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I.  Introduction 

HE recent advancement in 3D/4D printing techniques have 

significantly contributed to the realization of smart and 

complex systems such as robots [1-4], prosthetics [5, 6], DIY 

ventilators [7], wearable systems as well as human-machine 

interfaces etc. [8, 9]. 3D printing is an excellent approach for 

advancing these applications as it allows rapid production of 

low-cost functional mechanical structures. Further, the 

advances in the field such as multifunctional 3D/4D printing 

are opening interesting opportunities for integration of sensors 

[10], actuators [11] and electronics into complex 3D structures 

[12]. This is possible as the multimaterial 3D printing allows 

simultaneous printing of different materials to develop a smart 
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structure [13-15] having printed active devices part of their 

body, instead of conventional placement of off-the-shelf 

components [3, 15]. This bridges a huge gap in terms of 

device integration and has the potential to revolutionize 

several applications, including the ones discussed above. 

Herein, we use multimaterial 3D printing to develop a fluid-

based tilt sensor. 

A number of tilt sensors have been reported in literature 

following various principles (Table 1)  such as optical [16, 

17], fibre Bragg grating [18-21], capacitive [22-25], thermal, 

magnetic [26, 27] and electrolytic [28] etc. Amongst them, 

capacitive sensing [29-34] has the advantage of not being 

affected much by humidity, mechanical misalignment or 

temperature etc. [23]. Additionally, capacitive sensors require 

simple readout electronics [29, 35]. Here, we take advantage 

of the capacitive fluid level sensing technique as well as the 

flexibility, affordability, and rapid prototyping capability of 

multimaterial 3D printing to realize capacitive tilt sensors.  

The tilt sensor presented here was fabricated with four 3D 

printed interdigitated capacitive sensors located at the four 

ends of ‘+’ shaped structure. The four-3D printed capacitive 

sensors were printed in the channel filled with silicone oil 

(Fig. 1). The capacitive sensors are located at the –x, +x, -y 

and +y axes, as shown in Fig. 1, to measure the orientation in 

both the x and y axes using the concept of capacitive fluid 
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Abstract— This paper presents a tilt sensor 
comprising of 3D printed capacitive sensors 
located at the four ends of a ‘+’ shaped channel 
to provide the orientation of objects by using 
the capacitive fluid level measurement concept. 
The interdigitated capacitive sensors were 
developed by 3D printing and the channel was 
filled with ecoflex and silicone oil to obtain two 
variants of tilt sensor. The results show a 

change in the capacitance of ~11.5% and 
~9.53% for ecoflex and silicone oil-based 
sensors respectively. A drift of ~2.6% is 
observed for ecoflex and ~0.16% for silicone 
oil. Considering the lower viscosity and the lower drift, the silicone oil-based tilt sensors were further investigated and 
two tilt sensors with varying silicone volumes (1ml and 1.5ml) were fabricated and compared for tilt angles ranging 
from 0o to 30o. The result from all four interdigitated capacitive sensors in the tilt sensing structure show similar rate 
of change in capacitance (~0.67% per degree increase in the tilt angle) with a standard deviation of ~±0.1%. However, 
the sensor with higher volume of silicone oil (1.5ml) saturated at a tilt angle of ~20o which is ~10o smaller than the 
response of the sensor fabricated with 1ml of silicone oil (saturated at 30o). We also demonstrate the possibility of 
extending the sensor range by optimizing the volume of fluid and the channel’s fluid capacity. With integration of 
fabricated tilt sensor with a robots’ body, white cane or smart objects etc., it will be possible to obtain the information 
about orientation. 
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level measurement. To achieve this, we first fabricated four 

similar interdigitated capacitive sensors using multimaterial 

3D printing and carried out a comparison of their fluid level 

sensing capability using Ecoflex and silicone oil.  

