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An Ultra-Fast Intrinsic Contact Sensing Method for
Medical Instruments With Arbitrary Shape

Guanglin Cao"”, Mingcong Chen

Abstract—Intraoperative contact sensing has the potential to
reduce the risk of surgical errors and enhance manipulation ca-
pabilities for medical robots, particularly in contact force con-
trol. Current intrinsic force sensing (IFS) methods are limited
in application to medical instruments with arbitrary shape, due
to high computational time and reliance on surface equations.
This study presents an ultra-fast IFS method that uses multiple
planes to establish surface geometry descriptions. The method
can reduce high-order contact mechanical models that need to
be solved iteratively to a set of linear equations, and calculate
contact location analytically. In addition, a robot motion control
approach based on the contact sensing method is proposed to
maintain stable contact force and regulate the probe’s orientation
for robotic ultrasound systems (RUSS). Experimental results show
that the contact sensing method is robust to friction and can achieve
a mean (£SD) displacement error of 1.04 &= 0.43 mm in contact
location with computational time less than 1 ms. The system has
been evaluated on a phantom with sinusoidal motion. To the best
of our knowledge, this is the first study to validate adaptiveness
of RUSS under dynamic conditions. The results demonstrated
that the system exhibits comparable manipulation capabilities to
human operators with only force sensing, indicating a high level of
adaptiveness.

Index Terms—TForce control, force and tactile sensing, medical
robots and systems.
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1. INTRODUCTION

OBOT-ASSISTED surgery has revolutionized medical

fields by enabling minimally invasive procedures, highly
precise operations, faster recovery times, and fewer compli-
cations [1]. The utilization of robotic arms to hold medical
instruments can free clinicians from labor-intensive tasks and
significantly enhance surgical skills. During interaction between
medical instruments and patients, precise sensing of contact
information (usually the magnitude and location of force) fa-
cilitates better manipulation, as illustrated in Fig. 1. The contact
force and angle between ultrasound (US) probes and the target
skin are crucial factors for robotic ultrasound systems (RUSS) to
obtain reliable US image. Ensuring the proper angle and inten-
sity of bone grinding during robotic knee replacement surgery
is essential to avoid implant malalignment and improve patient
outcomes [2]. Real-time sensing of endoscope blind spots and
tissue contact during transnasal endoscopic surgery can provide
more precise manipulation to mitigate risks and promote patient
safety. While humans can readily perceive contact information
with their hands, possessing such an ability is a constant chal-
lenge for medical robots.

The achievement of contact sensing in medical instruments
typically involves extrinsic and intrinsic sensing methods [3].
Extrinsic sensors located in or near the contact area can avoid
the attenuation of force along the way, including micro pressure
sensors [4] as well as flexible tactile skin [5]. While sensor-
based methods are intuitive and precise, they have limitations
in terms of size, reliability, and versatility. Most sensors are
only suitable for regular surfaces, requiring redesigns for each
medical instrument [6].

Intrinsic force sensing (IFS) methods can indirectly obtain
contactinformation through force and torque (F/T) measurement
and geometric surface descriptions of instruments [7]. It is
well-established and has been widely verified in practical robotic
applications, such as dexterous hand manipulation [8], [9], [10],
surface haptic exploration [11], [12] and collision avoidance dur-
ing human-robot interaction [13], [14]. Bicchi et al. conducted
a survey of various contact models and presented theoretical
analyzes along with solutions for intrinsic contact sensing [15].
The contact point is located where the wrench-axis intersects
the object surface, in which the wrench-axis is a unique line
along with force and parallel to moment [16]. However, this
method can only cope with point contact on rigid surfaces.
Liu et al. considered deformation and achieved good accuracy
even at high friction by implementing an iterative algorithm [8].
Back et al. proposed a surface following control algorithm for
the contact sensing finger [11]. To further expand the application
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Fig. 1. Examples of interaction between medical instruments and tissues.
(a) Robotic ultrasound systems. (b) Robotic system for knee replacement
surgery. (c¢) Robotic system for transnasal endoscopic surgery.

of explore objects with dynamic movements, Sun et al. proposed
an adaptive force and velocity control algorithm [12]. Ciotti et al.
presented an iterative procedure that relies on force-deformation
characteristics of the contact to achieve a better exploration of
unknown environments [7].

