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Abstract

In order to avoid the difficulties caused by patching-errors in fiber Bragg grating multi-
dimensional force sensors, this paper applies equal strength beam structure to a cross-
beam elastic element, designs and implements an improved fiber Bragg grating multi-
dimensional force sensor and constructs a calibration testing system to load and test the
sensor. The results show that the sensitivity change rate of the improved elastic body is
significantly better than that of the traditional crossbeam elastic element. The sensitivity
change rate in the X or Y directions is only about 11% of the traditional crossbeam, and
the z-direction is only about 35% of that of the traditional crossbeam, greatly reducing
the requirement for the accuracy of sensitive component patching. The repeatability and
the hysteresis of the FBG three-dimensional force sensor are better than 1% of the full
scale (200 N). The measurement error of the improved sensor in the X direction is 0.27 N,
which is lower than the 0.9 N of the traditional crossbeam sensor. In the Z direction,
the measurement error of the improved sensor is 0.62 N, significantly lower than the
5.73 N of the traditional crossbeam. In summary, the measurement accuracy of the FBG
three-dimensional force sensor based on the improved elastic element has been signifi-
cantly improved. The work presented in this article can also be applied to other forms of
multi-dimensional force sensors, providing important technical references for the mass
production and performance improvement of multi-dimensional force sensors, and has
significant engineering implications.
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This article is an open access article

distributed under the terms and information. Developing multi-dimensional force sensors that work stably and reliably in

conditions of the Creative Commons ~ Various complex environments is one of the important challenges in developing intelligent
Attribution (CC BY) license. robots [3].

Sensors 2026, 26, 4908 https:/ /doi.org/10.3390/s26154908


https://crossmark.crossref.org/dialog?doi=10.3390/s26154908&domain=pdf&date_stamp=2026-08-04
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sensors
https://www.mdpi.com
https://orcid.org/0009-0002-3934-2422
https://doi.org/10.3390/s26154908

Sensors 2026, 26, 4908

20f 18

1.1. Measurement Principle of Multi-Dimensional Force Sensor

According to the measurement principle, multi-dimensional force sensors can be
divided into a resistance type [4], piezoelectric type [5], capacitance type [6], optical fiber
type [7], etc.

A resistance strain gauge is one of the most widely used in the field at present. It
has a series of advantages, such as high precision, a wide measurement range, mature
technology, etc., but it also has some disadvantages, such as a poor dynamic response, the
bridge circuit is greatly affected by external factors, etc.

A piezoelectric multi-dimensional force sensor is a potential sensor that uses the prin-
ciple of piezoelectric effect to measure the force/torque. It is one of the most promising
sensors in the development of intelligent structure and robot technology [8]. The piezo-
electric effect is usually used in the manufacture of tactile sensors [9,10]. At present, Xu
has carried out research on using piezoelectric elements as sensitive elements to sense the
measured force/torque [11-13]. The main characteristic of piezoelectric material is that it
has a very high natural frequency, which is especially suitable for dynamic measurement,
but its largest disadvantage is that it cannot act on static force for a long time [14].

The capacitive multi-dimensional force sensor measures the multi-dimensional force
by setting a pair of capacitors and changing the relative gap between the electrode
sheets [15]. Its advantage is that it has high sensitivity and flexibility, but because it cannot
get rid of the problems of poor anti-interference and parasitic capacitance, such sensors are
relatively less used in practical applications.

As an important member of optical fiber sensing, fiber Bragg grating (FBG) is widely
used in large-scale infrastructure projects [16,17], aerospace [18], shipbuilding and marine
engineering [19] and other fields. It has the advantages of no electricity detection, no
electromagnetic interference, high and low temperature resistance, no zero drift, high
precision, small volume, extremely stable physical properties, good biocompatibility, and
good disinfection performance; one fiber can be connected with multiple grating measuring
points in series to realize distributed measurement, and wavelength coding is adopted
without being affected by the power fluctuation of signal light source. These advantages
meet the requirements of robots for measuring elements and have quickly become a research
hotspot [20-27].

1.2. Elastic Element Structure of Multi-Dimensional Force Sensor

In the research on multi-dimensional force sensors, the design of the elastic element
structure is the core problem, including the vertical beam type, crossbeam type, cylinder
type and so on.

The crossbeam elastic element takes into account both the horizontal and vertical
strain effects and is a typical structure of the elastic element of the multi-dimensional force
sensor [28,29]. Its advantages are high symmetry, a compact structure, high stiffness, and
easy processing, while its disadvantages are dimensional coupling and the radial effect.

