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Abstract
At present, interventional surgery has been successfully applied in the treatment of many diseases, since due
to the significant dosage of ionizing radiation, surgeons and staff are susceptible to serious health problems.
Nowadays guidewires and catheters are not capable of active steering by themselves remotely, so achieving
precise control of the movement of the guidewire in interventional surgery is a hot issue at the forefront of
research in related fields. In this paper, we propose a cyber-physical system that consists of a magnetically
actuated patient module and operator module with a virtual surgical environment. Unlike the existing magneticactuated systems, our system adopts dynamically changing currents through coils to excite a dynamic magnetic
field, which results in more flexible and rapid control. The experimental result shows that our method can
control the direction of a magnetic field vector within an average absolute error of 2° and an average error of
–0.127°, and the single-round calculation time of an electric current configuration is only 0.2 ms, which meets
the requirement of real-time guidance for catheter intervention.
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1. Introduction
Interventional surgery is an important way to diagnose and treat heart disease by introducing special
catheters, guidewires, and other precise medical instruments into the human body under the guidance of
medical imaging equipment (such as digital subtraction angiography) [1], which is minimally invasive,
effective, and has few complications. Since cardiovascular disease is currently the leading cause of
human mortality worldwide [2], the construction of remote interventional diagnosis and treatment
systems also has been a main focus of comprehensive cross-field development, and thus it will have a
profound impact and important value in solving the problem of uneven distribution of resources for
interventional diagnosis and treatment of complex cardiac diseases. In addition, the extensive
development of robotics, computer technology, and communication technology has extensively promoted
the application of related technologies in interventional surgery [3].
※ This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0/) which permits
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However, interventional surgery also has obvious drawbacks as follows:
(1) Medical imaging navigation equipment will emit X-rays, while surgeons and staff will be injured
when exposed to the significant dosage of ionizing radiation [4].
(2) A doctor's skill and ability to perform interventional surgery largely depend on experience in
surgical practice, although training a qualified doctor is difficult and costly, and training based on live
animals has bioethical issues [5].
Using computer-assisted methods is considered as a promising, viable solution, which can provide
interventional surgeons with enhanced flexibility and visualization, and tactile perception, improve the
consistency of surgery, eliminate the difficulties of traditional surgery and interventional instruments,
and improve the safety of interventional surgery [6, 7]. Compared with the catheters or guidewires
operated by doctors, the computer-assisted systems have an active guiding ability. There are currently
two dominant methods of guidewire manipulation geared toward interventional surgery, namely
mechanical and magnetic control methods. The shortcoming of the mechanical method is that it is
difficult to achieve precise control of the slim guidewire using mechanical structures due to the limitation
of the catheter diameter to millimeters. At present, researchers have studied the application of magnetic
fields in interventional surgery and demonstrated the feasibility and broad application prospects of the
magnetic control method. There have been promising research advances in the study of manufacturing
technology and physical software simulation [8]. Therefore, the magnetic control method is considered
to be another more promising solution for applications. However, the traditional permanent magnet drive
method does make it difficult to achieve flexible control, and the application scenario is limited.

(a)

(b)

Fig. 1. (a) Screenshots of 3D reconstruction scene of catheter intervention in perspective and
cross-sectional views. Enhanced device visualization can provide real-time visual feedback. (b) An
operator interacting with a magnetic-actuated virtual catheterization system. Green represents
interacting with a virtual scene using a gamepad; yellow, a coil array steering the guidewire with an
RGB camera as a visual input device; red, the embedded module receives current configuration and
performs current output; and blue, the simulated surgery scene is rendered and presented on the screen.
To solve the problems in the above existing methods, we propose a magnetically controlled method
for driving a catheter through a coil array, where the control current through the coil array is calculated
using the fast power-optimal method, which enables the coil array to generate a suitable magnetic field
to drive the catheter (refer to Fig. 1). Unlike a static magnetic field generated by permanent magnets, a
dynamic magnetic field generated by changing electric current flow requires real-time calculation. The
latter only needs to change the current configuration, which has better control flexibility and response
speed than a permanent magnet with a static magnetic field [9], since steering the guidewire with a static
magnetic field requires using a mechanical device to adjust the posture of the permanent magnet. To
perform magnetic field calculation, mature commercial software is currently available, such as ANSYS
Maxwell and COMSOL [10]. These well-developed software can accurately calculate the magnetic field
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generated by the coil array of any topology structure on the model grid to analyze its magnetic field
characteristics. However, they are all based on discrete numerical methods such as finite element analysis
and finite difference methods that require a large amount of computation [11].
The main contribution of this article is to start from the dynamic mechanics' principles of the
magnetically controlled guidewire, and propose fast algorithms for the calculation of a magnetic field
and control current as follows:
• We propose a novel magnetic-actuated catheterization device for guidewire steering in a remote
manner based on continuum mechanics and electromagnetic principles. The device uses a
dynamically changing magnetic field, which makes the control faster and more flexible.
• We propose a geometric method to describe the configuration space of a magnetic field vector,
which directly determines the motion control range of the guidewire, and discuss the control
capabilities and limitations of the system.
• We propose a real-time algorithm for controlling current calculation and prove mathematically that
this method optimizes the overall thermal power of the coil array.
The goal of this paper is to propose a magnetic-actuated cyber-physical system (CPS) for interventional
surgery. The remainder of this paper is arranged as follows. In Section 2, we provide a literature review
on existing interventional surgical systems and corresponding methods they use. In Section 3, we present
the overall architecture of the proposed interventional surgical system, as well as the methodology and
derivation of the magnetic field and current configuration during interventional surgery. In Section 4, we
present the hardware configuration and materials used along with the specific parameters of the software,
and finally, we derive and analyze the experimental results. Section 5 provides the paper’s conclusion
and a future outlook.

