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Abstract. Robot ultrasound has great potential for reducing the workload of a sonographer, improving the ac-
cess to nursing care, producing more accurate imaging, and avoiding direct contact with patients. However, in
the process of ultrasonic scanning, the traditional manual control scheme of the ultrasonic machine cannot simul-
taneously consider the problems of instantaneous contact force overshoot and steady-state force-tracking error,
which is very important to improve image quality and ensure patient safety. In this paper, we proposed a varying
rate adaptive hybrid position–impedance control strategy, which is used for the ultrasonic robot operator to scan
the abdomen transversely. In order to ensure the stability of ultrasonic robot in the position subspace with pa-
rameter uncertainty and external interference, an adaptive inverse position controller is designed. In the scanning
process of force subspace, a variable adaptive impedance control scheme is carefully designed to avoid force
overshoot and keep the accuracy of the force tracking. Different from the classical impedance realization, the
dynamic update rate is to update the impedance characteristics through force sensor feedback, reduce overshoot,
and keep the stability and accuracy of the robot system during the task. Through the comparative study of differ-
ent adaptive control schemes, the effectiveness of the proposed variable rate adaptive impedance control strategy
was discussed. The proposed control scheme was verified in the virtual robot experimental environment, V-rep.
Simulation and experimental results show that the proposed variable rate adaptive position impedance hybrid
control scheme is more promising and efficient in robot-assisted ultrasound imaging.

1 Introduction

Ultrasound (US) imaging is well known for its non-
invasiveness, low-cost, real-time imaging, and applicability
compared to other alternative imaging technologies, such as
computerized tomography (CT) or magnetic resonance imag-
ing (MRI), which have served as a gold standard for various
clinical diagnoses and applications (Geng et al., 2020; Li et
al., 2021; Priester et al., 2013). However, research shows that
traditional, handheld ultrasonic scanning will lead to muscu-
loskeletal diseases of the sonographer due to long-term un-
comfortable posture operation (Welleweerd et al., 2020b; Ul-
rich and Struijk, 2021). To make matters worse, due to this
very technical work, the shortage of obstetricians and gy-
necologists has intensified, and because of the jitter of the

probe, manual operation often brings positional errors to the
subsequent volume reconstruction.

To overcome this drawback, some specific mechanical
scanning devices were designed to regulate the probe mo-
tion precisely. Nevertheless, these devices drive the probe to
move in a strictly predefined path (e.g. linear or rotational
movement), and the scanning trajectory needs to be manually
adjusted for different patients, which makes the scanning in-
flexible. Robots can cope with these challenges by virtue of
their innate advantages, such as more accurate, precise, and
stable motion or force control ability, thus making the op-
eration process repeatable and reducing the dependence on
medical professionals (Mahmoud et al., 2018).
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1.1 Operation mode

According to the robot access mode or automation level, the
operation mode can be roughly divided into human–robot co-
operation, autonomous robotic, and remotely operated (tele-
operated) robotic US systems. A schematic diagram of the
classification by operational process is shown in Fig. 1. Ob-
taining high-quality ultrasound images is heavily dependent
on the experience and skill of the sonographer. Therefore,
a robot-assisted remote ultrasound system has been intro-
duced, which allows skilled sonographers to remotely assist
an inexperienced operator (Geng et al., 2020). Even now, in
view of the current COVID-19 epidemic, with the support
of the 5G communication network, several remote US op-
erating systems have been successfully applied to remotely
examine and diagnose the lungs, heart, and vascular system
(Wu et al., 2020). Human–robot cooperation allows the robot
and the operator to have shared control over the probe motion
(Swerdlow et al., 2017). Different from the remote operation
systems, the human–robot cooperation system does not com-
pletely rely on the remote control of medical expert but al-
lows an operator with less experience to perform US imaging
with the assistance of the robot. In addition, since the opera-
tor is included in the loop control, the safety of the patient can
be better monitored, and the scanning scheme can be easily
modified through direct communication (Fang et al., 2017).
Therefore, the unique characteristics of the human–robot col-
laboration systems are more likely to adapt to clinical prac-
tice. The robot can carry out autonomous acquisition along
the predetermined path, and the whole process is further sim-
plified. However, due to the tissue deformation and patient
activities, the preplanned scanning path may limit flexibility.
But this does not prevent it from becoming a promising tech-
nology. Some autonomous robot systems have been applied
to lower extremity arteries (Merouche et al., 2015), the ab-
dominal aortic aneurysm (Virga et al., 2016), MRI-based au-
tonomous acquisitions (Hennersperger et al., 2016), CT im-
ages (Graumann et al., 2016), needle placement (Kojcev et
al., 2016), and imaging of the thyroid (Kaminski et al., 2020).

