or animal skins is quite an excellent strain sensor.  

It can detect very tiny strain, e.g., the one induced by gentle wind.  It would be important 

if this sensing function can be mimicked. The sensor fabrication and performance data is 

presented and discussed here. the 3D stretchable tactile electronic hairs (e-hairs) with 

isotropic stretchability, which can detect multiple strains and the strain direction (any 

direction) with high sensitivity and stability by each single e-hair, and the unique 

underlying detection principle relies on the symmetry breaking of the resistance network 

at the root. Besides, the fabrication process is all-solution based by employing 3D printing 

and a capillary force-assisted self-pinning of carbon nanotubes. The e-hairs can be easily 

fabricated in an array format for efficient monitoring of gas and liquid flow.  Furthermore, 

fiber-shaped stretchable strain sensors based on coffee ring effect of carbon nanotubes 

and micro-cracked stretchable gold film are developed.  In this work, by surface strain 

regulation, the strain concentration is induced at certain locations which enhances the 

sensitivity significantly. This work tends to shift the vision of improving the sensitivity 

of the stretchable strain sensor from the active materials engineering to the mechanical 

design of the elastic substrate.  A novel strategy that enables surface strain redistribution 

in elastic substrate to significantly enhance the sensitivity is introduced.  Such 

enhancement method attributes to the delicate structure of beads on a fiber based on the 

principle of Plateau-Rayleigh instability.  Also, a new method of transient thermal curing 

is proposed for large-scale fabrication of PDMS fibers with predefined diameter. 

Another new method to achieve the surface strain regulation achieving the stretchability, 

named nanopiles interlocking is proposed. In this work, the nanopiles interlocking layer 

serves as the transitional layer to tune the strain distribution mode in the active material 

to achieve the stretcability and high adhesion simultaneously.  Inspired by a tree, a new 

method is proposed to fabricate high-adhesion stretchable electrodes that can be used as 

strain sensors with tunable stretchability, high gauge factor and stability.  The nanopile 

not only provides the interlocking effect to significantly improve the adhesion, but also 

ensures that the tensile strain in the film is redistributed to release the strain energy by 

random cracks forming the connecting network and achieving the stretchability. 
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Lastly, the new method based on the strategy of surface strain regulation, dynamic 

interface mingling, is developed to activate the synchronous forming of metal film and 

polymer at the interface. Dynamic interface mingling of elastic polymer and metal is 

ultilized to fabricate stretchable conductors with high stretchability and stability, high 

surface area and most importantly, high adhesion between the metal, gold, and elastic 

polymer, Polydimethylsiloxane (PDMS). The underlying knack is to use uncured PDMS 

instead of fully cured one to receive the gold atoms generated by the thermal evaporation.  

It will trigger a series of dynamic chemical and physical processes fabricating stretchable 

conductors with the unique microstructure of self-stripped kalst caves-like double layers 

and the superior performance.  The micro pillars in the cave will regulate the strain 

distribution in the active material to achieve the surface strain regulation achieving the 

stretchability. 

As discussed in the Chapter 2, it would be a long way to go to achieve the reliable real-

time monitoring of bio-electrical and mechanical signals.  To fabricate soft stretchable 

electrodes and strain sensors are the very beginning step.  Next would be how to fabricate 

the long-term stable electrodes and sensors. 

9.2 Brittle layer to significantly enhance the sensitivity of stretchable strain sensors 

not included in main chapters 

9.2.1 Brittle layer induced on PDMS 

The main objective was to improve the sensitivity and the linear region of the sensor. 

Firstly, a copper foil mask with a 0.6cm*0.6 cm hole in the middle was adhered to the 

PDMS film (3cm*1.1cm).  Then the sample underwent surface plasma treatment with 5 

mbar oxygen pressure and 1000w for 12min to make the PDMS film hydrophilic and, 

more importantly, form a brittle layer on the PDMS substrate. Then the mask was peeled 

off. The following step was to drop 2μl SWCNT solution onto the hydrophilic surface. 

After 20 min, a coffee ring pattern would be formed.  Another sample was fabricated. All 

procedures were the same as the first sample in method 3, except that this sample didn’t 

use the 0.6cm*0.6 cm mask. 

A control sample was also fabricated as a reference. Firstly, a copper foil mask with a 
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0.6cm*0.6 cm hole in the middle was adhered to the PDMS film (3cm*1.1cm).  Then the 

sample underwent surface plasma treatment with 5 mbar oxygen pressure and 500w for 

30s to make the PDMS film hydrophilic. Then the mask was peeled off. The following 

step was to drop 2μl SWCNT solution onto the hydrophilic surface. After 20 min, a coffee 

ring pattern would be formed. And the process is displayed in Figure 9.1. 

