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Abstract: In microwave thermal ablation, placing the antenna on a specific coordinate is one of the
most critical steps. Several stereotactic systems can place an instrument on a specific point with great
accuracy. However, these systems are developed for neurosurgery; moreover, a stereotactic system
used in microwave thermal ablation must not disturb the electromagnetic (EM) pattern generated by
the antenna. A stereotactic positioning system was designed, built, and tested. Different types of
materials were proposed to manufacture the proposed stereotactic system to locate the microwave
antennas. The stereotactic system can displace the microwave antenna around the Z-axis and Theta-
axis. Displacements were generated by stepper motors and controlled by the user through a graphical
interface. The system tests consist of programming displacements along the two axes in steps of 5 mm
on the Z-axis and 5 degrees on the Theta-axis. Results showed that the system is capable of moving
using cylindrical coordinates over a 70 mm displacement with an average error of ±0.85 mm for
sensors on the Z-axis, while in the Theta-axis it reaches 180◦ displacement with an error of ±2.64◦. A
stereotactic microwave antenna positioning system was developed and preliminarily tested. This first
system can already be used to evaluate antenna performance either in phantoms or ex-vivo tissue.
Moreover, this system can be extrapolated to different parts of the human body and be adapted to
the required dimensions.

Keywords: thermal ablation; microwave antenna; leg stereotactic systems; electromechanical device

1. Introduction

Stereotactic systems are devices used to place surgical instruments in two-dimensional
and three-dimensional space. These systems have been developed for neurosurgery because
they can place or maintain instruments on a specific point or target with excellent stability
and accuracy. Commercial stereotactic systems such as Leksell [1] and Brown-Roberts-Wells
(BRW) [2] were developed for neurosurgery applications. These systems are generally
composed of the following components [3]: (1) stereotactic frame, (2) helmet, locators, or
reference systems, (3) stereotactic guide that can slide over the frame, (4) instrumentation,
and (5) planning systems.

The applications that require the use of stereotactic systems are procedures where
great accuracy is required, e.g., brain biopsies, brain tumors treatment [4], placement of
catheters for cyst drainage, placement of electrodes for deep brain stimulation (DBS) [5],
and stereotactic aspirations for intracerebral hemorrhage [6]. Nowadays, new applications
for stereotactic systems have been found either in radiotherapy [7] or in radiosurgery [8,9]
to implement tumor treatments in different body parts [10].

Thermal ablation treatment is one of these potential new areas of application. Thermal
ablation can be applied by using radiofrequency, microwave, and ultrasound. Microwave
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Thermal Ablation (MTA) refers to a temperature increase of around 60–100 ◦C at a specific
point in the body (tumor) for a particular time. Therefore, the cancer cells either burn or alter
their genetic composition, stopping their excessive reproduction [11]. MTA is considered a
minimally invasive treatment because the micro-coaxial antennas can be located at a specific
point over the tumor utilizing a small percutaneous incision. Ultrasound or computerized
tomography are used to guide the antenna inside the tumor. The micro-coaxial antenna
generates an electromagnetic field that interacts with the tumor and the healthy tissue.
One of the main advantages of thermal ablation to treat cancer is the generation of fewer
side effects; moreover, they are more tolerable than those generated by chemotherapy
or surgery [10]. The temperature distribution generated by the micro-coaxial antenna is
strongly related to the antenna type and location. Thus, one of the main goals in thermal
ablation is the correct antenna placement. The antenna must be placed with high accuracy
in the target because a slight deviation could cause damage to the surrounded healthy
tissue. Therefore, medical images are used to correctly track the antenna location and insert
the antenna at the treatment place.

