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of mass.[2] To measure the position, var-
ious accelerometers have been developed, 
such as capacitive,[3–14] piezoresistive,[15,16] 
resonant,[17,18] and optical[19,20] acceler-
ometers. However, accelerometers with 
such microscale solid spring-like silicon 
structures can suffer from mechanical 
fatigue.[21,22,23,24] Various studies have been 
conducted to solve these problems. More-
over, efforts have been made to increase 
the lifetime through design[25,26] and 
packaging[24,27] methods. However, these 
approaches complicate the fabrication 
process. To avoid and minimize fatigue, 
accelerometers that do not comprise solid 
moving parts have been developed.[28–30]

One of the accelerometers without solid 
moving parts is by utilizing the advan-
tages of a liquid metal (LM) (i.e., mercury) 
and its electro-mechanical properties (i.e., 
high density, high surface tension, and 
electrical conductivity). The main advan-
tage of the LM accelerometer is that the 

proof mass (i.e., high density) and spring-like structure (i.e., 
high surface tension) are combined together in the form of a 
droplet to avoid mechanical fatigue and simplify the fabrication 
process. If the solid moving part of a conventional accelerom-
eter is replaced with a liquid component, a relatively simple, 
fatigue free mechanical accelerometer can be realized.

There are two representative accelerometer approaches that 
employ LMs. In the first approach, disconnected electrodes are 
connected when a conductive LM droplet passes over them.[31] 
However, the disadvantage of this structure is that accelera-
tion can only be measured in a single direction, owing to the 
diamond-shaped channel, and the discrete position is meas-
ured. In the second approach, the position of the LM droplet 
is measured using a property wherein current flows to the 
root with low resistance. The accelerations of the two axes are 
continuously measured using a cone-shaped channel and four 
electrodes patterned in the x- and y-directions, respectively.[32] 
However, the relationship between the channel shape and 
Laplace pressure is yet to be identified. Both devices employ 
glass substrates as the electrodes, which has a relatively high 
sliding angle of ≈15°.[33] Therefore, they exhibit poor mobility 
of the LM droplet. A surface modification can lower the sliding 
angle; however, this is difficult owing to the presence of elec-
trodes on the surface. If surface modification is applied, the 
electrodes can be damaged.

Utilizing the advantages of a liquid metal (LM) (i.e., mercury) and its electro-
mechanical properties (i.e., high density, high surface tension, and high 
electrical conductivity), a novel capacitive-type two-axis accelerometer is 
proposed. The device employs a liquid-type proof mass (i.e., liquid metal 
droplet) and is located in a cone-shaped guiding channel. The Laplace pres-
sure induced by the guiding channel and the LM droplet in the device acts as 
a spring due to the high surface tension of LM. To accurately set the spring 
constant of the device, a 2D mathematical model is established. Based on 
this mathematical model, the influence of the channel shape on device sensi-
tivity is analyzed. Despite measuring the two-axis accelerations using a single 
proof mass, the accelerometer yields a cross-axis sensitivity of less than 1% 
for the x- and y-axes. The accelerometer demonstrates an output similar to 
that of a reference accelerometer for a randomly applied acceleration. Owing 
to the nature of the liquid-type proof mass, even if it is destroyed, its func-
tionality is recovered by simply shaking the accelerometer. Finally, a 1.4% 
change in the accelerometer output is observed in the 15 000-cycle test, and 
the device is applied to a maze escape game for verification.
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1. Introduction

Acceleration measurements are essential in several systems 
ranging from consumer electronics to healthcare systems.[1,2] 
Generally, the major components of a micro-fabricated accel-
erometer are a solid proof mass and the spring-like structures 
supporting the proof mass. When acceleration is applied to 
accelerometers, the mass moves deforming the spring, and 
the input acceleration is calculated by measuring the position 
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In this paper, a capacitive-type two-axis accelerometer using 
an LM droplet is proposed. To control the sensitivity of the 
device, it is necessary to accurately determine the spring con-
stant, which depends on the shape of the guiding channel 
and volume of the LM droplet. Thus, Laplace pressure applied 
to the position of LM droplet in the guiding channel is accu-
rately calculated using a 2D mathematical model. The effect 
of channel shape on spring constant of the device is then 
analyzed using a mathematical model. The position of LM 
droplet is measured by sensing an overlapped area between the 
liquid metal droplet and electrodes. To improve the response 
of the device, a method for measuring the capacitance using 
a floating electrode concept[34] is applied which also increases 
the mobility of LM. Because the dielectric layer enables a sur-
face modification without damage to the electrode, the contact 
surfaces of the liquid metal have low resistance to move the 
droplet. Additionally, common sensor characteristics (i.e., the 
cross-axis sensitivity, response time, shake-recoverable charac-
teristic, temperature behavior, and repeatability) are measured 
and analyzed. The device was verified in a consumer electronic 
application and applied to a maze escape game, wherein it was 
demonstrated that it worked successfully. Table 1 compares the 
characteristics of general accelerometers and the developed 
sensor.