2. Related Work
There are already some kinds of interventional surgical systems introduced, and such systems have
utilized a master-slave architecture [12–14]. In general, there are two mainstream solutions of the
mechanical method and magnetic control method [15, 16].

2.1 Mechanical Method
Beyar et al. [17] introduced a remote navigation system that involves a computer-controlled wire and
delivery system navigator. This system consists of an operator module equipped with a touch screen
monitor, joystick as the input device, and patient module with a guidewire actuated mechanically. The
guidewire is maneuvered using both a joystick and touch screen, while axial and rotational guidewire
motions are achieved by a mechanical transmission module. Starting from the first principles of solid
mechanics, Camarillo et al. [18] introduced the mechanical model of a tendon-driven continuous
manipulator and developed a steerable cardiac catheter based on that. Due to the limitation of the diameter
of the catheter in millimeters, it is tough to achieve precise control of the guidewire using a mechanical
structure. Therefore, magnetic control is considered another promising solution.

2.2 Magnetic Control Method
As for the magnetic control method, Ernst et al. [19] developed a remote-control robotic catheterization
system for electrophysiological mapping and radio-frequency ablation. It consists of 2 computercontrolled permanent magnets located on opposite sides of a patient, and its motor drives the catheter
back and forth, which is proved to be a safe and feasible tool for remote catheter ablation of AV nodal
reentrant tachycardia (AVNRT). Yang et al. [20] proposed a miniature magnetically drilled tip guidewire
with controlled bending in a directional magnetic field that can navigate through complex vasculature

Page 4 / 19

Magnetic-Actuated Cyber-Physical System for Interventional Surgery

and is magnetically controlled with an integrated drive system. Compared with the mechanical method,
the magnetic-driven guidewire is more flexible and can be manufactured to be smaller than a coronary
artery [21]. Since interventional surgery requires increasingly flexible and smaller catheters designed to
ensure deeper penetration into a patient through the vasculature, it has become infeasible to control a
catheter using mechanical methods [22].

2.3 Other Methods
In addition to the above two methods, many scholars have investigated other methods such as the
chemical actuation [23, 24] and optical actuation methods [25, 26]. However, the chemical actuation
method may cause biological incompatibility and make it difficult to achieve precise interventional
control [21], while the optical actuation method cannot penetrate deeply into non-transparent media and
deeper areas of the human body [27]. Therefore, this paper will focus on the magnetic control method.

3. Materials and Methods
3.1 Architecture
Even though the current interventional surgery technology is very advanced, it is still very challenging
to perform interventional surgery completely by computer or robot independently, and using master-slave
architecture can fully combine human intelligence with superior mechanical performance, the majority
of surgical robots designed and implemented to date use a master-slave architecture [28]. Similar to other
master-slave architecture which consists of master and slave modules, the CPS we designed consists of
two modules, namely an operator module with a virtual surgical environment, and a magnetically actuated
patient module, both of which use the wireless network to communicate [29–34]. The operator module
displays the virtual scene of the interventional surgery on a screen and accepts user input from devices
such as a joystick. We also propose a real-time calculation method of the magnetic field and fast poweroptimal algorithm of the control current based on physical principles, which are the core algorithms of
our system. The patient module comprises a coil array, controlled guidewire, visual input device, edge
computing device, and embedded control device. And the operator module's virtual surgical environment is
a program constructed based on computer graphics technology and real-time physical simulation methods.
The system is illustrated in Fig. 2 and has a closed-loop control flow denoted by purple arrows and
detailed in Fig. 3. The user specifies the spatial target position 𝑥̃ that the front end of the guidewire is
expected to reach. Then, the front end of the guidewire’s position changes, and the visual input device
captures an image to obtain the new position 𝑥, thus providing feedback on the input to correct the next
round of the control process. The input of the solver is the difference 𝛿̃ between the target position and
visually captured position, and the output is a list of control current (𝐼̃) that each coil in the coil array
should flow through. The appropriate electric current configuration is sent to the embedded module for
output. The essence of the solver is to solve the inverse process of a process that occurs in the physical
environment [35]. The variables 𝑋̃ (here 𝑋 represents any variable) in the solver satisfies the same form
of equation as the variable 𝑋 in the physical environment. We use mathematical language to express this
fact as implicit Equations (1) and (2), where 𝑓 and 𝑔 are functions that can be determined and are
elaborated in the coming subsection:
𝑓(𝜹, 𝑩; 𝑩𝑖 ) = 0
̃, 𝑩
̃; 𝑩
̃𝑖) = 0
𝑓(𝜹

(1)

𝑔(𝑩; 𝑩𝑖 , 𝑰) = 0
{ ̃ ̃ ̃
𝑔(𝑩; 𝑩𝑖 , 𝑰) = 0

(2)

{
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Fig. 2. Flowchart of our system for magnetic-actuated catheterization and visualization. The patient
module contains image capture devices and an embedded module that adjusts the output current, and
the doctor module is for remotely sending instructions and visualization.

Fig. 3. Flowchart of the closed-loop control system. Included are the inputs, solvers, and
actuators denoted with purple arrows in Fig. 2. The solver and actuator refer to the current
solver and embedded module in Fig. 2.