According to the American Cancer Society, 1720 cases of bone cancer were prognos-
ticated to be deadly in 2020 [12]. Bone tumors are common in long bones, such as the
femur and tibia. The most common treatments are surgery (amputation), radiotherapy,
and chemotherapy; however, these treatments develop several side effects in patients.
Bone tumors are more common in young people; therefore, new treatments to eradicate
the tumor and keep the integrity of the healthy bone have been proposed. Microwave
ablation (MWA) is considered a minimally invasive technique to generate coagulative
necrosis of the tumor cells by increasing their temperature. In clinical practice, thermal
ablation for soft tissue has been widely studied, and its biological action mechanisms
have been reported [13–17]. Therefore, less information has been reported concerning the
thermal ablation for bone tumors. The literature describes several clinical studies to treat
bone tumors; however, they were implemented using micro-coaxial antennas to treat soft
tissue [10,18–21]. Recently, micro-coaxial antennas designed to treat primarily bone tumors
have been studied [10,22–25]. Therefore, new necessities to thoroughly test the antenna’s
performance have appeared. One of the most important aspects is the antenna location,
i.e., it is essential to have a positioning system able to hold and locate the micro-coaxial
antenna in the correct place (inside the bone tumor), and the antenna must be located and
fixed exactly over the tumor to be treated with microwave thermal ablation.

Despite the evolution and multiple applications of stereotactic systems in neurosurgery,
no information about its application in thermal ablation using micro-coaxial antennas has
been found. The development of stereotactic systems has been maintained mainly for the
skull because it is used mainly for neurosurgery, leaving aside different parts of the body.
However, the new applications, such as thermal ablation, required stereotactic systems to
treat different locations. In particular, bone cancer is prevalent in large bones; therefore,
it is necessary to propose a new system that can easily locate a micro-coaxial antenna
over the region to be treated, i.e., adopting the upper or lower limbs shape to place the
antenna inside the bone tumor and keep the antenna in the same location during the whole
treatment time. In this work, a stereotactic positioning system for thermal ablation of bone
tumors is introduced [26]. The design, the materials used for its manufacture, and the
construction process of the system are presented. In addition, a series of preliminary tests
were carried out to evaluate the accuracy of the displacements made by the stereotactic
positioning system [26]. Finally, graphical interface was developed to allow the stereotactic
system to be controlled by an external user.

2. Materials and Methods
2.1. Characteristics of the Stereotactic Positioning System to Located Micro-Coaxial Antennas

The stereotactic positioning system developed in this work was designed to locate
the antenna around the leg, a region where bone tumors are common. Therefore, the
positioning system must hold and move the micro-coaxial antennas such as the ones
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described in Figure 1a. These antennas work at 2.45 GHz; they were built in a micro-
coaxial cable with outer and inner conductors of 2.19 mm and 0.27 mm, respectively. These
antennas have been tested either in phantom or ex-vivo tissue by using 10 W of input power
applied per 10 min. Moreover, the standing wave ratio (SWR) of the antennas were from
1.13–1.55, showing a maximum energy transference. Figure 1b shows the axes that must be
covered by the displacements of the stereotactic positioning system over the human leg.

Figure 1. Micro-coaxial antennas and description of the displacements that the stereotactic positioning
system must cover. (a) Example of four different micro-coaxial antennas designed to treat bone
tumors [27], (b) axis convention for the stereotactic positioning system (Z-axis, Theta-axis, and R-axis)
referred to the human leg.

Because the proposed stereotactic positioning system was designed to be used in
a human leg, it was necessary to delimit its dimensions. Therefore, three aspects were
considered to delimit the stereotactic positioning system’s dimensions:

• User height: It was considered that the length of the leg is linked with the height. The
average height of Mexican people was considered, i.e., 1.64 m for men and 1.58 m for
women [28]; by considering this information, a length system of 70 cm was proposed
(See Figure 2a). Therefore, the Z-axis can be displaced and locate the antenna around
that 70 cm mark.

• User weight: The user weight is also a factor to be considered to delimit the dimen-
sions of the stereotactic positioning system. Diseases such as overweight and obesity
can cause the leg’s subcutaneous adipose tissue to become thicker, affecting its di-
ameter [29]. Therefore, legs with a maximum diameter of 40 cm could be placed; in
this case, a maximum antenna length of 17 cm was considered. Figure 2a shows a
cylinder (1) representing a transversal view of a human leg placed in the stereotactic
positioning system and the direction in which the antenna (2) could be displaced along
the Theta-axis.

