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ABSTRACT Self-decoupled and passive characteristics are crucial requirements for a multi-dimensional
sensor. A T-type self-decoupled and passive dynamic tension and torque sensor was proposed, analyzed, and
fabricated. The sensor mainly consisted of a T-type torque deforming block, a force deforming ring, and a
torque shaft. The T-type torque deforming block withstood the torque individually; the force deforming ring
bore the tension force separately; and the decoupling of the tension force and torque was realized by the
torque shaft. After that, the tension force and torque were measured, respectively. The decoupling operation
was fully completed by mechanical structure. Two pieces of magnetostrictive material were pasted on the
T-type torque deforming block and force deforming ring as the sensing units. The passive feature was fulfilled
by the magnetostrictive material via the Villari effect. Finite Element Method (FEM) analysis was carried
out to verify the decoupling principle. The sensor was fabricated, and then the experiments were conducted.
The results showed that the sensor had a good decoupling ability. The sensor could work dynamically with
a voltage deviation less than 0.5 mV. The force and torque ranges of the sensor were 1000 N and 6.5 N·m
respectively. The sensor could also work effectively in a passive state. Furthermore, the sensor displayed the
advantages of being wireless, the ability to work dynamically and in a liquid environment. Thus, this sensor
could be mounted on a cutting tool of a machine center to detect the compound force on the cutting tool.

INDEX TERMS Self-decoupled, passive, tension force, torque, working in liquid.

I. INTRODUCTION
Multi-dimensional sensors have gained great achievements
in the field of robots, precision manufacturing, and machine
centers [1]–[6]. Liang et al. proposed a five-dimensional
force/torque sensor based on strain gauges and cross
beams [7]. Most of the existing multi-dimensional sensors
are based on the Maltese cross beam structure [8] or the
Stewart structure [9]. Some of the multi-dimensional sen-
sors are also based on the deformed structure of the
Maltese cross beam or the Stewart structure [10], [11].
The multi-dimensional sensor is subject to compound force,
torque, and moment at the same time, and the existing multi-
dimensional sensors use an additional calibration matrix to
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indirectly decouple the compound force [12], [13]. Special
algorithms are needed in these sensors to give out the indi-
vidual force component. The decoupling operation leads to
some problems such as complication, or not visibly express-
ing each individual component [14]. It brings great benefits
for designing the sensor and understanding the actual force
applied on the multi-dimensional sensor if every output can
directly express every individual force component.

The power supply and the ability of the multi-dimensional
sensor to rotate a full circle are also crucial problems in
practical industrial application [15]–[17]. The main sens-
ing material used in existing multi-dimensional sensors are
piezoresistive material [7], optical grating [18], [19], and
piezoelectric material [20]. The power supply and signal
transmission of these three kinds of materials are all via
electric wires. The wires hinder the sensor from rotating a full
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FIGURE 1. Framework and application of the self-decoupled and passive dynamic tension and torque sensor (TTS).

circle, and the wires also block the sensor from being used in
a dynamic environment. Although some multi-dimensional
sensors use batteries to supply power to these materials,
the energy stored in the battery is limited [21]. The sensor
must stop working to replace the exhausted battery; under
this situation, the sensor cannot work for a long or unlimited
time [15], [22]. The power supply problem, and the wireless
problem can be regarded as one unified passive problem in
the design and application of multi-dimensional sensors. If a
multi-dimensional sensor can fulfill the passive feature, it will
be beneficial.

Some working environments, such as a machine center, are
harsh. The multi-dimensional sensor must withstand a severe
cutting liquid environment [21]. The existing piezoresistive
material, optical grating, or piezoelectric material cannot be
directly applied in such environment. Special measures must
be taken to protect the sensing materials. Therefore, working
in liquid environment is also a fundamental requirement for
a multi-dimensional sensor.

To sum up, being self-decoupled and passive, and being
able to work dynamically and in a liquid environment are
comprehensive requirements for a multi-dimensional sensor.
In this article, we propose a T-type self-decoupled and pas-
sive dynamic tension and torque sensor (TTS). In contrast
to previous works, the TTS can decouple the tension force
and torque directly without any additional algorithm. The
TTS can work passively and wirelessly without any onboard
batteries or wires on them, and it can also work normally in
a liquid environment.

The problem formulation, materials, design, mechanism,
fabrication, and experiment are presented in Section II.

Section III describes the experiment results in detail.
Section IV is the discussion section, and conclusions are
drawn in Section V.

