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Abstract: Disk-shaped torque sensors are widely used in robotic joints and wheel driving. However,
in terms of conventional spoke-type geometries, there is always a trade-off between sensitivity and
stiffness, because their strain exposure depends upon a bending deformation mode which causes
strain nonuniformity. This paper presents a lever-type method of strain exposure that performs a
uniaxial tension and compression deformation mode to optimize the strain uniformity and improve
the trade-off. Moreover, on the basis of this approach, the proposed disk F-shaped torque sensor
enjoys has axial thinness, easy installation of strain gauges and flexible customization. The simulation
and experimental results have validated the basic design idea.

Keywords: torque sensor; disk F-shaped; strain exposure; lever-type

1. Introduction

Strain gauges invariably sense the normal-strain exposed on the surface of an elastic body and
are commonly used for mechanical measurement. Particularly in the case of geometric design of
strain-gauge-based torque transducers, it is desirable to transform a measured moment into a uniform
normal-strain exposure. Some commercial shaft torque sensors, which measure strain exposed at
45° and 135° to the cylinder neutral-axis with a torsional deformation mode, have been specially
used in laboratory testing for a long time [1-5]. Many disk torque sensors developed into spoke-type
structures, instead, expose strain on the transverse or lateral spoke-surface with a bending deformation
mode [6-24]. Recently, owing to axial thinness and low sensitivity to non-torsional components, they
have been extensively integrated in robotic joints, wheel driving and intelligent products.

However, there is a trade-off between stiffness and sensitivity when these sensors are put into
practical applications. A six-axis force/torque sensor reported by Chao et al. [8] increases the sensitivity
with an excellent decoupled calibration matrix. An appealing square-cut torque sensor presented by
Khan et al. [14], has enhanced the sensitivity without reducing its linearity and symmetry. Further,
this scalable sensor can be implemented in a robotic joint. The ultra-low-cost custom torque sensor
proposed by Ubeda et al. [18] achieves a good performance in terms of sensitivity and stiffness,
meanwhile it is inexpensive and can be easily machined. The trade-off still exists, because there are
two conflicting requirements.

1.  High stiffness is important to ensure system dynamic performance, and position control accuracy,
as sensors are integrated in products.

2. Largestrainis needed to increase the sensitivity and signal-to-noise (5/N) ratio of the sensor [25,26].

However, sensitivity introduces a torsion compliance, which can cause trouble when used in ultra-high
precision and high bandwidth torque measurement of micro robotics [27].
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Some researchers proposed advanced spoke-structures to address this challenge. An interesting
hollow hexaform structure was presented by Aghili et al. [25] to expose strain on the lateral site of
wings, minimizing the interaction between sensitivity and stiffness and decreasing the sensitivity for
the other five force/torque components. A 4-bar linkage geometry was reported by Zhang et al. [28],
which effectively amplifies the strain by a mechanical method with little impact on stiffness because it
separates the sensing point and support portion.

These advanced spoke-like geometries have mitigated the trade-off to some extent, but they are still
limited by a bending deformation mode. Besides, to the best of our knowledge, developing a method
of strain exposure based on the deformation mode is not usually considered for trade-off optimization.

In this paper, a lever-type method of strain exposure (hereafter abbreviated as LTMSE) is presented.
Unlike the above spoke-type transducers, the disk F-shaped torque sensor (hereafter abbreviated as
DFTS) based on LTMSE, performs a uniaxial tension and compression deformation mode to expose
uniform normal-strain. The trade-off can be further improved with a lower effect on overall stiffness
by reducing the sensing area. Also, DFTS offers a compact axial-space to ease the difficulty of gluing
and wiring of strain gauges, conveniently employing a full-bridge circuit to reduce temperature drift
and decouple non-torsional components. Besides, it can also be easily customized and integrated.

2. Design and Method

2.1. Strain Exposure by Bending Deformation Mode

To better illustrate the bending deformation mode, here we give an example of strain measurement
in a typical spoke structure. The schematic view is shown in Figure 1.
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Figure 1. Schematic view of the spoke-like torque sensor: (top left) the loading and constraints on
torque sensor; (top right) close-up view for the spoke part; (bottom) the parameters of the spoke.

