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Abstract 

With the rapid development of the three-dimensional printing (3D Printing) technique, 

several electronic devices have been fabricated by 3D printing. Compared with the traditional 

MEMS manufacturing processes, the 3D printing technique provides a convenient method to 

meet the customers’ personalized demands. However, the applications of 3D printing are 

restricted by the electrically insulating properties of the commonly used polymers. Besides, 

additional alignment and assembling processes are still indispensable to fabricate the MEMS 

devices with geometrically complex structures using the conventional 3D printers. In order to 

solve these problems, an integrative 3D printing approach for rapid manufacturing is 

presented in this paper. With a triple-extruder 3D printer, the electrically insulating PLA 

filament, the electrically conductive PLA filament, and the soluble HIPS filament can be 

printed alternately in the 3D printing process. As an application of the method, a capacitive 

force sensor with a relatively complex suspended beam-plate structure was fabricated in a 

one-step 3D printing process without using any additional metallization process, unloading-

reloading filament process, alignment process, and assembling process. With a good dynamic 

performance, the 3D printed force sensor was used to monitor human’s blood pulse. The 

results show that the integrative 3D printing method has potential to meet the emerging 

requirement for manufacturing of MEMS devices for personalized applications. 

 

Keywords: integrative 3D printing; force sensor; personalized customization; conductive filament; sacrificial layer 

 

1. Introduction 

In recent decades, the silicon-based MEMS (Micro 

Electromechanical System) technique has been extensively 

used in fabrication of a variety of transducers, which is 

attributed to its advantages of mass production, high precision, 

and compatible with the normal silicon-based IC process [1-

6]. However, the traditional manufacturing processes usually 

take several months and the types of products are usually 

limited, which restricts their applications in the field of 

personalized customization. The three-dimensional printing 

(3D Printing) technique provides a convenient solution to 

fulfill the customers’ personalized requirements. 3D printing 

is a promising distributed manufacturing technique [7], which 

is also known as additive manufacturing (AM). Compared 

with the traditional subtractive method, the additive 
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manufacturing method can reduce time and save materials 

since it doesn’t need to remove materials from a block in the 

fabrication process. Furthermore, additive manufacturing has 

the ability to fabricate geometrically complex structures. 

Depending on the manufacturing principles, 3D printing 

techniques can be divided into fused deposition modeling 

(FDM), stereolithography (SLA), selective laser sintering 

(SLS), inkjet printing, laminate object manufacturing (LOM) 

and so on [8-16]. Compared with other methods, FDM is one 

of the most commonly used techniques due to its simple 

principle and low material cost. In the FDM printing process, 

the melted material is deposited on the platform layer by layer 

to build up the 3D object [17-20]. A variety of thermoplastic 

materials such as acrylonitrile butadiene styrene (ABS), 

polylactic acid (PLA), high impact polystyrene (HIPS), 

polycarbonate (PC), nylon, polyvinyl alcohol (PVA), and 

polyethylene terephthalate (PET) are usually used as filament 

materials for FDM printing [21-25]. Among these materials, 

PLA has been widely used because it is an environmentally 

material with better stability in heat shrinkage than other 

thermoplastics such as ABS [26-28]. 

Although several electronic devices have been produced 

using 3D printing [29-37], there are many steps in the 

fabrication process. Since most of the thermoplastics are not 

electrically conductive materials. an additional metallization 

process has to be applied, which complicates the fabrication 

process. Valentina Zega et al. [38] reported a 3D-printed z-

axis accelerometer. The mechanical structure of the 

accelerometer was made by 3D printing and the electrodes 

were fabricated by electroless deposition and electrolytic 

deposition of copper (Cu). Since the wet-metallization method 

is difficult to deposit the copper selectively, additional PET 

sheets had to be placed between the electrodes of the parallel-

plate capacitors to provide electrical isolation. Conductive 

ink-jet printing is another metallization method for 3D printed 

polymer structures. Jacob J. Adams et al. [39] reported an 

antenna, which was fabricated by printing concentrated silver 

nanoparticle ink onto a glass hemisphere. After printing, the 

sample was heated at 550ºC for 3 hours to form the conductive 

silver traces. L-M Faller et al. [40] reported a force sensor, 

which was fabricated based on 3D printed ceramic 

diaphragms. The electrodes were fabricated by inkjet printing 

a silver nanoparticle ink. After printing, the silver ink was 

sintered at 300ºC for 1 hour. Compared with the wet-

metallization method, the inkjet printing method based on 

conductive inks can deposit the metal films selectively. 