1.2 Force control

The ultrasonic scanning process needs to apply the appro-
priate force for a long time during the acquisition process
between the ultrasonic probe and the patient’s skin, which
is very important to improve image quality and ensure the
safety of patients. Excessive contact force may lead to the
deformation of the anatomical structure of the target and
even hurt the patient, while insufficient force cannot guar-
antee good acoustic coupling, which would lead to poor im-
age quality. Here, we analyse the current research status of
the force control in the ultrasound scanning process from
three aspects, i.e. sensor layout, value standard, and control
schemes.

1. Force sensor layout. In some studies, a force sensor is
installed at the end of the manipulator, and the closed-
loop control algorithm of force is used. Mustafa et
al. (2013) and Merouche et al. (2015) adopt a six-axis
force sensor, which was attached to the tip of the ma-
nipulator to detect the contact force between the probe
and the patient, applying a constant force in the normal
direction of the patient surface. Huang et al. (2018) used
two force sensors which are mounted at the front face of
the US probe to ensure both the force measurements fall
into the range of 1 to 8 N. Some other solutions adopted
manipulator joint built-in torque sensors to estimate the
Cartesian force (Göbl et al., 2017).

2. Force value standard. A low force would result in a less
obvious image as a whole, while a high force could
compress the image, thus affecting the image quality.
Most existing methods exert constant contact force on
the patient to ensure proper contact with the patient.
However, the soft tissues of the human body are highly
deformable, which will seriously damage the quality of
3D reconstruction and the accuracy of subsequent di-
agnosis and measurements (Virga et al., 2018). There-
fore, the optimal contact force for different patients
should consider individual characteristics, such as tissue
hardness, location, and resistance (Virga et al., 2016;
Tsumura and Iwata, 2020). Ulrich and Struijk (2021)
pointed out that the body mass index (BMI) of pregnant
women had a significant correlation with the mean force
9.05 N and maximum contact force 37.63 N. Chatelain
et al. (2016) suggested the exerted force on the tissue
is 14.8± 6.4 N, based on the confidence level. Fang
et al. (2017) observed that the acceptable force range
for liver scanning varies from 3 to 5.5 N. Tsumura and
Iwata (2020) expressed the opinion that the optimal con-
tact force needs to be determined according to clinical
survey data in foetal US imaging. Virga et al. (2016)
suggested that the optimal contact force should be on a
patient-specific manner, based on the ultrasound confi-
dence map (Karamalis et al., 2012) to optimize the im-
age quality. In most reported methods, the expected con-
tact force exerted on the patient is manually parameter-
ized according to experience. In other words, different
medical applications and patients make adaptive force
control a challenge for robot ultrasonic scanning.

3. Force control schemes. In the contact problem, we
can distinguish two broad compliance control meth-
ods which depend on the relationship between posi-
tions and force and can be further classified into po-
sition/force hybrid control (Raibert and Craig, 1981)
and impedance control (Hogan, 1985). Hybrid position–
force control intends to control both the end-effector
motion and the interaction force in two independent di-
rections. Pliego-Jiménez and Arteaga-Pérez (2015) pro-
posed an adaptive position–force control to compensate
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Figure 1. Robot-assisted ultrasonic examination system classification by the level of automation.

the robot’s unknown parameters and the constraint. Ab-
bas et al. (2021) proposed an adaptive motion–force
control scheme for an ultrasound manipulator to per-
form a transversal abdomen scan. An adaptive neuro-
fuzzy hybrid position–force control strategy is pre-
sented by Chaudhary et al. (2016) to improve the accu-
racy of control in the presence of dynamic uncertainties
and external disturbances. In motion and force track-
ing control, the position–force hybrid control strategy
can obtain a reasonable performance. However, they are
limited by the complexity of the model and too many
adaptive parameters to ensure the stability of the sys-
tem (Komati et al., 2013). Impedance control can ad-
just the dynamic performance of the system by control-
ling the motion and force in the same direction at the
same time. Mathiassen et al. (2016) utilized a compli-
ance strategy proposed by Siciliano et al. (2009) in a
UR (universal robot). The same approach is dedicated
to maintain contact between the US probe and the pa-
tient’s skin (Mustafa et al., 2013). Moreover, Fang et
al. (2017) utilized an admittance force control to fol-
low the sonographer motion during the scanning pro-
cess. Cao et al. (2020) presented an adaptive hybrid
impedance control to suppress the force tracking over-
shoot in an uncertain environment. In a practical appli-
cation, better tracking performance can be achieved by
introducing the dynamic characteristics of the system
into the controller design.