The spoke-type elastic element has the advantage of high stiffness, but its output
exhibits significant nonlinearity [30].

The cylindrical elastic element has small dimensional coupling, but its stiffness is
low [31].

Some scholars have made improvements on these basic structures, such as processing
dumbbell shaped grooves on the crossbeam elastic element [32] and developed a large
range six-dimensional force sensor to ensure high sensitivity while ensuring a large range.
Hexiaohui et al. removed the floating beam of the traditional crossbeam six-dimensional
force sensor and designed a six-dimensional force sensor with a sliding structure elastic
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element in combination with the characteristics of measuring a small force with a two-hole
parallel beam and eliminating crosstalk by sliding [33].

1.3. Existing Problems

Specifically, the existing multi-dimensional force sensors have the following problems.
(1) Multi-dimensional force sensor elastic element performance is difficult to improve.

The performance of the elastic element is one of the most important factors that directly
affects the performance parameters of a multi-dimensional force sensor; so, its design is
very important. From the perspective of the control system, the higher the accuracy of
the detection and sensing system, the better the dynamic response, and the wider the
measurement range, but from the perspective of the realization of the sensing system, there
are contradictions between the performance parameters, and it is difficult to meet these
requirements in practical application.

Due to the uneven strain distribution on the surface of the sensor elastic element, the
patching error of the component can exacerbate the inter-dimensional coupling, signifi-
cantly affecting the detection results [34,35]. Since the FBG component is larger in size than
the strain gauge, this effect is even more pronounced. Although measurement errors can
be controlled through algorithmic correction [36] or accurate attachment operations [37,38],
they do not eliminate the source of error at its root and are not conducive to the mass
production of sensors [39].

(2) The coupling mechanism between dimensions is complex, and modeling is difficult
to eliminate.

Dimensional coupling is the main factor affecting the accuracy of a multi-dimensional
force sensor. The dimensional coupling of complex force sensing system also shows the
characteristics of nonlinearity. If this nonlinear effect is not eliminated or compensated,
it will affect the performance of the sensor and even cause the misoperation of the robot
control system.

However, the coupling mechanism between dimensions of most multi-dimensional
force sensing systems is very complex, and it is difficult to analyze and model with theo-
retical analysis and system identification methods. At present, the most commonly used
method of decoupling between dimensions is the linear decoupling method, which can
greatly reduce the coupling between dimensions, but it is difficult to completely eliminate
it. Some scholars have also proposed a nonlinear decoupling method, but these methods
have a complex process and a large amount of calculation, which makes it difficult to meet
the requirements of dynamic measurement.

1.4. Main Work of This Paper

Aiming at the problem of the patching error, based on the widely used and researched
crossbeam elastic element, this paper proposes a multi-dimensional force sensor elastic ele-
ment structure optimization method, reveals the law that the strain distribution of the sensor
elastic element changes with the elastic element parameters, and designs an improved
elastic element structure with low sensitivity change rate. The FBG three-dimensional force
sensor is realized by using fiber Bragg grating as the sensitive element, and the calibration
test system is constructed to test the sensor. The results indicate that the sensitivity change
rate of the improved elastic element in the core region is significantly lower than that of the
traditional crossbeam, and it has higher linearity. This technology can also be applied to
the elastic element optimization of various beam type multi-dimensional force sensors; so,
the work of this paper provides strong technical support for the engineering application of
FBG multi-dimensional force sensors.
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2. Design

The elastic element structure is the difficulty and core of multi-dimensional force
sensor design. Based on the traditional crossbeam elastic element, this paper designs a
low-patching-error FBG three-dimensional force sensor.

2.1. FBG Three-Dimensional Force Measurement Principle

As shown in Figure 1, the elastic element consists of four rectangular beams, one
central column, and one outer ring. The threaded part at one end of the central column is
directly subjected to various external forces (Fy, F, and F;), causing the four rectangular
beams to produce a certain amount of strain.

FBG 1

FBG 4 Central pillar

FBG 5
Outer ring

Elastic beam FBG 3

Figure 1. Schematic diagram of FBG three-dimensional force sensor.

