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Development of an easy-to-cut six-axis force sensor

Takamasa Kawahara! Student Member, IEEE,, Toshiaki Tsuji2 Senior Member, IEEE,

Abstract—Although the potential demand for force sensors in
both robotics and automation is high, the complexity of their
structure increases the number of manufacturing processes. As
a result, the rising cost of sensors has hindered the practical
application of force measurement and force control. In this study,
a flexure element is proposed, consisting of a structure that is
easier to cut and process than conventional ones. Additionally,
holes through the side of a cuboid are incorporated to simplify
the manufacturing of force sensors. To ensure the safety of the
proposed sensor design, an approximate equation is derived to
predict the maximum von Mises stress on the flexure element us-
ing design parameters. Subsequently, we clarified a way to attach
the strain gauge in a position that improves sensitivity. The results
of the actual prototype sensor based on the proposed method
show that the maximum nonlinearity error and decoupling error
in the other axes are 0.442 %R.0. and 0.660 %R.0., respectively,
and the performance is comparable to that of conventional force
sensors. Because the prototype has a difference in resolution
between the axes, a method for improving the resolution isotropy
without changing the difficulty of machining is also proposed. In
addition, the validity of the proposed method is demonstrated
using experiments. Consequently, a force sensor with the same
level of performance was developed using the proposed method,
and the cutting process was made easier compared to that of
conventional methods. This research is expected to lead to lower
cost force sensors in the future.

Index Terms—Force and Tactile Sensing, Force Control.

I. INTRODUCTION

IX-AXIS force sensors are used to detect forces and

moments in all three axes in a three-dimensional space,
and are typically attached to a robot that interacts with the
environment and humans [1]-[3]. Force control using force
sensors dramatically improves the performance of robots, and
the demand for force sensors is increasing in a wide range
of fields such as aerospace, medical, and civil engineering.
There are various types of force detection methods for force
sensors, such as the strain gauge-type [4]-[6] and capacitance-
type [7]-[9]. Capacitance-type sensors are relatively easy to
manufacture, and much of the literature focuses on simplify-
ing the manufacturing process [7]. However, capacitance-type
sensors are affected by hysteresis [10]. Thus, strain gauge force
sensors are the most common type of accurate sensors. Strain
gauge-type six-axis force sensors contain a flexure element,
and it is possible to estimate the external force based on the
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amount of detected strain by attaching strain gauges to the
flexure element.

Although the potential demand for six-axis force sensors is
significant, their usage is currently limited to applications such
as grinding, deburring in industrial automation, and piece-
picking due to the high cost of the sensor units. The main
reason for this is the manufacturing cost, wherein a lot of
the costs are spent on cutting the complex structure of the
flexure element. Fig. 1 shows an example of a typical strain
gauge-type six-axis force sensor structure, based on a study
by Jack et al. [11]. There are three typical types of strain
gauge-type six-axis force sensors, cross beam-type (Fig. 1a),
parallel structure-type (Fig. 1b), and column-type (Fig. lc).
The cross beam-type has a flexible support beam between
the inner and outer structures, and has been employed in
several studies [12], [13]. When an external force is applied to
the inner structure, strain gauges attached to the beam react,
allowing the estimation of the external force. The cross beam-
type has a monolithic structure, which provides high stiffness
and reliability. The parallel structure-type has a structure in
which six or more limbs with spherical joints are fixed to the
top plate and base. When an external force is applied from the
top plate, axial strain is generated in the limbs, and the amount
of strain can be measured to estimate the external force. Its has
a high load resistance owing to load distribution to the limbs.
Various studies have been conducted on the optimization of the
sensitivity isotropy in the strain gauge-type recently, mainly
using the parallel structure-type [14], [15]. However, all the
different types are complex, and they require very difficult
machining. The column-type has a simpler structure than the
cross beam and parallel structure-types. Thus, it is easier to
manufacture, which has been argued in some studies [16], [17].
However, the stiffness of the column-type is much higher in
the vertical direction than in the other directions owing to its
structure, and it is difficult to uniformly adjust the sensitivity
between the axes. Thus, there is still no force sensor type
that has good resolution isotropy in each axis and is easy to
manufacture.
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(a)Cross beam-type