Nevertheless, the iterative solution for high-order contact
mechanical models is time-consuming, making it unsuitable for
real-time applications. Kim et al. placed six-axis F/T sensors
between the cover and the link of the robot manipulator, utilizing
the IFS algorithm to acquire abundant contact information. An
analytical solution for the contact location was obtained by
assuming the robot link as a cylindrical surface [14]. Based
on contact sensing methods, robot manipulators can effectively
control the motion of robot end-effector to prevent human injury
due to physical contacts [17]. However, these methods require
precise descriptions (usually three-dimensional nonlinear equa-
tions) of object surfaces. For medical instruments with complex
surfaces such as US probes, constructing accurate descriptions
is a challenging task. Additionally, utilizing contact sensing
feedback to enhance the control of medical instrument motion
also presents a challenge.

This study presents an ultra-fast contact sensing method for
medical instruments with arbitrary shape. The contact location
is calculated using an intrinsic force sensing algorithm relies
entirely on F/T measurement and geometric surface descriptions
of medical instruments. Compared to the previous studies, the
novelty of the contact sensing method proposed in this letter is
twofold: (1) establishing the geometric description by a multi-
plane fitting approach, thus the algorithm can be applied to
medical instruments with arbitrary shape, (2) reducing high-
order contact mechanical models to a set of linear equations and
calculating contact location analytically. Additionally, the multi-
plane fitting approach can be easily implemented using mesh
models. The novel IFS algorithm reduces computational time
and enables quick calculations (within 1 ms), demonstrating
its potential application in real-time contact sensing and robot
motion control for medical robots. To verify the feasibility of
the proposed method, we developed a robotic ultrasound system
(RUSS) and evaluated the accuracy of contact location detection
and computational time across three commonly-used ultrasound
(US) probes (linear probe, convex probe and T-shaped probe).
Further validation of the robustness was conducted by assessing
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the impact of different contact angles (simulated friction) and
forces on the accuracy of detection. In addition, to fully demon-
strate the enhanced capability of real-time contact sensing in
robotic manipulation, we proposed a motion control framework
that enables RUSS to maintain constant contact forces and
angles between the US probe and target skin in challenging
out-of-hospital settings, such as ambulances. The performance
of the system is evaluated by conducting experiments on a soft
phantom under dynamic conditions.

II. METHODOLOGY

In this work, the robot end-effector is connected to a six-axis
F/T sensor, which is mounted with US probes. The contact force
applied to the probe was detected with the force sensor, and the
motion of the probe was controlled with the robot manipulator.

A. System Calibration and Force Compensation

To ensure accurate contact sensing and contact force and
angle control, a system coordinates calibration must be con-
ducted based on the mechanical configuration. The transforma-
tion from the world coordinate to the F/T sensor coordinate is
determined by the mechanical design and can be expressed as
S R=EFR-ER-3R, where W denotes the world frame, B
denotes the robot base frame, E denotes the robot end-effector
frame, and S denotes the F/T sensor frame, as shown in Fig. 5(a).
In this configuration, B has the same orientation as W, while S
has the same orientation as £ and £ R can be calculated from
robot forward kinematics. The gravity of the US probe needs
to be compensated to obtain the accurate contact force between
the probe and human skin. Therefore, the prestress of the F/T
sensor and the weight center of the probe should be estimated in
advance. The F/T sensor utilized in this work is a commercially
accessible sensor known for its precision measurements. Based
on the F/T measurements, the contact force and torque are
satisfied with the following equations,

