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Abstract: This study proposes a force plate with a planar spring and an eddy current displacement
sensor to measure the ground reaction force (GRF) of a small insect and reveal its motion charac-
teristics. The proposed force plate comprises a circular aluminum plate, four aluminum springs
symmetrically connected to the plate, and an eddy current displacement sensor under the plate. The
diameter and thickness of the fabricated plate were 8 and 0.1 mm, respectively. The spring width was
0.4 mm. When a force is applied to the plate, the plate moves vertically downward. Then, an eddy
current displacement sensor detects the plate displacement without contact. The applied force can
be measured using Hooke’s law. The proposed force plate has the advantages of ease of fabrication
and cost-effectiveness. The central displacement variation and resonant frequency of the designed
springs were evaluated by simulation. Then, we calibrated the fabricated force plate to obtain the
sensitivity variation and resonant frequency. The experimental results suggest that the proposed
force plate can effectively measure the GRF of a small insect.

Keywords: force plate; eddy current sensor; laser machining; ground reaction force; small insect

1. Introduction

In the biomechanics field, ground reaction force (GRF) is an important factor in
analyzing animal movement [1]. Force plates, consisting of a plate and force sensors under
the plate, are generally used to measure GRF [2,3]. This type of force plate has been widely
used for GRF in humans in sports science and rehabilitation [4–8]. In recent years, many
researchers have developed a microelectromechanical system (MEMS)-based force plates
to clarify the gait mechanism of small insects [9–19]. As small insects are less affected by
gravity, they can run at high speeds on unstable footholds. Thus, GRF measurements and
biomechanical evaluations are expected to aid in designing micro-running robots [20,21].
For example, a piezoresistive force plate with a size of a few square millimeters and a force
resolution of approximately 1 µN was developed to measure the multi-axial GRF of an
ant with body weight and length of a few milligrams and millimeters, respectively [22,23].
Although these MEMS force plates have high sensitivity, they are fragile, and the fabrication
process is complex [24]. To achieve both high sensitivity and toughness, a plate structure
with three-dimensional micro-springs was developed and manufactured using a precision
3D printer. Subsequently, by combining the plate structure and laser displacement sensor,
a uniaxial force plate was assembled to measure the GRF of a fruit fly [25]. A force
plate with sufficient performance for measuring small insects can be realized using this
measurement principle.

Herein, we propose an unbreakable, easy-to-fabricate, and high-sensitivity force plate
that consists of a planar spring and an eddy current displacement sensor under the planar
spring. The planar spring installed in the proposed force plate comprises a circular plate
and four planar springs. As this structure can be fabricated by cutting metal plates with a
laser cutter machine, it is easier to fabricate than MEMS and 3D-printed force plates. Further,
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it is more accurate than 3D-printed force plates. The plate moves vertically downward
when a force is applied to the planar spring. Unlike the measurement principle of MEMS
force plates, the GRF is derived from the spring displacement measured using eddy current
sensors, which are cost-effective when compared with a laser displacement sensor. This
measurement principle does not require a large local strain, thus enabling an unbreakable
design. Previously, we developed a force plate using a polyimide film-based planar spring
and a laser displacement sensor [26]. The developed force plate realized a force resolution
of less than 0.05 µN. Therefore, the planar spring geometry was confirmed to perform well
as a force plate. Polyimide film deforms ductilely, which can cause hysteresis and affect
measurement results. The previous study clarifies that force plates can be realized by using
a laser displacement meter that measures a single point in the plate center.

In this study, we designed and fabricated a planar spring using a fiber-laser machine.
The mechanical properties of the force plate were evaluated by simulation, and calibration
and evaluation experiments were performed on the fabricated force plate.

2. Measurement System

Figure 1a shows the schematic of the proposed force plate. The proposed force plate
comprises a planar spring and an eddy current displacement sensor with a planar coil. The
planar spring moves downward when a vertical force is applied, as shown in Figure 1b.
Then, the eddy current displacement sensor measures the plate displacement of the planar
spring without making contact. The force applied can be calculated using Hooke’s law from
the displacement and spring constant. Specifically, force F is derived from the sensitivity
K obtained by calibration and the sensor output change ∆V. Note that this relationship
is based on the proportional relationship between the planar spring displacement and
the sensor output and that the output is equal regardless of where the planar spring
is pushed [25,26].
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Figure 1. (a) Concept of the proposed force plate. This force plate consists of a planar spring and an
eddy current displacement sensor. (b) Side view of the proposed force plate.