However, the sintering temperatures of the silver inks are 

usually above 150ºC, which is too high for the 3D printed 

polymers. The warping deformation during the sintering 

process can cause device performance degradation. Ghazali et 

al. [41] reported 3D printed structures for RF (radio 

frequency) circuits. A thin titanium (Ti) film and a copper film 

were deposited on the 3D printed substrates by sputtering. 

After that, a damascene-like process was used to pattern the 

metal films. Jose Marques Hueso et al. [42] reported a 

selective electroless copper deposition method. After 

exposing, the reduction of silver nanoparticles on the surface 

of the 3D printed sample from photosensitive silver chloride 

(AgCl) was used as a seed layer for electroless copper plating. 

Both the metal sputtering process and the exposure process are 

relatively complex. 

In recent years, it has been reported that some 

thermoplastic filaments with conductive fillers, such as carbon 

black, carbon nanotubes, and graphene, exhibit conducting 

properties [43-48]. Since the conductive thermoplastic 

filaments are compatible with the normal FDM 3D printing 

process, they provide a convenient solution for printing the 

electrically conducting components of the electronic devices. 

Simon J. Leigh et al. [49] reported many applications of the 

carbon black polymer composites on 3D printed sensors. J. R. 

McGhee et al. [50] reported the strain sensing characteristics 

of the 3D printed conductive PLA and ABS. With the 

conductive polymer composites, several electronic 

components and circuits were produced using FDM 3D 

printers without using additional sputtering machines or 

exposure machines [41, 42]. Moreover, the conductive 

polymer printing exhibits potential to be applied in selective 

electroplating for high conductive devices [51, 52]. Although 

the conductive components of some electronic devices, such 

as strain sensors and antennas, have been 3D printed using the 

conductive filaments, the geometric structures of these 

devices were relatively simple. While complex suspended 

structures are usually adopted in MEMS devices [1, 38]. In the 

bottom-up fabrication process, the upper suspended structures 

cannot be directly 3D printed on the under substrates without 

supporters. Since most of the FDM 3D printers have only one 

extruder, the components of the MEMS devices are usually 

printed separately and then manually assembled together [38]. 

Hence, additional alignment process and assembling process 

are still needed to fabricate the MEMS devices with 

geometrically complex structures using the conventional 3D 

printers. 

In this paper, we report an integrative 3D printing method 

for fabrication of a capacitive force sensor, which has a 

relatively complex suspended structure. With an electrically 

insulating PLA filament, an electrically conductive PLA 

filament, and a soluble HIPS filament, the force sensor was 

fabricated using a triple-extruder 3D printer in a one-step 

printing process in approximately 35 minutes without any 

additional metallization process, unloading-reloading filament 

process, alignment process, and assembling process. The 3D 

printed force sensor has been successfully fabricated and 

applied in monitoring the blood pulse. 



2. Materials and methods 

2.1 Materials 

The carbon black-based electrically conductive PLA 

filament was purchased from Proto-Pasta. The resistivity was 

15 Ω·cm. The HIPS filament and the D-Limonene solvent 

were bought from RS Components Ltd. The diameters of all 

filaments were 1.75 mm. The 3D printer Creatbot® DX was 

supplied by Suwei Electronic Technology Co., Ltd. The 

diameter of the nozzle of the 3D printer was 0.4 mm. The 

capacitive readout IC MS3110 was obtained from Irvine 

Sensors. The MS3110 has a capacitance resolution of 4.0 

aF/rtHz and can provide an output voltage proportional to the 

capacitance change. 