We characterized each of the four sensors separately to 

understand their performance and the variation of capacitance 

when the fluid (Ecoflex – only part A, or silicone oil) is in 

contact with the electrodes. With this, we made appropriate 

design choices with regards to printing settings, appropriate 

fluid type, and volume of fluid necessary to realize the 

proposed tilt sensor. The findings were then utilized to 

fabricate the 3D printed tilt sensor using silicone oil as the 

tilting fluid, Silicone oil is six times less viscous (500cps), and 

hence shows lower drift in comparison with EcoflexTM 

(3000cps). This is an extension of our previous work [37]. 

Previously we utilized only Ecoflex as a tilting fluid and only 

tested for a tilt range of -20o to +20o. In this work, we carried 

out more analysis of the Ecoflex-based sensor and compared 

its performance with a newly fabricated tilt sensor realize with 

a silicone oil (a less viscous fluid). We equally extended the 

tilt range up +30o and investigated a possibility to extend this 

range even further by varying fluid volume and the channel’s 

fluid capacity. The fabricated tilt sensor could be used as part 

of a robotic hand or smart objects for the detection of their 

orientation as may be required. 

This paper is organized as follows: The device structure and 

working principle are described in Section II. The fabrication 

of the device is presented in Section III, followed by the 

characterization studies in Section IV. Results and discussions 

are presented in Section V, and key outcomes of the paper are 

finally summarized in Section VI. 

II. DEVICE STRUCTURE AND OPERATING PRINCIPLE 

Fig. 1 shows the structure of the fabricated tilt sensor and its 

working principle. It comprises of four similar 3D printed 

capacitive sensors embedded in a silicone fluid-filled channel 

of depth l (Fig. 1a and 1b). The housing of the channel and the 

capacitive sensors are all printed as one structure using 

multimaterial 3D printing techniques [38, 39]. The sensor 

utilizes the principle of capacitive fluid level sensing to 

determine the orientation of any object it is attached to. Two 

opposite sensors are utilized to measure the orientation in one 

axis (sensors 1 and 2 measures orientation in the +y and –y 

axes, sensors 3 and 4 measures the orientation in –x and +x 

axes respectively). At rest state, we assume the tilt angle Ɵ to 

be 0o (Fig. 1c) and the height which the object is raised to ho to 

be 0. In this case, the fluid inside the channel will be at a rest 

state and complelely covering all the sensors (sensor 1 to 4, 

Fig. 1c). Under this condition, the change in capacitance for 

all the sensors ∆C1, ∆C2, ∆C3, ∆C4, is recorded as outputs for 

sensors 1, 2, 3 and 4 respectively. This is  noted and recorded 

as the initial value. When the sensor is tilted (Ɵ > 0o, Fig. 1d) 

towards sensor 2, for instance, the fluid flows away from 

sensor 1 (Fig. 1d) towards sensor 2. As the fluid flows away 

from sensor 1, the level of fluid (h) covering the sensor 

Table 1: Comparison different commonly used tilt sensors 

Working 

Principle 

Material Sensitivity Tilt 

Range 

Ref. 

Magnetic Magnetic Fluid 0.004o ±10 [27] 

Fibre Bragg 
Grating 

Optical Fibre 1.1pm/° up to 
408.3 pm/◦  

±20o  up 
to ±90o 

[18-21, 
36] 

Electrolytic Graphite in PDMS 0.02V/o ±40o [28] 

Capacitive Movable electrodes 13 fF/o ±50o [25] 

Capacitive Silicone Oil 0.67%/o ±30o This 

Work 

 

Fig. 1. Device Structure and working principle (a) Side view of tilt sensor (b) Top view of tilt sensor (c) tilt sensor at rest position with angle of inclination Ɵ = 

0o (d) tilt sensor with angle of inclination Ɵ > 0o (e) Details of the structure and operating principle using sensor 1 as reference. 
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(Fig.1d) reduces and the capacitance changes proportionally. 

Therefore, this level of fluid (h), and the height by which the 

object is raised (ho) are used to estimate Ɵ, the current 

orientation of the device (Fig. 1e), using equation 1. Similarly, 

the object orientation for other axis is estimated using sensors 

3 and 4. So, by simultaneously observing the output values of 

sensors 1, 2, 3 and 4, we can determine the object orientation 

using equation (1). This is similar to the equation used for 

capacitive fluid level measurement techniques in which the  

capacitance is directly related to the level of fluid in contact 

with the sensor (Equation (1), Fig. 1e). 