Previously, we developed a force plate for humans using multi-eddy current displace-
ment sensor elements in the same way [27]. By using multiple sensor elements, multi-axial
forces and moments were detected. On the contrary, the design guideline of this study is
to accurately measure the uniaxial force using a single sensor element. Planar springs are
suitable for measuring vertical force because a horizontal deformation does not tend to
occur compared to that in 3D spring structures.

As shown in Figure 2, eddy currents are generated in the target metal when it moves
due to the electromagnetic induction effect. This phenomenon changes the impedance of
the planar coil. The sensor measures the distance based on the oscillation changes caused
by this phenomenon. The insufficient size of the target metal or planar coil of the eddy
current displacement sensor can cause a reduction in sensitivity. Therefore, the relationship
between the size of the planar coil and the target metal should be appropriate. Aluminum
is used as the target metal because of its high conductivity and ease of processing.
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Figure 2. Schematic of the eddy current displacement sensor.

3. Design and Fabrication
3.1. Plate Structure

To measure the GRF of small insects, the plate area must range from a few to several
tens of square millimeters. In addition, the force resolution needs to range from a few to
dozens of micronewtons. The resonant frequency should be at least 100 Hz. These optimum
requirements depend on the size and weight of the target insect.

Based on these requirements, we propose a force plate structure, as shown in Figure 3.
This design is aimed at measuring the vertical GRF applied to the plate. The planar spring
is composed of a circular plate with a diameter of 8 mm and four planar spring structures.
The planar spring is 20 × 20 mm in size. The number of turns and thickness of the planar
spring are 0.6 and 0.1 mm, respectively. The spring structures that support the center
circular plate have a width of 0.4 mm and spacing of 0.6 mm between adjacent spring
structures. As mentioned above, the planar spring is made of aluminum.
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Figure 3. Detailed design of the planar spring.

All four spring structures supporting the central circular plate are similar and have
the same spring constant k’. When a force is applied at a point, a reaction force is caused in
the four springs, and a displacement occurs at the connection between the spring structure
and the center circular plate. The displacement of the central circular plate is defined as z0.

Based on the force-balancing relationship and Hooke’s law, the following equation
is valid:

F0 = 4k′z0. (1)

From Equation (1), the GRF can be derived from the displacement of the center and
spring constant, regardless of where the force is applied [26].

A simulation was conducted using finite element method (FEM) simulation software
(COMSOL Multiphysics 6.0, COMSOL Inc, Burlington, VT, USA) to investigate whether
the center displacements of the designed planar springs are the same when a vertical force
of 1 mN is applied to points at any position. Figure 4(a-1,a-2) shows the deformation
when a vertical force is applied. The smaller the displacement variation, the smaller the
variation in the measured GRF, depending on the stepping position of the planar spring.
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The simulation results are shown in Figure 4b. The inclination of the plate caused by
applying a 1 mN force at the outermost point was 0.36◦, which was adequately small to
not interfere with the eddy current displacement sensor measurements. In this simulation,
the center displacement variation was less than 0.1%, which was sufficiently small, and
the average center displacement was 69.0 µm. The spring constant obtained from the
central displacement when force was applied to the center was 14.5 N/m. Provided that
the resolution of the displacement sensor is 1 µm, the resolution of the force plate can be
calculated using the spring constant as 14.5 µN.
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In addition, the simulated resonant frequency was 95 Hz. Figure 4c shows the first
mode of vibration.

The fabricated planar spring is illustrated in Figure 5a. This spring was made from
an aluminum plate using a fiber laser cutting machine (PROMARK, PROFITED, Saitama,
Japan) based only on 2D data from CAD. Thus, they can be fabricated more easily than
MEMS force plates and more accurately than 3D-printed force plates. Figure 5b shows the
force plate with the fabricated planar spring on the eddy current displacement sensor and
the jig fabricated using a 3D printer (Onyx One, Markforged, Watertown, NY, USA).
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Figure 5. Photographs of (a) the fabricated planar spring by a fiber laser cutting machine and (b) the
assembled force plate.

