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Abstract: This paper reports on a force plate (FP) using mechanical springs and noncontact distance
sensors. The ground reaction force (GRF) is one of the factors for clarify biomechanics, and FPs are
widely used to measure it. The sensor elements of conventional FPs are mainly strain gauges. Thus,
the mechanical properties of FP depend on the sensor element performance. If the FP performance
must change, we must redesign the FP, including changing the sensor elements. Here, we proposed
an FP that uses a measuring principle based on simple springs and noncontact sensors. The shape
and performance of the proposed FP are expected to change easily. As a prototype device, we
designed and fabricated an FP installed with 12 springs and four sensors for human walking. A
planar coil and magnet were used as the sensor elements, and the sensor output was proportional to
the vertical and horizontal displacements. The FP resonance frequency was 123 Hz, which was larger
than the required specification. The calibration experiments showed that vertical and horizontal
forces and moments could be measured independently. The FP’s resolutions were 1.9 N and 1.4 N in
the anterior-posterior and vertical directions, respectively. Furthermore, the fabricated FP measured
GRF similarly to the commercial FP when a human walked on the plate. These results suggest that
the proposed method will be helpful for FPs with custom-made requirements.

Keywords: ground reaction force; force plate; noncontact distance sensor

1. Introduction

Ground reaction force (GRF) on the sole is one of the factors used to clarify foot
biomechanics [1,2]. A significant number of reports have evaluated the GRF using several
methods, such as force plates (FPs) [3-7], treadmills [8-10], and attaching force sensors
to shoe soles [11,12]. Among them, the FP system has been widely used due to its high-
accuracy measurement in multiple directions without needing to be worn by the subject.
The sensor elements of the conventional FP have normally been of the strain gauge type [13]
or load cell type [14,15], which are in direct contact with the plate. The mechanical char-
acteristics of the FP, such as the measurable force range, resonant frequency, and shape,
depend on the sensor elements. Thus, the size and dimension of commercialized FPs are
basically fixed; it is expensive to change the specifications because then the FP must be
redesigned, including the sensor element.

For traditional GRF measurement, the subject walks around a designated area in
the laboratory. Therefore, the use of standard size FPs was not a problem. In recent
years, several researchers have focused on measurement in living spaces [16] to investigate
the mechanism of disease onset [17], falls [18-20], or slips for their prevention in older
persons [21]. Since the installation space is limited in living spaces, it is necessary to place
an FP that fits each space for the GRF measurement. In particular, stair dimensions, such as
the riser height and run length, are known to affect the stair walking performances [22-26].
Flexible resizing is required for the FP to realize GRF measurements under various stair
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dimensions. Thus, it is advisable to tune the FP’s shape to be suitable for the situation.
Additionally, we must change the shape and force range when we measure animals other
than humans [27,28]. However, conventional FP components are not suitable for freely
changing the performance, including the shape and force range.

Here, we propose an FD, the performance of which can be easily modified according
to the application, such as for indoor or target subjects. The proposed FP is composed of a
plate with supporting mechanical springs and noncontact displacement sensor elements.
By measuring the deflection of the springs with the sensor element, it is possible to measure
the force applied to the FP. The sensor element is mechanically separated from the plate;
thus, it does not affect the mechanical properties of the FP. Therefore, when the FP must be
redesigned in terms of the shape or performance, we can simply redesign the mechanical
structure of the plate and springs.

The study aims to prove the practical applicability of the proposed FP measurement
method. Thus, in this paper, we first introduce the principle and design of our proposed
FP. Second, we evaluate the mechanical characteristics of the designed FP using simulation.
Then, we conduct calibration experiments using the fabricated FP. Finally, we demonstrate
GRF measurement with the fabricated FP and commercial FP.

2. Design and Principle
2.1. Sensor Design

To realize the GRF measurement via an FP, three significant specifications are required:
the plate dimensions, measurable force direction and range, and time resolution. As the
measurement target, the FP was designed to measure the GRF during walking on indoor
corridors or stairs. Thus, the plate was first designed to be similar to residential stairs in
depth (200 mm) so that a single foot lands on the plate surface. Second, we selected the
gravity and horizontal directions as the measurable directions. Previous studies reported
that the maximum GRF while walking stairs and corridors in the gravity and horizontal
directions became approximately 160% and 20% of the body weight, respectively [29,30].
Thus, assuming that the body weight is 50 kg, the force range should be over 8.0 x 10> N
and 1.0 x 10% N in the gravity and horizontal directions, respectively. Previous research
has also reported that a resonant frequency of over 100 Hz is sufficiently high to accurately
measure the GRF [31]. Thus, we defined the specifications of the force plate to satisfy these
force ranges and resonance frequencies.