II. MATERIALS AND METHODS
A. PROBLEM FORMULATION
The purpose of this study was to present a self-decoupled
and passive dynamic tension and torque sensor. The pro-
posed TTS can be mounted directly on the upper end of a
cutting tool, which is a crucial component of the machine
center, as shown in Fig.1. The information of the cutting
tool is prominent for industrial fabrication and manufacturing
processes. It can also provide fundamental elements to the
‘‘Industrial Internet’’ through server computer. The cutting
tools is subject to vigorous working conditions, including a
compound tension force and torque, working for a long time,
rotating freely and in a whole circle, and being embraced by
cutting fluid. The compound force and torque are induced
by the feeding movement of the cutting tool and slide box.
Working for a long time means that the movement of the
cutting tools cannot be disrupted, and rotating freely and in
a whole circle means the sensor cannot hinder the cutting
tool from rotating. Meanwhile, being embraced by cutting
fluid means that the sensor must have the ability to work
appropriately in a liquid environment.

Referring to these vigorous demands listed above, the TTS
is proposed in the paper. The decoupling operation is accom-
plished by a special designed T-type structure, which is much
different to the existing decoupling method. The force sens-
ing operation is fulfilled by a smart magnetostrictive mate-
rial. The characteristics of being passive and being wireless
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FIGURE 2. View and structure of the TTS. (a) explosion view of the TTS; (b) key force detecting component; (c) detecting units;
(d) axonometric projection;(e) parameters of the force deforming parts, R = 15mm, r = 14mm, H = 10mm, b1 = 7.05mm,
b2 = 2.59mm, b3 = 19.15mm, h = 6mm.

are also realized by the sensing material. The underwater
ability is achieved by the combination of the magnetostric-
tive material and a specially designed detecting system. The
detailed design and verification of the TTS will be illustrated
one-by-one in the following parts.

B. FORCE SENSING MATERIAL
The force sensing material used in the TTS is a magnetostric-
tive material (Metglas 2826MB, SC, USA), which contains
40% Fe, 38% Ni, 4% Mo, and 18% B (Fe40Ni38Mo4B18).
The 2826MBmagnetostrictive material is known as an amor-
phous ferromagnetic ribbon, which has a thickness of only
28 µm and a high magnetostrictive coefficient of up to
11.7 ppm [23]. The amorphous ribbon makes the force sens-
ing operation feasible in all directions, just the opposite of
the crystal magnetostrictive material. The 28 µm ultra-thin
thickness of the 2826MB brings no mechanical influences to
the TTS. The highmagnetostrictive coefficient means that the
sensing material is more sensitive to external applied force,
for more magnetic permeability change is realized under
the same stress. All of the merits above make the 2826MB
more suitable for force sensing purposes than Terfenol-D and
Galfenol [24].

C. STRUCTURE OF THE TTS
Fig.2 shows the structure of the TTS, which consists of an
input shaft on the left and an output flange on the right.
The input shaft is used for importing the coupled dynamic
tension and torque, and the output flange is to export the
decoupled tension and torque. The overall dimensions of the
sensor are 80 mm in its maximum output flange diameter,
15 mm in its minimum input shaft diameter, and 99 mm in
its total length, as shown in Fig.2(d). Fig.2(a), (b) and (c)

show the explosion view of the TTS, which gives a clear
view of the internal structure of the TTS. The force limitation
cover and the force deforming ring are assembled after the
input shaft. A piece of magnetostrictive material is pasted
on the force deforming ring to detect the tension force. The
torque shaft, the torque limitation ring, and the T-type torque
deforming block are installed before the output flange. The
other piece of magnetostrictive material is stuck on the T-type
torque deforming block to detect the torque. Fig.2(d) gives the
exact parameters of the force and torque deforming parts of
the TTS.

D. OPERATING MECHANISM
The operating mechanism of the TTS is given in Fig.3.
A compound input, including a tension force F0 and a
torque T0, acts on the input shaft. The linear movement
induced by the tension force F0 and the rotation movement
induced by the torque T0 are separated by the special con-
figuration of the torque shaft, as shown in Fig.3(b). Due to
the linear movement along the torque shaft, the energy of
the tension force F0 propagates along the blue dotted line,
as shown in Fig.3(a).

Note that there is no tension force acting on the torque
shaft or the torque limitation ring at all, which means that the
force has no influence on the torque detecting components
due to the special structure of the TTS. On the other hand,
as shown in Fig.3(c), the energy of the torque T0 propagates
along the input shaft, the torque shaft, the torque limitation
ring, and the T-type block, shown in pink dotted line.