Sin Ɵ = ho/h (1) 

Where, ho is the height that the object is raised above the 

rest position, and h (the level of fluid covering the sensor) is 

calculated from Equation 2 using the value of the capacitance 

measured in each case. 

C = CA + CL (2) 

Where C is the measured capacitance of each of the sensors 

(∆C1, ∆C2, ∆C3, ∆C4), CA is the capacitance of the area of the 

sensor without fluid (x), and CL is the capacitance of the area 

of the sensor with fluid (h). Other important considerations are 

the depth of the fluid channel l (Fig. 1a), the volume of fluid in 

the channel and the distance d (Fig. 1b). The distance d (Fig. 

1b) is dependent on the volume of the fluid in the channel and 

determines the distance the fluid has to flow to touch the 

electrodes for capacitance to change. However, d is taken care 

of by choosing the right volume. So the volume and/or the 

depth of the channel determines how much space the fluid has 

to flow and could impact the range of the tilt angle that the 

sensor is able to provide as we investigated and presented in 

this work.  

III. FABRICATION 

The multi-nozzle Ultimaker S5 (Ultimaker B.V., 

Netherlands) FDM 3D printer is used for the fabrication of 

both the four similar interdigitated capacitive sensors as well 

as the tilt sensor presented here. The first nozzle of the 3D 

printer is loaded with standard polylactic acid (PLA) which 

serves as the build material for the sensor structure (Fig. 2a 

and 2b). The second nozzle is loaded with a commercial 

conductive polymer composite (Electrifi, Multi3D, USA). The 

Electrifi filament is made of a biodegradable polyester and 

copper composite which has a melting temperature of 60ºC. 

The conductive filament is used to print the interdigitated 

electrodes that offer the capacitive tilt-sensing functionality, as 

well as the pads for external wiring (Fig. 2c and 2g). 

The conductive composite is printed in ‘grooves’ designed 

in the PLA structure (Fig. 2b and 2f). As the print progresses 

layer-by-layer upwards, PLA and Electrifi are deposited from 

the nozzles to create the desired shape. The contact pads are 

printed on a different layer to the electrodes and the housing of 

the fluid. Each pair of electrodes are connected to their contact 

pads via vertical, out-of-plane interconnections printed within 

the PLA housing (Fig. 2e). The vertical connections have a 

cross-sectional area of 1mm2. 

The PLA is printed at 200ºC at a speed of 50mms-1. The 

Electrifi is printed at 150ºC at a speed of 5mms-1. All the 

Electrifi layers are printed as bottom layers specified in the 

slicer software Cura. Doing so, provides a better connection 

between the deposited rasters from the nozzle ensuring 

stronger adhesion and a higher and more consistent 

conductivity. Both nozzles used are 0.25mm in diameter and 

the materials are printed at a 0.1mm layer height. The small 

nozzle diameters ensure that the smaller features of the print 

are preserved and are not causing electrical shorting. These are 

the 1mm wide electrodes, the 1mm spacing between them, and 

the vertical interconnects (Fig. 2f and 2g). A prime tower is 

used to ensure both materials are consistently flowing through 

the nozzles at the side of the build plate before depositing 

more material on the print structure. To ensure the structure 

adheres well to the build plate and maintains its integrity, the 

print bed is kept at 40ºC throughout and blue painter’s tape is 

placed on the bed. 

Thin wires are used as external electrical connections for 

characterizing the sensor. They are attached to the tilt sensor 

contact pads. To make the connection, the print is paused 

during the printing of the pads. A wire is placed on the contact 

pad and silver paste (RS Pro 186-3600, RS Components, UK) 

is applied between the wire and the printed conductive 

material (Fig. 2d). The silver paste works to reduce the contact 

resistance between the wire and the Electrifi. The silver paste 

is left to dry while the structure is still on the print bed for 

around 30mins. The print is then resumed allowing the 

subsequent layers of conductive material to print on top of the 

wire and dried ink (Fig. 2e). This technique decreases the 

contact resistance between the printed Electrifi and external 

connectors and allows the wires on the contact pads to be 

securely attached to the printed structure during handing and 

tilting. After printing, the channel was filled with fluid using a 

syringe and a plus-shaped 3D printed cover tightly bonded on 

top to cover the fluid. 