3.2 Physical Principles
Magnetic controlled guidewires are generally designed and manufactured with permanent magnet
materials, such as NdFeB [36]. The front-end part of the guidewire is magnetized before use and has
polarity along the centerline. In an external magnetic field, the flexible front end of the guidewire is
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simultaneously subjected to magnetic Cauchy stress, resilient elastic force, and gravitational force due to
magnetic field, deformation, and gravity. Qualitatively speaking, the force direction of a magnet in a
magnetic field is related to the direction of the magnetic field vector. The force direction at the N pole of
the magnet is the same as the direction of the magnetic line of force, and the force direction at the S pole
is opposite to it.
∇(𝛔𝑒𝑙𝑎𝑠𝑡𝑖𝑐 + 𝛔𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 ) +

𝑑𝐅𝑜𝑡ℎ𝑒𝑟
=𝟎
𝑑𝑉

(3)

By solving the physical Equation (3) in the equilibrium state, it can be known that the bending distance
𝛿 of the front end of the guidewire and the magnetic field vector 𝐁 at the same spatial point approximately
satisfy the proportional relationship [37]:
𝛿 ∝ ‖𝐌 × 𝐁‖

(4)

where 𝐌 is the magnetization of the magnet at the front end of the guidewire. Furthermore, because the
magnetic field excited by the coil array is far from the intensity required to magnetize the permanent
magnet, the magnitude of magnetization 𝐌 can be regarded as a constant, so Equation (4) can be further
simplified as:
𝛿 ∝ 𝐵sin𝜃

(5)

where 𝜃 is the angle between 𝐁 and 𝐌; 𝛿 is perpendicular to 𝐌; 𝛿, 𝐁, and 𝐌 are coplanar. Although the
magnetic field is never a constant vector field in practice, it can be regarded as uniform locally.

3.3 Real-Time Computation of Magnetic Field
Although discrete numerical methods on a grid can solve the magnetic field of any material on any
geometric shape, researchers have shown that in many cases, the analytical solution of regular geometric
shape or the piecewise linear analytical solution can be used to provide a good approximation within an
acceptable error range [38].
Let’s consider a thin solenoid with a height of 2𝑏 and radius of 𝑎, and has 𝑛 turns per unit height, with
an electric current of intensity 𝐼 flowing through it. The total current intensity on the surface is 𝐼𝑡𝑜𝑡𝑎𝑙 =
2𝑏𝑛𝐼. Its center is placed at the origin of the coordinate system, and the axial direction coincides with the
z-axis. Such a coordinate system is called a local coordinate system of the solenoid. In a cylindrical
coordinate system, the magnetic field can be expressed as 𝐁(𝜌, 𝜑, 𝑧) = 𝐵𝜌 𝜌̂ + 𝐵𝜑 𝜑̂ + 𝐵𝑧 𝑧̂ , which is
similar to the cartesian coordinate system 𝐁(𝐱) = ∑3𝑖=1 𝐵𝑥𝑖 𝑒̂𝑖 . The transformation equation between these
two expressions is expressed as:
𝐁(𝐱) = 𝐵𝜌 cos𝐵𝜑 𝑒̂1 + 𝐵𝜑 sin𝐵𝜑 𝑒̂2 + 𝐵𝑧 𝑒̂3

(6)

The analytical solution of the magnetic field 𝐁 around an ideal solenoid can be expressed as a double
integral form according to the Biot-Savart law [39] as follows:
𝐁(𝐱) =

𝜇0 𝑛𝐼𝑎 𝑏 2𝜋
𝑑𝐱′ × (𝐱 − 𝐱′)
∫ ∫ 𝑑𝜑′𝑑𝑧′
‖𝐱 − 𝐱′‖3
4𝜋 −𝑏 0

(7)

Analytical results of this integral expression are as follows:
𝐵𝜑 = 0

(8)
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𝜌)2

𝑧)2

(𝑎 −
+ (𝑏 +
, 1,1, −1)
(𝑎 + 𝜌)2 + (𝑏 + 𝑧)2
√(𝑎 + 𝜌)2 + (𝑏 + 𝑧)2

𝑎𝜇0 𝐼𝑛
𝜋

(9)
(𝑎 − 𝜌)2 + (𝑏 − 𝑧)2
𝑐𝑒𝑙 (√
, 1,1, −1)
(𝑎 + 𝜌)2 + (𝑏 − 𝑧)2
−
{

𝐵𝑧 =

√(𝑎 + 𝜌)2 + (𝑏 − 𝑧)2

}

𝑎𝜇0 𝐼𝑛
𝜋(𝑎 + 𝜌)

(𝑎 − 𝜌)2 + (𝑏 + 𝑧)2 (𝑎 − 𝜌)2
𝑎−𝜌
)
(𝑏 + 𝑧)𝑐𝑒𝑙 (√
,
, 1,
𝑎+𝜌
(𝑎 + 𝜌)2 + (𝑏 + 𝑧)2 (𝑎 + 𝜌)2
(10)

√(𝑎 + 𝜌)2 + (𝑏 + 𝑧)2

(𝑏 − 𝑧)𝑐𝑒𝑙 (√

(𝑎 − 𝜌)2 + (𝑏 − 𝑧)2 (𝑎 − 𝜌)2
𝑎−𝜌
)
,
, 1,
𝑎+𝜌
(𝑎 + 𝜌)2 + (𝑏 − 𝑧)2 (𝑎 + 𝜌)2

+
{

√(𝑎 + 𝜌)2 + (𝑏 − 𝑧)2

}

The 𝑐𝑒𝑙 function (Equation (11)) is the generalized complete elliptic integral, and degenerates into
regular complete or incomplete elliptic integrals by special values of function parameters. As for program
implementation, we use the Bulirsch algorithm to perform fast numerical calculations [40].
𝑐𝑒𝑙