1.3 Safety

Safety is a vital issue for the autonomous US acquisition sys-
tems to promote clinical acceptance of this technology. Com-
pared with the manual operation, the autonomous systems
may bring a higher risk of injury to patients due to equip-
ment failure. Although most existing autonomous systems
have incorporated force sensing to improve the safety of pa-
tients, excessive force may be applied to patients acciden-
tally (Tsumura and Iwata, 2020; Welleweerd et al., 2020a).
Tsumura and Iwata (2020) do not implement force sensing
and feedback control but use a passive spring mechanism to
generate a constant force in the vertical direction to avoid
exerting excessive force onto the patient in foetal US scans.
Raiola et al. (2018) adopts the intrinsically passive aware-
ness to adjust the impedance parameters according to the sys-
tem energy and power. Shams (2017) considers the patient-
specific characteristics in the force control strategies design
and overcomes the tissue deformation caused by external
pressure and uncertain sources (e.g. breath, heartbeat, etc.) to
achieve more adaptive control. The contact force should be
balanced between keeping good acoustic contact and avoid-
ing excessive deformation in a dynamic patient environment,
which is still an important but challenging task.

According to the former literature on the robotic ultra-
sound, regardless of the robot ultrasonic mode, it cannot
avoid the problem of accurately and safely controlling con-
tact forces in a dynamic and complex environment. We de-
scribe the problems in Fig. 2, where (1) most of the pro-
posed control schemes are devoted to maintaining the contact
forces without the consideration of trajectory tracking in the
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position-controlled subspaces, (2) the parametric uncertain-
ties and the external disturbances are not considered in the
design of the force and motion controllers, and (3) during the
probe contact scanning, keeping the force tracking error and
avoiding force overshoot are still crucial problems.

1.4 Contribution

Based on these observations, this paper aims to design a
position-impedance hybrid control scheme for the ultrasonic
robot to scan the patient’s abdomen laterally. The contribu-
tions of this work can be summarized as follows. (1) Based
on the dynamic model of an ultrasonic robot, considering un-
certainties and external disturbances, an adaptive backstep-
ping position controller is proposed, which realizes accept-
able trajectory tracking during the process of transverse ul-
trasonic scanning. (2) A variable adaptive hybrid impedance
(VAHI) control scheme is proposed to avoid force overshoot
and keep the accuracy of force tracking during the scanning.
(3) The proposed VAHI control scheme and the classical
adaptive impedance control method are compared and stud-
ied. The proposed control scheme has been further verified
on the virtual robot experimental platform. This study shows
that the efficiency provided by the proposed VAHI can meet
the time-varying environment requirements, such as US ac-
quisition, and its adaptability is far better than the traditional
compliance control.

1.5 Outline

The paper is organized into five sections. Following the in-
troduction, Sect. 2 introduces the framework of the robot-
assisted ultrasonic examination system. Section 3 puts for-
ward the VAHI and designs the position control and force
control. In Sect. 4, the simulation comparison results are
given to verify the theoretical results, so as to verify its supe-
riority. Conclusions are drawn in Sect. 5.

2 Framework of the robot-assisted ultrasonic
examination system

2.1 Ultrasound robot scanning system

The main components of the autonomous robot ultrasonic
scanning system are shown in Fig. 3. A manipulator equipped
with ultrasonic probe is proposed to perform the required
scanning and then display the captured ultrasonic images for
the subsequent analysis. The robot ensures that the required
trajectory is tracked and the appropriate force is maintained
on the skin of the patient. In order to perform an abdominal
ultrasound scanning, the patient should be in the supine posi-
tion on the examination table. This paper models it as an elas-
tic environment with varying stiffness. The ultrasound robot
gently moves the probe over the patient’s skin, generating a
suitable force on the examined area.

The ultrasonic robot introduced in this paper is a six-axis
rotary robot manipulator equipped with a US probe. The con-
tact force is generated during pressing, and the deformation
between the US probe and the patient’s skin is measured by
the force sensor installed at the end of the effector. The lin-
ear desired trajectory is generated to perform ultrasonic scan-
ning on the abdominal region of the patient. The impedance
controller calculates the position deviation by the deviation
between the expected force and the actual force and sends it
to the robot servo driver for tracking.

