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Abstract: The first phase of the research presents a novel flexible electrical sensor device, namely 

3D printed triboelectric (TE) bio-skin, designed and fabricated with the addictive manufacturing 

technique. Negative-charging material Polydimethylsiloxane (PDMS) matrix is selected as the 

dielectric layer of the device with fluidic electrode carbon grease embedded. Triboelectric effect 

and electrical induction are exploited for sensing subtle movements such as heart pulse, human 

acoustic sound waves, and large human joints movements. Prior to the make of electrical devices 

using traditional fabrication methods, such 3D printed TE bio-skin has a controllable design and 

thickness depending on the requirements from the user.  

 

We also conducted tensile test experiments on the optimization process of the TE bio-skin to select 

the proper design and thickness for the improvements on its mechanical performance. The final 

shape of the device is designed with circle structure to be more air-permissible and presenting a 

robust mechanical property by reaching an average maximum strain of 151.67% and a lateral 

Force-Displacement of 0.21N/mm, with mechanical performance greatly enhanced, compared 

with the results maximum strain of 47.33%, lateral Force-Displacement of 0.37N/mm before 

optimized. It also possesses the triboelectric property with an average output voltage of 6𝑉, short 

circuit current of 14𝑛𝐴, and transferring charge of 2𝑛𝐶 through oscillatory touch between the 

device and another type of positive material, such as medical plastic tape in this research. The 
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optimized device has a resistance-dependent output current, and able to reach a maximum power 

of 36.36𝑛𝑊 at 600𝑀Ω. Through triboelectric effect, it is also proven to function under contact or 

stretching mode. 

 

The second phase focuses on utilizing piezoelectric polarization for the make of bio-skin devices 

through inkjet 3D printing. For the Piezoelectric (PE) bio-skin, Te-PDMS was used as the printing 

piezoelectric material by mixing synthesized Te NWs with PDMS matrix, in which the 

piezoelectric Te NWs were believed to be able to align perfectly along the printing path for an 

enhanced electrical output. PE bio-skin devices in 3 fractal structures (Peano, Hilbert, Sierpinski) 

are electrically compared and the Peano PE bio-skin exhibits the largest output current 6.15𝑛𝐴 and 

voltage 2.85𝑉. The Peano PE bio-skin is also proven to be signal-responsive with the stretching 

strain and can reach a maximum power of 11.32𝑛𝑊 at 400𝑀Ω.  

 

Both optimized TE bio-skin and PE bio-skin are tested to be electrically stable as well. This work 

demonstrates with such devices to effectively detect human’s health status by monitoring the heart 

pulse rate on the neck and wrist respectively in real-time, and identifying human speech patterns 

through collecting signals measured from vibrations of the human voice cord. Additionally, the 

TE bio-skin is also demonstrated to utilize its proven strechability to detect large movements from 

the human body. 
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 INTRODUCTION 

1.1 Background and Problem Definition 

Mechanical energy can be stored in many ambient environments, such as wind, water waves, sound 

waves, etc. [1,2,3]. To harvest these enormous energies, emerging technology nowadays has been 

developed with various methods, such as building dams, wind turbines, or other large facilities. 

Most mechanical energy can be transformed into electricity or other forms of energy which are 

beneficial for people in their daily use, and the mechanical energy conversion efficiency is likely 

to continue the increase with other novel methods introduced. However, there are other potential 

mechanical energy resources existing in imperceptible movements that are usually wasted, such 

as human motions, joint movements, or vibration from voice band, etc. [4].  

1.2 Literature Review 

In the past few years, researchers found interest in the development of low-cost, self-powered, and 

efficient energy-scavenging devices, such as triboelectric nanogenerators (TENGs) and 

piezoelectric nanogenerators (PENGs), to harvest such small mechanical energy for powering 

source or sensing purpose [5,6,7,8,9,10]. Both TENGs and PENGs show their promising 

applications in sustainable power source supplying [2,7,8], self-powered sensing [11], position 

mapping [12], etc. Typically, wearable flexible electrical sensors have attracted many attentions 

in the development of material selection, structural design, and fabrication techniques. Traditional 

flexible electrical devices can be created in an effective and accurate manner with the methods 

such as coating [13], molding [14,15], physical or chemical vapor deposition [15], screen printing 

[16], knitting [17,18], etc. but there also exists a certain gap that limits their applicability between 

laboratory research and industry manufacturing. Other shortcomings in device making such as 

high cost, complex procedures, or stringent requirements for the setup, can also prevent their 

potential development in the future.  

 

With the introduction of self-powered PENGs that can transform mechanical energy into electrical 

energy through the piezoelectrical polarization process, the 1-dimensional nanowires (NWs) in 
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micro/nano scale have been largely studied due to their high ratio of surface area and volume, and 

distinguished mechanical/electrical properties that are superior than their counterparts in bulk 

phase [19]. To list some, wurtzite materials such as ZnO, GaN, CdS, etc. [20, 21], perovskite 

materials [22, 23], are the main piezoelectric materials with the high convergency rate. The PENG 

device with piezoelectric semiconductors such as Tellurium (Te) is utilizing the coupling of 

piezoelectricity and semiconductor property. Te element in the asymmetric crystalline structure 

has been reported to have many applications in the making of electrical device due to its shorter 

band-gap energy at room temperature [24], such as high piezoelectric or thermal sensor, gas sensor, 

optical response device, etc [25, 26]. We believe that Te NWs could be the ideal material for a 

typical piezoelectric device. However, only Te NWs with orientation fixed can be fully taken 

advantage for the formation of piezoelectric polarization as reported [27, 28]. Moreover, other 

obstacles such as complex fabrication methods, weak performance in small scale, wearability of 

the device with Te-NWs, etc. can also be a major concern for the Te-PENGs. 

 

Addictive manufacturing, which is known as 3D printing technique, has been widely used in recent 

years and focused by many researchers to assist in making electrical devices [29,30,31,32]. 3D 

printing technique utilizes the rapid prototyping process to fabricate physical models from a 3D 

digital design via successive layers patterning [33,34], and it saves additional need for other 

manufacturing process such as mask, milling, or molding. Complex components structure can be 

directly translated into a precise physical entity via printing in a faster manner, also preventing 

unnecessary waste of the material used, compared with the conventional methods. Thus, 3D 

printing technique can potentially enhance the fabrication process of small energy harvesting 

devices by improving the mechanical performance with its controllability on the design of the 

device. 3D printing has been applied on multiple manufacturing or research fields [35]. To 

highlight some, soft implanted medical devices [36], soft robot components [32, 37], wearable 

electrical sensors [29, 38,39], etc. are fabricated in a friendly way for humans to be able to interact 

with.  
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1.3 Scope of the Research 

In the first phase of this study, we report a novel electrical sensor device, namely 3D printed 

Triboelectric (TE) bio-skin with mesh structure, utilizing the principle of triboelectrification 

through generated charge from the contact and separation between two materials of opposite polar. 