According to the scheme shown in Figure 1, FBG sensing elements are arranged. Four
sensing elements, FBG1,FBG2, FBG3, and FBG4, are placed on the upper surfaces of Beam 1,
Beam 2, Beam 3, and Beam 4, respectively. The sensing element FBG5 is placed on the lower
surface of Beam 2. Ignoring the influence of temperature changes, the change in the central
wavelength of the FBG sensing element AA is directly proportional to the magnitude of the
strain € on the beam; that is, AA = k.e, where k; is the strain sensitivity of the fiber Bragg
grating, typically around 1.2 pm/pe.

When F, acts, FBG2 and FBG4 are located in two regions with opposite strain direc-
tions, resulting in wavelength shifts of the same magnitude but opposite direction; that
is, AAy = kee, and AAy = —kee. AAy and AA; represent the wavelength changes of FBG4
and FBG2, respectively. When F, or F; is applied, these two regions either do not produce
strain or produce exactly the same strain. The difference in wavelength changes between
FBG4 and FBG2 is denoted as AA4_»5; that is,

A)\4_2 = 2ke€x. (1)

This difference in wavelength change is only sensitive to F, and can be used as a
measurement signal for F;.

Similarly, the difference in wavelength change AA;_3 = AA; — AA3 can be used as a
measurement signal for F,. Furthermore, the difference in wavelength change AAy 5 =
AA4 — AAs is insensitive to both Fy and F, but only sensitive to F;, and thus, it can be used
as a measurement signal for F,. Therefore, we have

Fe = keDAg o
Fy = kyAAy 3 @)
F = k:AAy s
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In the formula, ky, ky and k; represent the sensitivities of the multi-dimensional force
sensor in the Fy, Fy, and F; directions, respectively, with the unit of N/pm.

2.2. Traditional Crossbeam Theoretical Model

Due to the symmetrical distribution of the crossbeam elastic element, the deformations
caused by Fy and F, are similar. Therefore, this article establishes a mechanical model of
the sensor’s elastic beam deformation when subjected to Fy and F, to analyze the changes
in the sensor.

As shown in Figure 2, when the top of the central cylinder is subjected to a force (Fy) in
the X direction, it is equivalent to generating a moment M around the y-axis on the elastic
beam. At the same time, beams AE and BF will be subjected to tension and compression
in the x direction, respectively, which is equivalent to generating a bending moment
around the y-axis on the sensor. In addition, beams CG and DH will also experience a
torque rotating around the y-axis, but the resulting effect is negligible and can be ignored.
among which

M = FH. ®)

)
R e

D

Figure 2. Schematic diagram of force on crossbeam in F direction.

In the formula, M represents the moment applied to the central cylinder, Fy; denotes
the force in the X-direction applied to the top of the central cylinder, and H signifies the
height of the central cylinder.

Due to the moment applied to the beam, both sides of the beam experience equal and
opposite reaction forces, which can be expressed as follows:

M

Fa=t =50y

(4)

Using the section method, the bending moment on the section located at a distance x
away from support A can be expressed as

M(x) = Fax. (5)

Combining Formulas (3) and (4), and according to material mechanics, the surface
strain of the beam at a position x away from support A or B can be expressed as [40]
o M(x) 3F Hx

Sx:—:

E~ EW. EbR2(I+r)

(6)

In the formula, &, represents the strain at a position on the elastic beam that is x away
from the support, W, denotes the bending section modulus of the elastic beam, Fy signifies
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the force applied to the top of the central cylinder in the x direction, E stands for the elastic
modulus of the elastic beam, | indicates the length of the elastic beam, b signifies the width
of the elastic beam, h represents the thickness of the elastic beam, and r represents the
radius of the central cylinder.

Under the action of Fy, the strain values on the surfaces of beam 2 and beam 4 are
equal in magnitude but opposite in direction. The measured signal AA4_» corresponding
to the strain value is 2¢y, and by combining Equations (1), (2), and (6), we can obtain

Ebh?(1 + 1)

k = k =
o 6Hxk,

@)

When the top of the central cylinder is subjected to an axial force in the F, direction,
due to the centrosymmetric structure of the sensor’s elastic beams, the strain conditions of
beams AE, BF, CG, and DH are all the same. Taking elastic beams AE and BF as examples
for strain analysis, the load borne by the center of the central cylinder is F = F,/2. The
simplified mechanical model (under the force F,) is shown in Figure 3:

&

R
S i Y

D

Figure 3. Schematic diagram of force on crossbeam in F, direction.

The elastic beam only bears a concentrated load at the middle of the central cylinder.
Therefore, the reaction forces on both sides of the beam are equal in direction and magnitude,

which can be expressed as

F F
FA:FBZEZZZ.