FPZF‘;*ngWGfFO
M, =M, —°Lg x°G — M, (D)

where F,, M. are the contact force and torque between the probe
and human skin, respectively; Fp, M are initial readings of the
F/T sensor; Fy, M, are current outputs from the F/T sensor; G
is the load weight and Lg is the load weight centre. With the
data of F, M and €VR in more than three different non-contact
poses, the unknown parameters Fy, My, G, Lg are satisfied with
the following equations,

Fa=53R WG+ FK

Mgy =5Lg x (Fs; — Fy) + My

Fo=%Ry- WG+ F

Myy = 5Lg x (Fey — ) + My )

an:%R7t'WG+FO
Msn:SLgX (E€717F0)+M0

where n is the number of non-contact poses. These parameters
can be calculated by the Least-squares method from [18]. Based
on it, F, and M, can be calculated in real time during the robot
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(a) Select Contact

Detection Area

Original Mesh
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Fig. 2. (a) The F/T measurement of the applied force at a contact point and
methods for computational time reduction. (b) Original Mesh. (c) Simplified
Mesh and location constraint.

motion from (1). Additionally, a Kalman filter is integrated into
the contact force calculation to eliminate the noise due to the
robot motor vibrations and sensor drift [19]. Gravity compen-
sation is a linear model that relies solely on the current robot
pose and sensor readings. Therefore, we incorporate a Kalman
filter to smooth the real contact force after gravity compensation,
thereby enhancing the smoothness of robot motion control. An
identity matrix is used as the transition matrix for the measured
and estimated F/T value. The state error and measurement error
involved in the model is empirically chosen to be A/(0,107%)
and V(0,2 x 10~%), respectively.

B. Contact Sensing Algorithm

Due to the soft contact between the medical instruments and
tissues, the contact force distribution on the limited contact
area is subject to complex continuum mechanics, rendering its
calculation beyond the real-time sensing requirements. Bicchi
proved that if two applied forces yield the same large-scale
effect, they can be regarded as equivalent [ 15]. Consequently, the
contact model can be approximated as a resultant force/torque
acting on a single point, namely the contact centroid. This point
has a unique solution for a specific type of contact. As shown
in Fig. 2(a), applying a force p at a point p. = [x, ¥, 2|7 can get
F, and M, from F/T sensor and F,, M, from (1). The US probe
will generate an acceleration & and an angular acceleration 0 ,
which satisfies the force and moment equilibrium equations,

{F copmmE o )
M —pe xp+q=1&

where m is the mass, [ is the moment of inertia, ¢ is the local
torque due to deformation. ¢ is always parallel to the normal
vector of the contact surface. Thus, the local torque at contact
point p.. can be expressed as ¢ = kV.S(p..), where V represents
the gradient operator, V.S(p.) is the normal vector of the con-
tact location and k is an unknown constant. The multi-plane
fitting approach is utilized to establish the surface equation of
medical instruments with arbitrary shape, resulting in geometric
descriptions of the surface composed of a set of plane equations
51,859, ...,5,. When the US image is acquired, the probe can
be seen as static so that & and @ is approximate to 0. The contact

Algorithm 1: Intrinsic Force Sensing.

Input: F/T Measurement; Medical Instruments mesh
model
1: Calculate surface equations 51,53, . .
vectors N (S1), N(S2), ..., N(Sy)
2: Fe = [fa, Ty fz]T M. = [mzamyamz]T
sensor
3: repeat
4: g(F., M., S;,p.) =0 = AX=0DB
5: solve X = A™'B, where X = [z,vy, 2, k|]*
6: pe= [w7yaz]T
7:until (F, - N(S;) <0) A (p. € S;) > Plane constraint
Output: p. > Coordinates of contact location in sensor
frame

., Sy, and normal
> Initialization
> Read

point p, needs to satisfy the following equations,

M. —p.xX F.+EN(S;) =0
Si(pC) =0

where S;(p.) = a;x + by + ¢;z + d; is the surface equation,
N(S;) = [a;, b;, c;]T is the normal vector of the surface. The
expansion of the above equations can be written as a set of linear
equations,

“)

aik — fyz + f2y —mg
bik — fox + fzz —my

cik — fzy + fvx —m;
a;x 4+ by +ciz + d;

g(FeaM€7Si7pC) = =0 (5)

T
Let X = {x, Y, 2, k‘} , the linear equations can be explained
as a matrix equation AX = B.