• Length of the micro-coaxial antennas for thermal ablation: The length of the designed
antennas was considered to delimit the stereotactic positioning system’s height, Y-axis
(See Figure 1a). Although the typical antenna length is 11 cm, future antenna designs
could be longer; therefore, 17 cm were chosen as a limit. The final dimensions of
the entire system are presented in Figure 2a,b. Figure 2c shows a representation of a
human leg in the system and the corresponding axes.
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Figure 2. Stereotactic positioning system. (a) Front view to show a human leg (1), micro-coaxial
antenna (2), visual theta indicator (3), antenna holder (4), and leg support (5); (b) isometric view show-
ing the final dimensions of the Z-axis; (c) representation of the entire system with the corresponding
axes and the leg position.

2.2. Materials Selections

The correct materials to construct a stereotactic positioning system for Microwave
Thermal Ablation (MTA) is essential. Two fundamental aspects must be considered for the
material selection: the interaction of the material with the electromagnetic field generated
by the antennas and the reached therapy temperatures. Ferromagnetic metals placed
near the microwave (MW) antenna can modify its radiation pattern [30], and the thermal
ablation treatment could be compromised. In order to not modify the antenna radiation
pattern, the antenna must not be close to ferromagnetic components. Therefore, selecting a
material with a low value (<1) of magnetic permeability is essential. Magnetic permeability
is a material characteristic that describes how the material can either generate changes or
be affected by electromagnetic fields. Materials with magnetic permeability values over
one can distort the antenna electromagnetic field significantly [30]. Moreover, during the
treatment, the antenna can generate temperatures between 60 ◦C and 100 ◦C [10]; therefore,
the selected materials must resist those temperatures.

The materials that satisfy these requirements are acrylonitrile butadiene styrene (ABS),
polylactic acid (PLA), and Nylamid XL. The proposed stereotactic positioning system
is composed of different pieces; therefore, the materials were selected according to the
location of each one. Nylamid XL was proposed to manufacture components that require
high mechanical stability, hardness, durability, self-lubrication layer, and resistance to
high temperatures, such as the auxiliary stereotactic arc, the stereotactic arc, and the main
base. Acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA) were proposed
for the manufacture, using 3D printing, of complex parts such as the toothed pulleys.
These materials can be used to make pieces outside the antennas’ action area because they
withstand temperatures below 90 ◦C. The selected materials can be considered plastics
as their magnetic permeability constants are less than 1; due to this characteristic, these
materials do not generate alterations to the antennas’ electromagnetic field when they are
active. Table 1 shows the main features of the selected materials.
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Table 1. Advantages and disadvantages of the materials proposed for the construction of the
stereotactic positioning system.

Material Advantages Disadvantages

Acrylonitrile butadiene

• Resistant to impact
• Resistant to high temperatures
• Complex parts can be manufactured

Higher temperatures than the ones used
for PLA are required to print 3D parts

Polylactic acid (PLA)

• Resistant to impact
• Cheap material
• Complex parts can be manufactured

If it is exposed to a temperature higher
than 90 ◦C, it could be deformed

Nylamid XL

• High mechanical properties
• High terminal resistance
• Good machinability
• Outer layer to self-lubricant

Parts with high complexity are more
difficult to manufacture

2.3. Stereotactic Positioning System

The mechanical design was made by using AUTODESK FUSION 360 software. Al-
though a volume is described in cylindrical coordinates using three axes, the antenna
length represents the corresponding R-axis and can be modified by varying the antenna
insertion length. Therefore, just the displacements around the areas covered by the Z-axis
and Theta-axis were analyzed. In this sense, the stereotactic positioning system can displace
and locate the antenna by itself in a specific position.

2.3.1. Z-Axis

The precise movements across the Z-axis were made by stepper motors (NEMA 17).
The motor selection took into account the step number and the torque. Nema 17 motor is
widely used in applications such as 3D printers, CNC machines, and laser cutters, proving
the advantages of this type of motor; technical specifications are 200 steps motor with a step
resolution of 1.8◦ and 3.2 kg

cm torque, which is enough torque for the proposed application—
axial anti-backlash nuts were used. Moreover, motors were electromagnetically shielded
to reduce the electromagnetic interference due to the field emitted by the motor. The
positioning system can achieve an accuracy of 1 mm over the full axis length—70 cm.
Figure 3a shows the 3D model of the proposed system and the direction that corresponds
to the Z-axis where the antenna can be displaced. On the other hand, the components and
parts used to design and assemble a functional stereotactic positioning system that can
perform displacements in the Z-axis are presented in Figure 3b.