(𝑘𝑐 , 𝑝, 𝑎, 𝑏) =
∫

𝜋
2
2 (𝑎cos 𝜑

0

+ 𝑏sin2 𝜑)
𝑑𝜑
(cos 2 𝜑 + 𝑝sin2 𝜑) √cos 2 𝜑 + 𝑘𝑐2 sin2 𝜑

(11)

The coil array is composed of several coils. According to the superposition principle of the magnetic
field, a magnetic field vector at a certain point in space is the vector summation of the magnetic field
vectors at the same point excited by all sources. Note that the magnetic field induced by the 𝑖-th coil at
position 𝐱 is 𝐁𝑖 in the array’s local coordinate system; and 𝐓𝑖 and 𝐑 𝑖 are the translation transformation
matrix and rotation transformation matrix from 𝑖-th coil’s local coordinate system to the array’s local
coordinate system; 𝐱 𝑖 is the representation of the corresponding spatial position in 𝑖 -th coil’s local
coordinate system, then equation 𝐱 = 𝐓𝑖 𝐑 𝑖 𝐱 𝑖 satisfies. The magnetic field 𝐁 induced by the coil array at
𝑥 is the summation of 𝐁𝑖 :
𝐁 = ∑ 𝐁𝑖 = ∑ 𝐑 𝑖 𝐁((𝐓𝑖 𝐑 𝑖 )−1 𝐱)
𝑖

(12)

𝑖

Here, we present an algorithm based on the discussion above. The pseudocode for our real-time
numerical algorithm (Algorithm 1) is shown as follows:
Algorithm 1. 𝑄𝑢𝑖𝑐𝑘𝐺𝑒𝑡𝐵(𝑖, 𝐱)
Input: The 𝑖-th coil in the coil, and the position 𝐱 in the array’s local coordinate system.
Output: The magnetic field vector 𝐁𝑖 excited by the 𝑖-th coil at the specified position 𝐱 when unit
intensity electric current flows through.
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1: 𝐱𝑟𝑒𝑙 ← (𝐓𝑖 𝐑 𝑖 )−1 𝐱 (Due to transformation relation between coordinate systems)
𝑐𝑦𝑙𝑖𝑛𝑑𝑟𝑖𝑐𝑎𝑙

2: 𝐁𝑟𝑒𝑙
← ℬ𝑐𝑦𝑙𝑖𝑛𝑑𝑟𝑖𝑐𝑎𝑙 (𝐱𝑟𝑒𝑙 ) (Use the analytical solutions described by Eqs. 8-10 to perform fast
calculations in the coil’s local coordinate system)
𝑐𝑦𝑙𝑖𝑛𝑑𝑟𝑖𝑐𝑎𝑙

𝑐𝑎𝑟𝑡𝑒𝑠𝑖𝑎𝑛
3: 𝐁𝑟𝑒𝑙
← 𝐶𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒𝑇𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚(𝐁𝑟𝑒𝑙

4: return

) (shown as Eq. 6)

𝑐𝑎𝑟𝑡𝑒𝑠𝑖𝑎𝑛
𝐑 𝑖 𝐁𝑟𝑒𝑙

3.4 Configuration Space of Magnetic Field Vector
For a coil array composed of 𝑁 stationary coils, the magnetic field inducted at the spatial position 𝐫 is
𝐁(𝐫), and magnetic field inducted by the 𝑖-th coil at the same position is denoted as 𝐁𝑖 (𝐫), which
according to Biot-Savart’s law integration obtains the integral expression of 𝐁𝑖 (𝐫):
𝐁𝑖 (𝐫) =

𝜇0
𝐫 − 𝐫′
∫ 𝐥(𝐫 ′ ) ×
𝑑𝐫 ′ ⋅ 𝐼
‖𝐫 − 𝐫 ′ ‖3
4𝜋
⏟ 𝐿

(13)

̂ 𝑖 (𝐫)∈ℝ3 ,constant
≝𝐁

̂ 𝑖 (𝐫). Because
The part of the expression that does not contain 𝐼 in the above formula is denoted as 𝐁
̂ 𝑖 (𝐫) is an explicit expression of a constant vector field,
the geometric parameters of the coils are fixed, 𝐁
and is exactly the magnetic field excited by the 𝑖-th coil with unit current intensity. For the coils, we
stipulate that the positive direction of current flow moves counterclockwise around the positive direction
of the z-axis. A negative value represents a current flow with the same current intensity but in a clockwise
direction. Let’s denote 𝐁𝑖 (𝐫) as the linear combination of the corresponding magnetic field when the
current takes the upper and lower limits, while the upper and lower limits of the coil passing current are
denoted as 𝐼 and 𝐼, respectively:
̂ 𝑖 (𝐫)𝐼) + (1 − 𝑝) ⏟
̂ 𝑖 (𝐫)𝐼)̅ , 𝑝 ∈ [0,1]
𝐁𝑖 (𝐫) = 𝑝 ⏟
(𝐁
(𝐁
≝ 𝐁𝑖 (𝐫)

(14)

≝ 𝐁𝑖 (𝐫)