0 1= 7fy a; x My

A= —f- 0 fz b X — Yy B— My (6)
fy —fx 0 & z m
a; bi C; 0 k _di

For each mesh plane, the above equation has a unique solution
unless the plane passes through the F/T sensor origin. However,
the validity of this solution needs to be determined based on the
two constraints. Firstly, it is necessary to constrain the solution
to lie on the actual surface of the medical instrument. As shown
in Fig. 2(c), since no positional constraints are imposed while
solving (5), for the mesh plane S, the solution could be either
C or Cy. However, C does not lie within the interior of triangle
P, P, P;, rendering it an invalid solution. This constraint is satis-
fied when the contact point and every vertex of the mesh plane are
on the same side of the line formed by the remaining two vertices.
Additionally, the normal vector direction of the mesh plane must
be opposite to the force direction because medical instruments
are under pressure from tissues. The developed algorithm is
illustrated in pseudo code as shown in Algorithm 1.

To simplify the implementation of the contact sensing al-
gorithm, it is recommended to align the coordinate origin of
the mesh model of the medical instruments with the F/T sensor
origin, so that no coordinate transformation is required. To fur-
ther minimize the computational time, we propose the following
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Fig. 3.  Example of out-of-plane scan angle adjustment based on contact
location. The symbols N and ©Z represent normal vector of target skin and
the centre line of US probe, respectively. S w, is the angular velocity of rotation
in X (out-of-plane) to compensate the angle 0,. between N and ° Z.

O

Robot Control System
F/T Measurement
Gravity Compensation

f/m
{ Kalman Filter }

US probe
Geometric
Description

Contact
Sensing
Algorithm

Desired

{Deslred Contact Force] Contact Angle

Fig. 4. Motion control framework, including contact force control and probe
orientation adjustment with admittance controller based on the contact sensing
algorithm.

methods as illustrated in Fig. 2. Firstly, simplify the mesh model
but this may result in a loss of accuracy. Therefore, it is crucial
to balance between detection accuracy and computational time.
In addition, it is advisable to detect only those regions where
contact is likely to occur, thereby reducing the number of mesh
planes.

C. Robot Motion Control

The proposed real-time contact sensing algorithm has poten-
tial applications in contact information feedback to clinicians as
well as in the motion control for medical robots. In this work, we
proposed a novel approach for adjusting the orientation of US
probes based on the contact location error. Fig. 3 illustrates an
orientation adjustment example, in which center scan line of the
US probe is aligned perpendicularly with the target surface. This
alignment is achieved by controlling the contact location so that
it remains at the geometric center of the probe. Furthermore, to
achieve constant contact force and angle control in challenging
out-of-hospital settings, a motion control approach based on ad-
mittance controller is presented in Fig. 4. Admittance controller
has been widely employed for interaction control, which can
enhance the smoothness of robot motion. The contact force error
is used to maintain the desired contact force, while the contact
location error is employed to control the orientation of the probe.

IEEE Robotics and Automation Letters (RA-L) paper, presented at |ER%QBQE,C%N8|¢E%‘?‘§E%%h‘?TE{i‘ésaYc,okRQLNBa"p%‘)r%3

To maintain the desired force f,, the current contact force f,
is used as feedback of the admittance controller to adjust the
position of the probe along the Z axis. The force error f. =
f» — fq and the probe velocity of the last control cycle are the
mputs,

(Svp — Sv-1)
At

where My, Dy € R? represent mass and damping parameters
in force control, and At is the control interval. The velocity
Svr € R? can be obtained from (7).