2.2 Dynamic model of constrained ultrasound robotic
manipulator

The dynamic equation of the n joint robotic manipulator sub-
jected to constraint is expressed as follows:

Mr (q) q̈ +Cr (q, q̇) q̇ +Gr (q)+Br (q̇)

= τ a− τ ext+ d (1)

τ ext = JT (q)Fext (2)
x = T(q), (3)

where qq̇q̈ ∈ Rn are the vectors of the joint angles, angu-
lar velocity and angular acceleration, respectively. Mr (q) ∈
Rn×n is the inertia matrix, Cr (q, q̇) ∈ Rn×n denotes the ef-
fect of Coriolis and centrifugal forces, Gr (q) ∈ Rn is the
gravitational effect, Br (q̇) ∈ Rn is the friction effects, τ a ∈

Rn symbolizes the actuator torques, and τ ext is constraint
torque. Fext = [fext1fext2, . . .,fextm] denotes the interaction
force between the end-effector and environment. J(q) ∈
Rm× n is the Jacobian matrix of the manipulator. d ∈ Rn is
the external disturbances. T(q) is the position transformation
matrix between the end-effector and the joints.

The unmodelled and external disturbances are bounded as
follows:

‖d‖ ≤ d, (4)

where d is a positive constant.
The patient’s abdomen, with which the ultrasound robot

interacts, is modelled as a spring with varying stiffness.
Therefore, the force at the contact point is expressed as fol-
lows:

fexti =

{
kei(t) (xi − xei) ∀xi > xei
0 ∀xi ≤ xei

, (5)

where Ke = diag(ke1, ke2, . . .,kem) is the stiffness matrix,
and xe = [xe1, xe2, . . .,xem]T is the position of the contact
point.

3 Controller design

An adaptive hybrid position–impedance controller is de-
signed to control the motion and interaction force of the ul-
trasonic robot. The controller is designed to ensure that the
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Figure 2. Problem description. (a) Robot-assisted ultrasonic examination system. (b) Modelling the dynamic relationship between the US
probe and the patent’s abdomen. (c) Uncertain sources (breath, heartbeat, etc.) and variable stiffness characteristics of human surface tissue.
(d) The three stages of contact force during US scanning.

desired trajectory can be tracked when there are unknown
parameters and external disturbances in the ultrasonic scan-
ning process. At the same time, the controller is used to avoid
force overshoot and keep the force-tracking accuracy on the
patient’s skin, so as to obtain a clear scanning image. As
shown in Fig. 4, the control framework is based on the im-
plementation of task constraints. The robot is able to move
its own end-effector with a desired position xd and interact
with the environment. The generated interaction force fe be-
tween robot and environment is measured by a force sensor
which is attached to the end-effector of the robot. The force
error between the desired force and the generated interaction
force is then sent to the force controller to generate the cor-
responding position error. Then, robot’s position controller
closely achieves the reference position tracking.

3.1 Position controller

Abbas et al. (2021) proposed a backstepping adaptive con-
troller design scheme for the motion tracking of an ultra-
sonic robot under uncertain disturbances. Therefore, this pa-
per adopts this scheme to design the position controller. The
dynamic model of the n joint ultrasound robot is converted

to the state-space feedback form as follows:

x1 = q, x2 = q̇, x = [x1,x1]T (6)
ẋ1 = x2 (7)

ẋ2 =M−1
r (q)

(
τp −Cr (q, q̇) q̇ −Gr (q)−Br (q̇)+ d

)
, (8)

where x1 = [q1,q2, . . .qn]
T ; x2 = [q̇1, q̇2, . . .q̇n]

T are the
system state vectors.

The state error is defined as follows:

e1 = q − qd = x1− qd (9)

e2 = q̇ −α1− q̇d, (10)

where α1 is the virtual control vector throughout the back-
stepping design process, to ensure that the robot angular po-
sition q can track the desired trajectories qd in the existence
of unknown parameters and external disturbances.

Step 1. The derivation of the variable e1 is as follows:

ė1 = ẋ1− q̇d = e2+α1. (11)

Then, we choose the Lyapunov function candidate as fol-
lows:

V1 =
1
2
eT1 e1. (12)
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Figure 3. Framework of robot-assisted ultrasonic examination system and the algorithm process.

Figure 4. Varying rate adaptive hybrid position–impedance control architecture. This is a cascade architecture in which the position controller
tracks the position instructions generated by the impedance controller to achieve compliant interaction.

By differentiating Eq. (12) and substituting Eq. (11), the
derivative of the Lyapunov function becomes the following:

V̇1 = e
T
1 ė1 = e

T
1 e2+ e

T
1 α1. (13)

The virtual control law can be designed as follows:

α1 =−c1e1 =−c1x1+ c1qd, (14)

where c1 ∈ R
n× n is a positive gain matrix.

Therefore, in the following:

V̇1 =−e
T
1 c1e1+ e

T
1 e2. (15)

If e2 = 0, then V̇1 is ND (negative definite), and the conver-
gence of the e1 can be guaranteed.
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Figure 5. Tracking of the constant force with HI, AHI, and VAHI control schemes in the flat surface.