(b)Parallel structure-type (c)Column-type

Fig. 1. An example of a typical of six-axis force semsor structure with strain
gauge-type
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Thus far, the general properties of each type of strain gauge-
type six-axis force sensor have been described. Subsequently,
the previous studies on strain gauge-type force sensors that
consider the manufacturing cost of force sensors are intro-
duced. Ubeda er al. proposed a one-axis torque sensor that
does not require complicated cutting work or special tools,
and can be manufactured only by a one-axis cutting feed
motion [18]. Yao er al. fabricated a six-axis force sensor
with a parallel structure comprising eight limbs arranged in
parallel using metal 3D printing [19]. Complex structures
can be easily manufactured using metal 3D printing and
the cost can be reduced by automating the manufacturing
process. However, the machining accuracy and forming speed
of metal 3D printers are inferior to those of cutting technology.
Moreover, there is no research on six-axis force sensors that
can be manufactured only by a one-axis cutting feed motion.

In this study, a new type of force sensor is proposed by
drastically changing the structure of the flexure element to
simplify the cutting process. The structure of the flexure
element is very simple, and comprises holes through the side
of a cuboid. Cutting can only be done by drilling and tapping
using a one-axis motion, which means that expensive tools are
not required and machining is easy. Moreover, it is possible
to measure the forces and moments in the six-axis with high
accuracy, by attaching strain gauges to the proposed flexure
element, at appropriate positions.

The remainder of this paper is organized as follows. First,
the structure of the flexure element, its design method, and a
method for improving the sensitivity isotropy are described
in Section II. Subsequently, the performance evaluation of
the force sensor manufactured based on the proposed method
is described in Section II. Finally, Section IV concludes the

paper.
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Fig. 2. Proposed flexure element structure

II. DESIGN METHODS FOR THE PROPOSED SENSOR

This section describes the structure and design method of
the proposed sensor, and the method for attaching the strain
gauges for force sensing. In addition, the sensitivity of the
proposed flexure element varies between axes owing to its
structure. The improvement method is also presented.

A. Structure of the flexure element

Fig. 2 shows an overview of the proposed flexure element.
It has a simple structure, consisting of a cuboid with a width
and length a, height b, and holes of diameter d drilled through
the centers of the front, back, left, and right sides. The
proposed flexure element can be cut using only the linear
motion of the principal spindle of the machine. It can be
manufactured by first tapping in the XY plane, then rotating
the plane and drilling in the ZY and ZX planes. It can
be manufactured using only one-axis motion of drilling and
tapping, and does not require complex numerically-controlled
machining without employing the synchronous motion of two
or more axes. In other words, manufacturing is easier than
conventional methods because only drilling is required for
cuboid, and the introduction of a large complex machine such
as a CNC(Computerised Numerical Control) machine is not
necessary. Hereafter, the proposed flexure element will be
referred to as multi-hole cuboid.

B. Design method for the multi-hole cuboid

It is important to understand the stress in the flexure element
when a load is applied to prevent rupture and permanent
deformation. Therefore, the design in this study is based on the
von Mises yield condition to ensure the safety of the sensor.
The maximum von Mises stress that occurs when a force or
moment is applied to a flexure element was assumed to be
o MPa, and the yield stress of a material used for a flexure
element was assumed to be o, MPa. Based on the von Mises
yield condition, permanent deformation occurs in a flexure
element when o, = o,. Therefore, a sensor must be designed
to satisfy o, < oy, when the rated load is applied.

Therefore, an approximate equation is derived to estimate
the maximum von Mises stress o, that occurs when a given
load is applied to a multi-hole cuboid of arbitrary shape. We
now determine the stress applied to the cross sectional area A
in Fig. 2. If a force P, is applied in the Z-axis to the flexure
element, the length of one side of the cross sectional area A

a d

is § — 50039, so the vertical stress o, acting on the Z-axis

is given by the following equation.

|Pr,

(5 — %0039)2

Ozz = (1)

If vertical stresses and shear forces other than o,, are
negligibly small in the microelements near the hole, the von
Mises stress can be regarded as equivalent to o.,. On the
other hand, stress is concentrated in near the hole and vertical
stresses are stronger than o,. Then the maximum von Mises
stress 0., can be expressed in a simplified eqation as follows:

|Pr, |
woy,, ad + w1FZa2 + wap, d?