A schematic image of the proposed FP is shown in Figure 1. The FP consists of a plate,
a bottom, 12 mechanical springs, and four sensor elements that work as noncontact two-
dimensional displacement sensors. The plate is supported by springs fixed to the bottom.
These springs are designed to easily deform in the gravity and horizontal directions. As the
sensor element, a magnet and planar coil set are fixed to the plate and bottom, respectively, to
measure the noncontact plate displacement. When walking on the plate surface, each sensor
element measures the local two-dimensional displacements of the plate due to the expansion
and contraction of the springs. Then, the force can be calculated from the sensor outputs.

The resonant frequency, force range, and plate geometry can be tuned without chang-
ing the sensor element. Thus, a high degree of freedom in design is possible. Meanwhile,
we should pay attention to the following point. The low stiffness of the plate section
and high stiffness of the spring increase the FP error, where the force is applied, because
the deflection of the plate prevents an accurate measurement of the plate displacement
by spring deformation. The high mass of the plate and low spring constant reduce the
resonant frequency of the FP. Therefore, the plate should be light and highly rigid, and the
spring should be designed with a spring constant that considers the positional error and
resonant frequency.
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Non-contact
displacement sensor

Figure 1. Schematic image of the force plate. The force plate is composed of mechanical springs and
noncontact displacement sensor elements using a planar coil.

2.2. Force Detection Principle

In this study, we used noncontact displacement sensors with a planar coil and magnet
sheet as the sensing elements. A planar coil 10 mm in diameter was used. When the
positional relationship between the planar coil flowing AC and the magnet changes, the
output frequency changes due to magnetic field changes. The displacement is measured by
converting the frequency change into a voltage change.

The sensor measures two-directional displacements of the plate by fixing the magnet
sheet to the plate backside to half-overlap with the planar coil, as shown in Figure 2. The
output voltage of the planar coil decreases when the magnet is close to the planar coil. In
the opposite case, the output voltage increases. Due to the half-overlapping relation, the
output changes by both vertical and horizontal displacements.

w
Sensor3 Sensor1

_ | X Im
i | H : lmﬁ_‘ Sp ing\ Magnet
o emates Sensor - BemeE 2z e

Figure 2. Schematic image of the position and dimension of the force plate components.

Table 1 shows the position and size dimensions of the coils, magnets, springs, and
plate. The height i and width w of the force plates were 200 mm and 400 mm, respectively.
The height I; and width I, of the spring were 43 mm and 80 mm, respectively. The position
of the coil is 24 mm away in length s and 120 mm away in width ¢ from the edge. The initial
distance g between the center of the coil and the edge of the magnet is 3 mm when no force
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is applied to the force plate. We numbered the sensor element from “Sensor 1” to “Sensor
4”, as shown in Figure 2.

Table 1. Parameters of the position and size dimension of the coil, magnet, spring, and plate.

h w I I, s t @ g Im
Length (mm) 200 450 43 80 24 120 10 3 20

When F; is applied, all magnets approach the planar coils so that all outputs become
low. When Fy is applied, the outputs of sensors 1 and 4 become high because the magnet
moves away from the coil, while sensors 2 and 3 become low because they approach each
other. When F is applied, the positional relationship between the coils and the magnets
does not change, and the spring deforms little in the x-direction due to the high stiffness,
so that no outputs change. When My or My is applied, the plate inclines, and z-direction
displacement occurs. When Mj is applied, the outputs of sensors 4 and 2 become high
because the magnet moves away from the coil, while sensors 1 and 3 become low because
they approach each other. When My, is applied, sensors 3 and 4 become high, while sensors
1 and 2 become low. When Mj, is applied, the plate rotates horizontally so that the outputs
of sensors 1 and 3 become high, while sensors 2 and 4 become low. Thus, the combination
of positive and negative sensor output changes is identical to that when My is applied.
The measured My in normal walking is approximately four times as large as M, [32]. In
addition, the plate displacement when Mz is applied to FP is approximately one-tenth of
that when M, is applied. Therefore, the sensor output caused by M, is negligible. Hence,
the force in each direction can be measured with good independence by the positive and
negative sensor outputs, as shown in Table 2.