Two versions of tilt sensors were fabricated with the main 

difference being the volume (1.5ml and 1ml) of silicone oil in 

the channel varied. This was done to evaluate the effect of 

varying the volume of fluid in the channel. Intuitively, we 

anticipate that the volume of fluid in the channel will affect 

the range of the sensor as the fluid will have less space to flow 

during tilting and this could saturate the output of the sensor 

quickly. For instance, if the channel is fully filled with fluid, 

the active regions of all the sensors in the channel will be 

completely immersed in the fluid. This means that when the 

sensor is tilted, there will be no change in the level of fluid 

and hence capacitance. Similarly, by filling the channel with a 

small volume of fluid could leave the sensors showing a very 

low change in the capacitance. The characterization of the two 

versions of the tilt sensor (with 1ml and 1.5ml fluid volume) is 

presented later in this work and provides some justification for 

this. 

IV. CHARACTERIZATION 

The characterization carried out in this work could be 

classified into two parts: (1) Characterization of the four 

similarly fabricated interdigitated capacitive sensors using 

EcoflexTM and silicone oil (Dimethicone). This involved 

several dip and remove cycles of each of the sensors in 

EcoflexTM as well as silicone oil and then a comparison of both 
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to see their reproducibility. This leads to the choice of 

appropriate parameters for the tilt sensor fabrication; (2) 

Characterization of the fabricated tilt Sensor. This involves the 

tilting of the two fabricated tilt sensors (with 1ml and 1.5ml of 

fluid) to different angles -30o to +30o, random tilting of the 

sensor, and an experiment for extension of the tilting range.  

A. Characterization of Individual Capacitive Sensors  

The four fabricated individual capacitive sensors were 

characterized using a dip and remove cycle to understand the 

performance of the 3D printed sensor in fluids of different 

viscosities: (Ecoflex Part-A, 3000cps) and silicone oil 

(Dimethicone, 500cps). In each case, the sensors were firmly 

attached to a computer-controlled linear stage which has a 

linear motor with ~0.1mm displacement resolution. The 

sensors were then connected to an E4980AL precision LCR 

meter (Keysight Technologies, Santa Clara, CA, USA) which 

is connected to a computer running a custom-made LabVIEW 

2018 Robotics v18.0f2 program (National Instruments, Texas, 

USA) to measure the capacitance of each sensor and control 

the linear stage. First, the sensors were each dipped into 

~15ml Ecoflex systematically using the LabVIEW program, at 

a step of 1mm until the sensors’ active region (~12mm) was 

fully submerged and the output saturated. This was carried out 

to investigate the change in capacitance for different fluid 

levels as this is the basis of operation of the proposed fluid-

based tilt sensor. It enabled us to understand the repeatability 

of the four similarly fabricated sensors. Next, one of the 

interdigitated capacitive sensors was used to compare the 

performance of EcoflexTM and silicone oil to choose a suitable 

fluid for the intended tilting application. This was carried out 

using the same dip and remove procedure used for the 

characterization of the four individual sensors. Sensor-1 was 

used for this purpose and was systematically dipped into 

~15ml of silicone oil ((Dimethicone) at the same 1mm step 

and then gradually unloaded at the same step. To understand 

the stability of the sensors and their repeatability, we carried 

out cyclic loading of sensor-1 in Ecoflex and silicone oil at 

~0.33Hz, and ~0.625Hz for over 100 cycles. The chosen 

frequency allows sufficient time for fluid to away from 

sensor’s active area for better comparison. 