2.2 Characterization 

The surface morphologies of the carbon black-based 

PLA structure were observed using a scanning electron 

microscope (SEM). It can be seen from the SEM images in 

Fig. 1a and Fig. 1b, the 3D printed conductive structure has a 

smooth surface with few defects, which ensures stable 

electrical conductivity. To verify the conductive effect, carbon 

black-based PLA interconnections were 3D printed on the 

normal PLA substrates. As shown in Fig. 1c and Fig. 1d, by 

connecting to the electrically conductive PLA traces, the 

LEDs were successfully operated. Therefore, the electrically 

conductive PLA filament material can be employed to 

fabricate the electrodes and interconnections for 3D printed 

electronic devices. 

 

20 μm100 μm

a b

c d

PLA Conductive PLA PLA Conductive PLA
10mm 10mm

 
Figure 1. SEM images of the carbon black-based PLA structure and photographs of 3D printed conductive interconnects. (a) 

SEM image of the carbon black-based PLA object. (b) SEM image of the carbon black-based PLA object with higher 

magnification. (c) An LED was operated successfully by connecting to a flat 3D printed circuit. (d) An LED was operated 

successfully by connecting to a cambered 3D printed circuit. 

 

2.3 Design 

As shown in Fig. 2a, the capacitive force sensor consists 

of a top plate, a top electrode, a spacer, a bottom electrode, 

and a bottom plate. In the top plate, a movable plate is 

suspended by four beam springs and form a beam-plate 

structure. Each beam spring has several connected L-shape 

beams. Thus, the movable plate and the fixed bottom plate 

form a variable parallel-plate capacitor. The initial capacitance 

(C0) of the variable capacitor can be expressed as [53] 

                                      
d

A
C0 =                                     (1) 

where ε is the permittivity of the media between two parallel 

plates, A is the effective area of the movable plate, and d is the 

gap distance between the top plate and the bottom plate. When 
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an external force is applied on the surface of the top plate, the 

plate will move towards the bottom plate thereby decreasing 

the gap distance between the two parallel plates and increasing 

the capacitance. The capacitance under the external force (C1) 

can be expressed as  

                                 
)x-d(

A
C1 =                                       (2) 

where x is the displacement of the movable plate. Therefore, 

the external force can be measured by detecting the 

capacitance changes (C1 - C0). Fig. 2c shows the top view of 

the beam-plate structure. The long beam length (BL1) was 12 

mm, the beam width (BW) was 0.4 mm, the short beam length 

(BL2) was 0.8 mm, the plate width (MW) was 12 mm, the 

beam thickness (BT) was 1.2 mm, and the gap distance was 

2.7 mm. 

 

PLA Conductive PLA

Top plate

Top electrode

Spacer

Bottom electrode

Bottom plate

b

20 mm

a

20 mm

d

BL2

BL1

BW
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c

 
Figure 2. Schematic diagrams and photographs of a capacitive force sensor fabricated using a traditional multi-step printing 

method. (a) Exploded view of the functional layers. (b) Photograph of the 3D printed components of the force sensor. (c) Top 

view of the beam-plate structure. (d) Photograph of the 3D printed force sensor after assembling. 

 

 

 

  Since the shape of the beam spring has a significant 

influence on the displacement of the plate, finite element 

method (FEM) was used to analyze the relationship between 

the shape of the beam spring and the displacement of the plate. 

FEM models of the beam-plate structure with different beam 

spring shapes were built using the FEM software ANSYS. The 

number of the L-shape beam was varied between 1 and 8. 