Table 2. Positive and negative directions of the sensor outputs when each directional force and
moment are applied.

Fy Fy F, My My,
Sensor 1 NA — — —
Sensor 2 NA + — +
Sensor 3 NA + - -
Sensor 4 NA — — +

Assuming that displacement is only caused by the springs” deformation—that is, the

plate is an undeformable rigid body—we can evaluate the force by the linear sum of the
plate displacement. Furthermore, assuming that the sensor output is proportional to the
displacement of the plate, the force can be evaluated as a linear sum of the sensor outputs.

Then, the force matrix is expressed by calibration matrix B as follows:

F, 0o 0 0 ALyl [ B, Baw, Bsr, Bip, |[ Aln
Fo|_ Byr, Bsp,  Bu, Alp {0 0 0 0 Aly,
My Bim, Bam, Bamy, Bam, || Alz o 0 0 0 Alys
My BlMy BZMy B3My B4My Alyy L O 0 0 0 Aly4 (1)
Big, Bar, Bsp,  Bap, ][ AL
_ | Bir B, Bsp,  Bup, Ab |
Bim, Bom, Bam, Bam, Aly
Bim, Bomy, Bsm, Bam, | L Al

where Al,q, Al,p, Alyz, and Al,y are the z-directional displacements of the plate at four
points, and Alyy, Aly,, Alys, and Alyy are the y-directional displacements of the plate at
four points. If there is nonlinearity in the sensitivity, measurement error may be caused by
the matrix. These two displacements are defined as Aly, Aly, Al3, and Aly to simplify the
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equation. Assuming that the sensor output is proportional to the displacement of the plate,
the force can be calculated using the following equation with calibration matrix A:

Fy A, Aor, Asp Aup AV
F, | _| A, A, Asp, Agg AV,
My Aim, Aom, Asm, Aamy AVs | . 2)
My Aimy,  Aamy  Asmy Aamg AVy
= AV

Equation (2) shows that the force can be obtained as a linear sum of the sensor outputs
AV1, AV;, AV3, and AV4. In an ideal FP, the plate is entirely rigid; the plate deflection
does not affect the results of the displacement sensors. However, in practice, there is the
possibility that the deflection of the plate is added to the displacement measured by the
four displacement sensors. Additionally, the plate deflection depends on the position
where the force is applied.

It is necessary to consider the position error caused by the plate deflection when
calculating the force using Equation (1). The calibration method is described below. The
plate is divided into several blocks, and the center of each block is defined as position k.
When a force is applied at position k, the real force F is represented by the calculated force
F,; and error &,

4
F,=Fy+ee=) . Bir, Al + e 3)

Then, if Al /F, is defined as S, Equation (3) is transformed as follows:

€ 4
7 =1- Y Bir, S uix @
z

For all positions, the sum of the squares of the errors can be expressed as follows:

)3 (?;)2 =D (1 - ?:1 BinS/Zik>2- (5)

When S’ is obtained, the least-squares method is applied to obtain the calibra-
tion matrix element B;p, that minimizes the squared sum of the errors at all positions.
Equations (3)—(5) are calculated for F,. In addition, the same calculation can be applied
to Fy and moments. As a result, the error range of the measured value is quantitatively
ensured regardless of where the force is applied.

We evaluated the position error of the FP using the finite element method (FEM)
(COMSOL Multiphysics v5.5, COMSOL). The plate displacement was simulated when a
force was applied to one of the 36 surfaces, which are divided as shown in Figure 3a. For
example, when F; is applied to A9, the number is defined in Figure 3a, and the FP deforms,
as shown in Figure 3b. In this simulation, the FP structure is composed of a plate (carbon;
Young’s modulus: 20 GPa) and an aluminum housing (A5052; Young’s modulus: 70 GPa).
Other parts are made of stainless steel (SUS304; Young’s modulus: 193 GPa).

We obtained S;; from the simulation results. The simulated calibration matrix B
obtained using Equation (5) is expressed as follows:

619 693 728 654
421 364 469 357
B= 33.0 —348 368 —349 |’ ©)

104 106 —109 —106
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Figure 3. (a) Schematic image of the divided area. (b) Simulation result of the deformation when F,
is added to A9. Position error in the (c-i) z-direction and (c-ii) y-direction. (d) Simulation result of the
first resonant frequency.