It is also noted that there is no additional torque acting
on the force detecting components of the TTS. Through
the special structure of the proposed sensor, the compound
F0 and T0 are measured by two individual components of the
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FIGURE 3. Mechanical operating mechanism of the TTS. (a) tension force
transmission flow; (b) torque shaft; (c) torque transmission flow.

FIGURE 4. Arrangement of the exciting coil and their corresponding
detecting coils. F and T are force and torque acting on the TTS respectively.

sensor. No interference exists between the two components,
which realizes self-decoupling between the input F0 and T0.

The detecting principle of the force and torque is based on
the Villari effect [23]. Two pieces of magnetostrictive mate-
rial are pasted on the sensitive regions of the force and torque
deforming components, as shown in Fig.2.When subjected to
tension force and torque, external stresses are applied on these
twomagnetostrictivematerials. The permeability of these two
ribbons change due to the Villari effect under an external
magnetic field. The changed permeabilities lead to variations
of the spatial magnetic flux density. The changed spatial mag-
netic flux densities are captured finally by two detecting coils
arranged at the force and torque sensitive regions according to
Faraday’s law of electromagnetic induction. The arrangement
of the two coils and their corresponding magnetostrictive
material are illustrated in Fig.4. The induced voltages in the
two coils are dependent on the stress caused ty the tension
force and torque. That is to say, the induced voltage can
individually reflect the external tension force and torque.

E. FINITE ELEMENT METHOD ANALYSIS
In order to verify the self-decoupled performance of the TTS,
an Finite Element Method (FEM) analysis was conducted,

as shown in Fig.5. The material of the TTS is 7075 aviation
aluminum with a mass density of 2700 kg/m3. The mesh-
ing method and size of the TTS are Solid 186 and 0.10,
respectively.

In Fig.5(a), an individual tension force of 500 N is applied
on the TTS. There is an obvious strain in the force deform-
ing ring, the value of which is 2.316 × 10−3. Meanwhile,
the strain on the T-type torque deforming block is almost
equal to 0, which means that the tension force has no influ-
ence on the torque detection. In Fig.5(b), an individual torque
of 5 N·m is applied on the TTS separately. Similar to Fig.5(a),
an obvious strain appears in the T-type torque deforming
block, the value of which is 1.950 × 10−3; however, there
is almost no strain in the force deforming ring. In Fig.5(c),
a combined tension force (500 N) and torque (5 N·m) are
applied on the TTS at the same time. Two main strains occur
at the force deforming ring and the T-type torque deforming
block, respectively, the values (2.293× 10−3 and 1.637 ×

10−3) of which are also equal to those under individual force
and torque.

FIGURE 5. FEM results: (a) tension only; (b) torque only; (c) combined
tension and torque.

Fig.5(a), (b) indicate that the TTS can effectively reflect
the tension force and torque, while Fig.5(c) indicates that
there is no cross-disturbance between the tension force input
and torque input. The FEM analysis results in Fig.5 com-
prehensively demonstrate the self-decoupled ability of TTS.
The FEM analysis results also tell us the most appropriate
position to paste the magnetostrictive material, which is also
the second purpose for conducting the FEM analysis.

F. PROTOTYPE OF THE TTS
A prototype of the TTS was fabricated to verify the design of
the TTS, as shown in Fig.6. The TTS is made of 7075 aviation
aluminum after a surface-anodized treatment. It has a length
of 99 mm and a weight of 375 g.

G. THE EXPERIMENT SETUP
A dynamic test platform was designed and developed to
verify the self-decoupled characteristics and dynamic perfor-
mance of the TTS, as shown in Fig.7.

Fig.7(a) shows the mechanical system of the dynamic test
platform. The whole length and height of the test platform
are 2400 mm and 1200 mm, respectively. A servo motor is
arranged on the left to provide a dynamic rotating velocity.
The rotating velocity can be acquired by a self-developed
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FIGURE 6. The prototype of the TTS.

FIGURE 7. The experimental setup of the TTS: (a) mechanical system;
(b) electronic system. (I) and (II) refer to the signals of the tension force
and torque in the frequency domain, (III) is the signal in the time domain.

tachometer on the right. The tension force load is applied by a
handwheel under the servo motor and transmitted by a trape-
zoidal screw. The value of the tension force is obtained by a
force load cell on the right. The handwheel, the trapezoidal
screw, and the force load cell are all shown in the Fig.7(a).
The torque load is applied by different weights through two
pulleys. The TTS is placed inside three coils (one exciting
coil and two detecting coils), the exact physical dimensions
of which are given in Table 1. The TTS, together with the
three coils, was immersed in a liquid box to provide a liquid
environment.