Table 1. Comparison of hybrid impedance (HI), adaptive hybrid
impedance (AHI), and VAHI schemes in the steady force tracking
stage.

Control Tracking Varying force
strategy contour

RMSE (N) RMSE (N)

HI
Flat 0.91 0.5362
Slope 0.9013 0.5329
Sine 0.8966 0.5213

AHI
Flat 0.1924 0.1039
Slope 0.1896 0.1022
Sine 0.1884 0.0975

VAHI
Flat 0.2439 0.1269
Slope 0.241 0.1266
Sine 0.2388 0.1197

Step 2. The derivation of e2 is expressed as follows:

ė2 = ẋ2− α̇1− q̈d =M−1
r (q)

(
τp −Cr (q, q̇) q̇

−Gr (q)−Br (q̇)+ d
)
− α̇1− q̈d, (16)

where α̇1 =−c1ẋ1+ c1q̇d =−c1x2+ c1q̇d.
The inertia matrix Mr (q) is symmetric and positive defi-

nite in robot dynamics. Hence, choosing the Lyapunov func-
tion candidate combined with V1 is as follows:

V2 = V1+
1
2
eT2 Mr (q)e2. (17)

The derivative of V2 is obtained as follows:

V̇2 = V̇1+ e
T
2 Mr (q) ė2+

1
2
eT2

d(Mr (q))
dt

e2. (18)

In robot dynamics, the matrix (Ṁr (q)− 2Cr (q, q̇)) is skew
symmetric for any arbitrary w ∈ Rn which satisfies the fol-
lowing:wT

(
Ṁr (q)− 2Cr (q, q̇)

)
w = 0. Using this property,

Eq. (18) becomes the following:

V̇2 = V̇1+ e
T
2 (Mr (q) ė2+Cr (q, q̇)e2) . (19)

The term Mr (q) ė2+Cr (q, q̇)e2 can be formulated, based on
Eqs. (10) and (16), as follows:

Mr (q) ė2+Cr (q, q̇)e2 =Mr (q)
(
ẋ2− α̇1− q̈d

)
+Cr (q, q̇)

(
x2−α1− q̇d

)
=Mr (q)

(
−α̇1− q̈d

)
+Cr (q, q̇)

(
−α1− q̇d

)
−Gr (q)−Br (q̇)+ τp + d . (20)
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Figure 6. Tracking of the constant force with HI, AHI, and VAHI control schemes in the slope surface.

The unknown parameters on the right side of Eq. (20) can be
parameterized as follows:

Mr (q)
(
−α̇1− q̈d

)
+Cr (q, q̇)

(
−α 1− q̇d

)
−Gr (q)−Br (q̇)= ϕ2 (q, q̇, q̈)�, (21)

where ϕ2(qq̇q̈) is a known function which can be obtained
from the sensory feedback. � is the vector of unknown non-
linear parameters. The direct adaptive technique can be uti-
lized to estimate the unknown dynamic parameters.

A new Lyapunov function which considers the estimation
errors is constructed as follows:

V3 = V2+
1
2

(
�̃T3−1�̃

)
, (22)

where �̃=�− �̂, �̂ is the estimation of the unknown pa-
rameters �. 3 is an arbitrary positive definite matrix.

By differentiating Eq. (22), the following is achieved:

V̇3 = V̇2+ �̃
T3−1 ˙̃�

= V̇2− �̃
T3−1 ˙̂�= V̇1+ e

T
2 ϕ2�̂+ e

T
2 ϕ2�̃

+ eT2
(
τp + d

)
− �̃T3−1 ˙̂� . (23)

Using (eT2 ϕ2�̃)T = �̃T ϕT2 e2, Eq. (23) becomes the follow-
ing:

V̇3 = V̇1+ e
T
2 ϕ2�̂+ e

T
2
(
τp + d

)
+ �̃T

(
ϕT2 e2−3

−1 ˙̂�
)
.

(24)

The design parameter update rate is as follows:

˙̂
�=3ϕT2 e2. (25)

The derivative of the Lyapunov function in Eq. (25) becomes
the following:

V̇3 = V̇1+ e
T
2 ϕ2�̂+ e

T
2
(
τp + d

)
=−eT1 c1e1+ e

T
1 e2+ e

T
2 ϕ2�̂+ e

T
2 τp + e

T
2 d. (26)

Applying Young’s inequality results in the following:

eT2 d≤
1
2

(
eT2 e2+ d

T d
)
≤

1
2

(
eT2 e2+ d

2
)
. (27)

Then, Eq. (26) satisfies the following inequality equation:

V̇3 ≤−e
T
1 c1e1+ e

T
1 e2+ e

T
2 ϕ2�̂+ e

T
2 τp +

1
2
eT2 e2+

1
2
d

2
.
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Figure 7. Tracking of the constant force with HI, AHI, and VAHI control schemes in the sine surface.