B. Characterization of Tilt Sensor 

Based on the results of characterizing the individual 

capacitive sensors, the tilt sensor was fabricated with silicone 

oil which has about six times less viscosity than Ecoflex and 

hence less drift. The characterization of the tilt sensor is 

presented in this section and could be divided into three parts; 

 

Fig. 2 The fabrication stages of the 3D printed tilt sensor (a) The base PLA layer (b) The base layer with grooves in the structure for the contact pads (c) The 
printed conductive contact pads using the Electrifi filament (d) The placement of external wires and silver ink on the contact pads (e) The printing of the vertical 
interconnections to the fluid-filled channel (f) The channel with grooves in the PLA for the interdigitated electrodes (g) The completed printed interdigitated 
capacitive electrodes in the channel (h) A side view of the tilt sensor with a PLA cover for the channel (i) Setup for the tilt sensor characterization 
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1) Tilting the sensor from 0o to 40o on x and y-axes; 2) 

Random tilting of the sensor to different axes and 3) 

Characterization of the sensor for a larger tilt range (up to 

50o). 
1) Tilting of the sensor from 0o to 40o on x and y-axes 

Here, we tilted the two tilt sensors (sensor with 1.5ml and 

that with 1ml fluid) using different angles (0o to 40o) in both 

the x- and y-axes and recorded the output of corresponding 

sensor. The tilting was done using a goniometer from Owis 

(Germany) with a 0.1o knob (Fig. 2i). In each case, one of the 

interdigitated capacitive sensors that make up the tilt sensor 

was used as a reference point and the change in capacitance as 

the fluid flows to and away from this reference sensor was 

recorded using an E4980AL precision LCR meter (Keysight 

Technologies, Santa Clara, CA, USA). The tilt sensor was 

firmly attached to the goniometer and the reference sensor 

connected to the LCR meter. The LCR meter is then 

connected to a computer running a custom-made LabVIEW 

2018 Robotics v18.0f2 program (National Instruments, Texas, 

USA) to measure the change in capacitance for every tilt 

angle. 
2) Random tilt to different axes 

The performance of the tilt sensor was observed for random 

tilt angles on a single axis (+x and –x axes) as well as to 

multiple random axes. The tilt sensor was first mounted on a 

7x5cm 3D printed material and sensor 1 connected to the LCR 

meter to read its output. The LCR meter is then connected to a 

computer running a custom-made LabVIEW 2018 Robotics 

v18.0f2 program (National Instruments, Texas, USA) to 

measure the change in capacitance for every tilt angle. By 

attaching the tilt sensor to a custom-made robotic hand, 

(Supporting video S1), the sensor was tilted for the fluid to 

flow to the reference sensor and away from the reference 

sensor in different orientations while the output was 

automatically logged on the computer. A similar procedure 

was used to tilt the sensor randomly at different orientations to 

see how it can respond to randomly varying orientation 

(Supporting video, S2). 
3) Characterization of sensor for larger tilt range (up to 50o) 

We carried out further characterization using one single 

 
Fig. 3 (a) Change in capacitance for different fluid levels (b) loading and unloading of individual sensor using EcoflexTM and silicone oil (c) Cyclic response of 
the sensor using EcoflexTM and silicone oil at 0.33Hz (d) Cyclic loading at 0.33Hz and 0.625Hz. 
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fabricated interdigitated capacitor to verify that the depth of 

the channel could affect the space the fluid has to flow in the 

3D printed channel and hence influence the measurable tilt 

angle range. We utilized a larger volume of fluid (~15ml) in a 

channel with bigger fluid capacity (~30ml). One of the 3D 

printed interdigitated capacitive sensors was utilized to 

demonstrate that the tilt range can be increased by increasing 

the channel’s fluid capacity, above what we used here (>3ml). 

This was carried out by firmly attaching the interdigitated 

capacitive sensor (fabricated as described in Section 3) 

vertically inside a 3D printed material (with ~30ml fluid 

capacity). Silicone oil was poured inside to just cover ~25% of 

the sensor’s active region. The sensor was then connected to 

an LCR meter as described in Section IV (B) above. The 3D 

printed material was then tilted at angles 5o up to 50o in steps 

of 5o and its output recorded also as described in Section IV 

(B). 