A torsion T acts on the spoke-like geometry, equivalent to a loading force F. To calculate the

sensitivity, in this part, we assume that F = which creates the bending moment M and the

T
4(r+) 7
shear force Fs on the cross-section n-n. For nullifying the M, based on Mohr’s theorem, the method of
obtaining the strain created by only sheer force Fs (see Equation (1)) is to attach four strain gauges
at [/2 of the spoke on the transverse site (two strain gauges glued in the front at +45° to the spokes’

neutral-axis, others are correspondingly in the back) [29].
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where r is the radius of the inner ring and !/ is the length of spokes. Then the shear stress T on the

cross-section n-n is
_ 6Fg

T =
ho?
where 6 is the thickness and # is the height of spokes. Two strain gauges (on the front) are mounted at
+45° to the spokes’ neutral-axis, i.e., ¥ = 0. From Equation (2), we can further obtain

& 5

(4 y) 2

3R,
Tmax = o 3)

Subsequently, on the neutral surface, tensile/compressive normal stresses can be expressed as

3F
01 = Tmax = ﬁ 4
3F.
02 = — Tmax = — ﬁ @)

According to the general Hooke’s law, the normal strain is given by

~ 3Fs(1+u)

&= &a="—0s (6)

where 1 is Poisson’s ratio and E is Young’s modulus. Hence, the total strain ¢ =2 (&1 — ¢3), from four
strain gauges that are electronically connected, can be defined as

3T(1
. (1+u) @)
2ERS(ry+1/2)
F; is substituted by Equation (1). And the sensitivity is predicted by
~ 3(1
L D ®)

T~ 2Ehd(r,+1/2)

To calculate the stiffness, we simplify the spoke geometry into the beam. To simplify the equations,
in this part, we assume that the equivalent F = T /4r,, where r, denotes the radius of the outer ring.
Then the deflection 6 [30] is described as

TR
- E6r22h3 (9)
It yields the stiffness
T  Eor’h?
K = 5= 123 (10)

Last, we obtain the comprehensive index, representing the product of sensitivity and stiffness,
expressed as
e 31+ pitn?
S0 2> +1/2)P

On account of the spoke component, the direct improvement of the trade-off can be achieved

(11)

by moderately increasing h and decreasing /; i.e., by increasing /1/I (see Equation (11)). But such an
increment will undermine strain uniformity, as shown in Figure 2, which is tightly related to measuring
error [31,32].
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Figure 2. Effect of /1/] on the strain distribution (equivalent strain result): (a) #/I =1; (b) h/I = 1.5;
(c)h/l=2.

The increment of /1/I can increase the stiffness (see Equation (10)) but it induces poor strain
uniformity on the transverse/lateral site, as well as the stress concentration and boundary effect.
However, decreasing /I to improve the strain uniformity may sacrifice stiffness. This means that the
adjustment of /1 is not a good choice for the improvement of the trade-off. With respect to spoke-like
geometries, if they employ a bending deformation mode to expose strain, this generally introduces
poor strain uniformity. Strain nonuniformity occurs probably because the force F (see Figure 1) does
not act through the centroid of the spoke’s cross-section, which brings about the reduction of sensitivity
and resolution [30]. Moreover, such a disadvantage results from the elastomer itself and cannot be
overcome by enhancing the gauge factor and amplifying the magnitude of the electric circuit. This is the
reason that the extent to the improvement of the trade-off is limited. Therefore, to reconcile the conflict
between sensitivity and stiffness, a new approach based on the deformation mode is needed to expose
large strain on the sensing site, and retain good uniformity within small geometry size. Meanwhile,
the part of elastomer not used for the strain measurement should remain robust for high stiffness.

2.2. LTMSE with Uniaxial Tensile/Compressive Deformation Mode

For mitigating the limitation of bending deformation mode, the LTMSE is proposed. The schematic
view of DFTS is shown in Figure 3. Without loss of generality, it is assumed that the inner ring is
fixed and the torque is loaded on the outer side with one free translational degree of freedom in the
motion direction.
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Figure 3. Schematic view of the disk F-shaped torque sensor (DFTS): (top left) the loading and
constraints on DFTS; (top right) force analysis of the lever-arm; (bottom) the parameters of lever.
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To calculate the sensitivity, when a torque T is given, the equivalent downward force F applies on
the lever (F-shaped structure) expressed as

T
F = 12
4(r+1) (12)
where r is the radius of the inner ring and [ is the length of levers. The force F produces F; = F(I—c¢)/c
and F, = —Fl/c; thus, the normal stress 01 and o5, associated with F; and Fy, on the fulcrum A and B
are created.
T(l-c¢) 13)
0] = ————
YT dbics(r+ 1)
Tl
- _ _ 14
P27 T dco(r 1 1) (14)

where 0 is the thickness, b; and by are the width of fulcrum A and B respectively, and c is the distance
between them. As can be seen in Figure 3, Equations (13) and (14), the fulcrum A, squared with a red
dotted line, is in tension, whereas the fulcrum B is in compression. Accordingly, the normal strain on
the fulcrums can be depicted by