The units of calibration matrix B are N/mm for the top two rows and N-m/mm for the
bottom two rows. Assuming that the resolution of each displacement sensor is 1.0 um, the
resolutions of the FP are calculated to be Fy: 2.7 N, F,: 1.6 N, My: 0.14 N/m, and My: 0.42 N/m.

We simulated the plate displacements when 1 N was applied in each area in the y-
and z-directions. Then, we calculated Fy and F; in each area with Equation (1) using these
results and calibration matrix B in Equation (6). Figure 3c shows the schematic image of
F, and Fy calculated in each area. Since there is no error depending on the position of the
force applied, F, and Fy should be 1 N in all areas. Thus, the position error is determined
by how far the output is from 1 N. The z-direction and y-direction position errors were less
than +6% and £0.2%, respectively. Thus, we must calibrate the FP in the z-direction by
considering the position error, while the positional error in the y-direction is sufficiently
small compared to the positional error in the z-direction.

The resonant frequency was also simulated by FEM. It was 113.7 Hz with the first
mode, as shown in Figure 3d; the entire plate of the FP vibrates up and down when it
resonates. Thus, the resonance frequency is sufficiently large for the GRF measurement.

3. Fabrication and Assembly
3.1. Sensing Element

A schematic circuit image of the displacement sensor is shown in Figure 4. A planar
coil whose diameter, resistance, and reactance were 10 mm, 1 (), and 8.5 uH was used.
An AC voltage of 1.1 MHz was applied to the planar coil via a Colpitts oscillator circuit.
Through an amplifier circuit, a phase-locked loop (PLL) circuit converted the output
frequency into a voltage.

We evaluated the relationship between the displacement of the magnet and the output
voltage of the developed coil circuit. First, the coil and magnet were attached to be fixed and
z—y translation stages, respectively, as shown in Figure 5a,c. Figure 5b shows a photograph
of the planar coil that was used. The z-direction origin displacement between the magnet
and the planar coil was set to 8 mm; that of the y-direction was set to 3 mm from the coil
center, as shown in Figure 2.
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Figure 4. Schematic image of the noncontact displacement sensor.
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Figure 5. (a) Schematic image of the experiment to evaluate the displacement sensor. (b) Photograph
of the planar coil. (c) Photograph of the experimental setup. Relationship between the sensor output
and the displacement in the (d-i) z-direction and (d-ii) y-direction.

The experimental results are shown in Figure 5d. The correlation coefficients between
the magnet displacement and the sensor output were —1.00 in the z-direction and 1.00
in the y-direction. Thus, we confirmed that the displacement and sensor output were
proportional to each other. The sensitivity was 5.4 x 10% um/V and —2.1 x 103 um/V in
the z-direction and y-direction, respectively. Based on the 80-Hz low-pass-filtered noise
data, the resolution was calculated to be 2.9 um in the y-direction and 1.1 um in the
z-direction.
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3.2. Mechanical Spring

A photograph and a schematic image of the fabricated spring are shown in Figure 6a,b.
This spring has a zigzag pattern of four bumps in the z-direction extending in the y-direction.
The height Hsp and width [ of the spring were 35 mm and 43 mm, respectively. The height
hsp, width wgp, and thickness tsp were 22.5 mm, 7 mm, and 1.5 mm, respectively. The depth
was 40 mm (I /2 in Figure 2). The spring design structure results in low spring constants
in the z- and y-directions and relatively high spring constants in the x-direction due to the
large depth relative to tsp. The spring constant for a single spring, which was simulated
by the finite element method, became 1.3 x 10° N/m in the z-direction, 2.3 x 10° N/m
in the y-direction, and 4.5 x 10° N/m in the x-direction. Twelve springs were built in the
bottom. The spring constant for the FP, simulated by the finite element method, became
1.5 x 10° N/m in the z-direction, 2.9 x 10° N/m in the y-direction, and 1.4 x 10 N/m in
the x-direction.

(a) . ' (b) 1 cycle _

Figure 6. (a) Photograph and (b) schematic image of the fabricated spring. (c—e) Photographs of the
fabricated force plate, sensor element, and housing.