The desired contact angle between the probe and target skin is
used to determine the desired contact location °py. The current
contact location ®p, from contact sensing method is used as
feedback of the admittance controller to adjust the orientation
of the probe. The contact location error “p, = “p,. — *py and
the probe angular velocity of the last control cycle are the inputs
to the admittance controller,

My +Df (Pvpe1 = 0) = fo — fa (D

(ka - ka—1)
At

where M, D, € R3 represent mass and damping parameters
in orientation control. The angular velocity “w;, € R3 can be
obtained from (8). Thus, the difference between the probe cur-
rent pose and target pose in robot base frame e, € RS can be
obtained,

M, + Dy (Swi—1 — 0) = pe — Spa (8)

T
ex = [ER-(S.05%0), BR-(Syo%w)|  ©

where S, and S, are two selection matrixes and © represents
element-wise multiplication (Hadamard product). The contact
force was controlled through the contact depth adjustment, and
the out-of-plane and in-plane contact angles could be controlled
by the x-axis and y-axis contact location error. Therefore, S, =
[0,0,1]" and S, = [1,1,0]7. The robot arm joints f), € RS in
control cycle k is the control signal for the robot servo system,
which is expressed as

Op = 01+ (JT (Ok-1)T (O—1) + 220 T (0 _1)ex (10)

where J(6);) € R represents robot Jacobian matrix and A is
a non-zero damping constant [20]. Therefore, at each control
cycle, the current contact force and joints are the inputs of the
motion control framework and joints of the next motion is the
output. The robot automatically adjusts the contact force and
angle in response to environmental changes to optimize the
quality of US images.

III. EXPERIMENTS

A. Experimental Setup

The robotic ultrasound system contains three main compo-
nents: a six-axis robot arm (Elfin3, Hans Robot, China), a six-
axis force/torque sensor (M3815B, SRI Sensor, China) and a T-
shaped wireless US probe (Cprobe, Sonostar, China), as shown
in Fig. 5(a). The US probe, the F/T sensor and the end-effector
of the robot are connected together via custom 3-D printed
connectors (Material ABS, Stratasys F170, USA). Algorithms
for contact sensing and robot motion control are implemented by
C++onan Intel Corei7-11700H 2.50 GHz PC with 16 GB RAM.
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Fig. 6.  Mean force error between the force reference and the contact force in

different contact cases.

The robot controller and the F/T sensor are working at 50 Hz and
200 Hz, respectively. Scanning experiments were conducted on
a soft phantom with flat surface, which is mounted on a six-axis
platform (LJ-6D-06, Nanjing Lingjin Automation Equipment,
China). The six-axis platform can provide 6-DOF motion which
is used to simulate the dynamic environments.

B. Performance Evaluation of Contact Sensing Algorithm

A specialized experimental platform was devised, as depicted
in Fig. 5(b). The 3D model of the US probe establishes the
positional reference, which is subsequently transferred onto the
surface by utilizing a 3D printing housing to label markers,
as shown in Fig. 9(b). To facilitate detection, we developed
a visual probing device featuring a mark with a cross at the
center of the synapse, which is constructed transparently using
3D printing technology and integrated with a camera to enable
visual determination of the contact with the markers. To evaluate
the accuracy of the contact force calculation, we employed an
identical force sensor positioned beneath the visual probing
device to directly measure the contact force as a reference value.
The contact forces gradually increased from 5 N to 20 N in
different contact cases with various locations and angles, and the
mean force errors between the force reference and the contact
force are illustrated in Fig. 6. The results indicate that the
contact forces obtained by gravity compensation and Kalman
filter can be regarded as dependable reference values for the
applied forces.

To simulate contact conditions with friction, the probing
device was attached to the platform, and the robot drove the US
probe to establish angled contact. Three different contact angles
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(d) Distribution of contact location with different magnitude of contact force.

were set in the experiments, perpendicular to the surface, 30°
in the in-plane direction and 30° in the out-of-plane direction
as shown in Fig. 5(b), (c), and (d), respectively. The contact
process was repeated three times for each marked point with
each angle. The contact location and computational time were
recorded when the resultant force was between 8—10 N. The
displacement error and the computational time of 17 markers
are shown in Fig. 7(a) and (b), respectively.