(28)

The position control law can be designed as follows:

τp =−c2e2− e1−ϕ2�̂−
1
2
e2, (29)

where c2 ∈ R
n× n is a positive gain matrix.

By substituting Eq. (29) into Eq. (26), we derive the fol-
lowing:

V̇3 ≤−e
T
1 c1e1− e

T
2 c2e2+

1
2
d

2
. (30)

Therefore, the above equation satisfies the input to state sta-
bility (ISS). Selecting the appropriate controller parameters
can make positional tracking errors for the ultrasound robot
converge to a small value.

Mapping from the joint space to the Cartesian space by the
following transformation results in the following:

e1 = q − qd = J−1 (I−S) (x− xd) ,

S= diag(s1, s2, . . .sn) , (31)

where x and xd are the actual and desired end-effector po-
sition, respectively. S is a compliance selection matrix that
specifies the position or force control degrees of freedom.

3.2 Force controller

Considering the actual complex environment of patient ex-
amination area, it is a nonlinear environmental contact
model. In order to improve the force-tracking accuracy, an
improved adaptive algorithm is proposed to solve this prob-
lem. Considering the force constraint in one direction (usu-
ally the z direction), the adaptive hybrid impedance control
is expressed by the following formula:

ef =m ¨̂e (t)+ b
(
˙̂e (t)+ ρ(t).

)
(32)

m and b represent the inertia and damping parameters of the
desired impedance, respectively. Where ρ is the compensa-
tion law, ê is the estimation position error of actual position
error e (t). ef = fd−fe is the force error between the desired
force fd and actual contact force fe. The adaptive compen-
sating law can be designed as follows:

ρ (t)= ρ (t − T )+ σ
(fd (t − T )− fe(t − T ))

b
. (33)

In the initial conditions, ρ (0)= 0, T is the sampling period
of the impedance controller, and fd and fe are desired and
actual contact force, respectively. σ is the update rate. On the
basis of Sect. 3.1, the ultrasound robot can already achieve

https://doi.org/10.5194/ms-13-559-2022 Mech. Sci., 13, 559–575, 2022



568 Z. Xie and Z. Yan: Varying rate adaptive hybrid position–impedance control

Figure 8. Tracking of the varying force with HI, AHI, and VAHI control schemes in the flat surface.

a better motion-tracking ability. Therefore, this part mainly
analyses the control performance of impedance controller.

Rewriting Eq. (33), and marking c (t)= fd (t)− fe(t), the
ρ can be expanded as follows:

bρ (t)= bρ (t − nT )+ σc (t − nT )+ . . .+ σc (t − T ) . (34)

Substituting Eq. (34) into Eq. (32) yields the following:

ef =m ¨̂e (t)+ b
(
˙̂e (t)+ ρ (t)

)
=m ¨̂e (t)+ b ˙̂e (t)+ σ (c (t − nT )+ . . .+ c (t − T )) . (35)

Take the Laplace transform of Eq. (35), using
∑
∞

n=1e
−nT s ∼=

(1−T s)/T s. Then, the steady transfer function is as follows:

G (s)=
ê(s)
c(s)
=

1+ σ
(
e−nT s + . . .+ e−T s

)
ms2+ bds

=
1+ σ 1−T s

T s

ms2+ bs
.

(36)

The force-tracking error transfer function 8 (s) is shown be-
low, as follows:

8 (s)=
1

1+G (s)H (s)

=
mT s3

+ bT s2

mT s3+ bT s2+ (1− σ )keT s+ keσ
. (37)

It can be seen that the tracking error can be decreased by
increasing σ .

For transient response analysis, due to the collision pro-
cess being extremely short, n is no longer an infinite number.
Hence, rewriting the compensation part of Eq. (33) leads to
the following:

ρ (t)− ρ (t − T )
T

=
σ

b

(
fd (t − T )− fe (t − T )

T

)
. (38)

It can be approximated that c (t − T )∼= c (t)=−ef. The
function representation between ρ(t) and c(t) is as follows:

ρ (t)=−
σ

b
ef (t) . (39)

Substituting Eq. (39) into Eq. (32) leads to the following:

G (s)=
ê(s)
ef(s)

=
1+ σ

ms2+ bs
. (40)

The transient response transfer function 9(s) is as follows:

9 (s)=
G (s)H (s)

1+G (s)H (s)
=

(1+ σ )ke

ms2+ bs+ (1+ σ )ke
. (41)

The damping coefficient ζ is a vital parameter about the os-
cillation form and can be calculated as follows:

ζ =
b

2
√
m(1+ σ )ke

. (42)

Mech. Sci., 13, 559–575, 2022 https://doi.org/10.5194/ms-13-559-2022



Z. Xie and Z. Yan: Varying rate adaptive hybrid position–impedance control 569

Figure 9. Tracking of the varying force with HI, AHI, and VAHI control schemes in the slope surface.