TABLE 1. Physical dimensions of the three coils.

Fig.7(b) shows the electronic system of the test platform.
A function generator (Tektronix AFG 3021C, Oregon, USA)
exports a sinusoidal signal with a frequency of 5000 Hz and
an amplitude of 2 mV. The sinusoidal signal is input into a
power amplifier (J.2500, Washington, USA). The amplified
signal is then input into the exciting coil to get an exciting
magnetic field. A lockin amplifier (E Lock In 204/2, Oelsnitz,
German) is used to analyse the signals from the two detecting
coils. It is noted that the lockin amplifier used in the test
platform has two channels, and it can analyse the signals
from the tension and torque deforming elements at the same
time. One channel of the lockin amplifier is linked to the
tension force detecting coil, and the other channel is linked
to the torque detecting coil. (I) and (II) in Fig.7(b) refer to
the signals of the tension force and torque in the frequency
domain, while (III) is the signal in the time domain. The servo
motor is driven by DC power (MPS3010LP-2, Shenzhen,
China).

III. RESULTS
Fig.8 shows the plot of the voltage output versus an individual
tension force. The signal was obtained from channel I of
the lockin amplifier. The force was from −1000 to 1000
N, while the output voltage was from 83.33 to 84.67 mV.
On the whole, the output voltage increased as the tension
force increased. The entire force input could be divided into
two regions: the compression region and the tensile region.
It can be seen clearly that the voltages in the tensile region
are larger than any one voltage in the compression region.
This can be taken advantage of to determine the direction of
the force. When the tension force was from −100 to 100 N,
there was a voltage jump from 83.7 to 84.3 mV, which had a
higher detection sensitivity and was more suitable for small
tension force detection.

Fig.9 shows the plot of the voltage output versus an indi-
vidual torque. The signal was obtained from channel II of
the lockin amplifier. During the whole test, the range of the
torque was (0, 7 N·m), while the voltage range was (93.2,
94.1 mV). In the whole torque range, the output voltage
increased monotonously as the torque increased. There was a
critical point, as observed in Fig.9, namely, torque 5.57 N·m
and voltage 94.1 mV; before torque 5.57 N·m, the voltage
increased until 94.1mV,while after torque 5.57N·m, the volt-
age did not increase, almost regardless of the amount the
torque increased by. The reason for this phenomenon was
that the 2826MB became saturated when the torque was over
5.57 N·m. Therefore, the detection range of the TTS can be
determined according to this.
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FIGURE 8. Plot of the voltage output versus an individual tension force.

FIGURE 9. Plot of the voltage output versus an individual torque.

Fig.10 shows the voltage in the tension force detecting
coil versus the applied tension force under different torques.
The applied torques were 1.5 N·m, 3.0 N·m, and 4.5 N·m.
The voltage–tension force curve under 0 torque can be seen
as a standard curve. From Fig.10, it can be seen clearly
there are no visible differences between the three curves and
the standard curve (0 torque). Therefore, the torque has no
influence on the voltage output of the tension force.

FIGURE 10. Plot of the voltage versus tension force under different
torques.

Fig.11 reflects the plot of the voltage versus torque under
different tension forces. The applied tension forces were
200 N, 300 N, and 400 N, respectively. The voltage–torque
curve under 0 tension force can also be seen as the standard
curve. From Fig. 11, the three curves under the tension force
of 200 N, 300 N, and 400 N almost coincided with the
standard curve. There are no obvious differences among these

four curves, which indicates further that the tension force has
no influence on the voltage output of the torque.

FIGURE 11. Plot of the voltage versus torque under different tension
forces.

Fig.12 shows the plot of the voltage versus tension force
under different rotating velocities. During the experiment,
the TTS rotated at three different velocities, which were 20,
40, and 60 rpm, respectively. The three curves (20, 40, and
60 rpm) were almost the same as those when the rotating
velocity was 0 rpm. Only a tiny difference existed when the
tension force was around 100 N, at which the maximum volt-
age deviation was 0.02 mV. The 0.02 mV voltage deviation
was much smaller than the entire voltage and did not alter
the output of TTS. The reason for the maximum voltage
deviation was the higher detection sensitivity in the jump
area, as indicated in Fig.8.

FIGURE 12. Plot of the voltage versus tension force under different
rotating velocities.