Such electrical device has utilized the inkjet printing technique, which is a liquid-based material 

deposition technique that involves the ejection of ink onto the substrate through a nozzle, in result 

of meeting both functionality and design requirements for the electrical device. Computer-Aid 

Design (CAD) provides free design of the device geometry in a fast and customized way. A series 

of mechanical property investigations are studied through the tensile test to maximize its physical 

performance. The mechanical and electrical functionality of the final device are characterized in 

this report. The optimized 3D printed TE bio-skin will also be demonstrated to monitor human 

health through testing the heart pulse rate from a human body on the wrist and neck respectively, 

and human health status can be analyzed from the data collected by the TE bio-skin [37, 38]. The 

speech pattern is also demonstrated by collecting the electrical signals measured from the human 

voice cord. To demonstrate the enhanced mechanical performance and ability of mechanical 

energy harvesting, the device will be attached to human elbow to detect large joint movements. In 

the second phase, we developed a 3D printed Te-PENG bio-skin device, namely piezoelectric (PE) 

bio-skin, which is composed of Te NWs to utilize the piezoelectric polarization principle for 

scavenging subtle mechanical energy. 3 fractal structures are designed and electrically compared 

and characterized. The demonstration is similar to the TE bio-skin from the 1st phase of study on 

human pulse detection and speech recognition. 

1.4 Use of Material 

The structure of the TE bio-skin is composed of single fluidic electrode, which is embedded within 

a type of stable and stretchable material, Polydimethylsiloxane (PDMS) in this study. PDMS 

matrix has been largely used on medical research [40,41,42], electrical device fabrication [8,43], 

3D bioprinting [42], etc. due to its robust mechanical and electrical properties [43,44], and bio-

compatibility with the human skin. [45,46] Viscoelastic PDMS in hydrogel state mixed with curing 

agent has been reported to be printable through deposition nozzles in 3D printing. Such mixture 

can transform into a stable elastomer at a low glass transition temperature or under UV light. It is 
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showcased that PDMS shall retain its shape during the printing and curing process, and can be a 

promising candidate for the dielectric layer in the 3D printed TE bio-skin due to its negative 

electrical property aspect. Printable conductive carbon grease does not dissociate or react with 

PDMS and is able to elongate or deform with PDMS without break due to its rheological property. 

Both materials are at low cost, chemical inert with each other, and bio-compatible to human bodies. 

For the PE bio-skin, besides PDMS and carbon grease, ultrathin Te NWs in asymmetric structure 

are also used to generate piezoelectric potential for the device through dislocation of the positive 

Te ions and the negative charge center against the cores of Te. The detailed crystal structure and 

working mechanism of Te NWs will be discussed in Chapter 3. Ecoflex is also used as the printing 

substrate and sealing materials for the PE bio-skin. 

1.5 Use of Software and Equipment 

Below are the lists of software and equipment used in the research study: 

 

Software: 

 

1. SolidWorks – CAD software mainly used for the design and conversion of the 3D modeling 

into STL (stereolithography) file format, which is readable for the software used in 3D printing. 

2. Slic3r – Open source software to splice the 3D model into countable layers by generating G-

codes (A widely used programming language for computer numerical control machines) from 

STL file. The G-code is editable and readable commands for the 3D printer. 

3. Repetier-Host – Application software used for interacting with the 3D printer, such as printing 

calibration, sending G-codes, controlling printing speed, etc.  

4. ANSYS Workbench – Environmental analysis software used for the tensile simulation of the 

3D models. 

5. OriginPro – Application software used for data analysis and graphic plotting in this research. 

6. MATLAB – Application software for calculating Fast Fourier Transform with built-in 

algorithm and plotting spectrogram graphs. 
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Equipment: 

 

1. The CELLINK INKREDIBLE 3D Bioprinter – The bio-printer used for printing viscous cells, 

bio-materials, hydrogels or liquid-like materials. PDMS and carbon grease are printable with 

the printer. 

2. MTS 810 – The Mechanical testing machine system used for characterizing the tensile 

properties of the printing samples in the research with controllable tensile speed and load unit. 

3. LinMot – The motorized linear translation stage used for applying x-axis periodical contact to 

the test device in electrical and mechanical characterization. 

4. SR570 – The low-noise current preamplifier used to measure the short-circuit current (𝐼𝑠𝑐). 

5. Keithley Model 6514 – The electrometer used to measure open-circuit voltage (𝑉𝑜𝑐) and short-

circuit transferring charge (𝑄𝑠𝑐). 
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 EXPERIEMENT AND METHODOLOGY 

2.1 Design Concept for 3D Printing 

 

(A) TE Bio-skin 

SolidWorks CAD software was exploited to make the design of the initial TE bio-skin. Figure 1 

shows the design concept of the TE bio-skin. The base part of the device (unoptimized TE bio-

skin in Figure 1) was designed as mesh structure with a line intersecting pattern, and dense small 

hemispheres (r=0.8𝑚𝑚) were attached to the surface of the base structure. The dimension of the 

device was set as 50𝑚𝑚 × 10𝑚𝑚 × 1.6𝑚𝑚 excluding the hemispheres on top. It is noticed that 

the device was composed of two types of materials in a multi-layer embedded structure manner. 

PDMS matrix mixed with curing agent was selected for the white section in CAD design. The 

cross-sectional area indicates that a thin layer of second type of material, which is carbon grease 

(black color), of the same design of the base part was made inside. The 3D model was exported in 

STL file format for the printing process. 

 

 

Figure 1a. CAD Design of the Initial TE Bio-skin and its Section View. 
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(B) PE Bio-skin 

The 3D printed PE bio-skin model was also designed with SolidWorks CAD software. 3 fractal 

structures that are formed by winding of the lines were designed based on the shape reported [47]. 

Figure 2 schematically illustrates the 3 proposed structures [47] of PENGs, namely Sierpinski (left), 

Hilbert (upper right), and Peano (lower right) respectively. Hilbert structure PE bio-skin was 

designed with a planer dimension of 43mm × 43mm; Peano structure’s dimension was 

40mm×40mm and Sierpinskin structure’s dimension was 33mm×33mm. The cross section of the 

line unit was 0.6mm×0.8mm (W×H). The Te-PDMS in silver-gray color, which is the mixture of 

Te NWs and PDMS matrix with a weight ratio of 1:100, is sandwiched between the electrodes 

printed with carbon grease placed on the top and bottom. 

 

 

Figure 2. CAD Design of the PE Bio-skin with Sierpinskin, Hilbert, and Peano Structure 

2.2 Material Preparation 

 

(A) PE Bio-skin 

Hydrogel PDMS mixture was prepared by mixing 5g highly viscous PDMS adhesive matrix 

(Sylgard 184, Dow Corning), 0.5g curing agent (attached with PDMS) and 1g distilled water. The 

mixture was stirred for 5 mins with a glass rod until the color tends to be opaque white. PDMS 

matrix hydrogel mixture was transferred to the printing Extruder 1 for making the dielectric layer 

and small hemispheres of the device. 5g Carbon grease (#846-1P, MG Chemicals) was uniformly 
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mixed for 5 mins, and was placed into Extruder 2 for printing the fluidic electrode layer (embedded 

part). Both printing Extruder 1 and Extruder 2 were centrifuged for 5 mins at 1500rpm to evacuate 

the air bubbles. 