It can be clearly seen that the system can present oscilla-
tion by increasing σ , which indicates smaller σ smaller force
overshoots.

So, the comprehensive analysis results from Eqs. (37)
and (42) show that keeping the σ unchanged is unadvisable
choice. Therefore, in order to avoid force overshoots and
keep force tracking in a steady state, a varying update rate
need to be carefully designed.

A dynamic calculating the update rate is designed as fol-
lows in the paper:

σ =
1∣∣ef ∣∣exp(ef)+
∣∣ėf ∣∣exp(ėf)+Ul

. (43)

The update rate σ is modified online using the following
feedback information, where the force error is ef, and the
force error variation ėf. Ul is the upper limit. The VAHI con-
troller is proposed to compensate for the force-tracking error
caused by changed environment and to be certain that there
are no force overshoots by adjusting σ .

4 Results and discussion

To investigate the effectiveness of the proposed control
strategy, the simulation test, using a 6 degrees of free-

dom (DOF) Programmable Universal Machine for Assem-
bly (PUMA) 560 robot, is conducted. The specifications of
the robot and the required abdomen scan are explained in
Sect. 2. Applied forces are considered in two cases, i.e. the
constant force 20 N and sine force 10± 5 N in the z direc-
tion. The goal is to validate its tracing performance as much
as possible.

The simulation runs are conducted using MATLAB
and Robotics Toolbox (designed by Peter Corke; https:
//petercorke.com/toolboxes/robotics-toolbox/, last access:
20 June 2022). The sampling time is 0.01 s. The
initial values of the estimated parameter vectors are
selected to be half of the actual values, the se-
lection matrix S= diag(0, 0, 1, 0, 0, 0), and the posi-
tion controller parameters c1 = diag(200, 200, . . .200), c2 =

diag(500, 500, . . .500), 3= diag(50, 50, . . .50). The posi-
tion and force controller gains are tuned based on the trial
and error method to maintain acceptable system perfor-
mance. The basic impedance parameters m= 10Ns2/m and
b = 200Ns/m are selected based on experience (see Eq. 32,
which here refers to the benchmark). To ensure stability and
contrast, the selection of σ for controllers is as follows: in
hybrid impedance (HI), it is 0, whereas in adaptive hybrid
impedance (AHI), it is 0.5. For VAHI, it is set at range of 0
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Figure 10. Tracking of the varying force with HI, AHI, and VAHI control schemes in the sine surface.

Figure 11. The V-rep set-up for the ultrasound robot abdominal ultrasonography. A KUKA light-weight robot (LWR) is utilized to conduct
the scan of the patient’s abdomen in a more realistic manner.
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Figure 12. Validation results of the KUKA LWR during the scanning process of the straight line trajectory. (a) Initial position of the US
probe. (b) The abdomen (soft). (c) The belly (middle stiffness). (d) The chest (hard). (e) Leaving the patient. (f) Final position of the US
probe.

Figure 13. Tracking of the constant force with HI, AHI, and VAHI in the V-rep ultrasonic scenario.
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Figure 14. Tracking of the varying force with HI, AHI, and VAHI in the V-rep ultrasonic scenario.

to 0.5 by the upper limit. To test the performance and adapt-
ability of various strategies in a dynamic continuous stiffness
environment, we apply the following:

ke = 1000+ 20sin
(π

4
t
)
. (44)

4.1 Comparison study

A comparative study between the proposed control strategy
VAHI and the traditional impedance controller HI and AHI
is carried out in the presence of unknown parameters and ex-
ternal disturbances. Figures 5, 6, and 7 show the simulation
results of hybrid impedance (HI), adaptive hybrid impedance
(AHI), and VAHI for a constant force tracking on a flat sur-
face, slope, and sine surface, respectively. Figures 8, 9, and
10 show the simulation results of HI, AHI and VAHI for a
varying force tracking on a flat surface, slope, and sine sur-
face respectively.

In the contact stage, Figs. 5a, 6a, and 7a show that, no mat-
ter what the tracking environment is, AHI has a greater over-
shoot than other two methods. The overshoot exceeded 12 N,
and the overshoot ratio reached 40 %. If the control method is
applied in practice, it will greatly affect the quality of image
acquisition and may even threaten the safety of patients. On

the contrary, if the overshoot is small or there no overshoot
in HI and VAHI, the overshoot is within 1 N. The value is a
very safe value, and the patient will feel comfortable during
the contact.