2. Sensing Principle and Device Configuration

2.1. Sensing Principle

To measure the position of the LM droplet in the channel, a 
floating electrode concept is used (Figure 1a).[34] When accelera-
tion is applied, the position of the liquid metal is changed due to 

the inertial force. Subsequently, the position of the LM droplet 
is estimated by sensing the change in the overlapped area (ΔA) 
between the LM droplet and the electrodes (Figure 1b). In the 
device, Laplace pressure caused by the movement of LM droplet 
in the cone shaped guiding channel acts as a force moving the 
droplet to the center, which in turn reacts as a restoring force 
of a spring in a typical accelerometer (Figure  1c). The capaci-
tance changes with variation in the overlapped area between 
LM droplet and bottom electrode pairs. As the overlapped area 
between LM droplet and electrode pair widens, Cap. 1 and Cap. 
2 increase along with an overall capacitance (Figure 1d). Herein, 
the LM droplet and bottom electrode pairs are separated using 
PSA tape, which acts as a dielectric layer. The changes in capac-
itance (i.e., Cap. 1 and Cap. 2) according to a change in the over-
lapped area[34] between the LM droplet and bottom electrode are 
shown in Equation (1).

C A drε ε∆ = ∆ /0  (1)

where ΔC, ε0, ε, ΔA, and d represent the capacitance change, 
vacuum permittivity, dielectric constant, change in overlapping 
area between the LM droplet and bottom electrode, and thick-
ness of the dielectric layer, respectively.

Unlike previous studies, this study utilizes a capacitive-
type mechanism, to perform sandblasting on all surfaces that 
are in contact with liquid metal droplets. Figure  1e shows 
the comparison between signal output of the device with and 
without sandblasting, under the same acceleration (Movie S1, 
Supporting Information). It can be seen that the signal of the 
device without sandblasting has a time delay of ≈25 ms as com-
pared to the signal of the device with sandblasting. Additionally, 
it can also be noted from the signal sizes, that the device with 
sandblasting has a higher sensitivity than that without.
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Table 1. Performance comparison of different types of accelerometers.

Type of 
proof mass

Type Proof mass size 
[mm3]

Sensitivity x, y,  
and z [fF g−1]

Cross-axis sensitivity 
x, y, and z [%]

Range [±g] Nonlinearity x, y, 
and z [%]

Noise  
[µg/rt-Hz]

Ref.

Solid Single-axis (capacitive) 4.5 × 4.75 × 0.05 110 – ≈7 2 [±7 g] ≈120 µV/rt-Hz [8]

– 11.2 – 5 0.11 11.5 [9]

Dual-axis (capacitive) 0.6 × 0.6 × 0.012 ≈0.58 – 7.5 (x) 2.5 (y) – 0.29, 1.2 [10]

1.8 × 1.8 × 0.03 ≈27 – 5 (x, y) 1.01’ – [11]

Tri-axis (capacitive) 1.78 × 1.38 × 0.007 0.53, 0.28, 0.2 [mV g−1] <7.46, <8.05, <8.33 0.8–6 2.64, 3.15, 3.36 120 000,
271 000,
357 000

[12]

0.4 × 0.4 × 0.0088 14.7, 15.4, 14.6 [mV g−1] 6.6, 5.4, 5.3 0–1 3.2, 1.4, 2.8 2100,
2000,
2100

[13]

– 0.24, 0.24, 0.82 1.58 (calculated) 11 (x, y), 5.5 (z) – 730,
730,
760

[14]

Liquid Single-axis (connecting) 1.6 μL – – ≈40 – – [31]

Dual-axis (resistive) 10 μL ≈6 (x), ≈4 (y) [kΩ g−1] 2.7 (x), 1.2 (y) – 11.7 (x)[32]7.45  
(y)[32](calculated)

– [32]

Dual-axis (capacitive) 8 μL ≈350 (x, y) 
(calculated)

0.2 (x), 0.8 (y) <≈5 5.9 [±1 g] 3272 This work
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Because the device has eight cells of electrodes (Figure  1f), 
these cells can be divided into four cell pairs each in the x- and 
y-axes directions (i.e., for the x-axis, CxL (S1 and G pairs) and 
CxR (S3 and G pairs), and for the y-axis, CyU (S4 and G pairs) 
and CyD (S2 and G pairs)). The applied acceleration is meas-
ured by calculating the difference in capacitance (ΔC) between 
the opposing cell pairs along each axis. Dividing the electrode 
further would increase the accuracy of the direction; however, 
this would reduce ΔC due to a decrease of ΔA when LM travels 
the same distance. Furthermore, as a smaller ΔC would incur 
a greater effect of noise in the measurement system (≈±20 
counter), larger sensing electrodes are required. Therefore, to 
achieve this, the design was created with a minimum number 
of electrodes (i.e., eight cells) to distinguish the direction of the 
applied biaxial acceleration.