T(l-c¢)
_ =9 1
U7 LEbico(r 1 1) (15)
TI
27 T 4Ebyeo(r 1 1) (16)

respectively, where E is Young’s modulus.
Four strain gauges are fixed on four fulcrums separately (the DFTS is composed of four
F-components, one F-part with two fulcrums); hence, the total strain ¢ = 2 (& — &), from a

full bridge circuit is defined as
T I-c 1

= 2BEC LD B B 17

And the sensitivity S is predicted by

S:E 1 l-c I

T~ 20k ) b ) 19

To calculate the stiffness, the displacement y; of two fulcrums (see Figure 3 top right) is given by

Te I-c l

y1 =(e1—e2)e 406E(r+l)(_b1 +—b2) (19)
Next, we obtain the angle deflection
Te I—c 1
01 = tanO; = = — (——+ — 20
1 = tan0; = yi/c 4c26E(r+l)( b +b2) (20)

The total deflection 6 is mainly related to eight fulcrums (the DFTS consists of eight fulcrums),
when lever-arms, inner and outer rings are treated as rigid bodies, described as

Te l—c l

0 = 40) = ——(— + —
! c26E(r+l)(b1 T

) (21)

where e is the height of fulcrums, which yields the stiffness

25E(r+1
g T _cOEr+])

_ o (22)
O )
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Hence, we can further obtain the comprehensive index as follows

& c

1=6=% )

From Equation (23), the trade-off can be improved by only increasing c/e appropriately. In contrast
with the spoke-shape, this simple formula is more direct and effective for the improvement of
the trade-off.

Furthermore, on the disk F-geometry, the reacting forces associated with F; and F; on two fulcrums
act through the centroid of cross-sectional area, making the normal strain very pure and irrelevant to
other deformations. Note that the direction of tension/compression on fulcrums is only along that
of the height e; in other words, two fulcrums exhibit a uniaxial tensile and compressive deformation
mode. LTMSE utilizes such a deformation mode for keeping good strain uniformity and sensitivity,
accordingly improving the trade-off, as further discussed in the simulation and analysis sections.
In addition, fulcrums can be flexibly customized to glue strain gauges, offering compact space for
wiring and electronically connected to form a full-bridge circuit which compensates the temperature
drift and achieves the natural decoupling.

2.3. The Improvement of the DFTS

The prototype of the DFTS has undergone several modifications for a better performance
(see Figure 4). Simulation results (equivalent strain) for each structure are shown below. The location of
strain gauges is denoted as a yellow solid square. Fulcrums can be specially customized for the strain
gauge installation. As the method of strain exposure is highly related to structure design, the following
four goals should be considered:

Easy installation of strain gauges;
Exposure of strain on primarily on the transverse surface;
Good strain uniformity and symmetry;

L .

Serving a double purpose for sensitivity and stiffness.

Based on the four goals, the evolution is explained as follows.

The geometry modification began with a typical spoke-like shape as shown in Figure 4a. Two strain
gauges were glued in the front, and the other two are in the back. With some defects mentioned in
Section 2.1, this geometry was abandoned. Motivated by LTMSE, the preliminary lever-type geometry
(b) is presented to expose normal strain on the transverse surface where strain gauges can be easily
glued. Similarly, two strain gauges were glued in the front, and the other two in the back. The trade-off
is improved because the lever-arm can be enlarged to increase the stiffness and the fulcrum can be
minimized to increase the sensitivity.

To keep the same strain value on two fulcrums, a simple conjecture is that the centerline of the
lever-arm should pass through the centroid, making the equivalent force F (see Figure 3) perpendicular
to the lever-arm’s centerline. In addition, the strain gauges should be glued onto the same surface
for easily connecting a full-bridge circuit. This structure (see Figure 4c) was presented to reverse two
levers being axially symmetric when subjected to a clockwise or counterclockwise torsion. Four strain
gauges are axially symmetrically positioned on the transverse site of the levers. Due to compact
arrangement on the outer surface, this reduces the difficulty of installing strain gauges and decreases
the temperature drift.
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Figure 4. Optimization of the DFTS, shown in sequence: (a) hub-sprocket four spoke shape;
(b) preliminary lever-type shape; (c) inversed lever-type shape; (d) bonding lever-type shape; (e) vertical
F-disk shape; (f) prototype of DFTS.

In view of the long distance between two reversed levers, which increases the difficulty of wiring
strain gauges, the next structure (Figure 4d) was designed to bond pairs of axial symmetric levers to
effectively utilize the space.

Nevertheless, as can be seen in Figure 4d, the direction of strain distribution is not along the
height e of fulcrums even though strain values on two fulcrums are almost identical. In response,
the elastomer (Figure 4e) was proposed to make the lever-arm perpendicular to the fulcrums, i.e.,
the fulcrums’ deformation should be parallel to the force F. This adjustment was to let the torque
sensor perform a uniaxial tensile/compressive behavior.

