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Abstract. The advent of transesophageal ultrasound robots has provided a new
idea to simplify relevant clinical procedures. However, the existing add-on robots
often lack the ability to predict the contact force between the probe tip and the
tissue. This makes the control of this robot under teleoperation lacking in tac-
tile feedback and difficult to obtain effective safety. In this study, we propose
a neural network-based internal resistance modeling method. Based on this, we
experimentally calibrated the relationship between the tip contact force and hand-
wheel torque through a self-learning idea. The experimental results show that a
microcontroller-deployable lightweight neural network can achieve a good result
on the fitting of the internal resistance, with its standard deviation being less
than 3%. Moreover, a good linear correlation between the tip contact force and
the handwheel torque was demonstrated in the case of passively applied forces.
Independent experiments with actively applied forces further demonstrated the
feasibility of the prediction method, especially in the forward bending process,
with the prediction error mostly within 20% of the baseline force. Therefore, we
believe that the proposed method has good potential to improve the safe use of
transesophageal ultrasound robots.
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1 Introduction

Conventional manually controlled endoscopes are being replaced by remotely operated
robots to overcome the shortcomings of manual operation, e.g., exposure to radiation
in the surgical environment and reliance on experienced physicians to be on site. As an
example of the application of robot-assisted endoscopic systems in the field of ultra-
sound, add-on robots to control conventional transesophageal ultrasound probes have
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been studied by the works conducted by Wang et al. [1–3], Phal et al. [4], and Sajadi
et al. [5]. Additionally, related work on robot-assisted intra-cardiac echocardiography
has also been studied and reported by Loschak et al. in [6, 7].Whenmanually controlling
conventional continuum-mechanism based flexible endoscopes such as transesophageal
ultrasound probes, the operator can estimate the contact force between the probe tip and
the tissue by interacting with the handwheels on the probe’s handle, which is important
to avoid excessive force and ensure safety. However, most existing add-on endoscopic
robots for ultrasound do not include the function of contact force estimation. This will
make operators lose the perception of contact force, which may potentially cause safety
problems for patients and mishandling for operators when adapting to robot operation.

While there have been many studies on the dynamic modeling and force prediction
of the flexible continuum mechanism, e.g., the deformation theory based on the Euler-
Bernoulli beam [8], the dynamic modeling based on the cosserat rod theory [9], and the
cable tension measurement approach [10], the difficulty in adopting these methods for
add-on endoscopic robots is that the internal structure of the commercial endoscopes is
normally unknown and cannot be modified. To deal with such a black box, implementa-
tion of machine learning methods to model the relationship between the sensed force on
the cable and the contact force at the tip may be promising. Based on the above ideas,
some recent studies, such as those reported by Feng et al. [11] on continuum mecha-
nism and Shu et al. [12] on robot-assisted ureteroscopy, have investigated the related
approaches.

In this paper, we utilized a four-degree-of-freedom transesophageal ultrasound robot
with two torque sensors connected to the bi-directional bending control handwheels to
predict the contact force on the probe tip, i.e., the force perpendicular to the bending
direction of the probe tip. In practical applications, the normal contact force between the
probe tip and the tissue is more important during the examination. In addition, forces
on translation and rotation axes would also feedback on the forces of handwheels under
the condition of tip bending. Therefore, only two bi-directional bending were studied
in this paper. The internal resistance of the robot and probe was self-fitted using multi-
layer perceptron (MLP) and the torque of the handwheel was then corrected. Through
additional experiments, the relationship between the contact force at the distal end and
the corrected handwheel torque was obtained. Finally, the accuracy of the prediction
method was further verified by another separate experiment.

2 Materials and Methods

2.1 Robotic Transesophageal Ultrasound Probe

The assistive robot for transesophageal echocardiography (TEE) used in the experiment
is shown in Fig. 1. The robot has a series of specially-designed gear-train mechanisms to
control four degrees of freedom motion of a commercial TEE probe (x7-2t, Philips, The
Netherland), including the translation along the long axis direction, axial rotation about
the long axis, and bi-directional bending at the probe tip. For probes from other manu-
facturers, the correspondingmechanisms can be slightly adjusted tomate with the shape.
Two torque sensors (WTN-56, WEABU Electronics Technology Co., Ltd., Dongguan,
China) are installed on the control handwheels for monitoring the torque relating to the



154 Y. Xie et al.

bendingmovements. Themain control chip of the robot is STM32F407VET6 (Cortex™-
M4 core, 168MHz, STMicroelectronics, Switzerland) and the wireless remote control is
based on WiFi. For actuation, four all-in-one servo motors (RMD-L-4010, MyActuator
Co., Ltd., Kunshan, China) with built-in drive and encoder are employed.