Fig.13 shows the plot of the voltage versus torque under
different rotating velocities. During the whole experiment,
the TTS also rotated at three different velocities. The three
curves coincided with the 0 rpm one. The maximum voltage
deviation was 0.05 mV, which occurred at a torque of 0.9
N·m. The voltage deviation was very small and almost had
no influence on the performance of the TTS. The above
experiment results further indicate that the rotating velocity
did not affect the performance of the TTS.

Fig.14 shows the drift characteristics of the TTS. The
experiment lasted 3 days (72 h) and the voltages were
recorded every 30 mins. In Fig.14(a), the voltages of
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FIGURE 13. Plot of the voltage versus torque under different rotating
velocities.

−1000 N, −400 N, −100 N, 0 N, 50 N, 200 N, and 600 N
forces were recorded. During the 72-h test, there was no
visible drift of these voltages during the whole test period.
In Fig.14(b), torques of 0 N·m, 0.3 N·m, 1.0 N·m, 3.0 N·m,
and 5.0 N·m were applied on the TTS separately for 72 h,
and the voltages of the corresponding torque were recorded.
No apparent difference could be seen during the whole
experiment.

FIGURE 14. Drift characteristics of the TTS: (a) tension force voltage drift
characteristic; (b) torque voltage drift characteristic.

Fig.15 reflects the hysteresis characteristics of the TTS.
The tension force was applied forward and backward.
In Fig. 15(a), the tension force increased from −1000 to
1000 N, and then decreased from 1000 to −1000 N. The
voltage increased from 83.3 to 84.7 mV, and then decreased
from 84.7 to 83.3 mV. The maximum deviation was 0.02 mV,
which occurred at a force of 400 N. In Fig.15(b), the torque
increased from 0 to 6.0 N·m, and then decreased from 6.0 to
0 N·m. The voltage increased from 93.2 to 94.1 mV, and then
decreased from 94.1 to 93.2mV. Themaximum deviationwas
0.05 mV, which occurred at a torque of 0.5 N·m.

In order to verify the working ability in a liquid environ-
ment of the TTS, a liquid dynamic working environment was
constructed. Fig.16 shows the experimental process. In the
experiment, the TTS was fully immersed in the water. Then,
different tension forces and torques were applied on the TTS.

FIGURE 15. Hysteresis characteristics of the TTS: (a) plot of the forward
and backward voltage output versus tension force; (b) plot of the forward
and backward voltage output versus torque.

FIGURE 16. The TTS works in water.

FIGURE 17. Output voltage comparison of the TTS in an air and a water
environment.

Fig.17 shows the output voltage comparison of the TTS in
an air and a water environment.

The voltage increased as the tension force increased. The
curve in the air and the curve in the water had the same chang-
ing tendency; the only difference between the two curves was
the voltage increment. The voltage increment in the air was
1.1 mV, and the voltage increment in the water was 0.85 mV,
which means that the increment in the water was smaller than
that in the air. The reason for the different increment will be
given in the discussion part.

IV. DISCUSSION
Reflecting the actual force and torque accurately is a basic
requirement for the TTS. This requirement is verified by
Fig.8 and Fig.9. In Fig.8, the voltage increased as the tension
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force increased synchronously. The TTS can reflect the ten-
sion force accurately. In Fig.9, the situation is similar, namely,
the voltage in the torque detection coil can also reflect the
torque accurately. Fig.8 and Fig.9 together prove the sound-
ness of the TTS design.

In Fig.8, the state of the tension force changed from com-
pressive force to tensile force. There was a voltage output
jump from tension force −100 N to 100 N. The voltage in
the tension region was larger than that in the compression
region. The voltage output not only reflected the amplitude of
the tension force, but also the direction of the tension force.
This will be useful in practical applications, such as judging
the feeding direction of the cutting tools of a machine center.

The force and torque ranges of the TTS are 1000 N and
6.5 N·m respectively in its present form, which are relatively
small. The two ranges both can be increased by broadening
the geometrical dimensions of the force deforming units or by
replacing the aluminum with stainless steel. In terms of the
force ranges, the external diameter R can be increased or the
internal diameter r can be decreased to broaden the force
ranges. In terms of the torque range, the width b1, b2, b3
and h can be expanded to broaden the torque range. Further,
by replacing the aluminum with stainless steel, the elas-
tic modulus can be increased from 90 GPa (Aluminum) to
200 GPa (stainless steel), which also can broaden the force
and torque ranges dramatically. All the measures mentioned
above can be completed conveniently and easily. Therefore,
the TTS can be used in practical industrial environments
without considering the detecting range problem.