However, the simulation result from Figure 4e indicates that the direction of strain distribution
was modified yet strain values on two fulcrums become different. Our explanatory hypothesis is that
the outer ring was too rigid for levers, leading to the radial displacement of the lever-arm which makes
the strain on fulcrums non-uniform. Therefore, for keeping better strain uniformity, the slit of the outer
ring was designed in the structure (f) to weaken the radial stiffness. Although the groove addition
brings about the tangential deformation (decreases the torsion stiffness), compared with the fulcrum’s
deformation, tangential deformation occurs at the outer end of the lever with less weakening effect on
the overall torsion stiffness; i.e., this compromise is acceptable.

3. Simulation and Analysis

First, the F-shaped geometry (lever geometry), as an independent component extracted from the
DFTS, was tested for strain uniformity. Second, the simulation of DFTS was carried out to evaluate
whether it is symmetric and performs a tensile/compressive deformation mode for good sensitivity.
Note that the DFTS, as a one-axis torque sensor, requires only pure torque measurement under any
circumstance, so in the simulation section, the DFTS is only loaded by an exclusive torque M,. Finally,
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in the analysis section, parameters’ effect on the sensitivity, stiffness and comprehensive index are
discussed. Within the DFTS structure, a large deformation occurs on fulcrums, which means that the
stiffness on this part is weak. But a large deformation is needed to retain high sensitivity; this is the
trade-off. Thus, the focus point in the analysis section is on fulcrums. There are five parameters that
should be considered: by, by, ¢, e, §; constant parameters: elastic modulus E = 200 Gpa, Poisson’s
ratio u = 0.25, r (the radius of the inner ring) =/ (the length of levers) = 0.02 m.

3.1. Simulation

3.1.1. F-shaped Component

7

To estimate the strain uniformity on the lever part and ensure the effectiveness of strain gauges
work, ANSYS™ is used to evaluate the strain direction and value according to the load. The right
end of the lever-arm is loaded by a downward force (40 N) and the bottoms of the two fulcrums
are fixed. Moreover, some of the right-angle area is modified to become a fillet to avoid the stress
concentration. The simulation result is shown in Figure 5. The equivalent strain values of two fulcrums
are almost the same as Figure 5a. It should be noted that the parameter b, is designed to be larger
than by (by= %) for maintaining the same strain value on two fulcrums. In Figure 5b, the yellow color
represents the positive strain along Y-axis and the blue color represents the negative strain, i.e., the area
in the black square displays the tension or compression in one direction (y-axis), indicating that the
F-shaped component exhibits a uniaxial tensile/compressive deformation mode and maintains good
strain uniformity on the sensing site. Thus, strain gauges can be easily installed at this position to
effectively measure the strain.

l &
F
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o] L.

Fixed Fixed
(a) (b)

Figure 5. Simulation results of lever geometry: (a) the equivalent elastic strain result; (b) the normal
elastic strain (y-axis) result.

3.1.2. DFTS Model

To envision the behavior of DFTS, the inner ring is fixed and the outer one is loaded by a given
torque M, (10 Nm). First, the outer ring is loaded by a clockwise torsion and its strain distribution is
shown in Figure 6 (left). Then the outer ring is loaded by a counterclockwise torsion (see in Figure 6
(right)). Simulation results illustrate that the strain values on fulcrums, between the left and right,
remains the same; i.e., the DFTS enjoys symmetric behavior.

Second, the deformation mode of fulcrums was tested for a pure tensile/compressive performance.
Because of its symmetry, here we only chose a counterclockwise torque (10 Nm) acting on the outer ring.
In Figure 7, a coordinate system is constructed to demonstrate the behavior of fulcrums. The orientation
of the y-axis is parallel to that of the height ¢ on fulcrums. In the simulation, F-components
1 and 4 perform a compression—tension behavior. Components 2 and 3 correspondingly have a
tension—compression behavior (not shown in figure) owing to the symmetry; i.e., four F-components
exhibit a uniaxial tensile/compressive deformation mode.
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Figure 6. The equivalent strain result of the DFTS model: (left) the clockwise rotation is loaded; (right)
the counterclockwise rotation is loaded.
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Figure 7. The normal strain (y-axis) result (yellow for positive strain and blue for negative strain).

3.2. Analysis

The variation of different parameters will affect the sensitivity, stiffness and comprehensive index,
as shown in Figures 8-10 respectively. The parameter values are as follows: b; = 0.002 to 0.01 m,
by =0.002 to 0.01 m, ¢ = 0.002 to 0.01 m, 6 = 0.002 to 0.01 m, e = 0.002 to 0.01 m. When one parameter
varies, the others are set as 0.002 m.