Fig. 1. Theoverviewof the proposedTEE robot: (1) translation axis; (2) rotation axis; (3) left-right
bending axis; (4) anteflex-retroflex bending axis.

2.2 Fitting Model for the Internal Resistance

During the movement of the TEE robot, when there is no contact force at the tip, the
torque on the handwheel is not zero. This is due to the friction generated by the retraction
and pulling of the cable, the elastic or plastic deformation caused by the skin, and the
friction caused by the robot mechanisms. According to the contact force estimation
model proposed in Sect. 2.3, when the structure of the robot and probe is definite,
the variables are only the shape of the tube and the angle of the handwheel. In this
paper, we keep the shape of the tube relatively consistent and close to the situation of
the actual application. The internal resistance is therefore simply relevant to the angle
of the handwheel. Because the resistance often presents nonlinear characteristics, a
three-layer MLP network was used in this study to filter out its impact on the contact
force estimation (Fig. 2). The neural network is required to be lightweight so that it
can run directly on the robot’s controller. Meanwhile, due to the aging of the probe as
it is used, the internal resistance characteristics will gradually change. It is therefore
necessary to train and correct the model periodically. Because the internal resistance
presents different characteristics when the handwheel moves in the forward and reverse
directions, the handwheel angle and movement direction (encoded as 0 and 1) were used
as the input parameters. The output of the network is the internal resistance value. The
number of training parameters is less than 100. The sigmoid function is used as the
activation function to ensure the smoothness of the fitted curve. The batch size of the
network is 32. The learning rate is 0.008 initially, and it will change to 0.001 when the
standard deviation between the MLP predicted value and the test value is less than 1%
of the full scale of the torque sensor. The training sample is less than 350 sets of data
for each network. Since the network is lightweight, the loss value is used to decide the
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completion of the training. When the training time is more than 10 min, the loss value
will not change significantly.

Fig. 2. MLP network structure for internal resistance estimation.

As the predicted internal resistance presents different characteristics during the hand-
wheel’s forward and reverse rotation, the actual internal resistance could be in a short
intermediate state when the rotation direction changes. To ensure continuity, a linear
transition function was used to address the directional change. Specifically, it can be
expressed as:

Tt = Tt−1 + (Tr(θt, ft) − Tr(θt−1, ft)) + k|θt − θt−1|(Tr(θt−1, ft) − Tt−1) (1)

where Tt is the estimated value of the internal resistance at the current time, θ t is
the current handwheel angle, Tt−1 is the predicted value of the internal resistance at
the previous time, θ t−1 is the previous handwheel angle, f t is determined by the sign
of (θ t − θ t−1), Tr is the internal resistance value fitted by the network, and k is the
adjustable parameter representing the slope of the switching linear segment.

2.3 Principle of the Contact Force Estimation

According to the estimation of the contact force based on the dynamic model and virtual
work principle described in [10], its differential form is shown below:

dMe = a ∗ dFl (2)

where dMe is the torque increment generated at the tip, a is the parameter related to the
probe structure, and dFl is the tension increment on the cable. Then it leads to:

dFt = a / b ∗ dFl (3)

wheredFt is the normal contact force generatedby the end torque andb is the proportional
factor between the end torque and the contact force. Therefore, it can be obtained that
the contact force increment is linearly related to the tension increment on the rope.
According to the structure of the probe, the torque on the handwheel is proportional to
the tension on the cable, which results in:

dFt = ac/b ∗ d(Tc − Ff ) (4)
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where dTc is the torque increment on the handwheel, c is the proportional parameter
between the handwheel torque and the cable tension, and dFf is the sliding friction
increment caused by dTc. The dFf is proportionate to the dTc. However, as themovement
direction of the internal cable changes, the direction of the internal sliding friction will
change, and the moment-force relationship at the probe tip will be different. The above
formula can be converted to:

dFt = ac/b ∗ d(Tc − sucTc) (5)

where u is the equivalent dynamic friction coefficient, and s is the sign of friction (1 or
−1). Integrating both sides of the above formula:

Ft = ac/b ∗ (1−suc)(Tc + Tr) (6)

where Tr is the internal resistance value. The boundary condition is determined by the
fact that the internal resistance value equals the sensed contact torquewhen the tip contact
force is zero. Finally, the relationship between the contact force and the handwheel torque
is as follows:

Ft = G(Tc + Tr) (7)

In the above formula, Tc is handwheel torque, Tr is the internal resistance value to
be measured in the experiment presented in Sect. 3.1, G is the proportional factor to
be measured in the experiment presented in Sect. 3.2. The values of Tr and G are both
related to the bending direction.

3 Experimental Design

3.1 Modelling of the Internal Resistance

This section aims to perform the measurements to model the internal resistance of the
robot. During the experiment, the probe was bent in free space with reciprocating move-
ment in the full range. The handwheel’s torque and the motor angle were recorded and
further processed using the method introduced in Sect. 2.2. In order to verify the effect
of the transition function, an experiment of handwheel reversion at a random angle was
implemented. Since the robot is self-decoupled on each bending axis, only a single axis
was actuated each time, and the other axes remained in their initial position. According
to the structure of the probe, if two bending axes are actuated simultaneously, the force
on the probe tip will follow the basic principle of force superposition. Due to the obvi-
ous consistency of repeated cyclic results obtained in this experiment, a single time test
dataset was utilized.

3.2 Calibration of the Torque-Force Correlation

The purpose of this section is to measure the relationship between the corrected hand-
wheel torque and the contact force at the tip, as the basis for the contact force prediction.
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The experimental device (Fig. 3a) includes a support structure, a motion following struc-
turewith a rotating joint, a force sensor (6-axis,M3552B, Sunrise Instruments, Shanghai,
China) and loading springs. It should be noted that the design of the support structure
and the motion-following structure can avoid the influence of gravity on force sensors
during the experiment. The probe is fixed by the support structure and the Z-axis of
the force sensor is always perpendicular to the contact plane of probe tip. During the
experiment, reciprocating movement was performed for the bending axis in a certain
range. The spring passively applied a non-linear contact force at the tip by tensioning
the motion following structure, to simulate the force exerted on the probe tip by the envi-
ronment. Different environmental stiffness can be adjusted by using different number
and configuration of the springs. In this paper, three springs in series, two springs in
series, and two of four springs in series and then in parallel were used to simulate the
effect of environmental stiffness.

3.3 Validation of the Contact Force Prediction

This section aims to perform an independent experiment to validate the relationship
between the handwheel torque and the contact force in the whole range of bending
motion by inducing constant loads on the probe tip. In addition to the experimental setup
described in the previous section, the test device also includes an active force introducing
motor (Fig. 3b). Different from the passive contact force applied by the environment in
the previous section, springs are connected to the active force introducing motor and the
motion following structure in this section, and the spring tension is therefore adjusted
via the rotation of the motor to apply the active contact force on the probe tip. The force
loaded on the tip can be adjusted by adjusting the speed of the active motor. During
the experiment, the loading force was kept constant during the bending of the probe.
The handwheel rotated from the initial position to a target angle, and then reversed and
returned to the initial position. The forward bending approach is the main process to
be studied during this experiment. The handwheel angle, handwheel torque, and force
measured at the probe tip were recorded simultaneously. The estimated value of the
contact force was calculated according to the relationship modelled in the previous
section, which was further compared with the actual value.

4 Results

4.1 Modelling of the Internal Resistance

Figure 4 shows the fitting results of the MLP network and transition function in the
intermediate state for the robot’s internal resistance. Since the handwheel torque at the
limit angle suddenly change due to the mechanical constrain, the data within 5% of the
boundary was eliminated. The comparison between the fitting network curve and the
test data shows that the model conforms to the measured internal resistance well. The
standard deviation between the MLP predicted value and the test value is 2.63 mNm and
1.94mNm for the anteflex-retroflex and left-right bending axis, respectively. These were
found to be less than 3% of the maximum torque range. Transition function fitted curves
show that the function proposed can fit the internal resistance well when the probe tip
reverses at a random angle.
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Fig. 3. (a) Experimental setup to calibrate the torque-force correlation; (b) Experimental setup to
validate the contact force prediction.