The expected variations in capacitance for various accelera-
tions are presented in Figure 1f. The guiding channel restricts 
the radial movement of the LM droplet due to the Laplace pres-
sure. When acceleration is not applied, the droplet is held at 
the center of the electrodes, and the overlapped areas between 
the droplet and all the cell pairs are the same in all directions; 
the differences in capacitance of each cell pair are the same 
(i.e., ΔCx = CxR−  CxL = 0, ΔCy = CyU−  CyD = 0). However, when 

acceleration is applied, the droplet moves through the inertia 
force. As the droplet moves from the center of the cells, the 
overlapping areas between the droplet and cell pairs change, 
which results in differences in the capacitance of these pairs 
(e.g., ΔCx = CxR−  CxL ≠  0, ΔCy = CyU−  CyD ≠  0).

2.2. Device Configuration

The accelerometer prototype has a sensor part with an LM 
droplet and a package part, as shown in Figure 2a. The sensor 
part consists of a floating electrode (LM droplet), a guiding 
channel, a dielectric layer, and sensing electrodes that are radi-
ally patterned on a printed circuit board (PCB). To accurately 
align the sensing PCB and guiding channel in the assembly 
process, upper and lower aligners are designed. To improve the 
sensitivity by reducing the electrical noise from the environ-
ment, copper sheet tape used for shielding is attached to both 
the aligner parts and connected to the ground. The thickness of 
the aligner is designed such that a distance of 3 mm is main-
tained between the sensing electrodes and the shielding pad. 
Finally, aluminum cases are created to prevent damage to the 
inner parts. Moreover, the sensing PCB and guiding channel are 
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Figure 1. a) The schematic of sensing part (floating electrode concept). Modified surfaces on the guiding channel and dielectric layer (double side 
modification). b) Change in overlapped area (ΔA) between the liquid metal droplet and electrode pairs according to the acceleration. c) Cross-sectional 
view of AA′ Laplace pressure and inertial force induced in the guiding channel under an accelerated state. d) Cross-sectional view of BB′ and schematic 
relationship of each capacitance value (i.e., Cap. 1, Cap. 2, and Cap. 3). e) Comparison signal output of the device between the with and without sand-
blasting under the same acceleration. f) Expected capacitance variations for various cases of acceleration.
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fixed by fastening the upper and lower cases via bolts. This fabri-
cation process was performed in a relatively clean environment 
under atmospheric pressure (1 atm). An exploded view and the 
fabricated device are depicted in Figures 2b and 2c, respectively.

Owing to the development of a small capacitance-to-digital 
(C/D) converter chip, the measurement system of the capaci-
tance has been recently miniaturized, and many capacitive-type 
devices are applied.[35–38] A measurement system using a C/D 
converter chip (AD7147) is also constructed. Here, the AD7147 
chip can measure a total range of 20  pF with a resolution of 
10 fF. The sensing rate is ≈325  Hz per cell when measuring 
four cells. When capacitance changes from ≈4 to 25  pF, the 
output of the counter varies linearly from ≈0 to 60 000. The PCB 
manufactured for sensing is shown in Figure 2d. The PCB size 
is 16 × 16 mm2, and the electrodes are arranged on the front 
side. The AD7147 and electrodes for power supply and commu-
nication are arranged on the back side.

The configuration of the entire measurement system is 
shown in Figure 2e. The data from the AD7147 chip are sent to 
the MCU (Coretex-M3, ARM) using I2C communication which 
then sends serialized data to the PC using serial communica-
tion (USB port). Here, power (5 V) to the MCU is also supplied 
through another USB port.

3. Design of Spring Constant

The spring constant of the accelerometer is an important 
parameter affecting the performance (e.g., sensitivity and 
response characteristic) of the device. To achieve accurate per-
formance of the device, it is necessary to set the spring con-
stant by calculating the Laplace pressure at the position of the 
LM droplet.

As described in Section 3.1, a 2D mathematical model is used 
to calculate the Laplace pressure according to the position of 
LM droplet in various channel shapes. The location of the LM 
droplets with a known acceleration in the channel is recorded 
using a tilting stage. Additionally, the process of calculating 
the inertial force based on the tilting angle (θt) is described in 
Section 3.1.

The characteristic area, which is a parameter for directly 
comparing Laplace pressure and inertial force, is determined. 
By multiplying the Laplace pressure with characteristic area 
and converting it into a force unit, the magnitude can directly 
be compared to the inertial force. The procedure for calculating 
the characteristic area is described in Section 3.2.