From Fig. 7(a), the contact sensing algorithm can estimate the
17 contact location accurately, with a maximum displacement
error of 3.10 mm. The perpendicular contact with an accuracy
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(mean % SD) of 0.9 £ 0.5 mm is more precise than two angled
contact cases, 1.6 = 0.6 mm (in-plane) and 2.0 £ 0.5 mm
(out-of-plane). This arises due to the machining discrepancy
during assembly, the establishment of the reference point, and
the determination of alignment offsets based on camera images
may contribute to certain inaccuracies. Additionally, since the
contact location estimation method relies on the probe’s 3D
model, the angled contact causes friction resulting in probe
position different from it in the model. In addition, the multi-
plane fitting method exhibits a larger error as the probe surface
becomes steeper. As a result, the accuracy of the out-of-plane
angled contact case is lower than that of the in-plane case. From
Fig. 7(b), the maximum computational time is 0.89 ms with a
mean (+=SD) of 0.57 #+ 0.31 ms much less than the robot control
cycle of 20 ms, which enables high-speed control. Furthermore,
the computational time for markers 1-5 is significantly shorter
than for other markers. Since the markers 1-5 are located in the
high-frequency contact area, the mesh planes in these areas were
designed to be prioritized in the algorithm for further reducing
computational time.

The magnitude of the contact force applied to obtain clear US
images on various tissues is different. Therefore, we evaluated
the impact of different magnitude of forces on the accuracy
of the contact sensing algorithm. According to the current
RUSS researches, the contact force is 1 N in abdominal aorta
scanning [21] and 5 N in spine and forearm blood vessels
acquisition [22]. There also is an abdominal aorta scanning
with 15-20 N force [23]. Therefore, we made three different
angled contact between marker 3 and the visual probing device
with forces ranging from 1 to 20 N. The displacement errors
are presented in Fig. 7(c). The distribution of contact locations
when performing perpendicular contact with contact forces of
1, 5, 10, and 20 N is illustrated in Fig. 7(d), which shows the
displacement error relative to the true position. At a force of 1 N,
the maximum error was 3.5 mm with a standard deviation (SD)
of 1.4 mm, which decreased to 0.08 mm as the contact force
increased to 20 N. The experimental results indicate that the
contact sensing algorithm becomes more stable as the contact
force increases. This is attributed to the impact of measurement
noise from the F/T sensor. During the movement of US probes,
the variations in the contact position are mainly distributed in the
low-frequency part. Therefore, for handling low contact forces,
it is recommended to utilize a low-pass filter to eliminate the
high-frequency components. The fast Fourier transform (FFT)
analysis can be used to calculate the cut-off frequency [19],
as shown in Fig. 8(a). By implementing a low-pass filter with a
cut-off frequency of 10 Hz, as illustrated in Fig. 8(b), the extreme
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Fig. 9. (a) Displacement errors on three different probes. (b) T-shaped probe.
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variations in the contact position can be effectively mitigated,
thereby improving the robustness of the robot motion control.

Furthermore, to validate the accuracy on different US probes,
15 markers are marked in the same way on the linear probe
and convex probe, as shown in Fig. 9(c) and (d), respectively.
The displacement error was calculated under the perpendicular
contact case, as shown in Fig. 9(a). The accuracy (mean + SD)
of the T-shaped probe, linear probe and convex probe are
0.94 + 0.49 mm, 1.28 + 0.44 mm and 091 £ 0.24 mm,
respectively. As a result, the contact sensing algorithm has
demonstrated robustness in adapting to different probes, with
an average error of 1 mm.