Other geometric parameters in different models were 

maintained. When a pressure (P) of 30 Pa was applied on the 

surface of the top plate, the relationship between the number 

(N) of L-shape beam and the displacement of the plate is 

shown in Fig. 3a. It can be seen that the displacement of the 

plate increases with the number of L-shape beam. Hence, the 

sensitivity of the force sensor can be improved by increasing 

the number of L-shape beam. Considering both the sensitivity 

and the dimension of the device, the number of the L-shape 

beam was set to 8. In order to analyze the influence of the 

beam thickness on the displacement of the plate, the beam 

thickness was varied between 1.2 mm and 2.2 mm. Other 

parameters were maintained. As shown in Fig. 3b, the 

displacement of the plate decreases with the beam thickness 

increasing. Considering both the sensitivity and the reliability 

of the beam-plate structure, the beam thickness was set to 1.2 

mm. Fig. 3c shows a linear relationship between the external 

force and the displacement of the plate, which indicates the 

beam-plate structure exhibits good spring-like properties. 

When an external pressure of 30 Pa was applied on the surface 

of the top plate, the deformation of the plate in the z-axis 

direction is shown in Fig. 3d. 
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Figure 3. FEM simulation results of the beam-plate structure. (a) Relationship between the number of L-shape beam and the 

displacement of the plate. (b) Relationship between the beam thickness and the displacement of the plate. (c) Relationship 

between the external force and the displacement of the plate. (d) Deformation of the plate in the z-axis direction under an 

external pressure of 30 Pa. 

 

 

2.4 3D printed force sensor based on a multi-step 

printing method 

Since most of current FDM 3D printers have only one 

extruder, the five components of the capacitive force sensor 

have to be 3D printed separately and then manually assembled 

together. A force sensor was fabricated using this multi-step 

printing method for prototype verification. The components of 

top plate, spacer and bottom plate were 3D printed using a 

normal PLA filament. The printing temperature was 190ºC 

and the fill rate was 100%. After that, the normal PLA 

filament was unloaded from the extruder. Then the carbon 

black-based PLA filament was uploaded and used to print the 

components of top electrode and bottom electrode. The 

printing temperature was 230ºC and the fill rate was 100%. 

Fig. 2b shows the photograph of the 3D printed components 

of the force sensor. After printing, the components were 

aligned and then assembled together using a super glue at 

room temperature. Fig. 2d shows the photograph of the 3D 

printed capacitive force sensor. 

2.5 3D printed force sensor based on an integrative 3D 

printing approach for rapid manufacturing 

Although it has been demonstrated that the conventional 

metallization processes such as electroplating, spraying, 

sputter, evaporation, and inkjet printing can be replaced by the 

new method of conductive PLA 3D printing in some 

applications, additional processes such as unloading-reloading 

filament, alignment and assembling process of the individual 

components are still indispensable thereby decreasing the 

manufacturing efficiency. In order to overcome this 

shortcoming, we demonstrate an integrative 3D printing 

method using a triple-extruder 3D printer and the associated 

fabrication processes. Fig. 4a shows a photograph of the triple-

extruder 3D printer. It can be seen that the left extruder was 

loaded with the normal PLA filament, the right extruder was 

loaded with the carbon black-based PLA filament, and the 

middle extruder was loaded with the HIPS filament which was 

used as a sacrificial material. Therefore, the three different 

filaments can be printed in a one-step 3D printing process 

without using additional unloading-reloading filament and 
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metallization process. Besides, since the three extruders have 

been aligned, the three different filaments can be 3D printed 

alternately on the exact location without needing an additional 

alignment process. 

In the 3D model of the capacitive force sensor shown in 

Fig. 2a, the top plate and the bottom plate are separated in the 

vertical direction by a spacer layer thereby forming a 

suspended structure. However, the air gap cannot be produced 

in the 3D printing process since in the bottom-up printing 

process, the upper structure cannot be directly 3D printed on 

the under structure without supporters. Although the 

supporters can be 3D printed using the same filament material 

as the structural frame [54], it still needs to remove the 

supporters manually. Especially for small-size MEMS 

devices, the removal of the supporters is very difficult. In 

order to solve this problem, as shown in Fig. 4b, a 3D printed 

HIPS structure provides a temporary supporter for the upper 

structure, which plays the role of sacrificial layer. After 

printing, the temporary HIPS supporter can be selectively 

removed by the environmentally friendly solvent of D-

Limonene, while the functional layers won’t be affected [55]. 