3.2. Eddy Current Displacement Sensor

Figure 6a shows the eddy current displacement sensor that can measure the metal
displacement along with a planar coil with a diameter, resistance, and reactance of 10 mm,
1 Ω, and 8.4 µH, respectively. The size of the planar coil was chosen to be close to that
of the central circular plate of the planar spring. Figure 6b shows that the planar coil is
connected to the oscillator and square-wave generator circuits. An AC voltage of about
1 MHz is applied to the planar coil. The frequency of this square wave is converted into
a voltage, which is the sensor output. This circuit uses a comparator (LT1671, LINEAR
TECHNOLOGY, Wilmington, DE, USA). In+ and In− are input pins, and Q is the output.
When the voltage of in+ is higher than In− (In+ > In−), Q outputs a high voltage, and
when the converse occurs (In+ < In−), Q outputs a low voltage. Since In+, In−, and Q
are connected by a feedback circuit, the output voltage of Q is a square wave. When the
distance between the planar coil and the target metal changes, eddy currents flow in the
target metal due to electromagnetic induction, changing the coil’s impedance and frequency.
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The eddy current displacement sensor was calibrated, as shown in Figure 7a. In this
study, the distance between the planar spring and the Al plate was 1 mm when no force was
applied to the force plate. Therefore, the sensor output was measured when the distance
was between 1 and 0.7 mm. The results are shown in Figure 7b. In this range, there is
an approximately proportional relationship between the metal displacement and sensor
output. The sampling rate was 2000 Hz, and a low-pass filter of 100 Hz was applied to
the output. The resolution determined from the sensor output noise and sensitivity was
0.22 µm.
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4. Experiment and Result
4.1. Resonant Frequency

We measured the resonant frequency of the fabricated plate using an optical hetero-
dyne (MLD-221 D-DWT, NEOARK, Hachioji, Japan) and a frequency response analyzer
(NF, FRA5087). As shown in Figure 8a, the planar spring on the jig is mounted on a vibrator
(Mini-shaker Type4810, Brüel and Kjær, Nærum, Denmark), applying vertical vibration
to the planar spring from 10 to 200 Hz. Figure 8b shows the frequency response. It was
confirmed that the first resonant frequency was 126 Hz, which was close to the simulation
result and sufficiently high for GRF measurements.
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4.2. Evaluation of Sensitivity Variation and Calibration

Figure 9a,b shows the photograph and concept sketch of the experimental setup for
evaluating the sensitivity variation and calibration, respectively. As shown in Figure 9c,
11 points (including the center and its surrounding points) were pushed using a needle
mounted on a load cell (LVS-5GA, Kyowa Co., Chofu, Japan). The load cell was fixed
on a piezo stage (PS1L60-400U-S; THK Precision Co., Ltd., Ota-ku, Tokyo, Japan). The
stage displacement was controlled with a triangular wave of 0.2 Hz. The center and its
surrounding points, within a quarter of the area, were considered for symmetry. The piezo
stage was moved up and down by 0.1 mm, and the needle mounted to the load cell applied
a vertical force to the planar spring. The stage displacement, applied force, and output of
the displacement sensor was measured simultaneously.
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Figure 9. (a) Photograph and (b) concept sketch of the experimental setup for calibration and
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Figure 10 shows the displacement of the piezo stage Zstage, force applied by the load
cell F, and force plate output (eddy current displacement sensor output) VFP. When the
piezo stage was at its highest, no force was applied to the force plate to obtain the zero
point of the VFP. When the piezo stage was at its lowest, a force of approximately 2.5 mN
was applied. It was observed that there was no hysteresis in the force plate output.
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Figure 10. Measured Zstage, F, and VFP when the needle was pushing at the center.

Figure 11 shows the relationship between F and VFP when each point was pushed.
The correlation coefficient was between 0.999 and 1.000, and we confirmed a good linear
relationship between the force and force plate output; this is considered to be due to the
spring stress being within aluminum’s elastic range. Therefore, Equation (1) can be applied.
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When a planar spring is pushed by the needle connected to the load cell, displacement
occurs in the planar spring as well as on the load cell side; moreover, displacement occurs
in the opposite direction of the planar spring owing to the reaction force. Therefore, Zstage
is the sum of the displacements at the pushed point (Zsp) and load cell (Zload-cell). Zload-cell
was obtained from the measurement results when the hard part was pushed, and the
spring constant of the load cell was derived. Therefore, Zsp can be evaluated by subtracting
Zload-cell from Zstage. The spring constant of the planar spring was 15.5 N/m when a force
was applied at the center, which was evaluated using F and Zsp.