For usual hardware implementations, the absolute values of 𝐼 and 𝐼 are identical. The sign of 𝐼 is
positive, and the other is negative. Further discussion in this article will satisfy this restriction by default,
expressed in mathematical language, Equation (15) is always satisfied. Alternatively, according to the
superposition principle of the magnetic field, the total magnetic field vectors 𝐁(𝐫) and 𝐁𝑖 (𝐫) inducted by
a single coil at the same spatial position 𝐫 satisfy the relationship 𝐁(𝐫) = ∑𝑁
1 𝐁𝑖 (𝐫).
(‖𝐁𝑖 (𝐫)‖ = ‖𝐁𝑖 (𝐫)‖) ∧ (𝐁𝑖 (𝐫) + 𝐁𝑖 (𝐫) = 𝟎)

(15)

Here, we define Ω𝐁 (𝐫) as the linear combination of {𝐁𝑖 (𝐫)}. {𝐁𝑖 (𝐫)} is the set of magnetic field vectors
that can be obtained by configuring specific currents flowing through each coil at 𝐫. Ω𝐁 (𝐫) is called the
configuration space of 𝐁(𝐫) of the coil array at 𝐫. Alternatively, from a geometric point of view, the
vector set 𝑆𝐫 = {𝐁𝑖 (𝐫)} ∪ {𝐁𝑖 (𝐫)} includes all the upper and lower limits of the magnetic field vector at
the space point 𝐫. The power set of 𝑆𝐫 , 𝒫(𝑆𝐫 ): = {𝜉|𝜉 ⊆ 𝑆𝐫 } is the set formed by all the subsets of 𝑆𝐫 . The
number of elements in the power set are ‖𝑃(𝑆𝐫 )‖ = 2∥𝑆𝐫∥ = 4𝑁 . Next, we define a class of functions
𝜎: {𝐱 𝑖 |𝐱 𝑖 ∈ ℝ3 } → ℝ3 , which are mappings from a set of vectors to a point in space:
𝐫 + ∑ 𝐱𝑖
𝜎𝐫 (𝐗): = {
𝐫

𝐗≠∅

(16)

𝐗=∅

Here, we present a theorem to further compute the configuration space of a magnetic field vector using
the quick hull algorithm [41].
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Theorem 1. The convex hull 𝒞ℋ(𝜎𝒓 (𝒫(𝑆𝒓 ))) of the point set 𝜎𝒓 (𝒫(𝑆𝒓 )) is equivalent to the
configuration space of the magnetic field vector 𝛺𝑩 (𝒓) at 𝒓, that is, 𝒞ℋ(𝜎𝒓 (𝒫(𝑆𝒓 ))) = 𝛺𝑩 (𝒓).
Fig. 4 shows the respective configuration space of a magnetic field vector by coil arrays of two, three
and five coils at some point in the space, where the red marking points correspond to the elements in the
set 𝜎𝐫 (𝒫(𝑆𝐫 )). Literatures [42] and [43] give a fast algorithm for computing a convex hull from a set of
points. It can be seen from Fig. 4 that the configuration space corresponding to a 2-coil array is a
parallelogram. According to the physical principle of guidewire steering, the guidewire can only be bent
and guided in a particular plane. And a coil array composed of three or more coils results in a Ω𝐁 (𝐫) of
convex polyhedron shape, which can bend and guide the guidewire in any direction perpendicular to
centerline direction. Therefore, a coil array composed of at least three coils is required to bend and guide
the guidewire freely.

(a)

(b)

(c)

Fig. 4. Illustrations of the convex hull of Ω𝐁 (𝐫) at position 𝐫 in space for (a) the 2-coil array,
(b) 3-coil array, and (c) 5-coil array examples.

3.5 Power-Optimal Control Current Solver
Knowing the position and direction of each coil in a coil array composed of 𝑁 coils, let 𝐁 ∗ (𝐫) be the
total magnetic field vector expected to be obtained at position 𝐫 by adapting the currents flowing through
the coils. Then we need to figure out the proper current intensity configuration 𝐼 for each coil, that is, the
current configuration 𝐈 of the coil array:
𝐈 = [𝐼1 , 𝐼2 , 𝐼3 , … , 𝐼𝑁 ]⊤

(17)

Concurrently, we hope to reduce the overall thermal power of the coil array (𝑃) as much as possible.
𝑃 = ∑ 𝑅𝑖 𝐼𝑖2

(18)

𝑖

If 𝐁 ∗ (𝐫) is in the configuration space of a magnetic field vector, that is, 𝐁 ∗ (𝐫) ∈ Ω𝐁 (𝐫), there is at least
̂ 𝑖 (𝐫)𝐼𝑖 = 𝐁 ∗ (𝐫). That is, there exists 𝐼, which satisfies the
one solution 𝐈 ∈ [𝐼, 𝐼]𝑁 = Ω𝐼 such that ∑ 𝐁
following:
∗
̂
̂
̂
[𝐁
⏟ 1 (𝐫) 𝐁2 (𝐫) … 𝐁𝑁 (𝐫)]3×N ⋅ 𝐈 = 𝐁 (𝐫)
̂ (𝐫)∈ℝ3,𝑁
≝𝐁

(19)