C. Performance Evaluation of Contact Force and Angle
Control in Dynamic Environment

A soft phantom with a flat surface was mounted on a six-
axis platform capable of simulating dynamic environments, as
shown in Fig. 5(a). The RUSS was evaluated with regard to
force tracking errors in vertical motion, as well as in-plane
and out-of-plane angle tracking errors in rotational motion. To
simplify calculations, the frames of the six-axis platform and
robot base were aligned in parallel. Therefore, the tracking angle
between the normal vector of the phantom surface ©”Z and the
Z axis of the robot base frame © Z was equivalent to the angle
of the platform rotation 6,,(¢). Meanwhile, the center scan line
of the US probe in the robot base frame Z N (¢) was calculated
through the robot forward kinematics model £7°(6;(t)), where
0;(t) represents the joint angles. The real-time angle §,.(¢) could
then be obtained by Z N (¢) and 2 Z.

For each experiment, the probe was initially positioned per-
pendicular to the center of the soft phantom, and the start and end
times of the six-axis platform motion were recorded. The data
was aligned through timestamps to calculate the tracking errors.
The desired contact force was set at 7 N, and the platform’s
motion in the z-axis direction Z(t)(mm), as well as the angle of
rotation 6,,(t)(deg), followed a sinusoidal pattern. The equation
representing this sine motion is as follows.

Z(t),0,(t) = 10sin(0.2t) (11)

The vertical position and force tracking errors are presented
in Fig. 10(a). The contact force ranged from 5.23 to 8.83 N and
the system exhibits a lag in position tracking. This is due to the
fact that the admittance controller exhibits a trade-off between
stability and responsiveness during parameters tuning. Given

IEEE Robotics and Automation Letters (RA-L) paper, presented at ICRA 2024, Yokohama, Japan. Cite as RA-L paper.

380
381
382
383
384
385
386
387
388
389
390
391

392
393

394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415

416
417
418
419
420



CAOcitEE RoboticS AHd Autdmation Letters (RRPLPPAP&r, présehted at iICRA'262%, YK shahta, Japan. Cite as RA-L paper.

TABLE I
PERFORMANCE OF PROPOSED METHOD ON PHANTOM IN DYNAMIC ENVIRONMENTS (ACCURACY: MEAN)

T=1 T= T=2
Method 0s 5 i Measured Signal
In-Plane  Out-of-Plane In-Plane Out-of-Plane In-Plane  Out-of-Plane

0.62° 0.83° 1.24° 1.78° 2.87° 3.96° Human vision and tactile
Human Operators

1.34° 1.98° 2.69° 3.86° 3.89° 4.62° Only human tactile
Proposed Method 1.26° 1.55° 3.97° 4.65° X X Only force sensing

TABLE II

PERFORMANCE OF PROPOSED METHOD AND OTHER IFS METHODS (ACCURACY: MEAN =+ SD)

Method T=10s T=5s Computational Time Model Input
In-Plane Out-of-Plane In-Plane Out-of-Plane
Proposed method 1.53°£1.47° 1.87°£1.38° 3.34°+£2.53° 3.74° £ 2.28° 0.439ms Mesh model
Iterative method 3.35° £2.64°  2.73° £1.40° 5.37° £4.15° 5.15° £ 3.89° 4.191ms Surface Equation
Wrench-axis Method  2.27° £1.72° 2.68° £ 1.87° 4.43° +3.23° X 0.314ms Mesh Model
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Fig. 10.  (a) The contact force and displacements of US probe in the z-axis.

(b) The contact force and in-plane angle tracking errors. (c) The contact force
and out-of-plane angle tracking errors.

that the US probe will move from initial position to target skin,
the model parameters were adjusted to prioritize stability over
responsiveness, in order to prevent oscillation during the initial
contact. The in-plane and out-of-plane angle tracking errors are
depicted in Fig. 10(b) and (c), respectively. The contact force
ranged from 6.04 to 8.26 N in the in-plane experiment and from
5.46 to 8.48 N in the out-of-plane experiment. Furthermore,
the accuracy (mean + SD) of angle tracking was 1.3 £1.2°
and 1.6 +1.1° for in-plane and out-of-plane experiments, re-
spectively. These results indicate that the system is capable of
maintaining a stable contact force and angle within a dynamic
environment.