V. RESULTS AND DISCUSSION 

A. Individual 3D printed Capacitor 

Fig. 3 shows the result of characterization of the individual 

capacitive sensors using EcoflexTM and silicone oil 

(Dimethicone). Fig. 3a shows the result of the dip and release 

characterization of the four similarly fabricated interdigitated 

3D printed capacitors. It shows a relative change in 

capacitance of ∆C/C ~0.67% per mm. A comparison of the 

four sensors shows a standard deviation of ~0.33% part of 

which is due to some degree of non-uniformity in the 3D 

printed structures. However, the effect is not significant given 

that the sensors are individually measured during tilt 

operation. Fig.3b shows loading and unloading of the sensors 

carried out to compare the performance of Ecoflex and 

silicone oil (Dimethicone). It is observed that EcoflexTM has a 

higher change in capacitance (∆C/C ~11.5%) in comparison to 

that of silicone oil (∆C/C ~9.53%). Considering points A and 

B (Fig. 3b), a drift of ~2.6% is observed for Ecoflex and 

~0.16% for silicone oil. This drift is primarily due to the 

higher viscosity of the (EcoflexTM, ~3000cps) which is about 

six times that of the silicone oil (~500cps). Considering the 

 
Fig. 4 (a) Fabricated tilt sensor, (b) Response of the two tilt sensors fabricated with 1.5ml and 1ml silicone oil, showing the change in capacitance per degree rise 
in tilt angle, (c) Reproducibility of sensor 1 and 2 when tilted to the –x and +x-axis, (d) Different orientations for characterization of the tilt sensor, (e) Random 
tilt of the sensor to the +x and –x axis, (f) Response of the tilt sensor under continuous tilt to different orientations as depicted in Fig. 4d, (g) Result of 
characterizing the interdigitated capacitive sensor for larger tilting range. 
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intended tilting application, the lower the viscosity, the faster 

the fluid can flow to and out of the sensor’s active region and 

hence increasing its response and recovery time. This makes 

silicone oil the better choice in this case. 

Fig. 3c and Fig. 3d show the cyclic response of the sensor 

using both EcoflexTM and silicone oil. During the cyclic 

loading of the sensor at 0.33Hz, it could be seen from points P 

and Q of Fig. 3c that the sensor assumes a new base line once 

the cycles starts. This is due to the fact that some all the fluid 

do not leave the sensor’s active area completley. This new 

base line is also seen to be higher for EcoflexTM (~4.5% drift) 

in comparison to silicone oil (~2.1% drift) due to the higher 

viscosity of EcoflexTM as mentioned earlier. However, in both 

cases the sensor is able to always return to the new base line 

until the end of the cycle when all the fluid is allowed to 

recover by allowing the fluid to leave the  surface of the 

sensor. Examining ths recovery time shows ~5.35s for 

EcoflexTM and ~2.18s for silicone oil. Following this, we 

utilized silicone oil in the realization of the tilt sensor 

presented in this work. 

B. Tilting sensor from 0o to 40 o on x and y-axes 

Fig. 4a shows the image of the fabricated tilt sensor and Fig. 

4b shows the result of the two fabricated tilt sensors (sensor 

with 1.5ml and 1ml of silicone oil) at angles ranging from 0o to 

40o for both x – and y –axes. The sensor structure shown in 

Fig. 4a indicates that for a full range on each axis, the sensors 

in the opposite directions are used. For instance, sensor-1 

measures the orientation for 0o to +40 while sensor-2 measures 

the orientation for 0o to -40o. Similarly, sensor-3 measures for 

0 to -40 while sensor-4 measures orientation for 0 o to +40o. 

The results in Fig. 4b show the same rate of change in 

capacitance (~0.67% per degree increase in tilt angle) with a 

standard deviation of ~±0.1% for all the four sensors. 

However, the sensor with higher volume of silicone oil (1.5ml) 

saturated at a tilt angle of ~20o which is ~10o smaller that of 

the sensor fabricated with 1ml of silicone oil (saturated at 30o). 