(€5

OeF, = a‘Uzzl =7 dj 5 =
=(§ — 5cosb)

« is the stress concentration factor. w is a coefficient that
contains information on the position € in the flexure element
and the stress concentration «. Therefore, the value of the
coefficient w changes if the load-application axis differs. In
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this study, the coefficient wp, is expressed for the case when
Pr, is applied. Next, the stress when the moment P, is
applied to the cross sectional area A is determined. As shown
in Fig. 2(b), the distance [ from the center of the sensor to
the center of the column can be expressed by the following
equation in the ZY plane.

d 5 — gcose a d
| = 50059 + —s =7 + ZCOSO 3)

When the moment P, is applied, it is considered that only
the force Pp, is acting on the column. Since Pr, = Py /I,
and assuming the same conditions as in the case of Pp,, the
maximum von Mises stress oz, is determined by Eq. (2).

| P, |
Lia 4 deosh) (2 — g0039)2
| P |
wo,, da? +wy,, ad?® +ws,, a® +ws,, d

z

g, Mx = =
‘ g — %6050)2

“4)

By the concise modeling described above, the approximate
eqation for the maximum von Mises stress can be expressed
in a simple eqation with equal dimensions on both sides, as
in Eq. (2) and (4). When Pr,, Pr,, Prr,, Par, are applied, the
approximate eqation for the maximum von Mises stress can
also be expressed with equal dimensions on both sides, as
defined by the following eqation.

Oup. = |PFx‘ (3)
T wo,,_ad + wi,,_a? + wa, d?

| P,
wom, da? + w1, ad? + wop,a® + wspg, d3

TeM, = (6)
The design in the Fy and M, directions can be conducted
in the same way as that for Fy; and M, since the multi-
hole cuboid is a point-symmetric structure. By obtaining the
coefficient w, it is possible to estimate the maximum von

Mises stress in each axis when a load is applied.

The procedure for obtaining the coefficient w is as follows:
1. Create several models for multi-hole cuboids with

different sizes (sides and holes) in simulation, and calculate

the maximum von Mises stress when a constant load is
applied to the models.

2. Create 3D scatter diagrams of the calculated maximum
von Mises stresses, sides, and holes.

3. Perform multiple regression analysis based on the 3D
scatter diagram, and obtain the coefficient w by approxi-
mating Eq. (2),(4)-(6).

For simplicity, the case of a cube with equal side widths,
lengths and heights a and a hole of diameter d was considered
and models were created to determine the coefficient w.
Explanations are given in the following order.

1) Calculation of maximum von Mises stress: The model
was created and simulated using Fusion360 (Autodeck, Inc.).
The model comprised tetrahedral elements having ten nodes.
The procedure for simulation and acquisition of calculated
values is described below.

(i) 40 models are created for cubes with sides a of 30, 40,
50 and 60 mm; and different sizes with side hole diameter
d ratios of 0.1, 0.2, ---, 0.8, 0.9 and 0.95. The ratio
represents the diameter of the hole d in relation to the
size of one side a.

(i1) The maximum von Mises stresses are calculated by
entering the model material, boundary conditions and
applied loads. In this case, the applied loads are as
follows: Fx =500 N, F,, = 1000 N, M, = 100 Nm,
and M, = 100 Nm, the material used is aluminum 7075.

(iii) Procedure (ii) on each model, and four axes are applied
per model, for a total of 160 calculated values.

The stress distribution in the multi-hole cuboid under
applied load is shown in Fig. 3, using FY as an example. It can
be seen that the maximum von Mises stress appears at different
points for different ratios. Specifically, between the ratios of
0.1 and 0.3, the maximum von Mises stress appears near the
bottom, whereas for ratios of 0.4 and above, the maximum
von Mises stress appears near the hole. This is because the
maximum stress appearing in the entire cube is larger than
the stress concentration appearing locally near the hole when
the diameter of the hole is small.

Max von Mises stress occurs 1 Max von Mises stress occurs
near the foundation. — 1 -

near the hole.
l & £ ky

X
(Max

i L
\ | Max von || |
Mises

stress g, )
Min

&
(Ratio = d/a) Ratio=0.3

Ratio=0.4

Fig. 3. Stress distribution of the flexure elements under load application in
the Fx direction.