From the section method, it can be known that the bending moment on the section

(8)

located at a distance x away from support A or B can be expressed as
M(x) = Fax. 9)

According to Formulas (6) and (7), and based on material mechanics, the strain on the
beam surface at a position x away from support A or B can be expressed as
o M(x) 3FEx

(10)

“TETEW,  2EbK

In the formula, e, represents the strain at a position on the elastic beam that is x away

from the support, W, denotes the bending section coefficient of the elastic beam, F, signifies

the force in the Z direction applied on the top of the central cylinder, x indicates the distance

from support A or B, E stands for the elastic modulus of the elastic beam, b represents the
width of the elastic beam, and # is the thickness of the elastic beam.
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Similarly to ky and ky, the sensitivity of F; is
Ebh?
k, = . 11
© = 3k (11)

According to the simulation results shown in Figure 4, the strain distribution from the
central column to the outer ring exhibits a linear variation trend. The strain gradient on the
beam is significant, and the bonding position of the sensitive element has a notable impact
on the sensor sensitivity. The suitable bonding area on the beam is limited to a small section
near the central column, posing difficulties for sensor packaging and manufacturing and
limiting mass production.

[ 2008
(a) 1masMax (b) -,
98.99
159
86.616 e
74.242 g L0
61.869 = 0.5
49,495 7 oo
37.121 &
24,748 05
12374 -1.07
0.00025809 M in 0 20 40 60 80
Distance (mm) Fx
d E 200§
110.81 M ax (@) 2.0~
98,496 i
86,184 = Lo
73.872 .
61.56 2 ool
49,248 =
o —0.59
36,936 i .l
24.624 :
12312 9
= 2.0 T T T T T
0.00056049 Min 78 0 10 o e

Distance (mm) Fz

Figure 4. Traditional crossbeam statics simulation diagram. (a) Static simulation cloud image of
traditional cross beam (F, direction). (b) Traditional cross beam strain sensitivity distribution (Fy
direction). (c) Static simulation cloud image of traditional cross beam (F; direction). (d) Traditional
cross beam strain sensitivity distribution (F, direction).

2.3. Optimization Design of Elastic Element Structure

An equal-strength cantilever beam exhibits a characteristic of uniform surface strain
distribution when the free end vertex is subjected to force, as illustrated in Figure 5. Due
to the force applied to the free end of the beam with equal strength, the axial strain at the

surface test point is as follows:
6FL

°~ Eon?’
where ¢ represents the strain of the cantilever beam at the position where the optical
fiber is pasted; E is related to the elastic modulus and material properties; F denotes the
force applied to the free end of the cantilever beam; b stands for the width of the fixed
end of the cantilever beam; L and h represent the height and thickness of the cantilever
beam, respectively.

(12)
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Figure 5. Schematic diagram of equal-strength cantilever beam.
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To achieve a more uniform strain distribution on the elastic element surface, expand
the area suitable for patch attachment, and minimize the impact of patching errors on sensor
performance, this paper applies the isosceles triangular structure of an equal-strength beam
to the crossbeam elastic element, forming an improved elastic element structure as shown
in Figure 6. Establishing an analytical model for this structure is relatively complex, so
finite element statics simulation is used to assist in the optimization of the elastic element
topology [3].

Outer ring

Central pillar

Improved elastic beam

Figure 6. Improved crossbeam elastic element.

This article selects 2Cr13 stainless steel as the material for the preparation of the
elastic element. Its elastic modulus E is 210 GPa, Poisson’s ratio v is 0.3, tensile strength
is >540 MPa, and yield strength is >345 MPa. It possesses excellent elastic deformation
capability, precision machining performance, and corrosion resistance.

Firstly, an initial geometric model is constructed using UG (NX6), ignoring non-critical
details such as threads and chamfers during the modeling process to simplify the simulation
calculations. Subsequently, the geometric model is imported into ANSYS (2015) software
for mesh generation: a coarse mesh is first generated using tetrahedral elements for the
entire elastic element, followed by mesh refinement for the four elastic beams (the core
areas for force transmission and deformation sensing).