The sensitivity was evaluated using a gradient of F and VFP. Figure 12 shows the
sensitivity variation, which was less than 3.0%; this was considered sufficiently small. The
average sensitivity K was −8.52 mN/V. No trend was observed in the sensitivity variation.
Therefore, this variation is not attributed to the design, but to assembly and experimental
setup errors. The sampling rate was 5000 Hz, and a low-pass filter of 100 Hz was applied
to the output. If the signal when no force was applied to the force plate was at the noise
level, the noise level was 1.19 mV. The noise was assumed to be caused by environmental
vibrations. The force resolution was calculated to be 4.14 µN. MEMS-based Force plates for
ants with a resolution of a few micronewtons have been reported, and it is thought that ant
GRF can be measured with our force plate [11].
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4.3. Repeatable and Durable Tests

Pushing the center for one hour under the same experimental conditions in Section 4.2.
The maximum value of F is approximately 25 mN. The waveform shapes of VFP and F did
not change as shown in Figure 13. Therefore, the fabricated force plate is considered to
have sufficient repeatability and durability.
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5. Discussion

The proposed force plate was fabricated using simple fabrication processes. It was
confirmed that the force plate could measure forces similar to the GRF of small insects.

The planar spring design significantly influences the overall performance in terms of
the maximum load, resolution, and resonant frequency. Therefore, smaller or larger forces
can be measured by changing the planar spring design. For example, in the design used in
this study, a smaller force can be measured if the width of the spring structure supporting
the central circular plate is smaller than the current design. However, this change can
reduce the maximum load and resonant frequency of the planar spring. The fiber laser
cutting machine can process planar springs in various designs; however, the limitation is
that the design is point-symmetric. Therefore, we can better optimize the design of planar
springs for our target insects.
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In this study, aluminum was used as the planar spring material. The material type is
limited to metals that can be measured by eddy current displacement sensors. However, the
physical properties of the planar spring material and its design have a significant influence
on the performance of the force plate. In particular, the stiffness and toughness significantly
influence the durability and sensitivity of the force plate.

When designing force plates, there is a trade-off between force resolution and force
range in general. In this study, the width of the planar spring structure was 4 mm, and
the resolution was approximately 4 µN, which was within the range for ant measurement.
A design of a softer planar spring would result in a force plate with a higher sensitivity
and a smaller force range. Additionally, as a small non-contact displacement sensor, eddy
current displacement sensors with a full-scale range of 3 mm have been reported [28,29].
These sensors had a resolution of 3 µm and an excitation frequency of 312.5 kHz [28] or a
resolution of 65 nm and an excitation frequency of 20 MHz [29]. These state-of-the-art eddy
current displacement sensors suggested that it is possible to improve the performance of
our force plate.

In actual GRF measurement, mechanical property changes of the planar spring due to
temperature changes may lead to measurement uncertainty. The measurements should be
carried out under stable temperatures to avoid temperature effects on small insects’ move-
ment. Since GRF measurement and calibration can be conducted in the same environment,
the influence of temperature changes on the sensor is expected to be negligible in GRF
measurement. Additionally, the previous study mentioned noise due to jigs and thermal
expansion of other mechanical parts [25]. This was because the force plate and non-contact
displacement sensor had to be fixed by large jigs and xyz stage compared to the force
plate. However, the proposed force plate consists of the eddy current displacement sensor,
planar spring, and small jig, and the effect of thermal expansion of the jig is considered
sufficiently small.

This study aimed to measure only the vertical forces. By measuring multi-axial
deformations, the force plate is expected to measure the GRF in multi-axial directions [27].
In previous studies, multi-axial displacements were measured by arranging multiple planar
coils in the same plane, as the measurement target of eddy current displacement sensors is
only metal [13]. Therefore, eddy current displacement sensors are expected to be used in
developing force plates that can measure multi-axial deformations via simple approaches.

6. Conclusions

This study proposed a force plate comprising a planar spring and an eddy current
displacement sensor. Planar springs are obtained by laser-cutting an Al plate. Therefore,
they are easier to fabricate than MEMS-based force plates. The proposed GRF measurement
principle minimizes the smaller local strains. Thus, a force plate with higher toughness can
be designed. The FEM simulation confirmed that the resonant frequency of the designed
force plate was 95 Hz, and the spring-constant variation was less than 0.1%. Further, the
resonant frequency and sensitivity variation of the fabricated force plates were determined
as 126 Hz and less than 3%, respectively, via evaluation experiments. Therefore, the
proposed force plate enables easy fabrication and higher toughness and is significant in the
GRF evaluation of small insects.
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