(B) PE Bio-skin 

Besides the preparation of PDMS and carbon grease, Te-PDMS mixture were prepared by 

synthesizing Te NWs to uniformly mix with PDMS. 0.0922g (0.416mmol) of sodium tellurite 

(𝑁𝑎2𝑇𝑒𝑂3, Alfa Aesar) and 1g of Polyvinylpyrrolidone ((𝐶6𝐻9𝑁𝑂)𝑛 ), Alfa Aesar) were added 

into a Teflon vessel with 33ml double distilled water added. The mixture was uniformly mixed 

with a magnetic stirring rod under room temperature at 650𝑟𝑝𝑚 for 5𝑚𝑖𝑛𝑠. The powers shall fully 

dissolve in the clear solution. Then 1.65ml of hydrazine monohydrate (79%, TCI America) and 

3.65ml of ammonium hydroxide (28-30%, BDH, ACS grade) were added to the solution. Next, 

the vessel was placed in the Teflon-lined stainless-steel autoclave with cover tightly closed, and 

heated in the oven at 180℃ for 4 hours. The autoclave was cooled down at room temperature after 

the heating. The final solution was poured out of the vessel into tubes with acetone solution added 

to precipitate the solid silver-gray products. The products are centrifuged at 6,500𝑟𝑝𝑚 for 5 mins 

to remove remaining ions and then washed with water under the same centrifugation setting for 

additional 3 times. Similar to previous methods, the hydrogel PDMS matrix was mixed with the 

curing agent in a weight ratio of 10:1, Te NWs products were uniformly mixed with the PDMS for 

5 minutes until the Te-PDMS mixture turns to silver-gray color. 

2.3 3D printing of the Bio-skin 

 

(A) TE Bio-skin  

The nozzles with an extruding diameter of 200𝜇𝑚 were installed to both printing extruders as 

printing heads. The printing increase height was set as 200𝜇𝑚 per layer, and each layer was printed 

with parameter and infill. The printing speed was set as 5𝑚𝑚/𝑠 for parameter and 10𝑚𝑚/𝑠 for 

infill. A pressure pump was used to extrude the materials from the extruders. The pressure setting 

for PDMS hydrogel and carbon grease is 180𝑀𝑃𝑎 and 130𝑀𝑃𝑎 respectively depending on their 

viscosity property and the size of nozzle diameter. INKREDIBLE 3D Bioprinter from Cellink was 

used for printing the TE bio-skin. The print path was created in G-code format using an open 

source software named Slic3r. The software spliced the CAD mode into 3 parts vertically with a 
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printing density of 95%. Dual extruder mode was selected in the printing process: The bottom 

structure was printed with PDMS hydrogel (Extruder 1) onto PET substrate; The middle part was 

printed with carbon grease (Extruder 2) as infill and PDMS hydrogel as parameter; The top part 

including the pattern of small hemispheres was printed with hydrogel PDMS. As a result, the final 

composition of the printing is carbon grease embedded inside PDMS. 

 

In the printing process of unoptimized TE bio-skin as shown in Figure 3. (1-3), PDMS and carbon 

grease were loaded in Extruder 1 and Extruder 2 respectively, PET was taped onto the plate as the 

printing substrate. Initially, Extruder 1 printed 3 layers of mesh structure with both infill pattern 

and perimeter, then Extruder 2 was switched to print two layers of mesh structure only with infill 

pattern, with the perimeters printed with Extruder 1. Subsequently, Extruder 1 printed three more 

layers of mesh structure with both infill pattern and perimeter to embed the carbon grease from 

Extruder 2 inside. Lastly, Extruder 1 printed small hemispheres that cover the top of the mesh 

structure. Printing demonstration can be found in A1 from the Appendix. 

 

After printing, the sample was still attached to PET substrate as shown in Figure 3. (4), and was 

taken to a heating oven to be heated at 80 °C for 6 hours. After it was taken out of the oven as a 

cured elastomer, the PDMS became clear and sealed as shown in Figure 3. (5). A knife was used 

to gently remove the whole structure off from the substrate.  

 

 

Figure 3. Printing Steps and Results of the Unoptimized TE Bio-skin 
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(B) PE Bio-skin  

Dual printing mode was still applied and the same printing nozzles were installed on the extruders. 

No infill pattern was generated from the G-code, and the printing speed was set at 7mm/s. Extruder 

1 and Extruder 2 were filled with fluidic carbon grease and Te-PDMS mixture respectively. The 

ink extrusion pressure setting for the carbon grease is 130𝑀𝑃𝑎; 180𝑀𝑃𝑎 for Te-PDMS. The 

printing substrate was a thin piece of clear plastic covered with a layer of Ecoflex rubber (Ecoflex 

00-30) made of platinum-catalyzed silicones to hold the device. The 4-layer printing order is 

shown in Figure 4 as an example, in which the Sierpinsiki structure PE bio-skin is printed on a 

thin layer substrate of Ecoflex: Extruder 1 (Carbon grease) prints the 1st and 4th layers, and 

Extruder 2 (Te-PDMS) prints the middle two layers. Each layer was printed three times based on 

the structure sent to the printer (Nozzle diameter is 200𝜇𝑚; the line width is 600𝜇𝑚). When the 

printing is complete (3 strcutures as shown in Figure 4), two copper wires were placed in touch of 

the carbon grease from top and bottom separately. Another layer of Ecoflex rubber was poured 

and cured to embed the printed structure device inside. The whole device was then taken to the 

oven and heated at 80°𝐶 for 6 hours to cure the PE-bio-skin. After the heating, similarly, a knife 

was used to gently remove the device with Ecoflex off from the plastic substrate. 
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Figure 4. Printing Steps and Results of PE Bio-skin(s) 

2.4 Mechanical Optimization Process of TE Bio-skin 

 

To investigate the optimal mechanical performance of the 3D printed TE bio-skin with the 

embedded structure, multi-layer printing principle. Two investigation studies on the selection of 

the design and thickness for TE bio-skin were conducted. To optimize the design of the TE bio-

skin by reducing the elastic modulus to the minimal, 5 different structures, namely circle, mesh, 

wave, honeycomb, and solid film were designed and printed with the same size dimension (50𝑚𝑚 

× 10𝑚𝑚 × 600𝜇𝑚) as shown in Figure 5. Pure PDMS matrixed mixed with curing agent was used 

for printing of the samples as it is the base material for TE bio-skin. The printing setup is the same 

as discussed in Chapter 2.3. 4 samples were tested for each type of the structure. Each sample was 

clamped tight at both ends with an effective tensile length of 30.52mm, and each sample was 

stretched until break with an elongation speed set at 1𝑚𝑚/𝑠 . The results showed that circle 



19 

 

structure was ideal for the design of TE bio-skin (In Chapter 2.3), which is also proven from Finite 

Element Analysis (FEA) study of tensile test simulated with the hyperelastic material. The 

following investigation is to determine the optimal thickness for the device with such structure 

design. Figure 6 shows one sample with a thickness of 200 𝜇𝑚 was breaking in the middle in 

tensile test, and 3D printed circle structure of 6 thicknesses ranging from 200𝜇𝑚 to 1800𝜇𝑚 by 

controlling countable layers (l layer =200𝜇𝑚). The preparation of samples, experiment setup and 

process were following the same tensile test process earlier.  