To ensure the accuracy and reliability of the finite element simulation results and avoid
deviations caused by mesh density, this paper conducts a mesh independence verification
for the elastic element model. The verification method is as follows. Under the premise
of maintaining the boundary conditions and loads (Fx = 200 N, full scale) unchanged,
seven points in the strain path are selected to analyze strain changes, and the mesh size
is gradually adjusted for comparative analysis. The mesh sizes are set to 4 mm, 3 mm,
2 mm, 1.5 mm, 1 mm, and 0.8 mm, respectively. The strain values under each mesh size are
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recorded, and the change rate is calculated. When the mesh size is gradually refined from
4.0 mm to 1.0 mm, the strain change rate gradually decreases. Further refinement of the
mesh size does not result in significant fluctuations in strain changes, but the calculation
time increases significantly. Considering both the calculation accuracy and efficiency, this
paper chooses 1 mm as the mesh size for the core area of the elastic beam.

We add constraints to the elastic element, applying a fully fixed constraint (with both
displacement and rotation being 0) to the outer surface of the fixed disc on the outer ring,
simulating the fixed state of the elastic element after actual installation. Secondly, since
the deformation and strain results of the elastic element under the actions of Fy and F are
equivalent, this paper only applies a unidirectional graded load to the F, and F, directions.
The load acts on the center of the upper surface of the central cylinder, with a load range of
20 N-200 N and a graded increment of 20 N, applied sequentially and solved. At the same
time, a strain path is set on the mid-axis of the elastic beam surface for subsequent analysis.

This article investigates the influence of the position of the apex of an isosceles triangle,
the thickness of the beam, and the width of the beam root on the strain distribution pattern
on the beam. Figures 7 and 8 show the static simulation nephograms of strain distribution
on the elastic body when the vertex is at positions 0X, 1/3X, 1/2X, 2/3X, 3/4X, and 1X (the
total length of the beam is X) from the central column. Under the force in the x direction,
as the vertex moves from the central column to the outer circle, the uniformity of strain
gradually improves, reaching its best near the 3/4 position, and then deteriorates again.
When subjected to force in the Z direction, the variation in the strain distribution on the
beam with the position of the vertex also follows the same pattern.

(@) 0X e (d) 23X Lo
0.890 g 0.892
0.778 8 0.785
0.669 0.677
0538 0.369
0.418 0.462
0337 0.384
0.227 0.246
016 0.139
0.006 0.031
1.000

(b) 13X g (e) 3/4X Lo

0892

0.750
o6 0.784
0.561 0.677
0.451 0569
0311 0.461
0.232 0353
0122 0246
0.012 0.138
0.030
1.000
(c) 12X 1.000 0.589
B D91 0.779
0.783 | ooss
0.674 0:558
0.566 0.447
D457 0.436
0348 e
8240 os
0.131 4,008

Figure 7. Improved verification of elastic element parameters for crossbeam (Fy).

To quantitatively compare the sensitivity distribution of elastic beams at different ver-
tex positions, the uniformity of sensitivity distribution is quantitatively analyzed through
the sensitivity change rate. The formula for calculating the sensitivity change rate is

as follows: 5 S
;75 — max : n’un; (13)
S
n
'21 Si
= i=
S = o (14)

The elastic element here is not equipped with sensitive components, and its sensitivity
refers to the ratio of strain to force. In the formula, 75 represents the sensitivity change
rate (in %), Syux and S,,;, are the maximum and minimum sensitivities on the strain path,
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respectively, and S denotes the average sensitivity on the strain path (in pe/N). S; is the
strain sensitivity of the ith measurement point (out of 7) on the strain path.

(a) 0X 1.000 (d) 2/3X 1.000
E 0.891
0.783

0.674
0.566
. 0.457
: o

.22 0.240

118 0131
0.023

1.000
0.890
0.780

i 0.
0.561
0.451
0341
0.3
0122

0.012

(b) 13X 1000 (e) 3/4X

() 12X 1000
0.890
0.779
0.669
0.558
0.448
0.337
0.227
0.116
0.006

Figure 8. Improved verification of elastic element parameters for crossbeam (F).

A standard strain path is set along the central axis of the beam body (from 0 mm to
80 mm from the central cylinder), and strain and strain data are extracted at each measuring
point along the path at equal intervals. A key interval (with a total of 25 points) on the
surface of the elastic beam, located between 20 mm and 40 mm from the central cylinder, is
selected as the benchmark for sensitivity comparison. The sensitivity change rate within
this interval is calculated using Formula (10) to quantitatively evaluate the uniformity
of sensitivity distribution in beams with different vertex equal strengths. The results are
shown in Table 1.

Table 1. Sensitivity change rate of different configurations (2040 mm).