3.2.1. Effect on Sensitivity

In Figure 8, the increment of by, by, c and 6 has a negative impact on the sensitivity, yet e is
irrelevant to the sensitivity (see Equation (18)). Within the same increment from 0.002 to 0.01 m, ¢ causes
the sensitivity to decrease about 6 times, whereas b; only causes a decrease of 1.7 times, suggesting
that c has a greater effect. During the strain measurement, the strain gauges’ size is related to by, by
and e. So, moderately decreasing these factors will save the space and enhance the sensitivity.
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Figure 8. Effect of parameters on sensitivity.
3.2.2. Effect on Stiffness

Figure 9 illustrates the effect on stiffness among these factors. For displaying the impact of five
parameters in detail, the range of y-axis is set from 0 to 1.5 x 10*. The increment of by, by, c and 6
has a positive impact, whereas that of ¢ has a negative impact. Within the same increment from 0.002
to 0.005 m, c led the stiffness to rise nearly 8 times, whereas b; led to an increment of only 2 times,
suggesting that c also has greater impact. As mentioned in Section 3.2.1, by and b, should be decreased
to maintain good sensitivity. Though this reduction has a negative impact on stiffness (see Figure 9),
the effect is small compared with other factors. Furthermore, this sacrifice can be compromised by
increasing the lever-arm’s height h and thickness. Considering that the trade-off is mainly related to
fulcrums, the effect of h related to the lever-arm is not discussed.

1.5e4

Y
o
@

&

Stiffness(Nm/rad)

0.5e4

0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
Parameter value(m)

Figure 9. Effect of parameters on stiffness.
3.2.3. Effect on Comprehensive Index

Decreasing the interaction between sensitivity and stiffness is the goal of trade-off optimization.
Comprehensive index n—the product of sensitivity and stiffness—represents the improvement of the
trade-off, which is expected to reach a high value. In Figure 10, within the same increment from 0.002
to 0.01 m, c and e bring about 5 times the increment and reduction of 1 respectively. The parameters by,
by and 0 are irrelevant to the comprehensive index (see Equation (23)). That is, in different situations,
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when other parameters have been determined, appropriately increasing c/e will effectively optimize
the trade-off.

257

-
- [ ~n
T TP r T

Comprehensive index(rad")

o
tn

L L I L '

0 L 1 1 1
0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
Parameter value(m)

Figure 10. Effect of parameters on the comprehensive index.
4. Experiment

To test the performance of the DFTS, experiments have been carried out for obtaining the
relationship between the strain and torque and the relationship between the deflection and torque.
The DFTS is made of 45 stainless steel. The values of five parameters are set as follows: by = 0.0025 m, b,
=0.003 m, ¢ =0.0048 m, 6 = 0.003 m, ¢ = 0.0035 m. DFTS requires only a pure torque measurement, so the
experimental setup is under the circumstance of loading an exclusive torque M,. The experimental
setup of strain measurement is shown in Figure 11.

Pedestal Coupling Shaft-type Static strain Laptop&LabVIEW
torque sensor recorder

Figure 11. Experimental setup of strain measurement.
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The surface of fulcrums was initially cleaned to install strain gauges. The parameters of strain
gauges are shown in Table 1. Four strain gauges were electronically connected to form a full bridge
circuit. And a static strain recorder is employed to obtain the total strain from four strain gauges.

Table 1. Parameters of strain gauges.

Parameter Description
Strain gauge type BEM120-1AA-5-X30
Resistance 12010
Gauge factor 20+ 1%
Carrier size 3.0 x 2.0 mm?

Then, the inner ring, allowed to have one free translational degree of freedom in the motion
direction, was linked to the beam loaded by a mass through a bearing. Thus, a pure clockwise or
counterclockwise torque was produced by placing a mass on either end of the beam. The measuring
torque range of DFTS is from —10 to 10 Nm, computed by T = mgd, where m is the mass, g is the
gravitational acceleration and d is the distance away from the center. The outer ring is connected to the
shaft-type torque sensor through a flange and a coupling. The right end of this sensor is fixed through
four bolts on a pedestal. This shaft-type torque sensor was used to obtain the loading torque value
displayed by LabVIEW™. The relationship between the strain and torque is shown in Figure 13a.

Next, the setup for measuring the deflection is shown in Figure 12. The outer ring is through four
bolts directly fixed on a pedestal and the inner ring is linked to the beam loaded by a mass. The dial
gauge is used to record the x-axis displacement of the inner ring affected by mass variation; the distance
d is constant. So, the angle deflection of DFTS can be expressed as 0 = tan0 = Ay/d.