To apply a certain acceleration, a custom-built tilting motor-
ized rotary stage was constructed, as shown in Figure 3a. To 
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Figure 2. Overview of two-axis accelerometer: a) details of sensor and sensor package. b) An exploded diagram of our accelerometer. c) Process of 
sensor packaging and assembly. Modules of capacitive-type accelerometer: d) fabricated sensing PCB and e) entire measurement system including 
MCU and USB to UART bridge.
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observe the behavior of the LM droplet inside the guiding 
channel, a transparent test device was created, and a digital 
camera (AD7013MZT, Dino-Lite) was installed at the bottom. 
The bottom part of the device, including the sensing elec-
trodes and dielectric layer, was fabricated via a common 
photo-lithography process on a glass substrate. The parts for 
fixing the device are composed of a transparent acrylic mate-
rial. The tilting stage is accurately controlled using Labview 
software.

3.1. Laplace Pressure

Various mathematical models for predicting the behavior of a 
liquid droplet in 2D or 3D wedge plates under an applied accel-
eration have been proposed, and studies in this area have been 
actively conducted.[39,40]

Similarly, a simple 2D model was established to predict the 
Laplace pressure depending on the position of the LM droplet, 
as shown in Figure 3b. Based on the acceleration, its position 
was determined through tilting experiments and image pro-
cessing (Figure 3c).

An observation of the LM droplet captured from the bottom 
shows that it maintains a nearly circular shape, owing to its 
high surface tension. Therefore, R3 is assumed to be constant. 
Therefore, in the Laplace pressure Equations  (2) and (3) that 
are applied to both ends of the LM droplet, R3 can be elimi-
nated. Thus, Equation (4) can be established.

(1/ 1/ )0 1 1 3P P R Rγ− = −  (2)

(1/ 1/ )0 2 2 3P P R Rγ− = −  (3)

(1/ 1/ )2 1 1 2P P R Rγ− = −  (4)

where R1 and R2 are the vertical curvature radii of the left and 
right side of LM, respectively; R3 is the horizontal curvature 
radius of LM; P0 is pressure around the LM; P1 and P2 are the 
pressures at the left and right side interfaces of the LM, respec-
tively; γ is the surface tension of the LM.

For (4), R1 and R2 must be known to calculate the Laplace 
pressure across the LM droplet. To obtain R1 and R2, the con-
tact position between the LM droplet and the bottom layer (i.e., 
x2) according to θt (Figure  3a) should be known, as shown in 
Figure  3b. This position can be obtained through image pro-
cessing in the setup mentioned above. Assuming that the 
contact angle is maintained at the wall (i.e., the contact angle 
between the PSA film and LM droplet, θPSA, and the contact 
angle between the adhesive PMMA guiding channel and the 
LM droplet, θPMMA), R1 can be obtained through x2. The value 
of R2 can be obtained using the same method.

The inertia force applied to the LM droplet by θt can be cal-
culated by multiplying the mass of the LM droplet with accel-
eration applied in the axial direction, as shown in Equation (5).

inertiaF Vgρ=  (5)

where ρ, V, and g represent the density, volume, and accelera-
tion due to gravity (9.81 m s−2) of the LM droplet, respectively.

3.2. Characteristic Area

The volume of the device droplet(V) is arbitrarily determined as 
8 μL. Through a tilting test, the characteristic area of the droplet 
(8 μL) is determined by comparing the inertia force of the proof 
mass with Laplace pressure according to θt. Here, the mass 
of LM droplet is clear, and thus the inertia force is accurate. 
The Laplace pressure is also reliable because it is based on x2 
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Figure 3. The setup for measuring the movement of a liquid metal droplet: a) custom-built tilting stage. Mathematical modeling used to predict the 
Laplace pressure induced in the guiding channel: b) a 2D mathematical model, c) captured image of liquid metal droplet between guiding channel 
and dielectric layer according to the acceleration, and d) comparison of Laplace pressure and inertia force according to the tilting angle of the stage.
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obtained through actual experiments. Therefore, the character-
istic area is determined by dividing the inertia force by Laplace 
pressure. Assuming that the characteristic area of LM droplet 
is ≈1 mm2, the graph of Laplace pressure and inertia force is 
similar (Figure 3d). Therefore, the characteristic area at 8 μL is 
determined to be 1 mm2 (i.e., characteristic length of 1 mm).

The Laplace pressure and inertia force according to θt are 
compared in Figure 3d.

3.3. Droplet Volume

Here, V can be used to control the sensitivity because it deter-
mines the mass of LM droplet in the device. However, V also 
changes the ratio of kinetic energy to surface energy. This phe-
nomenon causes the droplet to breakup when the accelerom-
eter is driven at a high speed.[41] This erratic behavior of the 
droplet causes errors in the output values, making the design 
more difficult. Therefore, V is fixed to 8  μL, and the feasi-
bility is confirmed using the Weber number (We), as shown in 
Equation (6):

We /2LUρ σ=  (6)

where ρ, L, U, and σ represent the density, characteristic length, 
velocity, and surface tension of the LM droplet, respectively.