Fig. 4. Results of the internal resistance modelling based on the MLP network.

4.2 Calibration of the Torque-Force Correlation

The relationships between the corrected handwheel torque and the contact force are
demonstrated in Fig. 5. As can be seen, the corrected torque and contact force present a
linear correlation. The curve is fitted based on the least square method, which presents
different properties in forward bending and fallback movement. The detailed values of
the fitted curve are shown in Table 1. It can be seen that the linearity of the bending
process is better than that of the fallback movement process.

Table 1. Summary of the fitted line parameters for torque-force relevance

Slope (k) Interception (b) Correlation coefficient (R2)

Anteflex-retroflex bending 11.52 0.05 0.9937

Anteflex-retroflex fallback 35.33 0.06 0.9645

Left-right bending 11.77 −0.01 0.9906

Left-right fallback 32.47 0.03 0.9741
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Fig. 5. Relationship between the corrected handwheel torque and the measured force at the probe
tip during the bending and fallback process.

4.3 Validation of the Contact Force Prediction

The experimental outcomes for the independent validation experiments are shown in
Fig. 6. The results prove that the prediction method can effectively distinguish the con-
tact forces of different scales (0.3 N, 0.6 N, 0.9 N) at the tip end to a certain extent,
although there are errors. The mean value and the root mean squared error (RMSE) for
the reference force and prediction contact force are shown in Table 2. It can be found
that most of the prediction errors are within 20% of the baseline force.

Fig. 6. Comparison between the predicted contact force and the induced reference force during
the bending and fallback process.



160 Y. Xie et al.

Table 2. Summary of the mean value and root mean squared error (RMSE) for the predicted
contact force and the induced reference force

Baseline mean value (N) Prediction mean value (N) RMSE (N)

Anteflex-retroflex bending
(0.3 N)

0.2906 0.2144 0.0922

Anteflex-retroflex bending
(0.6 N)

0.5853 0.5650 0.0586

Anteflex-retroflex bending
(0. 9 N)

0.8698 1.0578 0.2271

Left-right bending (0.3 N) 0.2814 0.2768 0.0554

Left-right bending (0.6 N) 0.5830 0.6022 0.0603

Left-right bending (0.9 N) 0.8862 0.9733 0.1115

5 Discussion and Conclusion

This paper introduces a contact force prediction method for an existing add-on TEE
robot by monitoring the operation torque on the original control handwheel. This was
achieved bymodeling the internal resistance using the neural network-basedmethod and
calibrating the contact force via experimental-based self-learning approach. Compared
with polynomial fitting, theMLP network is more convenient and has better adaptability
to probes with different characteristics. For the complex internal resistance character-
istics of probes, segmentation strategy is not needed to be considered. A lightweight
network has the advantage of frequent internal resistance correction caused by ageing of
the probe. The experimental results have indicated a good linear correlation between the
torque and force during the passively loading experiment. In the contact force prediction
experiment under active loading, it is identified that the force prediction in the forward
bending process is relatively accurate.

The principal consideration of the experimental errors is the different probe tip
deformations in the whole range of bending caused by the different forces deployed on
the tip and the gap in the continuum hinge structure. This will have a certain impact
on the internal resistance performance of the robot. In addition, the inertia and the
installation errors of experimental devices have some contribution to the error under
low contact force. In our further work, we will consider improving the smoothness and
accuracy of the contact force prediction by using filtering algorithm or fuzzy method. To
conclude, through this research work, we propose a method for predicting the contact
force at the probe tip of the transesophageal ultrasound robot, which can potentially solve
the problem of unknown internal structural parameters of the probe and the inability to
effectively arrange sensors into the probe’s internalmechanismwhendeveloping the add-
on robot. This part of the work is important for the safety control of the transesophageal
ultrasound robot under teleoperation.
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