Dial gauge

Figure 12. Experimental setup of deflection measurement.

The relationship between the torque and deflection is shown in Figure 13b. The torque range is
from —10 Nm to 10 Nm.

The blue dots are the experimental data and the blue line was obtained via regression. The blue
line illustrates that DFTS enjoys a good linearity (linear regression coefficient R? is near to 1) and
symmetry according to the payload. The consistency of comparison among experimental data, FEM
result and analytical estimation suggests the feasibility of LTMSE. Then the sensitivity and stiffness
of DFTS were calculated as follows: S =5.1 x 107> Nm™!, K = 1.1 x 10* Nm/rad. The red dotted line
was computed by ANSYS™ and the black line is calculated by equations. The difference between
experimental and FEM results is due to the nonlinearity of strain gauges and friction among devices.
Figure 14 shows the residual analysis for experimental data (no abnormal data); and the small residual
suggests that the blue line could correctly fit the experimental data.
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Figure 13. Experimental results: (a) relationship between torque and strain (blue line: y = 5.1 x 10~%x
- 8.6 x 107%, R? = 0.99); (b) relationship between torque and deflection (blue line: y = 8.86 x 10™>x —
3.85 x 1076, R% = 0.99).
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Figure 14. Residual analysis results: (a) residual case order plot for strain-torque data; (b) residual case
order plot for deflection-torque data.

To further test the performance of DFTS, several key parameters are shown in Table 2.

Table 2. The performance of DFTS.

Parameter Linearity (%FS)  Hysteresis (%FS)  Repeatability (%FS)  Resolution (Nm)
DFTS 0.28 0.9 0.4 0.002

The hysteresis is 0.9% FS, mainly due to the friction among experimental devices. As can be seen
in Table 2, the DFTS enjoys a good linearity and resolution. Given the DFTS is a prototype model, these
factors can be further optimized in target applications which will be shown in future reports.

5. Conclusions

A prototype of a DFTS based on LTMSE is proposed in this paper. Firstly, the uniform normal strain
on the transverse surface is exposed with LTMSE by a uniaxial tension and compression deformation
mode. Compared with the traditional measurement in spoke-like torque sensors, this deformation
mode can enhance the strain uniformity due to its pure strain exposure. Secondly, based on LTMSE,
the prototype of the DFTS is established. In terms of this sensor, a high sensitivity and stiffness can be
achieved because fulcrums are separated from the lever-arm. Lastly, the method proposed in this paper
has been validated by simulation and experimental results. Although the presented DFTS has been
tested in one-axis torque measurement, it should be noted that the LTMSE underlying this sensor may
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also be applicable in multi-axial force measurement. Thus, in future reports, a more comprehensive
performance of developed DFTS based on LTMSE within a concrete application will be tested.

Author Contributions: Investigation, R.S.; methodology, H.S.; software, R.S.; validation, Z.C.; writing—original
draft, R.S.; writing—review & editing, Z.C. All authors have read and agreed to the published version of
the manuscript.

Acknowledgments: This work was supported by National Natural Science Foundation of China under Grant No.
51975069 and the Natural Science Foundation Project of Chongging under Grant No. cstc2018jcyjAX0077.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Price, T.; Kanade, T.; Desilva, C.W. Torque sensor for direct-drive manipulators. J. Eng. Ind. 1987, 109,
122-127. [CrossRef]

2. Wu, C. Compliance control of a robot manipulator based on joint torque servo. Int. J. Robot. Res. 1985, 4,
55-71. [CrossRef]

3. Kim, ].H.; Kang, D.I; Shin, H.H.; Park, Y.K. Design and analysis of a column type multi-component
force/moment sensor. Measurement 2003, 33, 213-219. [CrossRef]

4. Qin, Y.F; Zhao, Y.L,; Li, YX;; Zhao, Y.; Wang, P. A high performance torque sensor for milling based on a
piezoresistive MEMS strain gauge. Sensors 2016, 16, 513-526. [CrossRef]

5. Jiang, C.; Chen, Y.Q.; Cho, C.D. A three-dimensional finite element analysis model for SH-SAW torque
sensors. Sensors 2019, 19, 4290. [CrossRef] [PubMed]

6.  Yao,].T.; Zhang, H.Y; Xiang, X.M.; Bai, H.D.; Zhao, Y.S. A 3-D printed redundant six-component force sensor
with eight parallel limbs. Sens. Actuator A Phys. 2016, 247, 90-97. [CrossRef]

7. Liang, Q.K.; Zhang, D.; Song, Q.J.; Ge, Y.J.; Cao, H.B.; Ge, Y. Design and fabrication of a six-dimensional wrist
force/torque sensor based on E-type membranes compared to cross beams. Measurement 2010, 43, 1702-1719.
[CrossRef]