2) Creation of 3D scatter diagrams: The relationship be-
tween the calculated maximum von Mises stress, side, and
hole size is represented in the 3D scatter diagram, as shown
in Fig. 4. In Fig. 4, the calculation points are plotted in red
when the maximum von Mises stress appears near the hole
and in blue when it appears near the bottom. Here, Eq. (2)
is transformed into Eq. (7) to conduct multiple regression
analysis based on the 3D scatter diagrams

| Pr, |

O¢F,

(7

2 2
Wop, ad + w1y a° +wa, d° =

A similar transformation is made in the Eq. (4)-(6). In
(7), a and d are explanatory variables and |P|/c. is the
objective variable. The coefficient w is obtained through
multiple regression analysis using these variables. The red and
blue calculation points show different trends in the appearance
of the maximum von Mises stress. It can be seen that the
maximum von Mises stress appears in the near of the hole
when the ratio is greater than 0.4 for FY, greater than 0.5 for
M,, and greater than 0.6 for M,. Therefore, an approximate
equation is obtained in the range with a ratio of 0.6 or more,
and the coefficient w is determined.
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Fig. 4. 3D scatter diagram of the |P|/ce

3) Determination of the coefficient w: Multiple regression
analysis is performed based on the 3D scatter diagram. The
values of w and RMSE are shown in Table I, and the
approximate surfaces are shown in Fig. 5. The fact that the
RMSE is sufficiently small, indicates that the approximate
equations (2),(4)-(6), can be used to estimate the maximum
von Mises stress value with a high degree of accuracy and are
reliable enough for use in design.

TABLE I
VALUES OF THE COEFFICIENT w AND RMSE

Fy F, My M,
wo -0.483  -0.606  -2.29 E-5 -225 E-5
w1 0.230 0.298 -25.7 E-5 9.93 E-5
w2 0.254 0.308 9.54 E-5 11.4 E-5
w3 18.6 E-5 1.19 E-5
RMSE H 0.559 0.773 0.223 E-1  0.806 E-2
_ M, =100[Nm]
S
2
=
o
x
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=
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Fig. 5. Approximate surfaces of the 3D scatter plots (examples for Fy and
M)

The maximum von Mises stress o, can be estimated for any
shape and external force by substituting the values of w into
Eq. (2),(4)-(6). However, the applicable range is 30 < a <
60,0.6a < d < a. Finally, the safety of the sensor under load
application can be determined by comparing o, with the yield
stress o, of the material.

C. Strain gauge attachment position

All strain gauges perpendicular to the bottom were uni-

formly attached and the strain distribution in the perpendicular
direction was examined. Fig. 6 shows the amount of strain
in the perpendicular direction, with red representing the ten-
sion and blue the compression. Thus, the strain distribution
in the multi-hole cuboid is non-uniform across its surface.
However, the relationship between the applied load and the
strain remains highly linear at any location on the flexure
element surface. Therefore, by placing the strain gauges at
points of high strain, it is possible to measure with high
sensitivity while maintaining linearity. The amount of strain
can be estimated using Finite Element Analysis(FEA), and
the optimal attachment positions can be determined based on
values derived from simulations. As shown in Fig. 6, different
axes are prone to localized distortion in different areas, and
the strain tends to appear in the thinnest areas of the column
for F,, M, and My, and at slight offsets from the thinnest
areas of the column for Fy,Fy, and M,. This is because
normal forces (F,, My, M,) and shear forces (Fy,Fy, M,)
have different stress concentration areas. To attach the strain
gauges to the areas where a large amount of strain is shown,
the characteristic that the maximum amount of strain changes
for each axis is utilized. As shown in Fig. 7, the inner strain
gauges are attached at half the height from the bottom (the
thinnest areas of the column) to improve the sensitivity of the
F,, My and M, axes. The outer strain gauges are attached
a little lower than the inner strain gauges (at slight offsets
from the thinnest areas of the column) for the Fy, Fy and M,
axes. The measurement circuit is shown in Fig. 8. A quarter-
bridge system was used for the measurement circuit to detect
16 output voltages using 16 strain gauges, from 71 to r16.
The 16 outputs were passed through a calibration matrix to
measure the forces and moments in six-axis.

B strain gauge

Fig. 7. Strain gauge arrangement diagram

Subsequently, the position of the outer strain gauges are
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explained in detail. The variables shown in Eq. (8) were
defined to identify the position of the outer strain gauges
(i=1,4,6,8,10,11,13,15).