 

Figure 9.1 Plasma Induced Brittle Layer Process. 

Finally, all three samples’ resistance was measured versus strain with the use of MTS 

strain machine and Keithley electronic device. 

9.2.2 Sensitivity significantly enhanced 

 

Figure 9.2 a: The Illustration of Coffee Ring; b: The Illustration of a Sample Clipped in the 

MTS Strain Machine; c: The Illustration of a Sample with Brittle Layer at Small Strain; d: The 

Illustration of a Sample with Brittle Layer at Large Strain 
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In this method, the plasma induced brittle surface layer was used to improve the 

sensitivity of the sensor. Figure 9.2a shows a coffee ring clearly, where its CNT thickness 

increased from inside to the outer rim. And figure 22b shows a sample being clipped 

inside the MTS strain machine, and the resistance would be recorded down while the 

sample was being stretched. Figure 9.2c and 9.2d displays the morphology of the sample 

at small strain and large strain respectively. And there was an obvious difference between 

them. That is at larger strain, various colors like rainbow appeared. This was due to the 

young’s modulus of the brittle surface layer was different from that of PDMS base, so 

the wavelength was different, and thus the rainbow would appear due to interference of 

wavelength. And the brittle layer was able to tune the cracking behavior and thus increase 

the sensitivity and linear region. 

  

Figure 9.3 a: The SEM Image of the CNT Part of a Sample with Brittle Layer; b: The SEM 

Image of the CNT part of a sample without Brittle Layer 

Figure 9.3a and 9.3b show the SEM image of the CNT part of sample with and without 

brittle layer respectively. It is clearly shown that the wavelength of the sample without 

brittle layer was much shorter than the one with brittle layer. So the stretchability of the 

sample without brittle layer is higher than the one with brittle layer, and thus the 

sensitivity is higher. The principle can be explained as the relationship between the 

wavelength and fracture toughness. The longer the wavelength, the flatter the film would 

be, the less the wrinkled structure, so strain energy could only be dissipated via 

propagating the crack instead of consuming the strain energy of the wrinkled structure. 

Therefore, the stretchability was lower, and thus the sensitivity was higher. 
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Figure 9.4 a: The SEM Image of the CNT Part of a Sample with Brittle Layer with Mask; b: 

The SEM Image of the PDMS Part of a Sample with Brittle Layer with Mask; c: The SEM Image 

of the CNT Part of a Sample with Brittle Layer without Mask; d: The SEM Image of the PDMS 

Part of a Sample with Brittle Layer without Mask 

Figure 9.3c and 9.3d shows the SEM image of the CNT part and PDMS part of a sample 

both with brittle layer but without mask respectively. The vertical lines represent the 

wavelength and wrinkled structure. And the horizontal lines represent the cracks. It could 

be observed that their cracking behaviors were quite similar to each other, and same 

phenomenon occurred in figure a and b, where shows the SEM image of the CNT part 

and PDMS part of a sample with brittle layer and mask respectively. In normal case, 

where the sample didn’t generate a brittle surface layer, the main mechanism to control 

the sensitivity was due to the CNT gradient film, or in other words, the wrinkled structure. 

However, in the case where brittle layer generated, the brittle layer played the main role 

to control the sensitivity of the sensor by tuning the cracking behavior. Whereas CNT 

gradient film played the second important role.  

In return, the availability to form SEM image of the PDMS part proved the generation of 

brittle layer.  It was impossible to take the SEM image of the normal PDMS base without 

brittle layer, since it was not crystalline. So it was electric insulating. Therefore, it proved 
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that brittle layer was able to exhibit certain crystalline and electrical conductive 

properties that made it possible to form SEM images. 

And Figure 9.4a and 9.4b shows the SEM image of the CNT part and PDMS part of a 

sample with brittle layer but without mask respectively. The cracking behaviors were 

also quite similar to each other, just like the sample with mask. So this proved that the 

O2 plasma at 1000w for 12min was too strong for the mask to protect the covered PDMS 

film from interaction with the O2. By observing the micromorphology, even the sample 

with mask still formed a brittle layer on the total area of the film. 

9.3 Encapsulation for stretchable electronics 

9.3.1 Encapsulation employed 

Three samples with different parameters were fabricated. First one didn’t have any 

encapsulation layer on the CNT film, second one was covered with an undiluted PDMS 

encapsulation layer, and third one was covered with a diluted PDMS (weight ratio of 

hexane to PDMS: 7:3) encapsulation layer (Figure 9.5). Sample with undiluted 

encapsulation layer was put into oven at 60ºC for 24 hours, and sample with diluted 

encapsulation layer was put into oven at 60ºC for 48 hours.  