Additionally, We represents the ratio of the kinetic energy 
to the surface energy. When We < 3, the droplet maintains 
its shape without breakup.[41] For the volume of the proof 
mass (8  μL) used in this study, as We is ≈2.4 when U is less 
than 0.3 m s−1, it can be concluded to be a reasonable volume 
(ρ = 13.53 g cm−3, L = 1 mm, and σ = 0.487 N m−1).

3.4. Channel Shape

The channel shape is defined as a function used to construct 
the inside of the channel from a convex to a concave form. The 
curvature of the channel wall is controlled with the diameter 
and height fixed at 10 and 1 mm, respectively. The gradient is 
controlled using Equation (7):

( )
((5 )/5) , 0 5

((5 )/5) , 5 0
f x

x at x

x at x

q

q=
− ≤ ≤
+ − ≤ <






 (7)

where f(x) is the function of the channel wall and q is the shape 
control variable which determines convex or concave shapes. 
The channels that have different gradients by changing q by 
1/2.5, 1/2, 1/1.5, 1, 1.5, 2, or 2.5 is fabricated. The shape of the 
guiding channel is convex when q is smaller than 1, a straight 
line when q is 1, and concave when q is larger than 1. When q 
decreases, the channel shape becomes more convex, and con-
versely, the channel shape becomes more concave (Figure 4a) 
with an increase in q.

Each channel is applied to a mathematical model (Figure 3b) 
to analyze the change in Laplace pressure according to the 
channel, wherein, the displacement of the center (Dcenter) of 
the LM droplet is defined in Figure 4b. As shown in Figure 5a, 
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Figure 4. a) Various shapes of guiding channel according to the shape 
control variable q (refer to (7)) and b) definition of the center displace-
ment (Dcenter).

Figure 5. Effects of the channel shape on the sensitivity: a) estimation 
of the difference in curvature at both ends of the liquid metal droplet, 
b) Laplace pressure according to q from the mathematical model, and 
c) ΔC change within the acceleration range of 0 to 1  g with change in 
shape of the guiding channel.
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as the channel shape becomes concave (q↑), the difference in 
curvature at both ends of the LM droplet is larger owing to 
the movement. This means that Laplace pressure increases 
(Figure  5b). By multiplying the Laplace pressure with charac-
terization area (≈1 mm2) and converting it into a force unit, the 
restoring force to the center according to the travel distance of 
LM (spring constant, k) can be obtained.

To confirm changes in the device output, the ΔC is meas-
ured within an acceleration range of 0 to 1 g by changing the 
shape of the guiding channel (Figure 5c). Raw data (semi-trans-
parent dots) and linear fitted lines (to calculate non-linearity 
of raw data) are marked together. As shown from experi-
mental results, when restoring force is stronger, sensitivity is 
decreased. Because the measurement range of acceleration and 
sensitivity are inversely proportional, adjusting the sensitivity to 
the desired acceleration measurement range is important. The 
spring constant (k) and non-linearity according to q are sum-
marized in Table 2. The sensitivity is tuned by simply replacing 
the guiding channel for the desired application. In case of 
convex channels, the hysteresis and non-linearity of the graph 
are increased when channel size is too large in comparison to 
the volume of the droplets, and hence is not good at guiding 
the droplets. In contrast, the curvature difference of both ends 
of the droplet increases non-linearly depending on the move-
ment of the LM droplet in concave channels. The lowest non-
linearity is 5.9% when q is 1.5 in a volume of 8 μL.

4. Characterization

In this section, a few key characteristics of the device are ana-
lyzed. First, the cross-axis sensitivity of the device is confirmed 
to analyze the interference of each axis. Because the device 
measures two-axis accelerations using a single proof mass, it 
can be measured perpendicular to the acceleration direction 
regardless of the sensing axis. Second, the response time of 
the device is analyzed. All surfaces in contact with the liquid-
type proof mass (i.e., the guiding channel and dielectric layer) 
are modified to shorten the response time. To confirm the 
effect of surface modification, the difference in the response 
time of the device and that of the commercial accelerometer 
is analyzed. Third, the shake-recoverable characteristic is con-
firmed. In conventional accelerometers that employ a solid-type 
proof mass, a large impact beyond the operating range results 
in permanent and irreversible damage. However, due to the 
inherent properties of the liquid, the accelerometer can be used 
again via a simple shaking motion, even if the LM droplet (i.e., 
proof mass) is fragmented due to the large impact. The shake-
recoverable characteristic is confirmed experimentally. Finally, 
the reliability of the device is verified through a repeatability test 
for its application. After the verification, the device is applied to 
a maze escape game application to ensure that it is capable of 

measuring the two-axis acceleration in a stable manner. Here, 
the characterization is performed using the highest linearity 
device (i.e., q = 1.5).

4.1. Cross-Axis Sensitivity

A tilting test is conducted to confirm the cross-axis sensitivity 
of the device, which is defined as the sensitivity of the plane 
perpendicular to the measurement direction relative to the sen-
sitivity in the measurement direction itself and is expressed as 
Equation (8).