Cpi
€oi

Epi
€oi

= = ®)

6%

|E-K -g,/4
T |E K e,/4

Where FE is bridge voltage, K is the gauge factor, and
Epi»Eoi 18 the amount of strain detected by the strain gauge
r;. Where e,; is the value of the output voltage e; for the
case where the strain gauges facing each other are different
in terms of the height from the bottom, as shown in Fig. 9.
€,; 18, as a comparison, the value of output voltage e; when
the strain gauges are placed facing each other at the thinnest
areas of the column, and the height from the bottom is the
same. In other words, «; is the ratio of the output voltage e;
for different strain gauge attachment heights. A higher output
voltage can also be obtained by attaching the strain gauge at
a position where «; is large. a; can be obtained by measuring
the amount of strain in the perpendicular direction when the
load is applied via FEA. Through these processes, it is possible
to identify the attachment position with good sensitivity.

A quarter-bridge system

Strain gauge

= PC
- . E , USB
(i = 1,2, 16) Bridge oﬁém_’ AD @l
voltage voltage 1
=

Measurement instrument (Kyowa Electronic Instrument PCD-400A)

Fig. 8. Connection diagram for the strain gauges and measurement instrument

Ex, F, = 400N

Strain &5
1.41E-04 (z=17mm)
2.79E-04 (z=16mm)

Pattern: e,;

Outer
strain

Inner
strain
gauge

Different
H"" position

4.65E-04 (z= Tmm)

Fig. 9. Position of the strain gauges viewed from the side and the amount of
strain €15 was calculated (example for Fx)

D. Methods for improving the sensitivity isotropy

Multi-hole cuboids are structurally stiffer in the Z-axis
compared to the other axes. This causes a difference in
sensitivity between the axes. To make the sensor suitable for
a wide range of applications, it is better to achieve a uniform
sensitivity in each axis. Some research exists that focuses on
optimizing the isotropy of sensitivity [9]. Herein, methods for
improving the sensitivity isotropy and their design methods are
described. To improve the sensitivity isotropy, the width and
length can be increased and the stiffness in the Z-axis can be
reduced without changing the height of the multi-hole cuboid,
as shown in Fig. 10. This is because the distance between the
center of gravity of the load applied to the top plate and the
column varies with the width, and the moment load applied

to the column increases when the F, load is applied with the
same amount. In addition, although the machining procedure
for the width-long type (Fig. 10 right) increases compared
to that of the original type (Fig. 10 left), the difficulty in
cutting is not significantly affected because it does not require
the synchronized motion of the tool in more than two axes.
Subsequently, a method for determining the width of the sensor
(width-long type) such that the sensitivies of both axes are
equal when the same amount of load is applied to F,, Fk,
and Fy, respectively, is described. The value expressed in
Eq. (9) is introduced during the design stage as an indicator
for evaluating the sensitivity between axes using FEA.

©))

where ||¢|| is the Euclidean norm of the amount of strain
€; measured by the strain gauge r; when a load is ap-
plied to the sensor. Additionally, ||e|| is a scalar quantity
that represents the projection of the strain matrix € =
[ €1 €9 €3 En ]T onto a single dimension. It shows
how much the sensor is susceptible to distortion under load.
Moreover, it is useful for designing because it is not necessary
to compare the responses of multiple strains, and only one
value can be used. Because the proposed sensor uses 16 strain
gauges, © = 16. It is necessary to determine the flexure element
width at which the |ef, || and [[eF,| measured when the
same amount of load is applied in the Fy () and F, directions.
Herein, FEA was used to calculate the ¢;.

LY &

High < Low

Stiffness in Z-axis direction

Fig. 10. Stiffness along the Z-axis under varying widths

III. MANUFACTURING THE PROTOTYPE SENSOR AND THE
EXPERIMENTAL RESULTS

In this section, the manufacturing of two prototype sensors,
one similar to the one shown in Fig. 2 and the other similar
to the one shown in Fig. 10, are presented along with their
performance evaluation results. Hereafter, the prototype sensor
of the original type (Fig. 2) is refferred to as ”A” and the
prototype sensor of the width-long type (Fig. 10 right) is
denoted as "B”.