Therefore, with the HIPS sacrificial layer, the upper structure 

can be directly 3D printed on the under structure without using 

additional assembling process. After 3D printing, the HIPS 

sacrificial layer can be selectively dissolved in D-Limonene 

without manual removal. It should be pointed out that the 

HIPS sacrificial layer was not a solid structure. In order to 

reduce the amount of the HIPS filament and make the solvent 

of D-Limonene dissolve the HIPS sacrificial layer easily after 

printing, the inner of the HIPS supporter was designed as a 

grid structure. Only the top surface and the bottom surface of 

the HIPS supporter were solid planes.

 

Conductive PLAHIPSPLA Conductive PLAHIPSPLA

a b

 
Figure 4. Photograph of the triple-extruder 3D printer and 3D model slicing. (a) Photograph of the triple-extruder 3D printer. 

(b) Exploded view of the functional layers of the capacitive force sensor for integrative 3D printing. 

 

The CAD model of the capacitive force sensor was 

created using the 3D modeling software Solidworks and saved 

as a stereolithography (STL) file. The 3D model in the STL 

file was sliced into thin layers and exported as a G-code file 

using a slicing software CreatWare. Then the G-code file was 

transferred to the triple-extruder 3D printer to print the force 

sensor. In the integrative 3D printing process depicted in Fig. 

5, the three extruders of the 3D printer worked alternately and 

fabricated the 3D model through a bottom-up layer-by-layer 

process. With good mechanical properties and electrically 

insulating properties, the normal PLA filament was extruded 

at a temperature of 190ºC using the left extruder to print the 

bottom plate, top plate, and spacer. The    carbon black-based 

conductive PLA filament was extruded at a temperature of 

230ºC using the right extruder to print the bottom electrode 

and top electrode. The soluble HIPS filament was extruded at 

a temperature of 230ºC using the middle extruder to print the 

temporary supporter. In order to make the polymer layers have 

better adhesion, the temperature of the hot bed was set to 70ºC. 

The layer height was set to 0.3 mm. The fill rates of the PLA 

structures and the conductive PLA electrodes were set to be 

100%. It should be noted that the fabrication step of the spacer 

(Fig. 5c) and the fabrication step of the supporter (Fig. 5d) 

were drawn in two figures just for convenience. Since the 

spacer and the supporter were located at the same level, each 

slice is alternately 3D printed by depositing PLA in the spacer 

region and HIPS in the supporter region in the actual printing 

process. With a printing speed of 40 mm/s, the integrative 3D 

printing process of the 3D model of the capacitive force sensor 

was accomplished in approximately 35 minutes without using 

any additional metallization process, unloading-reloading 

filament process, alignment process, and assembling process.



a b c d

e f g

PLA 

Conductive PLA

Soluble HIPS 

 
Figure 5. Illustration of the integrative 3D printing process for fabrication of the capacitive force sensor. (a) Bottom plate 

printing. (b) Bottom electrode printing. (c) Spacer printing. (d) Supporter printing. (e) Top electrode printing. (f) Top pla te 

printing. (g) Removal of the HIPS supporter by D-Limonene. 

 

Fig. 6c shows a photograph of the 3D model of the 

capacitive force sensor after 3D printing. After that, the 3D 

printed model was putted into the solvent of D-Limonene (Fig. 

6a). The HIPS supporter began to dissolve in D-Limonene at 

room temperature (Fig. 6b). After approximately 10 hours of 

soaking, the HIPS supporter was completely removed. The 3D 

printed device was soaked and washed in ethanol and water to 

remove residual D-Limonene, then the capacitive force sensor 

with a suspended beam-plate structure was obtained. Fig. 6d 

shows a photograph of the capacitive force sensor fabricated 

by the integrative 3D printing process. 