2.3.2. Theta-Axis

The Theta-axis can also be referred to as an angular position axis; it ranges from 0◦

to 1800◦ on a circumference. A minimum displacement of 1◦ of the system was proposed;
further resolution and increasing torque was achieved using a gearbox. Figure 4a shows
how the antenna could be displaced across this axis. The movement to perform this
displacement is controlled and generated by a stepper motor. However, in this section,
conditioning between the toothed pulleys and the toothed belt was implemented. The
assembly of the stereotactic positioning system to perform the displacement across the
Theta-axis is shown in Figure 4b. The operation principle of this system consists of moving
the linear guide in the direction of the theta-axis (See Figure 4b). A stepper motor was
coupled to a linear guide that crosses the system along the entire Z-axis to displace across
the Theta-axis. A pair of toothed pulleys, fixed by studs, were placed at both extremes
of the linear guide. The toothed pulley was placed on the toothed idler rollers of the
curved base; moreover, additional tensioners were placed in some positions in the curved
base to maintain the proper tension and shape of the toothed band. A clamp coupled to
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the toothed belt holds and moves the linear guide over the Theta-axis. Due to the linear
guide throughout the system along the Z-axis, it was possible to shift the stepper motor’s
movement to both sides of the system. On both sides, they have the same configuration for
the toothed belt.

Figure 3. 3D model of the stereotactic positioning system. (a) Z-axis and the available length to
displace the antenna, (b) exploded view of the stereotactic positioning system for displacement in the
Z-axis, showing the parts used for the assembly. The stepper motor (1) was coupled one side to the
spindle (5), the remaining end was placed in a holder (8), maintaining the line stability and avoiding
deformation when the weight is concentrated in some of the ends of the spindle. A piece that will
hold the auxiliary stereotactic arc (4) was placed on the spindle, this piece (3) has a space to place a
toothed nut (9), and this allows it to move over the length of the spindle. An infrared sensor (7) was
placed on the spindle (8) to monitor the displacement in the Z-axis.

Figure 4. 3D model of the stereotactic positioning system. (a) Theta-axis and the available distance to
displace the antenna, (b) exploded view of the stereotactic positioning system for displacement in
the Theta-axis, showing a curved base (1), auxiliary stereotactic arc (2), stepper motor (3), position
indicator (7), the base of a potentiometer (14), a precision multiturn potentiometer (15).

2.4. Mechanism Displacements

As previously described, the stereotactic positioning system can perform displacement
in two axes (Z and Theta). Figure 1b shows the directions in which the antenna can be
displaced. In both cases, the movement was generated by a conditioned system of stepper
motors by using toothed belts to move the components. In addition, an electronic driver
(Pololu A4899) was configured in a high-resolution mode for both axes (Z and Theta). The
motor requires a total of 200 steps to perform a complete revolution; with the driver set
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to the high-resolution mode, it was possible to reach 1
8 step control. Therefore, a total of

800 steps were required to perform one revolution.

2.5. System Characterization

Displacement in the Z-axis was monitored through two infrared sensors
(GP2Y0A41SK0F), whereas the Theta axis was monitored using a multiturn precision
potentiometer (50 kΩ). Infrared sensors were chosen because they are less sensitive to
vibration in this system. The procedure to evaluate the Z-axis displacement was as follows.
The system was programmed for moving along the Z-axis in 5 mm steps; the distance
was measured using the infrared sensors and compared with the physical displacement
measured with a caliper (Scala 222A). This procedure was performed in the available range
for measurement on the Z-axis. Finally, the previously obtained values were used to obtain
an equation that describes the system’s performance in the referred axis. The Theta-axis
displacements were evaluated by measuring the Theta-axis angle using a goniometer
(Mitutoyo 187-901) and compared with the resistance of a multiturn potentiometer. This
measurement protocol was performed 30 times in each axis.

2.6. Graphic Interface

A graphic interface was designed to control the direction and magnitude of the sys-
tem’s displacements in the available axes (Z and Theta). The graphic interface allows
us to receive, export, and visualize sensor data to monitor the system position in which
the antenna is located. Python version 3.8 was used to develop the graphical interface.
Communication between the stereotactic positioning system and the graphic interface was
established by using the Arduino DUE board through the StandardFirmata communication
protocol. This protocol allows the Arduino DUE board to be used with Python program-
ming. Figure 5 shows the programmatic logic describing the interface function, composed
of two classes. The first class controls the current/desired position, and the second class
takes control of the data handling, graphical visualization, and whether the data storage is
manual or automatic.