3.3. Sensor Assembly

As shown in Figure 6c, the fabricated FP consisted of a carbon plate (ST-LAYER,
Sekisui Kasei Co., Ltd., Osaka, Japan), one aluminum housing for plate reinforcement, four
sensor elements, 12 springs, and one aluminum bottom. The thicknesses of the carbon
plate, housing, and bottom were 12 mm, 10 mm, and 10 mm, respectively. As described
in Section 3.1, the sensor elements consist of a planar coil and a neodyminummagnet.
The coils and magnets were fixed on the bottom and housing with a jig, as shown in
Figure 6d. The coil and magnet jigs were designed and fabricated by a 3D printer (Form3,
Formlabs, Somerville, MA, USA), so that the initial distance between them was 8 mm.
We made the housing hollow, as shown in Figure 6e. The housing and hollow sizes
were 450 mm x 200 mm and 430 mm x 110 mm. The weights of the carbon plate and
housing were 0.60 kg and 1.15 kg, respectively. The entire FP size and weight were
200 mm x 450 mm x 67 mm and 6.3 kg, respectively.

4. Experiment and Results
4.1. Resonant Frequency

The resonant frequency of the fabricated FP was evaluated. We impacted the FP center
with a hammer and measured the output of sensor 1. Figure 7 shows the output waveform
with a 400-Hz low-pass filter and the Fourier transform. As a result, the resonance frequency
of the FP was 123 Hz. This value is larger than the required specification of 100 Hz and the
simulation result.
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Figure 7. (a) Output voltage of sensor 1 when an impulse force is applied. (b) Measured resonance
frequency.

4.2. Force Calibration

Two calibration experiments were conducted: one applies F,, and the other applies Fy.
First, the calibration experiment applying F, is described below. Since the sensor output
and displacement are proportional, Equation (2) is valid. Therefore, as in Equation (3), the
following equation is valid.

4
F=F +¢g= Zi:l Air, AV + g. 7)

Then, providing that AV, /F is defined as Sy, the least-squares method is applied to
obtain the calibration matrix element A;r, that minimizes the squared sum of the errors at
all positions and Equations (4) and (5):

4 2
v (%) =1, (1 -y AiFZsik> . ®
i=1

As mentioned in Section 2.2, there was a positional error in the measurement of the
F, direction. Therefore, the FP was divided into 36 squares of 50 mm square in four rows
and nine columns with identical force applied points as those in the simulation (Figure 8a).
Assuming that a foot would land around the FP center, we calibrated by applying force
only to rows 3-7. Figure 8b shows a photograph of the experimental setup. F, was applied
to the FP with a force gauge (ZTA-1000N, IMADA Co., Ltd., Aiti, Japan) via a manual
test stand (SVH1000N, IMADA Co., Ltd., Aiti, Japan) until over 500 N. The manual test
stand enabled the force gauge to move only in the z-direction. F, was applied to each
point by moving the FP. Then, the outputs of the force gauge and each sensor element
were simultaneously recorded by an oscilloscope (DL850, Yokogawa Electric Corporation,
Tokyo, Japan). When F, was applied to a point other than the center of FP, a moment was
applied to FP. Therefore, from the experimental results, it was possible to evaluate the
calibration matrices for F,, My, and My.

We also conducted a calibration experiment with Fy. The experimental conditions
of the oscilloscope, circuit, and stabilized power supply were identical to those for F,.
As mentioned in Section 2.2, Fy has a smaller positional error than F,. Therefore, Fy was
applied horizontally to only one point in the center of the FP direction to avoid applying
M. The force-applied position in the gravity direction is shown in Figure 8c. A photograph
of the calibration setup is shown in Figure 8d. To apply only Fy, a force gauge jig that
enabled the force gauge to move only in the y-direction was fabricated by a 3D printer
(Makerbot Replicator+, Stratasys, Eden Prairie, MN, USA). The FP and force gauge jig were
fixed on the same stage to prevent skidding.
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Figure 8. (a) Schematic image and (b) photograph of the calibration in the z-direction. (c) Schematic
image and (d) photograph of the calibration in y-direction.