In the steady-state tracking stages in Figs. 5b, 6b, and 7b,
the results show that AHI and VAHI can both achieve a super
force tracking ability. The max tracking error is 0.5 N, and
the force tracking accuracy is 2.5 %. This can greatly ensure
the image quality for robot ultrasonic imaging in the long-
time acquisition process. However, for the HI controller, its
tracking accuracy is 1.5 N, and the force tracking accuracy is
7.5 %, which has a great impact on the stability and quality of
the image. This means that the adaptive solution can improve
the force control accuracy by about 3 times.

The root mean square error (RMSE) is calculated to anal-
yse the performance of the control strategy and is defined as
follows:

RMSE=

√√√√ 1
K

N∑
j=1

e2
j . (45)

From Table 1, it can be observed that the proposed VAHI
strategy still provides a superior tracking accuracy with a
smaller error deviation, as compared to HI. The RMSE is
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equal to 0.24, 0.19, and 0.9 N for the proposed VAHI scheme,
AHI, and HI, respectively. Based on the root mean square
error (RMSE) results, compared with HI, the force-tracking
effect of VAHI and AHI is also excellent.

Therefore, a conclusion can be drawn from the above anal-
ysis. HI is more suitable for the contact stage, while AHI is
more suitable for the tracking stage. To combine the best of
both, therefore, the VAHI control strategy is the best choice
to achieve a better force controller, i.e. high force tracking
without overshoot. It can maintain good acoustic contact and
avoid excessive deformation.

4.2 Validation in V-rep

To further validate the proposed control scheme’s perfor-
mance, a KUKA light-weight robot (LWR) iiwa R800
(KUKA Roboter GmbH, Augsburg, Germany) is utilized to
conduct the scan of the patient’s abdomen in a more realis-
tic platform, i.e. V-rep robot simulator. The advantage of this
virtual platform can provide an effective solution to econo-
mize on cost and time and quickly examine the performance
of different control schemes in various scenes before the im-
plementation in a real situation. The KUKA manipulator is
equipped with an ultrasound probe and a six-axis force sen-
sor to simulate the ultrasound scanning task more realisti-
cally, as illustrated in Fig. 11. The proposed VAHI control
scheme is developed with MATLAB software and linked
with the V-rep simulation environment using the remote API.
The movement of the manipulator is divided into two stages,
namely the contact stage and the dynamic force-tracking
stage. At the contact stage (0–10 s), it moves along the sur-
face in a normal direction, i.e. z-axis direction to achieve the
desired constant contact force (fd = 30 N). At the dynamic
force-tracking stage (10–60 s), the desired constant contact
force must be maintained in z axis while tracking the target
moving trajectory on x axis.

The initial state of the ultrasound robot has a certain height
which has no contact between the US probe and the patient’s
skin; the whole motion process is shown in Fig. 12. It can be
noted from Fig. 12 that the KUKA robotic arm successfully
finishes the scan process under the proposed control scheme.
The tracking of the desired constant and step force are de-
picted in Figs. 13 and 14, respectively. HI control strategy
cannot make the contact force of the robot stable around
30 N, regardless of the tracking constant force or the step
force, while AHI and VAHI can make the contact force sta-
ble around the given tracking force, indicating that HI can-
not achieve force-tracking control in a dynamic environment.
With the AHI control strategy, the overshoot force reached
a terrifying 110 N immediately after the robot made contact
with the patient, nearly 4 times the desired tracking force.
For HI and VAHI, although there is an overshoot at the mo-
ment of contact, it is far less than the overshoot force gener-
ated by AHI strategy. Moreover, the proposed VAHI control
scheme not only combines the advantages of the other two

controllers but also perfectly avoids their respective disad-
vantages, which can avoid the force overshoots and keep the
force-tracking accuracy during the scanning process. Once
again, the validity of the VAHI controller is proved.

5 Conclusions

In this work, a varying rate hybrid position–impedance con-
trol strategy is designed to control an uncertain ultrasound
robotic manipulator during the scanning process of the pa-
tient’s abdomen. Based on an adaptive backstepping method,
the precise position controller is realized. A comparison
shows that the control scheme can avoid force overshoot and
keep the tracking accuracy of the force during the scanning
process. Simulation results show that the proposed control
scheme has a better force-tracking capability and stronger
applicability. Under the environment of V-rep, the proposed
scheme is additionally verified with the KUKA robot. Future
work will be devoted to implementing the proposed control
scheme in real-world applications. This will be very promis-
ing and meaningful work because the proposed system can
partly play the role of US sonographer and serve as a medi-
cal assistant to reduce their workload.
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