This is attributed to the fluid not having much room to flow 

inside the channel. Fig. 4c shows the result of tilting the 

sensor-1 and 2 to observe the reproducibility across one full 

axis (-x to +x) and this shows that both sensors have a similar 

response and can measure orientation on this axis during 

continuous tilting. 

C. Random tilting 

Fig. 4d shows the different orientations that the sensor was 

tilted to, with one of the sensors taken as a reference point. 

These orientations are represented as A to E for easy reference. 

Fig. 4e is a case where the sensor is tilted to and from the +y 

and –y axis. In this case, the fluid flows away from the 

reference sensor which leads to decrease in capacitance of the 

sensor, when it is tilted back; the capacitance gradually 

increases (Fig. 4e). In addition to tilting the sensor only in the 

positive and negative y-axis, the sensor was also randomly and 

continuously tilted to different orientations. Fig. 4f shows the 

result of tilting the sensor for the different orientations (shown 

in Fig. 4d) with one of the sensors taken as a reference point.  

This summarizes the response of the sensor under continuous 

tilt to different orientations back and forth. Point A shows that 

when tilted to the negative y-axis (Fig. 4d2) the fluid flows 

towards the reference sensor and the capacitance will begin to 

increase. However, when the sensor is tilted to the positive x-

axis (Fig. 4d3) the capacitance remains nearly constant as the 

level of fluid on the reference sensor is not changing 

significantly (Supporting video, S2). Point C is a case when 

the sensor is tilted towards the positive y-axis (Fig. 4d4), this 

causes the fluid to flow away from the reference sensor and 

hence a decrease in the capacitance is recorded. Point D shows 

the orientation of the sensor as shown in Fig. 4d5 (towards +y-

axis and +x-axis) causing the fluid to flow away from the 

sensor and a decrease in capacitance observed. This is like 

point E but in opposite direction as shown in Fig. 4d6 

(between +x and –y-axis). In the case of both points D and E 

the fluid flows away much more in a gradual way because the 

sensor is tilted between two different axes. Point F shows the 

case when the fluid is tilted to the –x axis causing the fluid 

level on the reference sensor to be relatively constant and 

hence a constant change in capacitance was observed. As 

expected, the capacitance of the reference sensor was 

relatively constant when tilting to –x- axis and +x-axis, this is 

required because orientation to this axis will be measured by 

observing the change in the output of sensors 3 and 4 

respectively. Fig. 4g shows the result of characterizing the 

fabricated sensors for an extended range up to ~50o or more. 

We carried this out to show that by increasing the size of the 

channel’s fluid capacity above what we utilized (>3ml), the 

sensor’s range could be further extended. This is because there 

is more room for the fluid to flow when tilted and hence, the 

saturation of the output is delayed. 

VI. CONCLUSION 

In this work, we have presented 3D printed interdigitated 

capacitive sensors usable for fluid level measurement and a 

fluid-based tilt sensing application. First, we fabricated and 

investigated the performance of four similar 3D printed 

interdigitated capacitors to understand their characteristics. 

Using the results, we fabricated and compared two fluid-based 

3D printed tilt sensors and characterized them using EcoflexTM 

and silicone oil as the tilting fluid. The results show more drift 

for Ecoflex (~4.1%) in comparison to silicone oil (2.1%). 

Utilizing silicone oil as the tilting fluid showed the ability to 

sense a tilt angle of ~±300, or more depending on the volume 

of fluid and size of the 3D printed channel. We figured that the 

range of the sensor could be extended by either increasing the 

volume of the channel in which the fluid moves during tilt or 

reducing the volume of fluid in the channel. The study carried 

out in this work finds application in robotics as well as in fluid 

level sensing in which the sensor and the fluid container could 

be 3D printed as one structure. Effect of temperature on the 

sensor performance would be studied as part of future work 

and the performance of the sensor could be further improved 

by utilizing other types of fluids with lower viscosities. To 

demonstrate its practical use, future work will also involve the 

utilization of the results to 3D print the tilt sensor as part of a 

robotic hand and interpret the output of the sensors using 

artificial intelligence. 
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