( / ) 100c p sS S S= ×  (8)

where Sc is the cross-axis sensitivity, Sp is the sensitivity of the 
axis perpendicular to the sensing axis (i.e., the off-sensing axis), 
and Ss is the sensitivity of the principal sensing axis.

To obtain Sc, the values of Sp and Ss for each axis should first 
be obtained. When the range of acceleration changes from −1 
to 1 g along the x-axis, ΔCx changes from ≈−1020 to 1050 coun-
ters, whereas ΔCy barely changes (Figure 6a). Because the LM 
droplet moves along the x-axis, the difference in the overlapped 
area between the opposing x-axis cell pairs increases; thus, ΔCx 
changes significantly. Moreover, because of the changes in the 
overlapped area of the opposing y-axis, the cell pairs are almost 
identical; the difference in the overlapped area reaches almost 
zero, and ΔCy only exhibits a minor change. Similarly, for the 
acceleration along the x-axis, when the range of acceleration 
changes from −1 to 1  g along the y-axis, ΔCy changes signifi-
cantly; however, ΔCx only changes marginally (Figure  6b). To 
obtain Ss and Sp for each axis, linear fitting is applied to obtain 
the slope of the fitted line. The values of Ss, Sp, and Sc for each 
axis are summarized in Table  3. Both axes have a cross-axis 
sensitivity of less than 1%. The results indicate that two-axis 
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Table 2. The spring constants (k) and non-linearity according to q.

q [V = 8 μL] 1/2.5 1/2 1/1.5 1 1.5 2 2.5

k [N m−1] 0.28 0.36 0.52 0.92 1.76 2.94 4.71

Non-linearity [%] 26.8 9.4 7 7.7 5.9 14.1 13.6

Figure 6. Sensitivity of the device along a) x- and b) y-axes.
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acceleration can be measured with little interference for the x- 
and y-axes.

4.2. Surface Modification and Response Time

To increase mobility of the LM droplet, the surfaces of guiding 
channel (PMMA) and dielectric layer (PSA) were modi-
fied using a sandblasting method due to which they are uni-
formly covered with microstructures (Figure  7a), whereas the 
unmodified surfaces are smooth (Figure  7b). To confirm the 
effects of surface modification on droplet behavior, the static 
and dynamic wettability of the LM droplet (≈4 μL) is analyzed. 
The contact angle hysteresis (CAH), which differs between 
advancing and receding angles, is measured using the tilting 
method, and sliding angle (SA), which is the tilted stage angle 
when the droplet starts to move, is also measured using a con-
tact angle meter (SmartDrop, Femtobiomed, Inc.). The meas-
ured wettability results are summarized in Table 4. CAH and 
SA are significantly reduced on the modified surfaces instead 
of bare surfaces. Thus, using a modified surface can make the 
LM droplet move easily in the channel.

To analyze the effects of increased mobility of the droplet 
through surface modification, the response time of the device is 
compared with a commercial accelerometer (ADXL345, Analog 

Device) based on a random acceleration test. These acceler-
ometers are mounted on a sliding test setup and randomly 
accelerated (Figure 7c). The output data of both accelerometers 
are simultaneously saved using Labview software. This experi-
ment was conducted for 30 s, and the two accelerometers were 
compared in terms of the acceleration. The datasets of both 
accelerators were similar (Figure  7d, Movie S2, Supporting 
Information).

The data between 5 and 7 s is analyzed to determine the 
difference between the two accelerometers (the green box in 
Figure 7d, which confirms that the response time delay between 
the accelerometers and the commercial accelerometers is less 
than 30 ms. A simple shock test was conducted to confirm the 
performance at the high acceleration (≈16  g) (Figure S1, Sup-
porting Information). The result demonstrates that the acceler-
ometer has a measurable limit of ≈5 g (Figure S2, Supporting 
Information).

4.3. Allan Variance

Bias variations are caused by various random processes during 
device operation.[42] Allan variance is used for analyzing device 
errors. Biases are measured by averaging a finite sequence of 
samples when a device is in idle position. Explanatively, a long 
sequence (24 h) of data is taken, and then divided into bins 
based on an average time. The function for Allan variance is as 
shown in Equation (9).

AVAR ( )
1

2( 1)
( ( ) ( ) )2

1
2

n
y yi ii∑τ τ τ=

−
−+  (9)

where AVAR (τ) is the Allan variance written as a function of 
the average time, τ; yi is the average value of measurement 
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Table 3. Performance of developed accelerometer.