A. Design of prototype sensor-A and B

Based on the method described in Section II-B, the size of
the flexure element for sensor-A was determined. Aluminum
alloy 7075, a material that is easy to cut and has high strength,
was used as the material for sensor-A. As an index for
determining the size, the design should be as small as possible
but with a large rated load and high load resistance. When
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evaluating the static performance, it is generally considered
desirable for light metal materials to have a safety factor
of 5.00 or more with respect to the static load. Therefore,
sensor-A was designed to have a safety factor of 7.00 or more
for the rated load, with @ = 30 mm, and the rated load as
Fy = F, = 400 N and My, = M, = 7 Nm. Under these
conditions, the range of hole diameter d was determined using
the Fy axis as an example.

Substituting the values of wp, in Table I into Eq. (5), a = 30
and Pr, = 400, Eq. (10) is obtained as:

B 1400 (10)
~ 0.254d%,_ + (—0.483 x 30dp,) + 0.230 x 302"

OeF,

where dp, is the design parameter of the hole in the F
axis. From the scope of application of (2), 18 < d < 30.
Because the yield stress of aluminum alloy 7075 is 505 MPa,
the following condition must be satisfied to obtain a safety
factor of 7.00 or more.

Ter. < 505/7.00 (11)

The range of dp, can be determined by solving the in-
equalities of dp_, which are obtained from Eq. (10) and
(11), resulting in 18 < dp, < 24.0. Similarly, the ranges
of dr,,dn,, and djp;, were determined for the other axes as
18 < dp, <25.2,18 < dp;, <25.7, and 18 < dypy, < 24.1,
respectively. Based on the conditions for dr, ,dF,,dy, and
dyr,, d is greater than 18.0 mm and less than or equal to
24.0 mm; thus, a strength with a safety factor of 7.00 or
greater can be guaranteed when the rated load is Fx = F, =
400 N, and My = M, =7 Nm.

25 7
0 LT % 1288 ,,,_}f;lwzil
e Mz 151 s%
w 15 P g N13.7
— e e
S 10t —t 5.89 AN
s L 543 BNORCNES0 4 . 8
.M
O 1 1 1 1
7 9 11 13 15 17

Height from the bottom [mm]

Fig. 11. Changes in or15 owing to changes in the position of the attachment.

The final size of sensor-A was a width and length of 30 mm,
a height of 34 mm, and a hole diameter of 24 mm. The rated
load and safety factor calculated during simulation are shown
in Table II. Despite its small size, the design has a wide
measuring range and is sufficiently robust, with a safety factor
of more than 7.0. The height is 4 mm higher than the width
and length because the design accounts for the depth of the
screws used to fix the top board to the base.

Subsequently, the attachment positions of the outer strain
gauges on sensor-A are explained. As described in Section
II-C, the outer strain gauges were attached at slight offsets
from the thinnest areas of the column. The amount of strain
that appeared when F; = 400 N, and M, = 7 Nm were
applied to a model of the same size and material as sensor-A

was measured, as shown in Fig. 9. By obtaining «; using
the calculated values and Eq. (8), the position where the
output voltage strongly appears can be identified. When F}
is applied, the output voltages ey, eg,e11, and ejs increase;
and when F is applied, the output voltages ey, es, €19, and
eys increase. For M, all output voltages of the outer strain
gauges increase. Because the multi-hole cuboid is a point-
symmetrical structure, it was assumed that the same results
are obtained for other & when one model is used; thus, the
position of the strain gauge 715 was investigated using a5 as
a model. The amount of strain was calculated at heights of
7,8,...17 mm from the bottom. The relationship between the
mesurmed position and a5 is shown in Fig. 11. As shown in
Fig. 11, the value of o remains almost the same in the 12-
14 mm range. On the other hand, the value of o decreases
significantly below 12 mm and above 14 mm. Assuming that
the manual attachment of the gauges is subject to misalignment
within =1 mm, the strain gauges were attached at the median
position of 13 mm in this experiment. For these reasons, the
position of the strain gauges was determined by taking into
account simulation-based values and manufacturing reasons.

Based on the above, the actual flexure element and sensor-
A are shown in Fig. 12. The strain gauges (Kyowa Electronic
Instruments KFGS-03-120-C1-23) that had a width of 2.4 mm
and height of 3.4 mm were used. The weight of the flexure
element was as light as 34 g because, structurally, it loses most
of its mass in the cutting process.