 

c

PLA

HIPS

Conductive PLA

10 mm

d

10 mm

PLA

Conductive PLA

a b

 
Figure 6. Photographs of the capacitive force sensor fabricated by the integrative 3D printing process. (a) The 3D printed model 

was putted into the solvent of D-Limonene. (b) The HIPS supporters began to dissolve in the solvent of D-Limonene. (c) 

Photograph of the device after 3D printing. (d) Photograph of the 3D printed device after removing the HIPS supporter. 



3. Results and discussion 
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Figure 7. Measurement results of the capacitive force sensor. (a) Pulse waveform measured using the force sensor. (b) The 

response of the force sensor under repeated finger presses. The photograph inserts show the measurement methods. (c) Cycle 

test under repetitive force. (d) Relationship between the force and output voltage. 

 

 

In order to measure the performances, the one-step 3D 

printed capacitive force sensor was connected to the capacitive 

readout IC MS3110, which can detect small capacitance 

changes and convert to output voltages. With a supply voltage 

of 5 V, the dynamic changes of the output voltage were 

recorded by a Tektronix MSO 2012 oscilloscope. When the 

3D printed force sensor was attached to the neck of an adult, 

capacitance changes caused by the blood pulse were detected. 

The six complete peaks in five seconds in the waveform 

shown in Fig. 7a indicate that the pulse rate of the adult was 

approximately 72 beats per minute. Fig. 7b shows the 

application of the 3D printed force sensor in detecting the 

finger press. When a finger touched and pressed the top plate 

of the force sensor, the capacitance changes due to gap 

reduction were detected. When the finger was out of contact 

with the top plate of the force sensor, the output voltages 

returned to the baseline level. The three peaks in the waveform 

indicate that the finger totally touched the top plate three times 

in the past twenty seconds. These measurement results 

demonstrate that the one-step 3D printed force sensor has the 

potential for sensing and monitoring human’s health and 

activities. The force sensor was tested by applying more than 

900 cycles of repetitive force in 220 s by finger pressing of the 

movable plate of the sensor. Fig. 7c shows the results of the 

cycling test which indicates that the 3D printed force sensor 

has good reliability. The response of the sensor as the applied 

force was measured by placing a plastic cap loaded with small 

screws of known weight on the moveable plate. Each load and 

hence the force was controlled by the number of screws. The 

weight of each screw was 5.5 g. Fig. 7d shows the relationship 

between the force and output voltage. Table 1 shows the 

comparison of the 3D printed capacitive force sensors. It can 

be seen that with a suspended beam-plate structure, the force 

sensor has a high sensitivity. 

 

Table 1: A comparison of the 3D printed capacitive force 

sensors 
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For MEMS devices with geometrically complex 

structures, it is very difficult to align and assemble the 3D 

printed components using the traditional multi-step 

fabrication method. However, the integrative 3D printing 

doesn’t need additional alignment process and assembling 

process and provide a convenient method for additive 

manufacturing. With the rapid development of the 3D printing 

techniques, it has been reported that the pattern resolution 

could be improved to 10 μm or even higher [58]. Therefore, 

with a micro-scale pattern resolution, the deviations between 

the simulation and the measurement results can be reduced 

and more MEMS devices can be produced in future for 

personalized applications. 

4. Conclusions 

This paper has presented an integrative 3D printing 

method for rapid manufacturing of MEMS devices. With a 

triple-extruder 3D printer, the electrically insulating PLA 

filament, the electrically conductive PLA filament, and the 

soluble HIPS filament can be printed alternately in the 3D 

printing process. As an application of the method, a capacitive 

force sensor with a relatively complex suspended beam-plate 

structure has been successfully fabricated in a one-step 3D 

printing process without using any additional metallization 

process, unloading-reloading filament process, alignment 

process, and assembling process. The 3D printing process of 

the sensor was completed in 35 minutes and the removing of 

the sacrificial layer was completed in 10 hours. The 

measurement results show that the 3D printed force sensor has 

been operated successfully in monitoring human blood pulse 

and detection of contact forces. The work indicates that the 

integrative 3D printing method has the potential to be applied 

in rapidly personalized manufacturing for MEMS devices. 
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