 

 

Figure 5. 5 TE Bio-skin Structures. Left to Right: Circle, Mesh, Wave, Honeycomb and Solid 

film 

 

Figure 6. 6 Circle Structure of 6 Thicknesses (μm). Left to Right: 200, 400, 600, 800, 1200, 

1600 

2.5 Electrical Characterization 

To characterize the electrical outputs, the 3D printed optimized TE bio-skin was attached onto a 

fixed base plate which is electrical isolated. A piece of medical plastic tape was attached to the 

plate on the linear motor (LinMot) to periodically contact the surface of TE bio-skin, with an 

oscillatory frequency set to be 1 Hz. The electrometer (Keithley 6514) was used to measure voltage 
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𝑉𝑜𝑐, and transferring charge 𝑄𝑠𝑐. A low-noise preamplifier (Stanford Research Systems, SR570) 

was used to measure the current 𝐼𝑠𝑐. The electrical durability of the device was also tested by 

operating the linear motor for 1.1ℎ𝑟𝑠 (~2000 cycles), and the voltage profile was collected. The 

output power of device was calculated from the measurements of the current and voltage of TE 

bio-skin with external loads of different resistance ranges from 100𝑀 to 2000𝑀. Another electrical 

test was to determine if the 𝑉𝑜𝑐 and 𝐼𝑠𝑐 are responsive under stretching mode and contact mode, 

which is to simulate the two possible situations when the TE bio-skin was attached to a human 

body. Figure 7 shows the experiment setup: The optimized TE bio-skin was clipped tight at both 

ends and supported by a small piece of glass sheet. A piece of medical plastic tape was taped onto 

another glass sheet of same size, which was attached to a load sensor. The stretching mode was 

tested when a fixed pressing force 5N was applied on top of the TE bio-skin, and the TE bio-skin 

was stretched from 20% to 35%. In contact mode, the TE bio-skin was stretched at 10%, in contact 

with the pressing glass from the load unit that has an increasing force from 1N to 10N. 

 

 

Figure 7. Experiment Setup for Electrical Measurements under Two Modes 
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 RESULTS AND DISCUSSION 

3.1 Advantages of Wearable Device Fabrication with 3D Printing 

Prior to conventional coating method, 3D printing can provide researchers with flexibility of 

controlling the structure design of smart devices, and effectively meet the functionality 

requirements of the device. The optimized 3D printed TE bio-skin is designed with circle structure 

to be more stretchable and elongated with less force required than its solid structure, and such 

structure can also provide air-permissibility when attached to the human skin with more comfort 

level. The small domes patterned on the top of the base structure are designed and printed in 

hemisphere shape to work as spacers. Once the TE bio-skin is in contact with other materials of 

the opposite polar when exploiting triboelectric effect, varying contact area in pressing or releasing 

process can efficiently generate transferring electrical signals. With such design, both stretching 

mode and contact mode are compatible in the device, in assist of measuring subtle movements 

from human bodies or detecting large joint movements but requiring less tensile force. Traditional 

molding method may also be applicable for such structure, but it lacks the accuracy in the desired 

shape and requires additional human intervention for assembling embedded layer, muti-layer 

structure of multiple materials for single electrode electrical device. 3D printing with dual extruder 

can efficiently solves such inconvenience.  

 

PDMS mixed with curing agent is selected to print the dielectric layer of the device structure due 

to its high viscoelasticity in hydrogel form before curing, and transition to rubbery state with high 

deformability after curing at a certain low temperature. In addition, PDMS is negative material in 

triboelectric series, which can be taken advantaged to apply triboelectric effect with another 

positive materials to generate electrical signals through contact and separation. Carbon grease is a 

rheological electrode material that does not dissociate PDMS, so it can be stretchable with PDMS 

in its optimal structure. Moreover, both materials have fine printability and can be loaded into 

printing extruders easily. The bio-compatible, fluidic electrode embedded multi-layer structure 

with enhanced mechanical improvements is ideal to be a promising electrical device for human 

bodies. 
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The PE bio-skins are designed with a fractal pattern, which describes the integrated structure that 

is self-similar to its repeating unit cell and across different scales. Such structure formed by a single 

line or loop of lines can be accommodated to various of surfaces and support many deformation 

modes such as biaxial, radial [47], etc. due to the enhanced elastic strain along multiple directions. 

The 3 fractal patterns referred in this research are suitable for the application of stretchable 

electrical device design such as the bio-skin concept. Another benefit of utilizing 3D printing 

technique is the formation of overall piezoelectrical potential. As it was mentioned earlier, the 

missing alignment of Te NWs could be an obstacle for the overall formation of piezoelectric 

potential. However, during the printing process of Te-PDMS as illustrated in Figure 8, the optical 

image indicates the orientation of Te-NWs mixed in PDMS can be aligned along the printing path, 

which is due to the shear force applied on Te NWs during the the ink-extrusion process at the 

nozzle, so as to ensure the formation of overall piezoelectric potential on the cross section of the 

PE bio-skin device. 

 

 

Figure 8. Illustration of the Alignment of Te NWs in PDMS, Inset is the Optical Image 

3.2 Operating Mechanism of the Bio-skin  

 

(A) TE Bio-skin  
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To operate the negative base material PDMS in the generation of transferring charges, a positive 

material, medical plastic tape in this research is chosen to be the positive material layer that is 

attached to the top of PDMS in its contact mode. Only non-stick side of the tape is touching the 

domes pattern on the top of PDMS.  

 

The operating mechanism of 3D printed TE bio-skin is based on the coupling of electrification and 

electrostatic induction, which is schematically illustrated in Figure 9. Initially when there is no 

force applied, the surface medical plastic tape is not fully in contact with PDMS due to the spacing 

by small domes on PDMS, and electrical equilibrium is maintained as no electron is transferring 

in the copper wire (Figure 9.i). When an external force is pressed on the top (Figure 9.ii), 

triboelectrification, which is the generation of positive and negative electron pairs, occurs on the 

increasing contact area between the tape and PDMS due to their different triboelectric series from 

the triboelectric series chart (Appendix A2). Electrons will flow from the ground to the electrode 

(embedded carbon grease) through the copper wire to reach electrical equilibrium. The tape and 

PDMS maintains positive and negative charge respectively when the force is about to be removed, 

and the electrons stop moving as the ground and electrode are reaching same electrical potential 

(Figure 9.iii). When the force is removed, it will cause different electrical potentials between the 

tape and PDMS. To maintain electrical equilibrium again, the electrons will flow from the 

electrode to the ground due to electrostatic induction, which can cause an opposite current flow 

from the previous (Figure 9. iv). Ambient vibration can cause the contact and separation between 

the tape and PDMS, and the electrical output can help us visualize those movements in a 

measurable way. 
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Figure 9. The operating mechanism of the TE Bio-skin 

 

(B) PE Bio-skin  

The theoretical atomic crystalline structure of Te NWs is illustrated in Figure 10.i. With the 

absence of the strain applied on Te NWs, the cross section of a single Te NW chain is in an 

equilateral triangular shape due to the helical turns of atoms with a rotating angle of 120° along 

the longitudinal direction along the NWs, which are packed by a group of Te NW chains formed 

in a hexagon shape in the cross-sectional view (z axis) [27, 48].  

