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The ascending need of human-robot collaboration has led to the extensive
evolution of human-robot interaction applications. To enhance the performance and guarantee the
safety of interaction, the development of these robots has been focusing on building sensory
systems, especially the tactile sensation that allows robots to explore the real world and carry out

work in a manner close to human ability. However, tactile sensation encounters challenges of noise,
friction, undesired periodicities, and bandwidth limitation. These problems can endanger the
executions of robots and expose human lives to hazardous circumstances. This study aims at solving
these problems by realizing the breakthrough super-wideband and intelligent force perception for
safe interaction force control.
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Modern societies have been witnessing the flourish of robotic technology and its various applications
in almost aspects of human life. Robots have been developed to assist patients in hospitals, serve customers
in stores, collaborate with workers in factories, support for household work, interact with school students
for teaching purpose, take part in surgery, entertain human with specific skills, and cooperate in rescuing
people in hazardous situations. Eventually, the target of these robotic applications is to continuously
improve the standard of human life at present and in the future. In these robotic systems, to establish the
effective human-robot collaborations, not only the successfully collaborative executions are required but
the safe interaction is also critical to be realized since these robots frequently perform tasks involving
interaction with human or environments. To enhance the performance and guarantee the safety of
interaction, the development of these robots has been focusing on building a sensory system whose
operational function is as similar to human sensory mechanism as possible, especially the tactile sensation
that allows robots to explore the real world and carry out work in a manner close to human ability.

However, force-sensor-based and force-sensor-less approaches to tactile sensation encounters
challenges of noise, friction, undesired periodicities and bandwidth limitation. These challenges lead to the
decline of the fidelity of force sensing, and can endanger the executions of robots and expose human lives
to hazardous circumstances. Moreover, noise is inevitable in most control systems and noise characteristics
are generally not time invariant, especially during long-time operation, or when the working environments
change. The variable noise is usually unpredictable and makes it difficult to identify the noise characteristics
in advance for noise suppression. Force information corrupted by variable noise will impair the reliability
and safety of the robot control system. So far, most force sensing approaches have not considered the
influence of variable noise on tactile sensation.
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This study aims at solving the above-mentioned problems by realizing the breakthrough super-wideband
and intelligent force perception for safe interaction force control. The superior wideband of 1 kHz and
periodicity-cancellation force observer, and the deep-learning-based adaptive-noise-cancellation force
sensing are the targets to be developed in this study for realizing the purpose of “How to realize the superior
fine force perception for safe interaction force control”. The technology developed in this study is expected
to be useful in safe human-robot interaction applications, smart force sensing and smart force control
systems where high flexibility and adaptation to various working environments are important.
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To achieve the purpose of realizing the superior fine force perception for safe interaction force control,
the tactile sensation challenges of friction, undesired periodicities, bandwidth limitation, and variable noise
must be overcome.

This study developed the superior wideband and periodicity-cancellation force observer to solve the
problems of friction, noise, undesired periodicities, and bandwidth limitation. The superior wideband force
perception of 1 kHz has been realized and successfully applied to attain a high-performance force control
system. The bandwidth of 1 kHz is much wider than human tactile sensation (400 Hz), and is a record in
the field of robot force control. Moreover, this study proposed the deep-learning-based adaptive-noise-
cancellation force sensing to solve the problem of the variable noise. This method realizes variable noise
attenuation to enhance the force sensing and force control performances in a force control system where
noise characteristics are variant.

3.1 Superior wideband and periodicity-cancellation force observer

This study proposed a new sensor-less force observation approach configured by the periodicity
estimation integrated singular spectrum analysis based disturbance observer (PEISSA based DOB) to solve
the problems of friction, noise, undesired periodicities, bandwidth limitation, and to realize the superior
wideband and periodicity-free force observer. The disturbance observer (DOB) is employed for realizing
the robustness of the control system by estimating and compensating for the disturbance force. In the
proposed method, the singular spectrum analysis (SSA) is designed to construct the SSA based DOB to
significantly separate the essential components of force estimation by the DOB from extreme noise
contamination, especially when the pole of the DOB is remarkably increased to 6280 rad/s (=1 kHz). That
makes the bandwidth of the force sensing considerably widened.

Moreover, to reduce the influence of static friction on the control system, dither signal is intentionally
added into the control current to generate vibrations in the control system so that the effect of the static
friction is lessened. In order to eliminate the undesired dither periodicity from the force sensation, the
periodicity estimation (PE) is constructed based on the least squares method. The periodicity is identified
by the estimations of its phase and amplitude. The superimposed periodicity is removed from the force
sensation based on the estimated periodicity. The PE uses the estimated force given by SSA based DOB for



its estimating process. Fig. 1 shows the block diagram of the proposed force control using PEISSA based
DOB. Figs. 2, 3 and 4 show the structure of the DOB, the SSA algorithm, and the PE algorithm, respectively.
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Fig. 2. Structure of the disturbance observer
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Fig. 4. PE algorithm

3.2 Deep-learning-based adaptive-noise-cancellation force sensing

This study proposed a new approach for adaptive-noise-cancellation force sensation to enhance the
force sensing performance in a sensor-less force control system where the noise characteristics are variant.
The proposed force sensing is constructed by the integration of the DOB and the deep learning (DL) based
self-adjusting signal decomposition. The DOB is employed for the force estimation and disturbance
compensation instead of using a force sensor. However, the force sensing performance of the DOB is
degraded by noise, especially when the noise characteristics fluctuate. Hence, in the proposed method, the
SSA associated with the DL based embedded dimension estimation is designed for the self-adjusting signal
decomposition to cancel the effect of variable noise in the estimated force of the DOB.