Suppose 𝐁 ∗ (𝐫) is outside of Ω𝐁 (𝐫) , which is beyond the capability of the system. In that case,
theoretically, it is impossible to find a perfect solution for the current configuration, so then our goal
degenerates to find an approximate solution using optimization methods.
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We present a theorem here before continuing to propose an algorithm for controlling a current
calculation.
Theorem 2 ([44]). Given matrices 𝑨 ∈ ℂ𝑛,𝑚 and 𝒃 ∈ ℂ𝑛,1 , the singular value decomposition form of
𝑨 is 𝑨 = 𝑽𝜮𝑾𝐻 . The Moore–Penrose generalized inverse of 𝑨 is defined as 𝑨† : = 𝑾𝜮† 𝑽𝐻 , where 𝜮† : =
−1
𝟎] ∈ ℝ𝑚,𝑛 , then 𝒙∗ = 𝑨† 𝒃 satisfies the following:
[𝜮𝑟
𝟎
𝟎
∀ 𝐲∈ℂ𝑚,1 ‖𝐀𝐱 ∗ − 𝐛‖ ≤∥ 𝐀𝐲 − 𝐛 ∥

(20)

And 𝐱 ∗ has the smallest L2-norm while minimizing the square error ‖𝐀𝐱 − 𝐛‖ as follows:
∀(𝐲∈ℂ𝑚,1 )∧(‖𝐀𝐱∗ −𝐛‖=∥𝐀𝐲−𝐛∥) ‖𝐱 ∗ ‖ ≤∥ 𝐲 ∥

(21)

Now we can revisit our actual control current configuration problem as follows:
(i) For the first case of 𝐁 ∗ (𝐫) ∈ Ω𝐁 (𝐫), the configuration space of current vector Ω𝐈 has at least one
solution, resulting in 𝐁 ∗ (𝐫) being generated by the coil array. An accurate numerical solution 𝐈 ∗ can be
obtained by using the singular value decomposition (SVD) method according to Theorem 2.
̂ (𝐫) = 𝐕𝚺𝐖 H be the SVD representation of 𝐁
̂ (𝐫), and its Moore–Penrose generalized inverse is
Let 𝐁
†
† H
𝑁,3
̂
𝐁(𝐫) : = 𝐖𝚺 𝐕 ∈ ℝ .
̂ (𝐫)† 𝐁 ∗ (𝐫) satisfies inequality (refer to Equation (20)):
Then 𝐈 ∗ = 𝐁
̂ (𝐫)𝐈∗ ‖ ≤ ‖𝐁 ∗ (𝐫) − 𝐁
̂ (𝐫)𝐈‖
∀𝐈∈Ω𝐈 ‖𝐁 ∗ (𝐫) − 𝐁

(22)

And according to Equation (21), 𝐈 ∗ has a minimal L2-norm among all 𝐈s meeting the requirement of
Equation (19) as follows:
∀(𝐈∈Ω𝐈)∧(‖𝐁∗(𝐫)−𝐁̂(𝐫)𝐈∗‖=‖𝐁∗(𝐫)−𝐁̂(𝐫)𝐈‖) ‖𝐈 ∗ ‖ ≤∥ 𝐈 ∥

(23)

According to Joule’s law of electricity, the total heating power of the coil array is 𝑃 = 𝑅 ⋅ ∑𝑖 𝐼𝑖2 ,
because 𝐈 ∗ ’s square of L2-norm ‖𝐈 ∗ ‖2 = ∑𝑖 𝐼𝑖2 is minimal, while the heating power 𝑃 has the minimum
value in tandem.
In summary, the total electric power of the coil array reaches its minimum while obtaining the desired
magnetic field vector of a specific control point.
(ii) In the other case of 𝐁 ∗ (𝐫) ∉ Ω𝐁 (𝐫), the expected magnetic field vector is outside the configuration
space, so it is impossible to achieve our previous goal. We have to lower the target to obtain an
approximate result in the same direction with its L2-norm as close as possible. Therefore, 𝐵∗ (𝑟) is
corrected to the vector corresponding to it’s intersection with the convex hull’s boundary 𝜕Ω𝐁 (𝐫).
Based on the discussion of the above two cases, our power-optimal algorithm expressed in pseudocode
(Algorithm 2) is as follows:
Algorithm 2. 𝐺𝑒𝑡𝑂𝑝𝑡𝑖𝑚𝑎𝑙𝐶𝑢𝑟𝑟𝑒𝑛𝑡(𝑟, 𝐵 ∗)
Input: Specify the spatial position 𝐫 and the magnetic field vector 𝐁∗ that the coil array has to excite.
Output: A power optimal electric current configuration 𝐈.
1: if 𝐁∗ ∈ Ω𝐁 (𝐫) then
̂ ← [𝐺𝑢𝑖𝑐𝑘𝐺𝑒𝑡𝐵(1, 𝐫) … 𝐺𝑢𝑖𝑐𝑘𝐺𝑒𝑡𝐵(𝑁, 𝐫)]
2: 𝐁
̂)
3: 𝐕, 𝚺, 𝐖 ← 𝑆𝑉𝐷(𝐁
†
†
H
̂
4: 𝐁 ← 𝐖𝚺 𝐕
̂ †𝐁∗
5: return 𝐁
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6: else
7: 𝐁∗ ← 𝐼𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡𝑖𝑜𝑛(𝐵𝑜𝑢𝑛𝑑𝑎𝑟𝑦(Ω𝐁 (𝐫)), 𝑅𝑎𝑦(𝐫, 𝐁 ∗ ))
8: return 𝐺𝑒𝑡𝑂𝑝𝑡𝑖𝑚𝑎𝑙𝐶𝑢𝑟𝑟𝑒𝑛𝑡(𝐫, 𝐁∗ )

4. Experiments and Analysis
4.1 Hardware Implementation Details
4.1.1 Guidewire design
Inspired by the work of Kim et al. [37] in 2019. In our work, we design the front-end structure of the
guidewire as shown in Fig. 5. The main body of the guidewire is a medical hose with a uniform elastic
coefficient, with a permanent magnet embedded at the top end. When a magnetic field perpendicular to
the magnetization direction is applied, it will be subjected to transverse magnetic Cauchy stress and
eventually bend. The permanent magnets are rigid objects divided into several pieces to reduce the
influence on the bending performance of the front end of the guidewire. In summary, after embedding
permanent magnets in the medical rubber hose, we can dynamically change the external magnetic field
to control the guidewire tip direction.