 

The fundamental crystal structure of Te NWs in their cross section and proposed working 

mechanism are illustrated and discussed in Figure 10. ii. As mentioned earlier, Te atom chain has 

a helical structure connected by strong covalent bonds, which can project as an equiaxial triangle 

shape on its cross-sectional plane [27]. When a compressive or tensile force is applied on the Te 

atom along the Te NWs’ thickness direction (y-axis) in its cross-sectional plane, it will cause the 

equiaxial triangle to transform into an isosceles obtuse or acute triangle shape respectively. Both 

the obtuse and acute triangles can cause a dislocation of the positive Te ions and the electronic 

negative charge center, in result of downward or upward transferring of electrons to form a 

balancing piezoelectric potential [27]. Te NWs are formed by connecting groups of Te atom chains 

in hexagon structure bounded by weak van der Waals bonding force [27, 49, 50]. Theoretically 

speaking, when a force is only applying in x and y direction, the piezoelectrical polarization forms 

due to the asymmetry of the Te crystallographic structure, whereas the overall piezoelectrical 
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potential on the NWs could not exist when applying force in z direction due to the offset of 

localized piezoelectrical potential. Such concept and result have been reported [27, 51, 52]. The 

flexible PE bio-skin device is printed in lines that form a certain structure as a planer integrity, in 

which Te NWs are aligned along the lines during the printing process. A similar manner of 

generating piezoelectrical polarization through applying force to deform Te atom in x or y direction 

can be implemented by compressing or stretching the device in different directions, resulting in an 

upward or downward charge transfer in the circuit, respectively. In summary, the electricity 

generated by TE bio-skin is due to the external force applied that is able to cause the contact and 

separation between two dissimilar materials of the opposite polar, such as the negative PDMS and 

positive medical plastic tape in this research; For PE bio-skin, the electrical functionality is owed 

to the piezoelectric material itself, such as the Te NWs used in this research, by applying a 

deforming force on the structure of the TE NWs to cause the formation of piezoelectric potential 

to balance the external force. 
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Figure 10. The operating mechanism of the PE Bio-skin 

3.3 Results from TE Bio-skin Optimization Process 

During the structure optimization process, except for the solid structure that can be achieved by 

most of the traditional fabrication techniques for electrical devices, the 4 base structures (Chapter 

2.4) were designed based on the concept in which the base structure should be made air-permissible 

and more stretchable than the solid film. Figure 11 shows the Maximum strain, Force-Strain curve, 

and Force-Displacement curve from the experiments and FEA simulation results of the 5 structures. 

The strain from the experiment can be represented by the calculation:  
𝑒𝑙𝑜𝑛𝑔𝑎𝑡𝑒𝑑 𝑙𝑒𝑛𝑔𝑡ℎ

𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑙𝑒𝑛𝑔𝑡ℎ
=

𝑒𝑙𝑜𝑛𝑔𝑎𝑡𝑒𝑑 𝑙𝑒𝑛𝑔𝑡ℎ

30.52𝑚𝑚
. The maximum strain and tensile force experiment results can be found in T1 from 

Appendix A3. Averagely, the tensile test result (Figure 11.i) shows the circle structure yields to 

the largest maximum strain of 142.68%, and such structure also shows better elasticity, which is a 
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lower elastic modulus, than other structures based on the slope of Force-Strain curves. The result 

could be due to the diminished local stress applied on the corners in the circle structure during the 

elongation process. FEA simulation (Appendix A4) of the 5 structures with hyperelastic material 

is also demonstrated to prove the circle structure requires the least elastic modules and force to 

reach a certain displacement as shown in Figure 11. ii. The circle structure design was selected to 

be the ideal model for the 3D printed TE bio-skin, as it can effectively reduce the elastic modulus 

when attached and stretched with human skin on uneven surface or movable joints, and its 

maximum strain can guarantee the applicability as stretchable smart sensor in most forms of human 

movements. 

 

 

Figure 11. Tensile Comparison from Experiment and FEA Simulation with hyperelastic material 

(Right) of 5 structures 

 

Figure 12 shows that the Force-Strain ratio increases with increasing thickness based on the data 

collected in T2 from Appendix A5, but the sample with 600𝜇𝑚 thickness yields to the largest 

maximum strain, which could be due to the defect of water mixed into PDMS for reducing the 

viscosity in printing. Ideally speaking, the maximum strain of PDMS is related to the yield strength, 

which is a material property that does not change with thickness, but during the experiment the air 

bubbles as a defect factor in the PDMS could potentially change the mechanical strength property 

that could be a failure point for the maximum strain of the structure at various thicknesses. From 

the experiment it has also been proven that if the material is printed too thin, the air bubble defects 
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caused in the printing and curing process could be a dominant factor for the change of strength of 

the material, which will prevent it from reaching a large strain. In order to decide the most suitable 

thickness of the PDMS used in the device by selecting the soft but also elastic structure, the most 

optimal thickness applied on the final device is suggested in the range of 400𝜇𝑚~800𝜇𝑚 based 

on the rsult. It is noticed that the water can cause a non-uniform curing in PDMS due to the 

formation of air bubbles from evaporation, which will result as a non-transparent look of the 

samples in Chapter 2.4. Figure 13.i shows two PDMS samples printed with or without water. The 

left and right pair of samples were printed with a thickness of 200𝜇𝑚 and 800𝜇𝑚 respectively, 

and the left side in either pair was not mixed with water. After curing, few air bubbles exist inside 

the non-water samples. The air bubbles are not significantly affecting the young’s modules and 

the slope of Force-Strain curve of the samples, but the non-water samples can reach a larger 

maximum strain as shown in Figure 13.ii-iv. Since water can effectively reduce the viscosity of 

PDMS matrix for the ease of printing process, to compromise, the distilled water was reduced to 

0.5g in the preparation of PDMS mixture. 

 

 

Figure 12. Tensile Comparison from circle structure of 6 thicknesses 
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Figure 13. Samples Printed with/without Water in PDMS Mixture and Tensile Comparison 

 

As a result, previous 3D printed TE bio-skin of mesh structure was optimized by selecting circle 

structure and printing 3 base layers of PDMS mixture with reduced water, embedding l layer of 

carbon grease and covered with small hemispheres pattern of same size from earlier design. The 

CAD model and printing of the optimized TE bio-skin is shown in Figure 14.i. Figure 14.ii shows 

the phase that optimized TE bio-skin was starting tensile test and its maximum strain. As shown 

in Figure 13.iii, compared to previous TE bio-skin, which averagely has a maximum strain of 

47.33%, and a lateral Force-Displacement of 0.36N/mm, the optimized TE bio-skin shows greatly 

enhanced mechanical performance with a maximum strain of 151.67%, and a lateral Force-

Displacement of 0.21N/mm (T3 from Appendix A6). 
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Figure 14. Optimized TE Bio-skin and Tensile Comparison with Unoptimized TE Bio-skin 

3.4 Electrical Characterization of the Bio-skin  

 

(A) Optimized TE Bio-skin 

The electrical characterization of the optimized 3D printed TE bio-skin were investigated with 

linear motor by making oscillatory touch between the medical plastic tape and TE bio-skin. Figure 

15.i-iii show the graphs of 𝐼𝑠𝑐, 𝑉𝑜𝑐, and 𝑄𝑠𝑐 respectively. After tested, the TE bio-skin can reach 

an average current of 14nA, potential difference of 6V, and transferred charge of 2nC, which 

showcase the ability of the optimized TE bio-skin for electricity harvesting through triboelectric 

effect, and potential for sensing purpose. Figure 15.iv shows the output power and current of TE 

bio-skin with external loads of different resistance. It can be seen that the current is resistance-

dependent, but maximum power will reach at 36.36 𝑛𝑊 at 600𝑀Ω . Detailed current and voltage 

data can be found in T4 from Appendix A7.  
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Figure 15. 𝐼𝑠𝑐, 𝑉𝑜𝑐, 𝑄𝑠𝑐 of the Unstretched TE Bio-skin and its Output Power with Varying 

Resistance of External Loads 

 

In addition, we have also proved the durability of TE bio-skin after it has been tested for 2000 

cycles and its 𝑉𝑜𝑐 still remains constant as shown in Figure 13.i, such robust mechanical durability 

and electrical integrity guarantees TE bio-skin’s long-term use in the contact mode. Another 

investigation on the electrical signal from the device in stretching mode and contact mode was 

tested, Current and voltage were measured as shown in Figure 13.ii for stretching mode and contact 

mode respectively. The results indicate that the electrical signal increases with enlarging pressure 

and elongation, demonstrating the utilizable electrical property on the human skin. For instance, 

when the TE bio-skin was attached to a movable joint, the TE bio-skin should be able to response 

with the different degree of stretching accordingly. The contact mode can be used to detect subtle 

movements such as heart pulse rate, voice, breath etc. with or without the TE bio-skin stretched. 
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Figure 16. Electrical Durability Test and Dual Modes Test of the TE Bio-skin 
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(B) PE Bio-skin(s) 