Test parameter [units] x-axis y-axis

Ss [counter g−1] ≈1044 ≈1059

Sp [counter g−1] ≈2 ≈8

Cross-axis sensitivity [%] ≈0.2 –

– ≈0.8

Figure 7. Effects of surface modification: a) a modified and b) un-modified surfaces of PMMA guiding channel and adhesive PSA film. Effects of 
increased mobility of the droplet through the surface modification: c) sliding test setup and d) comparison data between our device and a commercial 
device with randomly applied motions.
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in bins i, and n is the total number of bins. Figure 8a shows 
Allan variance curve of the device. The bias instability, which 
is defined as the best stability with a fully modeled sensor and 
active bias estimation, is the minimum point on the Allan 
variance curve. The device is within 0.185  mg of bias insta-
bility with ≈70 s averaging time. The bias over the entire time 
(1 sigma) can be called as in-run instability, and this value of the 
device is ≈3.325 mg. At short average intervals, the Allan vari-
ance is dominated by the noise in the device. There is a direct 
correlation between standard deviation (the noise) of the output 
versus time and the slope of Allan variance for smaller values 
of τ. This is also referred as velocity random walk (VRW). The 
developed device shows 3.272  mg/rt-Hz of VRW. Bias insta-
bility, in-run instability, and VRW of the developed device are 
summarized in Table 5.

4.4. Temperature Behavior

To analyze the temperature behavior of the device, it is 
mounted in a temperature chamber and the output is analyzed. 
Figure 8b shows the relationship of the output converted into 
gravity versus temperature of the device. Here, the tempera-
ture varies from −20 to 60  °C (1 cycle, 520 m). In this paper, 

temperature sensitivity is defined as the change in output of 
the device with changing temperature conditions. Temperature 
sensitivity can be obtained from the slope of original data (blue 
line); the device shows ≈8.2 mg deg−1 of temperature sensitivity. 
The original data (blue line) was fitted with a cubic curve (red 
line) to indicate the change in hysteresis of the device output 
with temperature. Through the fitted graph ≈20 mg of tempera-
ture hysteresis of the device is confirmed. Temperature sensi-
tivity and hysteresis of the developed device are summarized in 
Table 5. For a more detailed analysis, experiments on sensitivity 
change based on temperature are discussed in Figure S3, Sup-
porting Information.

4.5. Shake-Recoverable Characteristic

To confirm the shake-recoverable characteristic, the acceler-
ometer is mounted on the sliding test setup as mentioned 
above and subjected to a shock to separate the LM droplets. 
The images of the LM droplet before and after the shock, and 
pursuant to shaking are shown in Figure 9a. After the shock, 
the LM droplet is separated into large and small droplets. How-
ever, after the shaking, the separated LM droplets merge into 
a single droplet. With this healed accelerometer, a tilting test 
is conducted to confirm that it works again. The output of the 
healed accelerometer after shaking matches with that of the 
accelerometer before the shock.

Recognizing the destruction of LM proof mass is a consider-
ably important issue because the device’s performance changes 
when the LM is destroyed. If this is not recognized, the device 
outputs an abnormal acceleration value. A typical recogni-
tion method is to consider the fact that volume of the proof 
mass is reduced when the LM is destroyed. When LM reduces, 
the total sum of capacitances measured in each cell (Ctotal  = 
CxR + CxL + CyU + CyD) is reduced. The relevant data has been 
added to Figure 9b, which shows that the device with high impact 
(free-fall from 1 m height), the Ctotal is reduced by more than 
50 Counter, when the LM is finely destroyed. More details about 
the shock test are provided in Supporting Information S1. How-
ever, after shaking the LM three times with an acceleration of 1 g 
(shaking within the range that the counter of ΔCx (= CxR − CxL) 
and ΔCy ( = CyU−  CyD) does not exceed 1000 (counter at ≈1 g)), it 
heals again and Ctotal returns to its original value.

5. Application

Before applying the device to its application, the repeatability 
should be checked to verify its reliability. To confirm the 

Table 4. Wettability of LM droplet on the modified and unmodified sur-
faces of PMMA and PSA.

Contact angle [°] CAH [°] SA [°]

Static Advancing Receding

Modified PMMA ≈165 ≈167 ≈162 ≈5 ≈1

Modified PSA ≈163 ≈164 ≈162 ≈2 ≈1

Bare PMMA ≈136 ≈145 ≈130 ≈15 ≈10

Bare PSA ≈137 ≈146 ≈131 ≈15 ≈11

Figure 8. a) Allan variance analysis. b) Relationship of the output con-
verted into gravity versus temperature of the device.

Table 5. Bias instability, in-run instability, velocity random walk, and 
temperature behavior of developed accelerometer.

Bias instability 0.185 mg

In-run instability 3.325 mg

VRW 3.272 mg/rt-Hz

Temperature sensitivity 8.2 mg deg−1

Temperature hysteresis 20 mg
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repeatability of the accelerometer, a cycle test is conducted 
using the tilting test setup. For reliability, the results showed 
a change in peak value of output less than 1.4% of the 15 000th 
cycle (Figure 9c).

Based on this reliability, the developed two-axis accelerom-
eter is applied to a 3D maze escape game. The game envi-
ronment was programmed using PROCESSING software. 
The plate is tilted in proportion to the amount of x- and 
y-acceleration, and the ball in the maze moves according to the 
direction and degree of tilt. The maze plate is tilted in various 
directions according to the tilting direction of acceleration and 
the game was successfully played (Figure  9d, Movie S3, Sup-
porting Information).