Self-decoupling is a unique, excellent characteristic of
the proposed TTS. Fig.10 and Fig.11 together prove that
the TTS has a good self-decoupling ability. No decoupling
algorithm is needed in TTS, which decreases the decoupling
complication.

Passive ability means that the TTS can work for an unlim-
ited time without replenishing the energy or replacing the
batteries. Here, we would like to give a more exact definition
of the concept ‘‘Passive.’’ The concept ‘‘passive’’ refers to an
absence of batteries or wires on the sensor itself to provide
power. However, the affiliated detecting apparatus is not in
the ‘‘passive’’ scope [25], [26]. The proposed TTS does not
need wires or batteries to provide energy; benefiting from
the Villari effect, the working energy needed by the TTS
can be provided by a spatial magnetic field, which achieves
the passive detection of the TTS. The signals reflecting the
force and torque can also be transmitted through the spatial
magnetic field. Nowires are needed for power supply and sig-
nal transmission, which is very different from the traditional
resistance strain gauges [27], optoelectronic sensors [18],
piezoelectric sensors [20], and the like. Furthermore, the TTS
can rotate with the external payload without wire problems.
Thus, our TTS provides a new way to detect coupled force
and torque passively and wirelessly. Fig.12 and Fig.13 both
demonstrate the passive characteristcs of TTS.

Working dynamically is much more difficult to realize
for some common multi-dimensional sensors such as the

resistance or optoelectronic sensors [18], [27], [28]. The
wires of these sensors keep them from rotating continuously.
However, the specially designed TTS in this article can
realize dynamic detection, which is verified by Fig. 12 and
Fig.13. In the two Figures, rotating velocities have almost
no influence on the signal output of the sensor. Fig.12 and
Fig.13 together demonstrate the dynamic working ability of
the TTS.

The drift and hysteretic characteristics are fundamental
characteristics of a sensor. Fig.14 demonstrates that the drifts
of the tension force detecting voltage and the torque detecting
voltage are very small, which indicates that TTS has a stable
output. Fig.15 shows that the hysteresis between the forward
and the backward curves was small. Thus, the TTS has a good
output performance. Fig.14 and Fig.15 together prove that the
TTS is reasonably designed, properly fabricated, and works
effectively.

Working in a liquid envrioment dynamically is a superi-
ority of the proposed TTS [7], [29]. Fig.16 proves that the
TTS can work in a liquid environment. In the TTS design,
the power supply and the signal transmission are fulfilled by
a magnetic field, which is a unique property compared to
traditional wires, for the magnetic field can pass the liquid
easily. The magnetic field allows the TTS to work easily in
the water. The voltage output in the water is similar to that
in the air, except the voltage increments. The pemeability
of air is larger than the pemeability of water. Therefore,
the voltage in air is larger than that in water, which explains
why the voltage increment in air is larger than that in water.
In practrical applications, voltage output can be calibrated in
the target liquid to acquire a special relationship.Working in a
liquid environment gives the TTS the potential for application
in a rigorous liquid environment, such as in milling cutters
surrounded by cutting fluid.

TABLE 2. Comparison between our TTS and those in previous works.

All the advantages listed above demonstrate that the TTS
is an innovatively designed force and torque sensor. The
self-decoupled and passive TTS was compared with several
force sensors, as shown in Table 2. The items of force types,
sensing range, stability, decoupling method, power supply,
and ability to work in liquid were compared. From the com-
parison, the proposed TTS had a very good superiority with
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regard to the items of the decoupling method, power supply,
and ability to work in liquid. These merits enable the pro-
posed TTS to work passively, wirelessly, and dynamically.
Thus, the TTS can potentially work in a liquid and rotating
environment.

V. CONCLUSION
A self-decoupled and passive sensor for dynamically detect-
ing force and torque was proposed, called the TTS, which can
decouple the compound force and torque through a T-type
mechanical structure. The rotating speed has no influence on
the TTS, and the TTS can work in a rotating environment.
The maximum voltage fluctuation caused by the rotation
movement is 0.05 mV, and the drift and hysteresis charac-
teristics of the TTS are very good. Furthermore, the TTS can
work freely in a liquid environment. Compared with previous
force sensors, the TTS has the advantages of being self-
decoupled and passive, and the ability to work dynamically
and in a liquid environment. All of these merits make the
TTS potentially useful in multi-dimensional, dynamic, and
liquid environments. The focus of our future research will be
to develop a self-decoupled and passive sensor withmore than
two dimensions.
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