Figure 5. Block diagram of logic use to program the interface.
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3. Results
3.1. Stereotactic Positioning System

The stereotactic position system was built using the materials described in Section 2.2
(ABS, PLA, and Nylamid). Figure 6 shows the built system. The parts in green were made
using Nylamid due to the forces to which they will be subjected. The arrow in Figure 6a
shows one of the motors in charge of moving the system on the Z-axis. It is essential
to point out that the motors were covered with diamagnetic material (not shown in the
figure) to reduce the possible motor interference in the electromagnetic field generated
by the antenna. Tests were performed using a 3D-printed leg model, the size of which
considered the Mexican population’s average size (360 mm long, ≈172 mm diameter).
Regarding electrical power, the entire system is powered by an isolated 12 V direct current
power supply. The power supply can be seen in Figure 6b (in blue) and meets the galvanic
isolation standards used in medical systems; Figure 6c is an upper view of the developed
system. All cables used in the system comply with an electromagnetic shield and the
regulations on electrical safety necessary for this type of system.

Figure 6. A stereotactic positioning system was constructed showing the (a) lateral, (b) frontal, and
(c) superior views.

3.2. Axes Resolution

The Z-axis resolution was enhanced using a transmission and setting the motor driver
to a high resolution; therefore, 800 steps are needed to perform an entire revolution;
the further resolution is reached using a gearbox (GP42-S1-7-SR) with a reduction ratio
of 7:1; therefore, a 1

17 ° resolution was achieved. Physical displacement was measured
with a caliper, those data were used for modeling the system behavior (See Figure 7).
Therefore, the solid line represents the mathematical model (Equation (1)) of the Z-axis
displacement as a function of infrared sensor output. The curve of the performance of
the Theta-axis is depicted in Figure 8 and the mathematical model is represented by
Equation (2). In Equations (1) and (2), Ir and Pr represent the infrared and potentiometer
sensors values, respectively

Z = −4 + 360e−
Ir

826 (1)
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Z = −81 + 42e
Pr
40 (2)

Figure 7. The relationship between the Z-axis displacement and the infrared sensor data: symbols
represent the measured physical distances, and the solid line the mathematical model of the Z-axis
displacement.

Figure 8. Theta-axis displacement measured with the goniometer as a function of a multiturn poten-
tiometer: the solid line corresponds to a mathematical model obtained from physical displacement.

The accuracy of the displacements generated by the stereotactic positioning system
when the user sets a specific value was evaluated. The error between the programmed
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displacement and the real one is shown in Figure 9 for the Z-axis. Although the system
was designed for a 70 mm traveling distance, the error was determined for the longest
possible distance. It was observed that the error is higher at small distances lower than
20 mm; because the infrared sensor is designed for long distances; after 20 mm, the error
was lower. On the Z-axis, the results obtained from the infrared sensors show an average
error of 0.85 mm. However, it was also observed that there were areas where the sensors
did not perform the measurements correctly, affecting the final measurement. These zones
appear after the 55 mm distance. The repeatability test reveals an error lower than 1% in
the working distance interval for both axes.

Figure 9. Difference between programmed value and the measured physical value, the red line
represents the error mean value and dotted red line the confidence interval.

3.3. Graphic Interface

Figure 10 shows the graphic user interface designed and used to implement the
preliminary test. The interface consists of three main sections: Section (1) or the control
section. The desired coordinates are introduced using two textboxes provided for the
Theta-axis and Z-Axis. Additionally, four buttons were added to implement a manual
control; buttons allow displacements from the position to the left and to the right over the
Theta-axis and up and down in the Z-axis. Figure 10 shows the graphical user interface
developed to manipulate the stereotactic positioning system. Section (2) or the section for
displaying the current position. This section shows the values obtained in real-time by
the infrared sensors for the Z-axis and the Theta’s potentiometer axis. Section (3) or the
data export section. The measurements obtained by the three sensors are stored in a table.
Once the total measurements were either recorded, or the test was finished, the user can
export the data table. The formats in which the table can be exported are .xls and .CSV. This
information can be used for further analysis.