6. Discussion and Conclusion

In this paper, a two-axis measurable capacitive-type accelerom-
eter using a liquid metal droplet as a proof mass is proposed. 
The capacitance is measured using a floating electrode concept. 
This structure has a significant advantage in terms of increasing 
the mobility of liquid metal droplets. Because the dielectric 
layer completely covers the electrodes, it can modify the contact 
surface of the liquid metal droplet without damaging the elec-
trodes. The position of the liquid metal droplet is estimated by 
sensing a change in overlapped area between the electrodes and 
itself. To control the sensitivity of the device, using a liquid-type 
proof mass, the correlation between Laplace pressure generated 
by the channel and liquid metal droplet was identified through 
2D mathematical modeling. The effects of channel shape on 

sensitivity is also analyzed using a mathematical model. Lin-
earity is different for each channel and with a specific channel 
the linearity is over 94% in the range between −1 to 1 g. To con-
firm the effect of sandblasting, the response time of the device 
was compared with a commercial accelerometer. Moreover, 
the signal output of the device, with and without sandblasting 
under the same acceleration was compared, and it was noted 
that signal of the device without sandblasting has a time delay of 
≈25 ms as compared with sandblasting. Additionally, it was also 
confirmed that the device with sandblasting has a higher sensi-
tivity than that without. Therefore, the reason for comparable 
sensitivity and response time to that of the commercial accel-
erometers is due to increased mobility of the LM droplet from 
sandblasting applied to the dielectric layer. The various charac-
teristics of the fabricated device were analyzed (i.e., the cross-
axis sensitivity, response time, shake-recoverable characteristic, 
temperature behavior and repeatability). It was observed, that 
not only does the proof mass heal, but its detection of being 
destroyed is very important, and if left unrecognized, can affect 
device performance. It was noted that, when destroyed, the LM 
loses its total volume. Experimentally, when a large impact was 
applied, the output in the whole cell decreased, but the signal 
recovered again after shaking with an acceleration of about 1 g. 
The volume of LM also affected the ratio of inertial force to sur-
face tension, which was important in determining the strength 
of impact for LM to be destroyed. It also affected the device’s 
sensitivity change. Further study on other impacts of LM 
volume, will be done in our future work. Finally, the device is 
applied to a maze escape game application and confirmed that it 
can stably measure the two-axis acceleration.

Figure 9. Shake-recoverable test. a) Images of the LM droplet before the shock, after the shock, and after the shaking. The output of the accelerometer 
before shock, and the recovered accelerometer after shaking. b) Sum of capacitances shift due to the destruction of the LM droplet. Results of c) 
repeatability test and d) maze escape game application.
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The device may be useful in harsh environments where it 
is frequently exposed to unexpected shocks (over the sensor’s 
measurement range) or where fatigue is easily experienced. 
However, it is difficult to repair or periodically replace the 
device.

7. Experimental Section
Preparation of Liquid Metal Droplets: To produce LM droplets of a 

certain volume, a glass plate with a groove of the desired volume was 
prepared using a milling machine. Thereafter, the LM with a volume 
greater than the target volume was placed on the grooved glass plate, 
and squeezed using a flat glass. Thus, after removing the flat glass, the 
LM with desired volume remained in the groove; this volume of LM was 
subsequently taken out to the guiding channel.

Fabrication of Dielectric Layer: A single-sided pressure sensitive 
adhesive (PSA) tape (#9964, 3M) with a thickness of ≈60  µm and a 
relative dielectric constant of ≈3.2 was used as the dielectric layer.

Fabrication of Guiding Channel: The guiding channel was fabricated 
using a poly methyl methacrylate (PMMA) hot-embossing method 
with an aluminum mold. The mold consisted of parts that determine 
the internal shape of the channel, and an aluminum plate with holes 
corresponding to these parts. After fabricating the concave- and convex-
shaped parts by using the lathe, the molds were made by assembling 
the parts to the aluminum plate with holes.

Fabrication of Aligner: The aligners (ABS material) were fabricated 
using a 3D printer (uprint SE plus, Stratasys).

Fabrication of Protection Cases: The protection cases were fabricated 
with aluminum using a 3D milling machine.

Fabrication of Transparent Bottom Layer: The bottom part of the device, 
including the sensing electrodes and dielectric layer, was fabricated using 
a common photo-lithography process on a glass substrate. Thereafter, a 
surface modified PSA film was attached to it.

The Operating Condition of Sandblasting: The operating conditions of 
the sandblaster varied according to the surface hardness of the material: 
The PMMA was at 0.3  MPa for 10 s, and the PSA at 0.1  MPa for 3 s. 
The distance between the specimen and nozzle of the sandblaster was 
maintained at ≈7 cm.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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