Configurations Sensitivity Change Rate (Fy) Sensitivity Change Rate (F;)

Traditional 82.39% 95.02%
0X 104.81% 174.16%

1/3X 57.03% 105.00%
1/2X 20.17% 35.01%
2/3X 11.55% 36.11%
3/4X 8.78% 32.76%

1X 18.27% 34.93%

The sensitivity variation rate within the range of 20-40 mm clearly reflects the pattern
mentioned above. The equal-strength beam with a 3/4X vertex position exhibits a sensitiv-
ity variation rate of only 0.95% in the Fy direction and 32.76% in the F, direction within this
core range, significantly outperforming other vertex configurations such as 0X, 1/3X, 1/2X,
2/3X, and 1X. Upon comprehensive comparison, the 3/4X vertex configuration emerges as
an ideal solution for reducing patching errors.

The sensitivity distribution characteristics of a 3/4X vertex equal-strength beam
compared to a traditional uniform-section beam are illustrated in Figure 9. Evidently, the
traditional uniform-section beam exhibits a large sensitivity gradient and an extremely
uneven distribution. Calculations reveal that within the range of 20-40 mm, the sensitivity
change rate in the F, direction reaches 82.39%, and in the F, direction, it reaches 95.02%. In
contrast, the 3/4X vertex equal strength beam achieved a significant reduction in sensitivity
change rate within the core range through the structural design of an equal strength cross
section. The sensitivity change rate in the F, direction is reduced by89.3% compared to
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the uniform-section beam, and in the F, direction, it is reduced by 65.5%. This structural
approach addresses the core issue of uneven sensitivity distribution in traditional uniform-

section beams.

Sensitivity (pe/N)

w— Traditional
s Improved

T T
0 20 40

Distance (mm) Fx

(b)

201

1.5

l'o-}AS, )
0.5
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2.0

2.5

2.5

0.0

1.0

1.5

e Traditional
s Improved

40
Distance (mm) Fz

Figure 9. Comparison diagram of sensitivity distribution between traditional crossbeam and im-
proved elastic element (3/4X). (a) Fx direction. (b) F, direction.

Figure 10 illustrates the strain distribution in a 3/4X vertex configuration across a
beam thickness ranging from 2 mm to 5 mm. It is evident that the beam thickness only
alters the magnitude of the deformation but does not affect the distribution pattern of strain

on the beam.
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60 80
Fz

0 20 40
Distance (mm)

Figure 10. Strain distribution of beams with different thicknesses.

Figure 11 illustrates the strain distribution in the 3/4X vertex configuration at the
beam root with a width ranging from 13 mm to 23 mm. It can be seen that the beam width
has little effect on the strain distribution pattern.
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-200-

Strain (pe )
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200
o
-200-
-400q
-600-
-800

— 13MM
— 18MM
— 23MM

-1000

0 20 40 60 80

Distance (mm) Fz

Figure 11. Strain distribution of beams with different widths.

In summary, the width of the beam root and the thickness of the beam have insignif-
icant effects on the strain distribution, while the position of the vertex of the isosceles
triangle is the key factor affecting the uniformity of strain distribution on the beam.
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The elastic element of the FBG three-dimensional force sensor designed in this paper
features an outer diameter of 260 mm for the outer ring, four symmetrically distributed
elastic beams with a length of / = 95 mm, a beam root width of 18 mm, and a beam thickness
of 3 mm. The rated force values in the X, Y, and Z directions are 200 N.

2.4. FBG Packaging Design

The two ends of the fiber Bragg grating are encapsulated on two compact metal
substrates, as shown in Figure 12, using low-temperature quartz solder. A fiber guiding
groove is designed in the middle of the metal substrate, where the position for securing
the fiber is the molten pool of quartz solder. The two sides of the substrate are designated
for spot welding, with a thickness not exceeding 0.5 mm. The spot-welding positions
on both sides align with the molten pool on a straight line, which is orthogonal to the
guiding groove. After encapsulation, the metal substrate is spot welded to the designated
position of the elastic beam. During the spot-welding process, the fiber Bragg grating is
pre-stretched to facilitate the measurement of negative strain.

(a) metal substrate

optical fiber

() spot welding position

elastic beam

Figure 12. Schematic diagram of FBG sensor packaging. (a) FBG package component. (b) Installation
diagram of packaging component on elastic beam.