8.  Chao, L.P; Chen, K.T. Shape optimal design and force sensitivity evaluation of six-axis force sensors.
Sens. Actuator A Phys. 1997, 63, 105-112. [CrossRef]

9. Wang, Y.J.; Zuo, G.K.; Chen, X.L.; Liu, L. Strain analysis of six-axis force/torque sensors based on analytical
method. IEEE Sens. J. 2017, 17, 4394-4404. [CrossRef]

10. Li, X.; He, H.; Ma, H.Q. Structure design of six-component strain-gauge-based transducer for minimum
cross-interference via hybrid optimization methods. Struct. Multidiscip. Optim. 2019, 60, 301-314. [CrossRef]

11. Gao, X.H.; Jin, M.H.; Xie, Z.H.; Jiang, L.; Ni, EL.; Shi, S.C.; Wei, R; Zhu, Y.Y.; Cai, H.G; Liu, H,; et al.
Development of the Chinese Intelligent Space Robotic System. In Proceedings of the IEEE/RS] International
Conference on Intelligent Robots and Systems, Beijing, China, 9-15 October 2006; pp. 994-1001. [CrossRef]

12.  Aghili, F; Buehler, M.; Hollerbach, J.M. Dynamics and control of direct-drive robots with positive joint
torque feedback. In Proceedings of the International Conference on Robotics and Automation, Albuquerque,
NM, USA, 20-25 April 1997; pp. 1156-1161. [CrossRef]

13. Ma, ].Q.; Song, A.G. Fast estimation of strains for cross-beams six-axis force/torque sensors by mechanical
modeling. Sensors 2013, 13, 6669-6686. [CrossRef] [PubMed]

14. Khan, H.; D’Imperio, M.; Cannella, F; Caldwell, D.G.; Cuschieri, A.; Semini, C. Towards scalable strain
gauge-based joint torque sensors. Sensors 2017, 17, 1905. [CrossRef] [PubMed]

15.  Sun, YJ; Liu, YW.; Zou, T,; Jin, M.H.; Liu, H. Design and optimization of a novel six-axis force/torque sensor
for space robot. Measurement 2015, 65, 135-148. [CrossRef]

16. Lin, G,; Pang, H.; Zhang, W.G.; Wang, D.; Feng, L.H. A self-decoupled three-axis force sensor for measuring
the wheel force. Proc. Inst. Mech. Eng. Part D ]. Automob. Eng. 2014, 228, 319-334. [CrossRef]

17. Hu, G.Y;; Gao, Q.; Cao, H.B.; Pan, H.Q.; Shuang, F. Decoupling analysis of a six-dimensional force sensor
bridge fault. IEEE Access 2018, 6, 7029-7036. [CrossRef]

18.  Ubeda, R.P; Rubert, S.C.G,; Stanisic, R.Z.; Ivars, A.P. Design and manufacturing of an ultra-low-cost custom
torque sensor for robotics. Sensors 2018, 18, 1786. [CrossRef] [PubMed]

19. Lou, YJ.; Wei, ].H.; Song, S. Design and optimization of a joint torque sensor for robot collision detection.

IEEE Sens. ]. 2019, 19, 6618-6627. [CrossRef]


http://dx.doi.org/10.1115/1.3187101
http://dx.doi.org/10.1177/027836498500400305
http://dx.doi.org/10.1016/S0263-2241(02)00044-1
http://dx.doi.org/10.3390/s16040513
http://dx.doi.org/10.3390/s19194290
http://www.ncbi.nlm.nih.gov/pubmed/31623365
http://dx.doi.org/10.1016/j.sna.2016.05.041
http://dx.doi.org/10.1016/j.measurement.2010.09.010
http://dx.doi.org/10.1016/S0924-4247(97)01534-3
http://dx.doi.org/10.1109/JSEN.2017.2703160
http://dx.doi.org/10.1007/s00158-018-2177-y
http://dx.doi.org/10.1109/IROS.2006.281781
http://dx.doi.org/10.1109/ROBOT.1997.614294
http://dx.doi.org/10.3390/s130506669
http://www.ncbi.nlm.nih.gov/pubmed/23686144
http://dx.doi.org/10.3390/s17081905
http://www.ncbi.nlm.nih.gov/pubmed/28820446
http://dx.doi.org/10.1016/j.measurement.2015.01.005
http://dx.doi.org/10.1177/0954407013508278
http://dx.doi.org/10.1109/ACCESS.2017.2784485
http://dx.doi.org/10.3390/s18061786
http://www.ncbi.nlm.nih.gov/pubmed/29865204
http://dx.doi.org/10.1109/JSEN.2019.2912810