Figure 9a shows the relationship between F, and the sensor output when F, is applied
to A6. We evaluated the gradient of each sensor output to F,, which corresponds to Sj
in Equation (8). As in Equation (8), to obtain the calibration matrices A;yx and Ay in
Equation (2), we evaluated the gradient of each sensor output to My and My, respectively.
Figure 9b shows the relationship between Fy and the sensor output. Fy is expressed by the
following equation using the gradient s;-s4 of the sensor element, Fy and pseudo-inverse
matrix s*.

AV = ( S1 Sp2 S3 54 )Fy :SFy (9)
F = s*AV. (10)
(b) 0.3
0.2;
— 0.1¢
H Sensor1 i« 0
B Sensor2 <_o1l
H Sensor3 '
H Sensor4 02y
—03 i
250 500 0 50 100
Force (N) Force (N)

Figure 9. (a) Output voltage when a z-directional force is applied to A6. (b) Output voltage when a y-directional force is applied.

This s* is the calibration matrix of Fy. From the above, calibration matrix A in
Equation (2) is calculated as follows:

—1899 2026 1391 —1285
—633 —750 —605 —643
A= —524 640 —492 510 | (1)

—-127 —151 126 130

The units of calibration matrix A are N/V for the top two rows and N-m/V for
the bottom two rows. The above equation confirms that the experimental calibration
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matrix matches Table 2 in the positive and negative directions. The cosine similarity of the
calibration matrix is as follows:

0 94 75 94
0 97 84

T= o o5 |- (12)
0

The maximum separation became 97° between F, and My, and the minimum separa-
tion was 75° between Fy and My. These values were sufficient to separate each axis. Based
on the 80-Hz low-pass-filtered noise data, the resolution became Fy: 1.9 N, F,: 1.4 N, Mx:
0.054 N/m, and My: 0.15 N/m.

Figure 10 shows the output calculated by Equation (2) when 1 N or 1 Nm was applied
to each point. The positional error for F, was —6% to +4%; for My, it was —8% to +8%; for
My, it was —17% to +21%. The output F, and My were lower at a distance from the center
than when the force was applied to the center. Additionally, the output F, was lower for
the distance from the center in the x-direction than in the y-direction. As shown in Figure 3,
this tendency is identical to that in the simulation results. Likewise, the output My was
lower for the distance in the y-direction than in the x-direction.

<M,>
1.10 1.30
0.95 1102
1.00 {29
1.005
0.85 0.903’
0.90 0.80

Figure 10. Positional errors in F, My, and My, calculated by the measured data.

<F,> <M,>

1.10
0.950
g
1.002
0.85=2
0.90

4.3. Walking Experiment

As in the demonstration, GRF during walking was measured by the fabricated FP. The
subject was a healthy woman in her twenties with a body mass of approximately 50 kg. The
experimental setup is shown in Figure 11a. For comparison, the fabricated FP was placed
on a commercial FP (TF-3040; 300 mm x 400 mm, Tekkugihan, Kyoto, Japan), as shown
in Figure 11b. Both FPs were connected to the same oscilloscope, which was used in the
calibration. During the experiment, the sampling rate was 2000 Hz with a low-pass filter of
80 Hz. The FP was installed with the walking direction in the y-direction. Camera images
with a time interval of 0.1 s while walking on the FP are shown in Figure 11c. As shown in
the camera images, we measured the GRF of the left foot with a sock, which was a few steps
after the start of walking. Based on the 80-Hz low-pass-filtered noise data, the resolution of
the commercial FP became Fy: 0.053 N, Fz: 0.078 N, My: 0.013 N/m, and My: 0.0076 N/m.

The GRF data obtained with the fabricated and commercial FPs are shown as purple
and blue lines in Figure 12. The forces and moments obtained with the fabricated FP
are defined as Fygp, Fymp, Mysp, and Mg, and the forces and moments obtained with
the commercial FP are defined as Fycom, Fzcom, Mxcom, and Mycom, respectively. Due to
the force balance, Fyfahr szab, and Fycom, Fzcom should have identical values. Meanwhile,
Mg, Myfﬂb, Mycom, and Mycom are not equal because the center points of both FPs are
in different positions. Therefore, to compare the fabricated FP and commercial FP, the
moments Mg, and My, must be transformed into the moments around the central point
of the commercial FP. The transformed Mg, and My, are denoted by My" and My and
are shown as green lines in Figure 12¢,d.
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(a)

Commercial forceplate

100 mm Commercial forceplate 100 mm

Figure 11. (a,b) Photographs of the experimental setup to demonstare the GRF measumement
during walking. (c) Camera image during the experiment. The time interval is 0.1 ms. (cI) Camera
image before the sole contacts the FP. (cII-cVIII) Camera image while FP is in contact with the sole.
(c-IX) Camera image after the sole contacts the FP.