Fig. 5. Prototype design of the guidewire's front-end structure.
4.1.2 Control current output
We adopt a pulse-width modulation (PWM)-controlled H-bridge current output module to perform the
control current output. Each output channel has two pins to control the current output direction, and the
duty cycle of PWM controls the output voltage. Because the resistance of the coil is fixed, the voltage at
the output circuit end is proportional to the current. In the hardware implementation we adopted, the
output voltage is roughly linear with the PWM duty cycle. Still, it is nonlinear under a tiny duty cycle, as
shown in Fig. 6, so a correction must be made [45, 46].
The correction is represented as Equation (24):
(9.8 ∗ 𝑑𝑢𝑡𝑦 + 0.9)/10.4 𝑑𝑢𝑡𝑦 > 0
𝑑𝑢𝑡𝑦′ = {(9.8 ∗ 𝑑𝑢𝑡𝑦 − 0.9)/10.4 𝑑𝑢𝑡𝑦 < 0
0
𝑑𝑢𝑡𝑦 = 0
where 𝑑𝑢𝑡𝑦 =

𝐼
𝐼𝑚𝑎𝑥

=

𝑅𝑐𝑜𝑖𝑙
𝑈

(24)

𝐼. Then

𝐝𝐮𝐭𝐲′ = 𝐝𝐮𝐭𝐲′(

𝑅𝑐𝑜𝑖𝑙
𝐺𝑒𝑡𝑂𝑝𝑡𝑖𝑚𝑎𝑙𝐶𝑢𝑟𝑟𝑒𝑛𝑡(𝐫, 𝐁 ∗ ))
𝑈

(25)
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Fig. 6. Relationship between the output voltage of the H-bridge module and input PWM duty cycle.
A negative duty cycle means that the reverse output pin setting is enabled. We assume that the
output curve is a curve that crosses the origin (denoted by orange line) but performs an additional
correction step on the microprocessor

4.2 Quantitative Verifications
Table 1 lists the physical parameter settings in the quantitative verification experiment. The coil array
is the main body of our magnetron equipment, which is used to generate a changing dynamic magnetic
field, while the guidewire is similar to the existing systems, with which a permanent magnet is embedded
in the tip. Since this experiment is a principle verification experiment, the guidewire is a rubber hose that
is thicker than the guidewire used in clinical practice.
Table 1. Physical parameter settings
Object
Coil

Parameter

13.5

Outer radius (mm)

35.0

Height (mm)

62.0

No. of turns

1,024

Resistance (Ω)
Material
Hose

Inner radius (mm)
Outer radius (mm)
Material

Permanent magnet

Value

Inner radius (mm)

Radius (mm)
Height (mm)
Material

10.0
Copper
1.5
2.5
Silicone rubber
1.5
9.0
NdFe35

4.2.1 Magnetic field calculation
Table 2 lists the time required to calculate the magnetic field in the space around a single coil using
different methods. All our evaluation procedures run on an 8-core AMD Ryzen 7 5800H CPU. Among
these methods, the numerical integration and analytical solution methods are suitable for a particular
position in space. In contrast, the finite element method (FEM) must be calculated on the entire model
grid. Due to calculating a large number of unnecessary sampling points, the actual real-time performance
is far inferior to the numerical integration and analytical solution methods.
In our CPS’s control loop, real-time calculation of the magnetic field is required for a single control
point, and the source of the magnetic field is a regular cylindrical coil shape. The comp rehensive
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evaluation result shows that the analytical solution method is the best option for this application.
Table 2. Comparison of numerical calculation methods of magnetic field
Category
Numerical integration [47, 48]

Method applied
Global adaptive
Monte Carlo

Finite element method

FEM (ANSYS)

Analytical solution

Ours (C++ implementation)

Elapsed time (s/point)
1.4
4.5
1.6 × 10−3 (37 s/23,000 pts)
2.4 × 10−6

4.2.2 Magnetic field calculation
We design a 4-coil array, with all four coils placed upright and closed connected, while the centers of
the coils are connected to form a square (as shown in Fig. 7). A PWM-controlled H-bridge module is
adopted to output the control current (refer to Section 4.1.2), and an ESP32 microcontroller is used as the
core controller of this module.

Fig. 7. Design of 4-coil array.