3. Verification
3.1. Design of a Three-Dimensional Force Sensor Calibration and Testing System

This article establishes a calibration experimental system, as shown in Figure 13, for
the loading test of the FBG three-dimensional force sensor. The system mainly comprises a
prototype of the FBG three-dimensional force sensor, a platform, weights, steel wire ropes,
hanging plates, an FBG demodulator, and a host computer.

We fix the outer ring of the sensor on the vertical reference plane of the stand and hang
a weight on the end surface of the central column to apply a force in the X (or Y) direction
to the sensor. We fix the outer ring of the sensor on the horizontal reference plane of the
stand and hang a weight on the end surface of the central column to apply a force in the Z
direction to the sensor.

We apply a gravitational load using multiple standard weights (10 N), with an accuracy
level of 0.1%. The FBG demodulator collects the wavelength signal from the sensor, which
is displayed and recorded by the host computer. The demodulator used in this paper
is SM-130 (MO, Atlanta, GA, USA), with a wavelength range of 1510 nm~1590 nm, a
resolution of 1 pm, and a stability of 2 pm.
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o (b) Spectrum of Fiber Bragg Grating

Computer  Spectrum of Fiber Bragg Grating

Figure 13. Static calibration experimental system for multi-dimensional force sensor. (a) Fiber Bragg
grating demodulator and upper computer system. (b) Spectrum of Fiber Bragg Grating. (c) Three
dimensional force sensor installed on the test system (X or Y direction). (d) Three dimensional force
sensor installed on the test system (Z direction).

3.2. Verification of Strain Distribution in Sensor Elastic Element

To verify the improvement effect of the improved crossbeam elastic element on the
uniformity of sensitivity distribution, this paper selects three equidistant measuring points
located at distances of 20 mm, 30 mm, and 40 mm from the end of the central cylinder
along the length direction of the elastic beam for testing. As a comparative experiment,
measurements are conducted on both the traditional crossbeam elastic element and the
improved elastic element.

The sensitivity of the three equidistant measuring points was calculated from experi-
mental data, as shown in Figure 14. It can be observed that within the measurement range
of 20 mm to 40 mm, the sensitivity of the improved elastic element changes slowly in both
Fy and F;, directions. The further quantitative calculation of the sensitivity change rate of
the three equidistant measuring points is shown in Table 2.

Table 2. Comparison of sensitivity change rate between improved elastic element and traditional

crossbeam.
Direction F, F,
Elastl.c Elen}ent Traditional Improved Traditional Improved
Configuration
simulation 82.39% 8.78% 95.02% 32.76%
experiment 78.33% 9.73% 135.92% 43.35%

It can be clearly seen that the sensitivity change rate of the improved elastic element in
the Fy direction is only about 10% of that of the traditional crossbeam, and in the F, direction,
it is only about 30% of that of the traditional crossbeam. This indicates that the strain
values of the improved elastic element change gently within this range, with a significantly
improved uniformity of distribution and small differences in sensitivity at various locations,
strongly reducing the requirement for the precision of sensitive component bonding.
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Figure 14. Comparison of measured and simulated strain sensitivity distribution of the two sensors.
(a) Traditional cross beam sensor (X direction). (b) Traditional cross beam sensor (Z direction).
(c) Improved sensor (X direction). (d) Improved sensor (Z direction).

The experimental data and simulation data are highly consistent in terms of the
magnitude and variation trend, both confirming that the improved elastic element exhibits
significantly better strain uniformity on the beam compared to the traditional crossbeam.
This design can significantly reduce the difficulty of patching during sensor packaging,
essentially eliminating the adverse impact of patching errors on the accurate calculation
of three-dimensional force values from a structural perspective, thus providing great
convenience for the mass production of sensors.

3.3. Performance Testing of Improved Multi-Dimensional Force Sensor

The rated force values for the designed sensor in the X, Y, and Z directions are 200 N.
The force value for each dimension starts at 20 N, increases by 20 N intervals to the rated
value, and then gradually decreases by 20 N intervals to 0. This process is repeated at least
three times, and the average value is taken as the measured value.

We calculate the sensitivity of the FBG multi-dimensional force sensor according to
Formula (1) and then obtain the measured values of each loading point. The experimental
results are shown in Figure 15. The measurement error [, repeatability indicators R and
hysteresis vy are calculated according to the following formulas:

Ip =F,—F; (15)
RF = Fmax — Fmin; (16)
VH = AFmax- (17)

In the formula, F;,; represents the measured value of the three-dimensional force in
N, F, represents the true value of the three-dimensional force in N, Fpnax represents the
maximum value of the three measured values in N, and Fy;, represents the minimum

value of the three measured values in N. AFyax is the maximum deviation between the
measured values of forward and reverse travel in N.
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Figure 15. FBG three-dimensional force sensor loading test data.