150£ — Fabricated FP
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301 :

o d
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Figure 12. Measured GRF by the fabricated FP and commercial FP. (a) Fy; (b) F;; (c) My; (d) M.
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The x-axis moment around the center point of the commercial FP from the output of
the fabricated FP is expressed in the following equation using fabricated height H of the FP.
The moment in the y-axis of the fabricated FP can also be converted to a moment around
the center point of the commercial FP using Fyg),; however, this is omitted because Fx in
normal walking is small.

M}, = My, + (Hx Fy, ). (13)

In this experiment, the center points of the FPs were displaced by approximately 1 cm
in the x-direction. Therefore, the moment in the y-axis around the commercial FP center
point was calculated from the output obtained with the fabricated FP and is expressed by
the following equation:

My = My, + (001 x ). (14)

In the case of Fy, the difference between Fyfﬂb and Fycm became 2.4% for the first
negative peak and 4.4% for the second positive peak. In the case of F,, the difference was
5.1% and 5.9% in the first and second positive peaks, respectively. Additionally, the cosine
similarities between Fy g, and Fycom, Fyfap and Fzeom, My" and Mycom, My" and Mycom became
3.3°,1.0°, 4.8°, and 21°, respectively. Thus, F;, Fy, and My were considered sufficiently
consistent with the fabricated FP and commercial FP. Meanwhile, My was not sufficiently
consistent. This disagreement is thought to occur because of the misalignment of the FP
installation and the small value of My.

During normal walking, GRF in the y-direction is applied in the opposite direction
when heeling contacts and the forward direction when the toe kicks. The GRF in the
z-direction shows a bimodal waveform with two peaks and a valley [33]. According
to Figure 12a,b, Fygy, and F,gyp have identical characteristics to the time variation in the
y-direction and z-direction of normal walking. During normal walking on a plane, the
GREF is approximately £20% and +120% of the body weight in the front-back and vertical
directions, respectively [33,34]. In the current study, the minimum Fyg,, of the measured
GRF was —83 N (—16.6%), the maximum Fyg;, was 116 N (23.2%), and the maximum Fz;,
was 503 N (100.6%). Thus, we consider the GRF value to be reasonable, and we can measure
the GRF of a normal walking with the fabricated FP.

Our fabricated FP can theoretically be used by being implanted into a staircase; even
the vertical GRF increases by approximately 150% of the body weight for stair descent
on large inclination stairs of 42.0° [26]. The fabricated FP was designed to fit the major
run length of Japanese residential stairs, which is 200-240 mm. This design lies within the
regulations in Japan but not those of other countries [25]. The GRF during stair walking
is generally larger on stairs with a larger inclination. Since Japanese regulations are the
laxest and permit stairs with a larger inclination, the maximum GRF value can be tested
based on Japanese regulations. However, additional experiments on stairs with several
sizes of FP will be necessary in the future since the FP performance will change when the
size of the FP changes. At present, the developed FP has a lower resolution; however, the
resolution will be enhanced by improving the measurement circuit. The proposed FP also
measured two-directional forces and two-directional moments. In principle, we can design
an FP, which detects three-dimensional forces and three-directional moments, by changing
the spring property and adding other sensor elements for the x-axis force detection.

5. Conclusions

In this research, we proposed an FP that was composed of mechanical springs and
noncontact displacement sensors. Since the sensor elements do not affect the mechanical
properties of the FP, the FP performance was determined by the spring design. The FP
was designed to be 200 mm x 450 mm X 67 mm, to measure the GRF during walking
on indoor corridors or stairs. The resonant frequency of the fabricated FP was over
100 Hz, which was sufficiently high to allow accurate measurement of the GRF during
human walking. The force applied to the plate surface was calculated via a linear sum of
the sensor outputs with the calibration matrix. It was confirmed that the FP could measure
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forces and moments in two directions with good independence. Finally, we demonstrated
that the fabricated FP measured the GRF of humans walking similarly to the commercial
FP. Therefore, the proposed FP method, which enables easy modification of the shape and
performance, is useful for GRF evaluation.
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