To further demonstrate the adaptiveness of the proposed
method, we conducted comparative experiments in a faster,
more dynamic environment. The proposed system is compared
with human operators. The experiments involved three human
operators who held the probe perpendicular to the phantom,
and an AprilTag marker was attached to the probe for visual
positioning. To better compare the performance based solely
on human tactile perception, we instructed human operators to
conduct an additional set of experiments with their eyes closed.
As shown in Table I, the angle tracking error increased as
the period decreased from 10 to 5 s. The results showed that
human operators had a superior ability to maintain stability,
particularly in high-speed changing environments. However,
the proposed method achieved comparable accuracy to that of
human operators while only utilizing force sensing. A cross
symbol in Table I indicates that the robot was unable to follow
the changes of the phantom, when the six-axis platform moved
too quickly (7" = 2s). This is because the speed limitation of
joint and the low control frequency of robot (50 Hz). Although
the performance of the proposed method is not as good as that
of human operators in high-speed dynamic environments, it
demonstrated promising results in maintaining stable contact
force and angle.

Then, we further compared our proposed method with existing
IFS methods, such as the iteration method and the Wrench-
axis method, as shown in Table II. We ensured complete
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consistency in all motion control parameters, while varying only
the contact sensing model. The iteration method has a primary
drawback: it requires an accurate equation for the surface,
which is challenging to determine for irregular surfaces like
US probes and surgical instruments. Therefore, for this exper-
iment, we were limited to using a convex probe and employed
a parabolic surface equation to fit the contact region. Further-
more, the step-by-step iteration process significantly increases
the computational time compared to our proposed method.
Moreover, the iteration method cannot impose constraints due
to using the Levenberg-Marquardt method. On the other hand,
the Wrench-axis method fails to account for local deformation
and is incapable of handling contact with friction in dynamic
environments. The experimental results demonstrated that the
proposed method outperforms other methods in dynamic angle
tracking performance.

IV. CONCLUSION

In this letter, we proposed an ultra-fast contact sensing method
for arbitrary shaped medical instruments. The novelty lies in
the use of a simple multi-plane fitting approach to establish
geometric surface descriptions. This method addresses several
limitations of intrinsic force sensing algorithm, including high
computational time and the inability to adapt to arbitrary sur-
faces. Point contact with friction experiments were conducted
on three commonly used probes (linear probe, convex probe,
and T-shaped probe). The experimental results demonstrate that
the contact sensing algorithm is robust to friction, and capable of
perceiving accurate contact location at high speed (within 1 ms).

However, there are few limitations associated with the current
contact sensing algorithm. First, the number of fitted mesh
planes should be carefully selected to strike a balance between
accuracy and computational time. Second, over prolonged pe-
riods of use, the F/T sensor may encounter temperature drift,
leading to measurement inaccuracies. As the contact sensing
algorithm is highly sensitive to changes in force, it is imperative
to employ a stable F/T sensor and a real-time compensation
model to mitigate temperature drift. In addition, the current
algorithm is unable to handle situations involving multi-point
contact, and will only calculate the contact centroid correspond-
ing to the combined external force. To address this limitation,
future work will explore the incorporation of additional force
sensors to provide redundant F/T measurements, which will help
to address complex contact situations.

In clinical US scanning scenarios, it is challenging to avoid
human motion, which can result in significant uncertainty.
Furthermore, as US imaging is increasingly being utilized in
out-of-hospital settings due to its portability, it also presents a
challenge to adapt to dynamic environmental changes. Thus,
one of the contributions of this work is to equip RUSS with the
capability to maintain stable contact force and angle under such
dynamic conditions. The experimental results demonstrate that
the proposed method can achieve comparable performance with
human operators with only force sensing and has the potential
to enhance the safety and adaptiveness. Future work aims to
enhance the accuracy and robustness of the motion control
algorithm in the current RUSS by incorporating proven visual
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methods and US image information. We believe that our work
represents an important step towards the clinical application of
real-time contact sensing in medical robots.
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