To characterize the electrical outputs, both ends of the Te-PENG were clamped tight with two 

clamps, one of which was affixed on a L-bracket, and the second was fixed on the linear motor 

(LinMot) to periodically stretch and release the device horizontally with an oscillatory frequency 

set to be 0.5 Hz. The electrometer was used to measure the voltage 𝑉𝑜𝑐 from the device. A low-

noise preamplifier was used to measure the current 𝐼𝑠𝑐. Te-PDMS mixture has a similar silver-gray 

color as the synthesized Te-NWs products do, but pure PDMS matrix mixed with curing agent 

only is crystal clear. Figure 17.iv and v show the printed devices of Peano structure with or without 

Te NWs mixed into PDMS (middle layers) respectively. PE bio-skin devices in the 3 structures 

(Peano, Hilbert, and Sierpinski) were printed for electrical comparison. The devices were 

repeatedly stretched 20% with a frequency of 0.5Hz. Figure 17.i-iii show the measured electrical 

output  𝐼𝑠𝑐 (left) and  𝑉𝑜𝑐 (right) of devices in Peano, Hilbert, and Sierpinski structures respectively, 

among which the best electrical performance of the device in Peano structure has a maximum 

current 6.15𝑛𝐴 and a maximum voltage 2.85𝑉. The 𝐼𝑠𝑐 and  𝑉𝑜𝑐 measured from the device in Peano 

structure, with the absence of Te NWs, were also measured as shown in Figure 17.vi. Exploiting 

the 3D printed PE bio-skin in Peano structure as our final device design, the output power and 

current from the device were measured with the external loads of resistance in the circuit. It shows 

the current is resistance-dependent, and the maximum power can reach 11.32nW at 400𝑀Ω 

(Figure 18.i). Additionally, the electrical signal from the device is also proven to be strain-related 

by stretching it from 20% to 50% as shown in Figure 18. ii. The durability of the PENG in Peano 

structure was tested for 1500 cycles by stretching (30% strain) and releasing on the linear motor, 

and the result shows a constant 𝐼𝑠𝑐 output (Figure 18.iii). 
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Figure 17. 𝐼𝑠𝑐, 𝑉𝑜𝑐 of the PE Bio-skin(s) and Without Te NWs 

 

 

Figure 18. Electrical Power, Strain-responsible Signals, and Durability Test of the Peano PE 

Bio-skin 

  



35 

 

 DEMONSTRAION 

We investigated the performance of the TE bio-skin and PE bio-skin for detecting human’s heart 

pulse rate, sound waves of speech, and bending movements through triboelectric and piezoelectric 

effects respectively. Chapter 4.1 and 4.2 are to demonstrate the application of the optimized TE 

bio-skin and Peano PE bio-skin in monitoring the health status of the human body through 

detecting central pulse and peripherical pulse from neck and wrist respectively, and subtle 

vibrations of human voice cord for distinguishing speech patterns. Chapter 4.3 is for detecting 

different degrees of large movements from the joint of human’s elbow with TE bio-skin only.  

4.1 Heart Pulse Rate Measurement and Health Monitoring 

 

(A) Optimized TE Bio-skin 

The heart pulse measurement was under contact mode of the TE bio-skin. Similar to the setup and 

working principle and method in electrical characterization, a piece of medical plastic tape with 

the same length of the optimized 3D printed TE bio-skin was cut off and stuck onto another piece 

of tape with longer length, make sure its non-stick side was in contact with the small hemispheres 

patterned on top of TE bio-skin. The device with the tape in contact was then taped tight onto the 

neck or wrist area of human body. Copper wire was inserted into the carbon grease for output 

signal measurement. Pre-amplifier was used to measure current signal in real-time. The tape and 

TE bio-skin were attached tight to the detecting area on wrist or neck with another medical plastic 

tape. Figure 19.i and ii. show the participant’s heart pulse rate was successfully detected by the TE 

bio-skin on the neck and wrist respectively. They also show real-time measurement of heart pulse 

rate obtained from neck (Appendix A8) and wrist respectively in a 15-second period. It is noticed 

that, through both neck and wrist, human’s heart pulse rate can be successfully detected on central 

pulse and peripheral pulse, which clearly shows two distinguishable factors that are used to 

evaluate human’s physical condition: systolic peak (𝑃1) and point of inflection (𝑃2) [53,54].Such 

quantifiable parameters can be used to calculate radial augmentation index (𝐴𝐼𝑟) for assessment of 

human’s cardiovascular system, which most commercial sensors are not capable to do. 
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Figure 19. Heart Pulse Rate Measurement on Neck and Wrist with TE Bio-skin 

 

Figure 15.i and ii show one single cycle of heart pulse rate signal measurement from neck and 

wrist respectively. For central pulse measurement from the neck, 𝑃1 and 𝑃2 are indicated at the 

peaks Upstroke Time (𝑇𝑢𝑝) is indicated as the duration to reach to P1; Transit Time (∆𝑇) is defined 

as the time duration between 𝑃1 and 𝑃2, which is proportional to the height (ℎ) of human beings. 

𝐴𝐼𝑟can be found by calculating the ratio of 
𝑃2

𝑃1
 to reflect the health status of human. Based on the 

chart of Relationship of the augmentation index to age [55], a healthy male person under his forties 

should have 𝐴𝐼𝑟in a range between 23.4±8.4%. The participant has an average central pulse 𝐴𝐼𝑟 =

∑
𝑃𝑖2

𝑃𝑖1
×100%𝑖=14

𝑖=1

14
=

3.166

14
= 22.62%  that meets the requirements of healthy status. Additionally, 

average ∆𝑇 is from the time interval difference between 𝑃2 and 𝑃1 in each heart beat rate cycle 
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can also be calculated: ∆𝑇 =
4.134

13
= 0.260𝑠 = 260𝑚𝑠. Peripheral pulse has an average ∆𝑇 =

326𝑚𝑠, and the index of large artery stiffness  𝑆𝐼 can be derived from the ratio of participants 

height ℎand ∆𝑇  from peripheral pressure pulse, 𝑆𝐼 =
ℎ

∆𝑇
=

1.78

0.326
= 5.46𝑚/𝑠  , which is similar 

to the stiffness result measured from carotid-femoral pulse wave velocity (PWV). The result 

obtained from the participant is corresponding to the profile and statistics [56] to show his healthy 

status was maintained within the range suggested below his 29 years age. Lastly, the upstroke time 

𝑇𝑢𝑝  is an important indicator of aortic stenosis. The participant has an average central pulse 𝑇𝑢𝑝 =

3.636

14
= 0.126𝑠 = 126𝑚𝑠, and the result is closed to the statistics collected from healthy volunteers 

[57]. Both ways of measuring pulse show a similar heart beat rate 73±1 beats/min (bpm), within 

the normal distribution range of 69.7 ± 10.8 bpm of a healthy person under his 40 years of age. 