Fig. 8. Diagram of magnetic field vector’s configuration spaces Ω𝐁 (0,0,5), Ω𝐁 (0,0,35) and
Ω𝐁 (0,0,70). Ω𝐁 (0,0,5) as too flat and sharply shaped. The former are not conducive to controlling the
bending of the guidewire in the vertical direction; and the latter Ω𝐁 (0,0,70) will cause difficulties in
magnetic guidance control in the horizontal direction.
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Next, we compute the convex hull 𝒞ℋ(𝜎𝐫 (𝒫(𝑆𝐫 )))|𝑟=(0,0,𝑧) and visualize Ω𝐁 (0,0, 𝑧), which is the
configuration space of the magnetic field vector on the z-axis. The resulting graphics (refer to Fig. 8)
show that the optimal control range of this coil array is 25–50 mm above the top of the coil. The shape
of the configuration space within this range is relatively close to a sphere, which is suitable for controlling
bending everywhere. If the shape of Ω𝐁 is too flat, it will be difficult to bend the guidewire vertically;
conversely, if the shape is too sharp, it will be difficult to control the horizontal bending of the guidewire.
To verify the correctness of the mathematical model proposed in Section 3.1, we place a compass in
the optimal control area to show the direction of a magnetic field vector, specify magnetic field vectors,
and set the compass point to the desired direction in the horizontal plane. Firstly, we set a magnetic field
vector that forms a specific angle with the positive x-axis, and then measure the angle formed by the
deflection direction of the compass and positive x-axis. The experimental phenomena indicate that the
direction of a magnetic field vector implied by the compass is the same as the specified direction.
We set the direction of a magnetic field vector to be generated every 5° from 0° to 360°, and measure
the deflection angle of the compass. The quantitative experimental results are shown in Fig. 9. The polar
graph on the left shows the error between the compass rotation angle and a specified angle, while the
error 𝐸𝜃 is distributed between –6° and 6°. On the right is a box whisker graph showing the error
distribution. Most of the errors concentrate between –1° and 1°, with the median specified as 0°, mean
error as only –0.127° and mean absolute error as 2°. In terms of real-time performance, on an 8-core
Ryzen 7 5800H CPU, the CPU time required for a single calculation of control current configuration is
less than 0.2 ms.
Within the allowable error range, the experimental results verify the correctness of the theoretical
method described in Section 3.1, and the algorithm implementation meets the real-time requirement.

Fig. 9. Accuracy experiment result graph. The error between the angle of compass rotation and
a specified angle: 𝐸𝜃 = 𝜃𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛 − 𝜃𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑒𝑑 .

4.3 Guidewire Steering
Using the same experimental setup described in the previous subsection, we demonstrate the primary
capability of our system designed for catheterization, based on active steering upon the magnetic
actuation. We put the permanent magnet part of the guidewire tip in the optimal control area. The solver
will calculate an electric current configuration to excite a magnetic field according to the operator’s
bending direction instructions. The entire process is highly automated, so the operator only needs to
specify the direction of bending with an input device such as a keyboard or joystick. The control loop
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flowchart is shown in Fig. 3. The basic principle of magnetic actuation and guidewire steering is to point
the direction of the required magnetic field vector to the bending direction, thereby allowing the
magnetization direction of the permanent magnets at the guidewire tip to align in the required direction,
and finally causing the guidewire to bend towards that direction. Concurrently, we use the 4G network
and MQTT protocol to realize wireless communication and control between the operator and patient
modules under a local area network, which lays the foundation for future applications of remote
interventional surgery.
As shown in Fig. 10, the tip of the guidewire is accurately and quickly pointed in the desired direction.
As for the deformable guidewire modeling, we first define a set of 3D key points, then use a 𝐶 2 continuity
interpolation function to obtain the centerline from the key points, and use a parallel transport approach
to frame the centerline curve [49]. Lastly, we triangulate the model and send the data to a GPU rendering
pipeline for visualization, as illustrated in Fig. 2.
(a)

(b)

Fig. 10. Snapshots of the guidewire steering experiment. (a) The cross-sectional view of the blood
vessel model and deformable virtual guidewire model in the virtual scene. (b) The corresponding
physical entity scene captured by our system’s RGB camera, showing that the guidewire is steering
under the applied magnetic field.

5. Conclusion and Future Work
In our work, starting from the physics-based dynamics principles and continuum deformation theory,
we have proposed a magnetic-actuated catheterization CPS based on a power-optimal control current
solver which meets the real-time requirement. Notably, a general control method that has little to do with
the topology of the coil array is proposed, and a control current solver is developed based on this. We
also discussed the theoretical limitation of the magnetic field vector excitation capability through a
geometric approach, which is directly related to the control capability of our system. What’s more, the
solver integrates a fast magnetic field computing algorithm based on known analytical solutions, which
is 1 to 6 orders of magnitude faster than the existing mainstream discrete numerical calculation method
such as FEM. And the solver minimizes the overall heating power of the coil array, and outputs an
appropriate control current configuration to steer the guidewire. The experimental results also show the
high consistency between our model and the physical world.
However, our experiment is still in the prototype design stage, and there is still a long way to go before
clinical verification. There is still a lot of improvements to be made in the material of the guidewire and
design of the coil array, among other aspects. Our future work will mainly involve a magnetic field
source, controlled guidewire, and development of a more advanced visualization environment. As for
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magnetic field sources, we will continue to explore the actual application of the algorithm in more
complex coil configurations such as a 6-coil array or even 8-coil array. Also, we will study the influence
of the material and structure design of the guidewire on the control accuracy and maximum deflection
angle. Lastly, migrating 3D visualization from flat vision to a more cutting-edge hardware platform with
stereo glasses or helmets would provide a more immersive virtual environment [50, 51]. In addition to
this, we have only achieved local area network control with the 4G network, and in the future, we will
conduct experiments using the 5G network and conduct clinical trials of remote interventional surgery
when conditions are ripe.
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