Sensors 2020, 20, 541 15 of 15

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Min, J.K,; Ahn, K.H.; Park, H.C.; Song, ].B. A novel reactive-type joint torque sensor with high torsional
stiffness for robot applications. Mechatronics 2019, 63, 102265. [CrossRef]

Yao, ].T.; Wang, D.L.; Cai, D.J.; Xu, Y.D.; Zhao, Y.S. Fault-tolerant strategy and experimental study on
compliance assembly of a redundant parallel six-component force sensor. Sens. Actuator A Phys. 2018, 272,
114-124. [CrossRef]

Kashiri, N.; Malzahn, J.; Tsagarakis, N.G. On the sensor design of torque controlled sctuators: A comparison
study of strain gauge and encoder based principles. IEEE Robot. Autom. Lett. 2019, 5, 88-95. [CrossRef]
Kim, S.Y,; Park, S.H.; Choi, B.G.; Kang, I.H.; Park, S.W.; Shin, ].W.; Kim, ].H.; Baek, WK_; Lim, K.T.; Kim, Y.J.;
et al. Development of a spoke type torque sensor using painting carbon nanotube strain sensors. J. Nanosci.
Nanotechnol. 2018, 18, 1782-1786. [CrossRef]

Kebede, G.A.; Ahmad, AR;; Lee, S.C.; Lin, C.Y. Decoupled six-axis force-moment sensor with a novel strain
gauge arrangement and error reduction techniques. Sensors 2019, 19, 3012. [CrossRef] [PubMed]

Aghili, E; Buehler, M.; Hollerbach, J.M. Design of a hollow hexaform torque sensor for robot joints. Int. |.
Robot. Res. 2001, 20, 967-976. [CrossRef]

Aghili, F,; Buehler, M.; Hollerbach, ].M. Sensing the torque in a robot’s joints. Mech. Eng. 1998, 120, 66—69.
[CrossRef]

Finio, B.M.; Galloway, K.C.; Wood, R.J. An ultra-high precision, high bandwidth torque sensor for
microrobotics applications. In Proceedings of the IEEE/RS] International Conference on Intelligent Robots
and Systems, San Francisco, CA, USA, 25-30 September 2011; pp. 31-38. [CrossRef]

Zhang, H.X.; Ryoo, Y.J.; Byun, K.S. Development of torque sensor with high sensitivity for joint of robot
manipulator using 4-bar linkage shape. Sensors 2016, 16, 991. [CrossRef] [PubMed]

Lin, EY.; Zhou, L.C.; Fu, C.Y.; Zhang, T. Study on coupling torque sensor with spokes-structure. Transducer
Microsyst. Technol. 2012, 31, 40-46. (In Chinses) [CrossRef]

Gere, ].M.; Goodno, B.J. Mechanics of Materials, 7th ed.; Cengage Learning: Boston, MA, USA, 2008;
ISBN 978-0495438076.

Wie, EY.; Fang, M.N. Factors influencing output non-linearity error of a high-precision load sensor and the
error calculation. Elem. Anal. Des. 2001, 37, 341-347. [CrossRef]

Koubaa, S.; Othman, R.; Zouari, B.; El-Borgi, S. Finite-element analysis of errors on stress and strain
measurements in dynamic tensile testing of low-ductile materials. Comput. Struct. 2011, 89, 78-90. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.mechatronics.2019.102265
http://dx.doi.org/10.1016/j.sna.2017.12.036
http://dx.doi.org/10.1109/LRA.2019.2944060
http://dx.doi.org/10.1166/jnn.2018.14989
http://dx.doi.org/10.3390/s19133012
http://www.ncbi.nlm.nih.gov/pubmed/31288472
http://dx.doi.org/10.1177/02783640122068227
http://dx.doi.org/10.1115/1.1998-Sep-2
http://dx.doi.org/10.1109/IROS.2011.6094420
http://dx.doi.org/10.3390/s16070991
http://www.ncbi.nlm.nih.gov/pubmed/27376304
http://dx.doi.org/10.13873/j.1000-97872012.11.039
http://dx.doi.org/10.1016/S0168-874X(00)00047-0
http://dx.doi.org/10.1016/j.compstruc.2010.08.003
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Design and Method 
	Strain Exposure by Bending Deformation Mode 
	LTMSE with Uniaxial Tensile/Compressive Deformation Mode 
	The Improvement of the DFTS 

	Simulation and Analysis 
	Simulation 
	F-shaped Component 
	DFTS Model 

	Analysis 
	Effect on Sensitivity 
	Effect on Stiffness 
	Effect on Comprehensive Index 


	Experiment 
	Conclusions 
	References