 

  

Figure 20. One Period Cycle of Heart Pulse rate Measured from Neck and Wrist with TE Bio-

skin 

 

(B) Peano PE Bio-skin 
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Through mechanical properties investigation, Peano PE bio-skin was selected as the best candidate 

for the demonstration utilizing piezoelectric polarization. To collect the heart pulse detection 

signals, similarly to the TE bio-skin, the Te-PENGs were taped against the wrist and neck 

respectively with a double side tape. Figure 21.i and ii show the human peripheral heart pulse and 

central heart pulse were detected by the device attached on wrist and neck (A9) respectively. A 

10-second period of heart pulse was collected from the participant from his wrist or neck, where 

𝑃1 and 𝑃2 are obviously detected on the heart pulse profiles as shown in Figure 22.i and 15b. ii. 

Through calculation from collected data by Peano TE bio-skin,, the participant has an average 

central pulse 𝐴𝐼𝑟 =
∑

𝑃𝑖2

𝑃𝑖1
×100%𝑖=9

𝑖=1

9
=

2.6841

9
= 29.82% and an average 𝑇𝑢𝑝 = 119.25𝑚𝑠, which are 

within the normal range from previous references. For the peripheral heart pulse electrical signals 

measured from wrist, ∆𝑇 =
2.74

9
= 0.304𝑠 = 304𝑚𝑠 , and 𝑆𝐼 =

ℎ

∆𝑇
=

1.78

0.304
= 5.85𝑚/𝑠 , and the 

result is also closed to the suggested statistics reported for a healthy male below his age of 29. 

Additionally, the device can easily detect the heart beat rates measured from wrist and neck were 

61.3 and 72 beats/min (bpm), satisfying the normal range of 69.7 ± 10.8 bpm for human heart rate 

below his age of 40. 
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Figure 21. Heart Pulse Rate Measurement on Neck and Wrist with PE Bio-skin 
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Figure 22. One Period Cycle of Heart Pulse rate Measured from Neck and Wrist with PE Bio-

skin 

4.2 Detection on Human Acoustic Waves  

Besides the clinical significance proven by both bio-skin devices, we also demonstrated the 

capability of the TE bio-skin and PE bio-skin for monitoring sound waves by the subtle vibration 

from the human voice cord, which can be further integrated as a voice sensor to collect speech 

patterns for recognition.  

 

(A) Optimized TE Bio-skin 

In this demonstration, similar to the previous heart pulse detection experiment, the optimized TE 

bio-skin was taped around the human voice cord area on the neck, covered by the non-sticky side 

of a piece of medical plastic tape attached on another piece. The voltage signal was collected with 

a frequency filer between 3Hz-1000Hz. 3 words ‘Purdue’, ‘Boiler’, ‘Up’ were repeatedly 
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pronounced by the participant for 5-6 times as shown in Figure 23.i. The voltage electrical signals 

of the 3 words were further analyzed with Fast Fourier Transform (FFT) for comparison: 

𝑋𝑘 = ∑ 𝑥𝑛𝑒−
𝑖2𝜋𝑘𝑛

𝑁

𝑁−1

𝑛=0

= ∑ 𝑥𝑛𝜔−𝑘𝑛, 𝑘 = 0, 1, 2, … , 𝑁 − 1

𝑁−1

𝑛=0

 

Where 𝜔 = 𝑒−
𝑖2𝜋𝑘𝑛

𝑁 , which is the first complex N-th root of 1. After calculating, the FFT 

wavefunctions of the 3 words and background noise from the collect electrical signals were plotted 

as shown in Figure 23. ii. It is noticed that the filtered signals still have electrical harmonics 

occurred at integer multiples (1, 2, 3...) of the fundamental frequency 60Hz as a background noise. 

Besides that, the FFT result of the 3 words clearly show the distinguished waveforms with peak(s) 

at different frequencies and voltage magnitudes. 

  

Figure 23. Speech Recognition with FFT analysis of the 3 words (‘Purdue’, ‘Boiler’, ‘up’) 

 

The average FFT result shows ‘Purdue’ can reach 2 peaks at 113 Hz and 151 Hz, with electrical 

magnitudes of 11 E-4 and 4 E-4 respectively; ‘Boiler’ also reaches 2 peaks at 112 Hz and 145 Hz, 

with the magnitudes of 2 E-4 and 3 E-4 respectively; Up’ reaches 1 peaks at 135 Hz with a 

magnitude of 1.5 E-4 only  (Figure 24.i). The difference of peaks and magnitudes of different 

words from the signal data collected by the TE bio-skin shows promising utilization for the 

distinguish of speech wave functions. Additionally, to visualized the difference of the speech 

patterns, the electrical signals were further processed into voice spectrograms for speech 

identification, where the pattern for each word is unique and repeatable for recognition purpose 

(A10).  Figure 24.ii shows a typical result of the spectrograms demonstrating the recognition of 
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the 3 words based on the electrical signal collected by the TE bio-skin. Such results can be 

promising for future application, such as integrated into a comfortable, flexible and wearable 

speech sensor for human-machine interaction system. 

 

 

Figure 24. Average Wavefunction and Voice Spectrogram 

 

(B) Peano PE Bio-skin 

Similar to the TE bio-skin demonstration, the Peano PE-PENG was taped around the human voice 

cord area. Voltage signal was collected with a frequency filer between 3Hz-1000Hz. 3 words 

‘Purdue’, ‘Giant’, ‘Leaps’ were repeatedly pronounced for 5-6 times. Figure 25.i shows the 3D 

printed Te-PENG was attached to the participant’s voice cord area on the neck. The voltage 

electrical signals of the 3 words were further analyzed with Fast Fourier Transform (FFT) to 

calculate the average FFT results of the 3 words (Figure 25.ii), which also clearly show the 

distinguished waveform with peak(s) at different frequency and different voltage magnitudes. 

Figure 25.iii shows a typical result of the spectrograms of the 3 words which were plotted to easily 

identify the speech patterns, detailed spectrograms of the other samples can be found in A11. 
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Figure 25. Average Wavefunction with FFT analysis of the 3 words (‘Purdue’, ‘Giant’, ‘Leaps’) 

and Voice Spectrogram 

4.3 Detection on Large Degree of Body Movements  

Figure 26 demonstrates the performance of the optimized TE bio-skin for detecting large 

movements from human body under its stretching and contact mode in a bending motion. The TE 

bio-skin was taped tight under the elbow joints of straight arm. An elastic medical band attached 

with the medical plastic tape was covering to touch the hemisphere surface of the TE bio-skin as 

shown in Figure 26. ii. The arm was recurrently bent to 150 °, 90 ° and 30 ° respectively to measure 

the electrical signals in Figure 26.i. Figure 26. iii shows distinguished electrical outputs of the 3 

angles according to different degrees of bending, which proves the stretchability and functionality 

of the device. In summary, the dual mode optimized 3D printed TE bio-skin was demonstrated to 

be able to detect heart pulse rates through obvious systolic peak and evaluating human’s health 

status, detecting speech patterns from human voice, and detect large movements with its fine 

flexibility. 
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Figure 26. Detection of Different Bending angles from the Participant’s Elbow 
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 CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

In summary, we have presented a novel flexible electrical sensor fabrication method with inkjet 

3D printing technique that utilizes piezoelectric polarization and triboelectrification principle to 

harvest small mechanical energy and detect subtle movements from human bodies. Both TE bio-

skin and PE bio-skin devices are designed in a rational and customized manner, and printed with 

dual extruders with multiple materials without further human intervention for assembly. The low-

cost materials PDMS matrix and fluidic carbon grease used for TE bio-skin in this study are proved 

to be easily printable, bio-compatible, mechanical flexible and robust. The design and thickness 

selection of the device are optimized through tensile study. The printed device also possesses 

excellent triboelectric property that the device can reach a satisfying electric output for sensing 

purpose. For the PE bio-skin, Te-PDMS was used as the printing piezoelectric material by mixing 

synthesized Te NWs with PDMS matrix, in which the piezoelectric Te NWs were believed to be 

able to align perfectly along the printing path for an enhanced electrical output. PE bio-skin devices 

in different fractal structures are electrically compared. Both optimized TE bio-skin and PE bio-

skin are proved to be electrically stable as well. 