Subsequently, Fig. 12 shows the actual width-long type
sensor (sensor-B), whose width was determined based on
the method described in Section II-D. The material, height,
diameter of the hole, and thickness of the thinnest part of the
column are the same as those of sensor-A. The rated load and
safety factor are given in Table II. To ensure a fair evaluation
of the performance of sensor-A and B, the rated load was
purposely set to the same value as that of sensor-A. The strain
gauges were also attached at the same position as in the case
of the sensor-A.

Material: aluminum alloy 7075
‘Weight: 34g

3@1}1‘:’3’ i Flexure element [
(sensor-A)

| Flexure element (sensor-B) |

E i l & .
Developed prototype sensor-A

Weight : 286¢g
69.6 mm
¢ _‘M

-

Fig. 12. Flexure element and developed prototype sensor-A and B
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B. Performance evaluation results

The performance evaluation results of sensor-A and B are
presented in this section. In this experiment, the performance
was evaluated in terms of nonlinearity error (NE), decoupling
error (DE), repeatability error (RE) and hysteresis error (HE).
The four performance were obtained by applying a load to the
sensors under the conditions described as follows.

In X,Y-axes:

F1 0.00,£12.5,£25.0,£50.0, £100, 200, =300 N

M1 0.00, +0.50, +1.25, 2.5, £3.75, £6.25, £11.25 Nm

In Z-axis:
F2 0.00, +£12.5, £25.0, £50.0, £100, £200, £400 N
M2 0.00,+£0.24, £0.60, £0.96, £2.16, +5.16 Nm
NE is the maximum deviation from the straight line con-

necting the base point of the calibration curve and the rated
load point when a load is applied, and it is expressed as
a percentage of the rated load. Meanwhile, DE is an index
representing the response of the output of a component other
than the applied load. RE is an index of the deviation between
successive measurements under the same load and conditions,
while HE is an index of the deviation when unloading after
the load has been applied. The results for NE, DE and HE
were calculated as the average of five loadings, while RE
was calculated as the maximum deviation when five loadings.
Additionally, NE, DE, and RE were evaluated by incrementally
applying loads in ascending order of magnitude for conditions
F1, F2, M1, and M2. For HE, the evaluation was conducted
by unloading sequentially after applying the maximum load
for each condition. PCD-400A(Kyowa Electronic Instrument)
was used for data collection. As shown in Fig. 8, PCD-400A
converts the signals output from the strain gauges into A/D
signals and transmits them continuously to the PC.

Table II shows the respective largest values of NE, DE, RE,
and HE. Fig. 13 shows the F with the largest DE and the
M, with the largest RE for sensor-A. For sensor-B, the F,
with the largest RE is also shown. An enlarged section of the
area with significant errors is also displayed in Fig. 13. The
performance of NE, DE and HE was less than 2.00 %R.O.
for both sensor-A and B. Considering that the performance
required for commercial force sensors is 1.75 to 1.00 %R.O.,
the performance of the prototype sensors was comparable to
that of commercial force sensors [10]. On the other hand, the
RE was a maximum of 4.00 %R.O. or higher for both sensor-
A and B.

C. Resolution

There are various methods to determine resolution, which
can be chosen arbitrarily. However, it is not possible to
measure signals smaller than the stationary noise. Since the
actual measurement performance varies even if the resolution
is set to a finer level than the noise. In this study, following
the approach of previous studies for force sensors, we defined
the resolution to be of the same value as the stationary noise
[20]. Fig. 14 shows the change in the S/N ratio for Fy, Fy,
F,, which was calculated using Eq. (12).

Llrue

Ly is the actual true value of the applied load, HN is the
high-frequency noise (0.03 % R.O.), NE is the nonlinearity
error; and DFE is the decoupling error, which provides results
on all noises. The resolution were obtained by applying a load
to the sensors under the conditions described as follows.

In X,Y,Z-axes:

0.00, 0.100, 0.200, - - - 0.900, 1.00, 1.50, - - - 6.50, 7.00 N

When it exceeds 0 dB, the measurement value exceeds the
noise; therefore, the measurement value at this point was set as
the resolution. For sensor-A, there is a difference between the
resolution in the X,Y-axes and Z-axis. Specifically, the X,Y-
axes and Z-axis resolutions of sensor-A were 0.800, 0.600, and
2.00 N, respectively, while those of sensor-B were 0.900, 1.50,
and 2.00 N, respectively. These results indicate that sensor-B
has better balance of the resolutions. In addition, the SNR
of the Z-axis in the sensor-B at 5.00 N is more than twice
better than that in sensor-A. From the above, it is clear that
the resolution isotropy can be improved without changing the
measurement accuracy, by adjusting the width of the flexure
element.
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TABLE II
PERFORMANCE OF PROTOTYPE SENSOR-A AND B