 

 

Figure 9.5 Encapsulation process of the stretchable strain sensor. 

Finally, all three samples’ resistance was measured versus strain with the use of MTS 

strain machine and Keithley electronic device 
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9.3.2 Preliminary results for the stretchable strain sensor 

 

Figure 9.6 a: The Relationship between resistance ratio and strain within 10% strain; b: The 

relationship between resistance ratio and strain within 30% Strain; c: The relationship between 

resistance ratio and strain within 60% strain. 

According to the assumption, encapsulation was supposed to increase the gauge factor 

via restricting the generation of wrinkle and thus making the film less stretchable. And 

another function of the encapsulation was expected to increase the stability of the sample.  

However, the first function failed to reach target, and what’s worse, the gauge factor 

decreased, both with undiluted and diluted encapsulation, according to figure 20. The 

reason for failure of undiluted encapsulation method might be due to the large thickness 

of PDMS layer. The large thickness of the PDMS layer caused the change of strain 

distribution on the film. In other words, the strain of the internal CNT film covered by 

encapsulation was actually smaller than it was supposed to be. As a result, the sensitivity 

would decrease. And the reason for the decrease of sensitivity of diluted PDMS layer was 
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due to the interaction of PDMS with the hexane solvent, which might strongly influence 

the sensitivity of the sensor. What’s worse, the thickness was still too high, so it could 

influence the strain distribution just like that of the undiluted encapsulation. However, as 

can be seen from the graph, the larger the strain, the closer the gauge factor value between 

undiluted and diluted PDMS layer, as can be seen in Figure 9.6. This may indicate that 

the interaction between hexane and PDMS would become weaker when further stretching 

the sensor. 

However, the other objective, which was to increase the stability of the sensor has been 

successfully achieved according to Figure 9.7. Figure 9.7 shows the comparison between 

the sample with undiluted encapsulation one month before and after. As can be seen 

clearly from the figure, at 0% strain, the resistance of sample after one month (15kΩ) 

was only around 1.5 times higher than that of the original one (10kΩ). As for the sample 

without encapsulation, however, the resistance of sample after one month (9.6kΩ) was 

more than 10 times higher than that of the original one (0.88kΩ), which was measured 

via Ohmmeter. This was because that the PDMS encapsulation layer was hydrophobic, 

which could insulate CNT film from moisture and thus prevent it from degrading its 

electronic performance. 

 

 

Figure 9.7 a: Initial resistance-strain performance with undiluted encapsulation; b: 

Resistance-strain performance after one month with undiluted encapsulation. 
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9.4 Future work: long-term implantation of the electrode and long-term stable 

stretchable strain sensors  

In the near future, when the central and peripheral neural systems are reliably connected 

with the external, i.e., the two-way communication is achieved, both more precise 

diagnoses and abundant therapies would be realized.  For diagnose, it is common to 

receive the signal detection of electroencephalogram, electromyography and 

electrocardiogram in the clinic, however due to the decay effect of the skin and bone, the 

in-vitro signal loses some precise information compared to that detected in vivo.  Besides, 

for some applications, e.g., brain stimulation, the in-vivo testing by implanting the 

electrode to exactly investigate which neuro is firing for the study of functions of some 

neural circuits is required (for animal model at present).  For therapy, since the 

relationship between the neural electro-stimulation and the immune system is recently 

revealed, electroceuticals was proposed hopefully to treat some diseases only by neural 

stimulation, and tiny implanted flexible electrodes were reported to be designed for this 

function.  Meanwhile, some famous pharmacy companies, like Glaxosmithkline, start to 

explore the related product.  It could be quite close to the traditional Chinese therapy: 

acupuncture.  It has been used in China for thousands of years but the working mechanism 

is still not clear until now.  They all make use of external stimulation to initiate the human 

body to recover.  How to take advantage of the stretchable electrode in the acupuncture 

could be another important task.  Furthermore, the neural regeneration in spinal cord, 

alleviating the Parkinsonian symptoms, deep brain stimulation and recording, the 

configuration of the artificial retina could be achieved by implanting stretchable 

electrodes. 

It is still a long way to go to fully make use of the stretchable electrode and other devices 

based on it, and it will change the interaction with the electric devices.  It could endow 

the electronic device with personifications that is with tactile, smell, and other sensations.   