The conventional SSA with a predefined number of
eigenvalues is deficient in extracting noisy components in
variable noise condition. For that reason, a deep neural
network (DNN) modeled by deep learning algorithm is
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Equation for calculating the outputs of each layer in DNN
output =Re LUW -input + B)
* ReLU: rectified linear unit activation function

*  W: weight of the DNN
* B: bias of the DNN

Fig. 5. Proposed force sensing using DL based SSA and DOB  Fig. 6. Architecture of the DNN for embedded dimension estimation



created for self-determination of the number of eigenvalues, which decide the embedded dimension
governing the performance of signal decomposition and noise extraction of the SSA. The self-adjusting
signal decomposition of force information is realized when the number of eigenvalues is decided in real
time. Accordingly, the adaptive noise cancellation for force sensation is also achieved. Hence, the proposed
method attains the enhanced force sensing and force control performances under the influence of variable
noise characteristics. Fig. 5 shows the block diagram of the proposed force sensing using DL based SSA
and DOB. Fig. 6 presents the architecture of the DNN for embedded dimension estimation, and the equation
for calculating the outputs of each layer in the DNN.

4. WFFERR
4.1 Superior wideband and periodicity-cancellation force observer to realize high-performance force
sensing and force control
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—DOB 0.85 ' —DOB
1.8 Impact DPCE Kalman filter based DOB DPCE Kalman filter based DOB
1.4 b — —PEISSA based DOB —PEISSA based DOB

238 3.02

3.68 3.9

3 324 _ 3.46
Time (s) Time (s)

(a) (b)

=-=DOB 0.7
DPCE Kalman filter based DOB

|==DOB
|=~DPCE Kalman filter based DOB

1.4 —PEISSA based DOB 0.6 —PEISSA based DOB
_ 05
5 0.4
$ o3
E 02
0.1
0

) 01 L N\ . .

1.029 1.0552 Tosta (S;.1075 1.1338 1.16 3.945 4.036 A2 s (5)4 218 4.309 44
(© (d)

Fig. 8. Estimated torques of PEISSA based DOB and DPCE Kalman filter based DOB (conventional method) at DOB pole
6280 rad/s (with dither). (a) Torque estimations. (b) Magnified portion of contact condition (D range). (c) Magnified portion
of impulsive response (E range). (d) Magnified portion of transient state (F range)
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force control system. The results illustrate that a steady  Fig. 9. FFT analysis of estimated torque presented in Fig. 8
state error exists in the reaction force in the case of

using SSA based DOB (without dither signal) due to static friction. However, the reaction force in the case
of using the PEISSA based DOB (with dither signal) has significantly decreased steady state error owing
to the reduction of static friction. Fig. 8 compares the performance of the proposed method with the
conventional method (DPCE Kalman filter based DOB) to clarify the effectiveness of the proposed method.
The results show that both methods suppress noise effectively under condition of extreme noise
contamination at DOB pole of 6280 rad/s. The periodicity is significantly eliminated by both methods.
However, the impulsive force estimation of the conventional method does not properly track the impulsive
force response as shown in Fig. 8 (c). Moreover, the periodic component is not efficiently eliminated by
the conventional method during the transient state as shown in Fig. 8 (d). In addition, the FFT analysis in



Fig. 9 proves that the periodicity elimination of the proposed method is more effective than that of the
conventional method. These results show that the performance of the proposed method is greater than that
of the conventional method, and verify that the proposed method realizes fine force estimation with the
remarkable noise suppression based on the superior wideband and periodicity-cancellation force observer
when DOB pole is increased to 6280 rad/s (=1 kHz).

4.2 Enhanced force sensation by deep-learning-based adaptive-noise-cancellation force sensing in variable
noise conditions

The performance of the proposed method (DOB with
DL based SSA) is verified by experiments of force sensing
in the condition of variable noise characteristics. The
proposed method is compared with the conventional
method using DOB with SSA in which the embedded
dimension (M) is a constant of 4.

Fig. 10 illustrates the estimation of the embedded
dimension of SSA by the DNN with the square torque 12 s e ST P
command. The result clarifies that the embedded Fig. 10. Embedded dimension estimated by the DNN
dimension M varies when the noise characteristics change.
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Fig. 11. Force sensing in variable noise condition. (a) Torque estimations. (b) Magnification of A area in (a). (c) Magnification
of B area in (a). (d) Magnification of C area in (a)

Fig. 11 presents the experimental results of force sensing with a square torque command in condition
of variable noise. The results show that the proposed method and the conventional method (constant M)
have similar force sensing performances in the case of low-noise level (Fig. 11 (b)). When the noise changes
from low to high level, the transient responses of both methods are almost similar (Fig. 11 (c)). However,
in the condition of high-noise level, the remaining noise in the steady state of force estimation using the
conventional method (constant M) is still high, while the proposed method achieves the effective noise
suppression (Fig. 11 (d)).

The above results verify that using the proposed method, the embedded dimension M of the SSA adapts
to the noise variation and the adaptive-noise cancellation in force sensation is realized. With the adaptive-
noise-cancellation force sensing, more precise force information is acquired owing to the effective
attenuation of variable noise components. Hence, the force sensing performance is significantly improved
even in the condition of different SNRs and variable noise characteristics.
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