Sensor ] A i B
Axis F | F F, M, [ My M, F. | Fy F, M, [ My M,
Rated load 400 N 900 N 15 Nm 7 Nm 400 N 900 N 15 Nm 7 Nm
Safety factor 7.35 7.14 7.59 7.79 9.13 3.48 15.0 15.0
NE [%R.O.] 0.442 | 0.0983 | 0.224 | 0.236 | 0.266 | 0.212 0.420 | 0.114 | 0.195 | 0.132 | 0.675 | 0.534
DE [%R.O.] 0.660 | 0.320 0.336 | 0.591 | 0.294 | 0.170 0.780 | 0.633 | 0.527 | 0.871 | 0.447 | 0.177
RE [%R.0.] 0.358 | 0.589 1.23 1.10 3.08 4.48 3.04 | 0952 441 2.04 2.02 2.54
HE [%R.O.] 0.634 | 0.859 1.69 0.876 1.43 0.639 0.860 | 0.726 2.04 1.39 1.49 0.517
40 - Control,” IEEE Robot. Automat. Lett., vol. 5, no. 4, pp. 5581-5589, Oct.
30 pPrototype ! | Prototype 2020.
gg S _\ ‘,‘,.J i | isensor-B [2] Y. Nogi, S. Sakaino and T. Tsuji, “Force Control of Grinding Process
g 10 / 7 e Based on Frequency Analysis,” IEEE Robot. Automat. Lett., vol. 7, no. 2,
; 0 e ‘ f“»’ pp. 3250-3256, Apr. 2022. o '

Z 10 _ < i g [3] J. Moura,_W. Mccou, G. Taykaldlraman., T. Tqmlyama and M. S Erden,
@ i : T/ “Automation of Train Cab Front Cleaning With a Robot Manipulator,”
20 sNReg | | —_ IEEE Robot. Automat. Lett., vol. 3, no. 4, pp. 3058-3065, Oct. 2018.
-30 E —Fx—Fy—Fy | | —Fx—Fy—Tz [4] S. Weng, Z. Xia, H. Deng, Y. Gan and J. Xiong, “Design of an overload
-40 el £ LA i ¥ L protection device for six-axis force/torque sensors,” in Proc. 2016 IEEE

0.1 1 10i0.1 1 10 Int. Conf. on Real-time Comput. Robot., pp. 239-242, 2016.
Force [N] [5] L. Fu, A. Song and D. Chen, “A Polyetheretherketone Six-Axis

Fig. 14. S/N ratio of prototype sensor-A and B
IV. CONCLUSIONS

Although the potential demand for force sensors is high
in both robotics and automation, their usage is still limited
to a only few fields owing to their high price. The high
price of sensors is mainly owing to the complexity of their
manufacturing process. Therefore, a very simple flexure el-
ement with holes through the side of a cuboid is proposed
to reduce the manufacturing cost of force sensors, and its
performance was evaluated. To ensure the safety of the sensor,
the influence of the size of the flexure element and load
on the maximum von Mises stress was investigated and an
approximate equation was obtained. Moreover, the method of
attaching a strain gauge to the flexure element to increase the
sensitivity of the sensor is described. Consequently, the NE
and DE were 0.442 %R.0O. and 0.660 %R.O. at maximum,
respectively, which is equivalent to those of commercial force
sensors. Moreover, based on a comparison of the S/N ratio,
the X,Y-axes and Z-axis resolutions were 0.800, 0.600, and
2.00 N, respectively. The difference in the resolutions in
the X,Y-axes and Z-axis was solved by adjusting the size
of the width and length, and its validity was demonstrated
by practically manufacturing another prototype sensor. As a
result, the proposed method could be used to develop a force
sensor with the same level of performance, while making the
cutting process easier compared to conventional methods. This
research is expected to lead to lower cost force sensors in the
future. While a simple structure offers several advantages, the
limited number of design parameters restricts the geometry to
meet the required specifications. For instance, this limitation
arises when determining the height-to-width ratio of the sensor
to achieve isotropic sensitivity.
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