The graphical interface allowed the preliminary tests to be carried out in an easier and
faster way. First, the graphical interface was able to carry out the movements requested by
the user. Furthermore, the interface shows the system’s position, providing a way to check
the system’s accuracy. Finally, the interface is able to store the data obtained by the sensors,
export them, and analyze the system’s behavior during tests.
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Figure 10. Graphical user interface implemented for preliminary tests of the stereotactic positioning
system, showing the sections (1) control displacement, (2) display coordinates, and (3) data export.

4. Discussion

The system was developed with the standard size of the Mexican population; even
though no weight morbidities were considered in the design, the system size becomes
critical, particularly in the Theta-axis, where obesity can lead to a system limitation. The
designed system allows the Theta-axis components to be changed for bigger and smaller
sizes; thus, the system can be adapted to overweight people or even children. Despite the
advances in computing and manufacturing mechanical components, accuracy is still an
issue in stereotactic systems, and the mean accuracy value achieved in this system was
0.85 mm. At the worst conditions, the system can reach an accuracy of 2.5 mm, which
is comparable with values reported in the literature for frameless stereotactic systems.
Table 2 shows a comparison of the mean accuracy and standard deviation of this system as
well as commercial systems, for this comparison to happen, the 3D error was defined as
E =

√
∆x2 + ∆y2 + ∆z2 [31]. It is worth mentioning that, as Bradac and coworkers stated,

positioning error in the laboratory conditions is reduced [32]. Although the precision
increases for stereotactic systems at laboratory measurements, the values obtained for this
system can be compared with those reported in the literature.

Table 2. Mean accuracy comparison with commercial frameless systems.

System Mean Accuracy
(mm)

Standard
Deviation (mm)

Theta-Axis
Error (°) Reference

This work 0.85 0.25 2.71 -
Cygnus PFS 1.9 0.7 - [31]
SMN system 2.61 0.99 - [31]
ISG viewing 1.67 0.43 - [31]

The materials used to build the system were chosen to avoid them interfering with
the electromagnetic field generated by the ablation antennas. According to preliminary
studies, the area covered for the antenna is around 2 cm2; however, it can reach 10 cm2 if
a multi-array of antennas is used. The system must not interfere with this field; in spite
of this, the validation of the effect of the system on the electromagnetic field is necessary.
Additionally, it is necessary to work on the system’s compatibility with the sterilization
processes in the clinic.

5. Conclusions

A stereotactic positioning system to locate microwave thermal ablation antennas over
a human leg was developed. The standard size of the Mexican population was used to
design the system. The total distance on the Z-axis was 70 cm, which can be considered
large enough for most of the Mexican population. On the other hand, a diameter of
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40 cm was considered. Infrared sensors were adapted to track and measure the system
movements; in the Z-axis working distance, the displacement measured error was 0.85 mm
to accurately position microwave antennas for the thermal ablation technique. Moreover,
this system allows the operator to either locate or to keep the antenna in the same location
during the whole treatment time. The stereotactic system serves for placing micro-coaxial
antennas over a human leg, but it can be easily modified to other body parts by adapting the
measurements to specific dimensions. It is important to address the fact that the proposed
stereotactic positioning system was designed specially to be used as a tool in the thermal
ablation therapy. Therefore, all the materials used to build it were chosen in order to reduce
as much as possible the interference with the EM energy generated by the micro-coaxial
antenna. To our understanding, because the temperature patterns, strongly related to
the EM patterns, generated by the micro-coaxial antenna are really focused on the body
region (≈2 cm2) that must be treated, the antenna performance will not be modified by
the few metallic components at the stereotactic system. However, to completely validate
this information, some experimental tests, considered as a future work, must be done.
The next step is a validation of the effect of the system on the electromagnetic field first
by numerical simulations and then by measuring the electromagnetic field in conditions
similar to the surgery environment. To perform communication between the computer
and the stereotactic system, a graphic interface was developed. The interface controls
the system’s position automatically by using python and StandardFirmata. The interface
provides a method to store the system position and sensor data. The repeatability of the
positioning system was tested the measured error was lower than 1%, making it comparable
to the actual commercial systems.
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