 

Such devices are demonstrated to effectively detect human’s health status by monitoring the heart 

pulse rate on neck and wrist in real-time, and be capable of capturing human sound waves for 

speech recognition. The TE bio-skin is also demonstrated to utilize its proven strechability to detect 

large movements from the human body. Both the bio-skin devices are safe and comfortable in 

wearing for human skin, and can be promising as a smart sensor for other potential applications, 

such as hand gesture recognition used in human machine interaction system. Since it has been 

tested that the word patterns from the voice spectrogram are repeatable for the only participant 

during the speech recognition process, another possible application using the bio-skin devices 

might be voice biometric authentication based on the voice recognition, as the voice frequencies 

are different from people to people, and the word patterns for a person could be much likely unique 

from others as well. 
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5.2 Study Gap and Recommendations 

In this research of study, for the TE bio-skin device, due to the equipment limitation of the printing 

with dual extruders, the author has only achieved in the fabrication of the single electrode, one 

dielectric layer of the wearable electrical device with 3D printing technique. The subsequent 

assembly of the positive material, medical plastic tape, is still externally required for the operating 

of electrical function from the TE bio-skin. In the future of study, the author may search for 

printable and bio-compatible possible materials to fabricate a stretchable electrical device in 

integrity. Secondly, the device can continue to be developed on energy harvesting as power source 

by improving its electrical property through changing the density, size, or shape of the hemisphere 

pattern designed on top, and test on other promising application such as hand gesture recognition 

based on the current results. For the PE bio-skin device, the structure of some of the fractal patterns 

were designed to be anisotropic, as a result of unsystematic comparison in the electrical 

measurement with unidirectional stretching. In the future of study, the printing path design of PE 

bio-skin devices could be in symmetric orientation and control thickness of Ecoflex for mechanical 

improvements. Another gap can be found in the demonstration of heart pulse rate measurement 

from the neck, since there might be other factors such as breath that can affect the signal results of 

heart pulse waves. Suggested body part for measuring the central pulse could also be tested on the 

human chest.  The 3 chosen medical criteria (𝐴𝐼𝑟, 𝑇𝑢𝑝, 𝑆𝐼) might not be sufficient for the purpose 

of human health assessment, and thus the bio-skin devices are more suitable for the goal of 

checking heart-related diseases, or assessing any regular abnormalities in the heart beats that could 

reflect a potential heart attack. In the future of work, the author is also suggested to include the 

data/profiles measured from a commercial heart rate detector for comparison with the signal results 

collected from the bio-skin devices. Though the bio-skin devices are proved to be bio-compatible 

and safe for human skin, and the smart structure design can increase the comfort level for human 

bodies due to the reduced elastic modulus of the devices, it is also recommended that the author 

should conduct surveys or reviews from the general public to better assess the acceptance level in 

which the bio-skin devices are applied on human skin, and in which extent the comfort level is 

satisfied in wearing the devices. 
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APPENDIX 

A1 Printing process video 

Link1 

 

A2 Triboelectric series chart 

 

United States. Dept. of Energy. (2017). Triboelectric nanogenerator. Washington, D.C. 

 

A3: Sample 1-4 for each structure (T1) 

 Solid film Honeycomb Circle Mesh Wave 

Maximum strain 

(%) 

128.8521 124.4436 156.5895 110.8149 122.878 

109.0287 110.4406 140.8193 98.70391 129.2172 

100.7975 109.778 161.4012 107.6647 130.1865 

127.1426 117.116 111.9293 115.2326 104.5237 

Force (N) 

11.1966 6.04368 7.16659 7.87512 11.57 

10.31288 7.73116 6.2328 7.01502 10.80865 

8.01975 6.05476 5.96371 7.18048 10.41994 

https://purdue0-my.sharepoint.com/:f:/g/personal/lv16_purdue_edu/EnALk5yfL4BGou5T02OAE9sBq9Otvf4Q0cTAcEoay5UXpQ?e=2elU9B
https://purdue0-my.sharepoint.com/:f:/g/personal/lv16_purdue_edu/EnALk5yfL4BGou5T02OAE9sBq9Otvf4Q0cTAcEoay5UXpQ?e=2elU9B
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11.40798 5.77663 5.33929 7.91544 8.42719 

 

A4: simulation   

 

 

A5: Sample 1-4 for thickness (T2) 

 200μm 400μm 600μm 800μm 1200μm 1600μm 

Maximum strain 

(%) 

102.651 138.5333 156.5895 121.3321 125.4806 124.2998 

91.2897 130.485 140.8193 100.7594 96.7441 107.3666 

82.4155 122.926 161.4012 96.418 87.678 124.1553 

80.0429 146.1977 111.9293 133.74 148.839 157.76 

Force (N) 

3.079219 7.28313 7.16659 8.274865 12.12506 16.73865 

2.573885 6.908554 6.2328 8.25565 12.56338 17.48325 

2.624038 4.913736 5.96371 7.520038 10.47718 16.73865 

1.950538 6.227509 5.33929 11.24415 16.73447 21.55429 

 

A6: Tensile test results of the TE bio-skin before and after optimization (T3) 

  Maximum strain (%) Force (N) 

Optimized TE bio-skin 151.67 9.47775 

Unoptimized TE bio-skin 47.33 5.23916 

 

A7: Current and Voltage with variant resistance of external loads (T4) 

Resistance (Ω) Current (𝑛𝐴) Voltage (𝑉) 

100M 10.13 1.532 

200M 9.857 2.191 

400M 9.289 3.365 
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600M 9.094 3.696 

800M 8.728 3.998 

1000M 8.067 4.074 

2000M 6.313 4.044 

 

A8: Demonstration video of heart rate measurement on neck by optimized TE bio-skin. 

Link 2 

 

A9: Demonstration video of heart rate measurement on neck and wrist by Peano PE bio-skin 

Link 3 

Link 4 

 

A10: Voice spectrograms for speech recognition from TE bio-skin 

‘Purdue’: 

 

 

 

 

https://purdue0-my.sharepoint.com/:v:/g/personal/lv16_purdue_edu/EbUF6oJQ1IRBiRZGk8TTBIIBRMVAuQPGPlSTNS0r_aQDHw?e=2Naso2
https://purdue0-my.sharepoint.com/:v:/g/personal/lv16_purdue_edu/ETejDPcLFcZKoW-jSOk-y2oB8eAMMbZRHmKjKrfeK5lsCg?e=4KrOTX
https://purdue0-my.sharepoint.com/:v:/g/personal/lv16_purdue_edu/EUILeOfSkrtEil-1KTxwoSABM6JtrWQ0DPaHyx892DnNVA?e=pp0F1J
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‘Boiler’: 

 

‘Up’: 
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A11: Voice spectrograms for speech recognition from PE bio-skin  

‘Purdue’: 

 

‘Giant’: 
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‘Leaps’: 
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