The quantitative comparison of the measurement error and repeatability is shown in
Table 3. It can be seen that the repeatability and the hysteresis of the FBG three-dimensional
force sensor based on both elastic elements is better than 1% of the full scale, indicating
that the elastic element material performance is qualified, and the experimental setup
and experimental method are scientific and reasonable. The measurement error of the
improved elastic element in the X direction is 0.27 N, which is lower than the 0.9 N of the
traditional crossbeam, and in the Z direction, it is 0.62 N, much lower than the 5.73 N of
the traditional crossbeam. In summary, it can be seen that the measurement accuracy of
the FBG three-dimensional force sensor based on the improved elastic element has been
significantly improved.

Table 3. Comparison of performance indicators of FBG three-dimensional force sensors.

Direction F, F;
Sensor Traditional Improved Traditional Improved
Error (N) 0.9 0.27 5.73 0.62
Repeatability (N) 0.98 0.90 0.96 0.69
Hysteresis (IN) 0.92 1.35 1.76 1.09

4. Discussion and Conclusions

Based on an improved crossbeam elastic element structure, this paper designs a novel
FBG three-dimensional force sensor that achieves a low patching error. The performance
parameters of the sensor are shown in Table 3. The sensor has a diameter of $260 mm and
an axial dimension of 51 mm.

Due to its inherent characteristics, the electrical multi-dimensional force sensor is
prone to electromagnetic interference, has poor insulation safety, and is not conducive to
networking. As a passive optical device, fiber Bragg grating (FBG) has the advantages
of intrinsic safety, immunity to electromagnetic interference, and convenient networking,
gradually becoming an ideal technical approach for multi-dimensional force perception
in robots.

However, multi-dimensional force sensors still suffer from the issue of patching errors,
which arise from uneven strain distribution on the surface of the sensor’s elastic element.
This significantly impacts the detection results. Some studies have attempted to reduce the
measurement errors through algorithmic correction and improving the patching accuracy.
Neither of these methods eliminates the source of errors, and the requirement to enhance
the patching accuracy poses challenges for the mass production of sensors.

This article applies the equal strength beam structure to the traditional crossbeam
elastic element and studies the strain distribution law on the elastic beam with the variation
of elastic beam parameters through finite element static simulation. An improved elastic
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element with a significantly lower sensitivity change rate than the traditional crossbeam
is designed. In the core range of the elastic beam (20 mm~40 mm), the sensitivity change
rate of the improved elastic element in the F, direction is only 10% of that of the traditional
crossbeam, and in the F, direction, it is 30%. This structure significantly reduces the
requirement for the accuracy of sensitive component patching operation and can basically
eliminate the measurement errors caused by surface patching position deviation.

The good measurement performance of the improved sensor has also been verified,
such as good linearity, repeatability, and hysteresis. The repeatability and the hysteresis
of the improved sensor are better than 1% of the full scale. The measurement error of the
improved sensor in the X direction is 0.27 N, which is lower than the 0.9 N of the traditional
sensor, and in the Z direction, it is 0.62 N, much lower than the 5.73 N of the traditional
sensor. These results indicate that the measurement accuracy of the improved sensor has
been improved compared to traditional sensors.

To facilitate operation, the FBG three-dimensional force sensor designed in this paper
has a relatively large size. This issue can be addressed by adjusting the dimensions of the
sensor components, such as the thickness and length of the beam. Furthermore, by using
FBG sensing elements with shorter grating lengths (the grating length of the FBG used in
this paper is approximately 10 mm), the sensor size can be further miniaturized. Therefore,
if necessary, the size of the designed sensor can be significantly reduced.

Future work will encompass optimizing the sensor performance, reducing the sensor
size, designing specialized connector extraction schemes, and utilizing sealing and water-
proofing technologies to enhance the practicality of the sensors. Additionally, specialized
fixtures will be developed to assist in the pre-tensioning of fiber Bragg gratings, thereby
standardizing the packaging and manufacturing process of sensors. The technology pre-
sented in this paper can also be applied to improve elastic elements for other forms of
multi-dimensional force sensors, demonstrating considerable practical value.

5. Patents

Chinese utility model patent: An improved sensor elastic element, ZL 2023 2
3190162.X.
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