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Abstract— Diseases affecting the retina, such as retinal de-
tachment, diabetic retinopathy, and macular degeneration, are
significant contributors to blindness globally, with a substantial
risk of vision loss among those afflicted. Surgical treatment of
these conditions is complex due to the delicate nature of retinal
tissue and the challenges posed by involuntary hand movements.
While existing methods aim to compensate for hand tremors
using sensor-based systems, they are hindered by limitations in
accurately tracking retinal surface movement during surgery,
particularly in response to patient movements under anesthesia.
To address these issues, this study proposes a novel handheld
micro-surgical tool equipped with a 1-degree of freedom (DOF)
mechanism and a 3-axis Hall sensor to mitigate physiological
hand tremors effectively. By utilizing magnetic flux density
measurements, the tool can pinpoint the position of a magnet
embedded within the surgical instrument, enabling precise
tremor compensation without reliance on a global coordinate
system. The design incorporates a piezoelectric (PZT) linear
actuator and a Hall sensor for compactness and sensitivity.
Optimization of the magnet’s dimensions through simulation
ensures optimal sensor performance. Experimental validation
using artificial and ex-vivo porcine eye models demonstrates
the tool’s effectiveness in reducing hand tremors, suggesting
potential enhancements in the safety and accuracy of retinal
surgeries. For the desired positions from 4000 µm to 1000 µm,
the RMS error of the synthetic eye model and porcine eye
decreased from 71.10 µm to 33.27 µm and 71.36 µm to 33.39
µm, respectively.

I. INTRODUCTION

Retinal diseases, such as retinal detachment, diabetic
retinopathy, and macular degeneration, are leading causes
of blindness, with a 12% probability of vision loss among
affected patients [1]. In a six-year statistical study of Amer-
icans [2], common types of retinal diseases exhibited ap-
proximately 160,000 new cases. Retinal surgery has been
challenging to treat because micro nerves and blood vessels
are intertwined [3]. For this reason, the reoperation rate for
retinal surgery was almost 80% [4], so surgeons should have
excellent surgical skills and experience.

There are various difficulties in retinal surgery. First, the
retina comprises many layers; each layer is very thin, 30 µm
to 69 µm [5], [6]. The physiological hand tremor is about a
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Fig. 1. (a) Configuration of the proposed manipulator. (b) 3-axis Hall
sensor system with ring permanent magnet trocar

magnitude of 108 µm and a frequency of 6 Hz [7], enough
to damage the retina. Surgeons must have delicate hand skills
for safe and precise retinal-related eye surgery. Also, getting
sufficient vision inside the eye is difficult due to the narrow
space and darkness during surgery. In addition, it is difficult
to know the distance between the end of the surgical tool
and the retina, which can damage the retina.

For these limitations, many studies have been conducted
on surgical tools and hand tremor removal. One is to remove
hand tremors in needle positions to measure and compensate
for the tremors in surgical instruments, including physiologi-
cal hand tremors from the global coordinate. For example, an
inertial measurement unit (IMU) [8] with an accelerometer,
a gyroscope, and a geomagnetic sensor, a MICRON [9]
that tracks LEDs attached to surgical instruments with a
3D camera, and an Electromagnetic (EM) [10] are used
to compensate for hand tremors and the positions of the
ends of surgical instruments. However, these methods do
not know the location of the retinal surface during surgery
because hand tremors are compensated in the global co-
ordinate system. In the case of surgery performed by a
patient under anesthesia, a body movement of the patient’s
breathing or an unspecified movement of the involuntary
muscle occurs, which causes a continuous change in the
target retina position [11]. Patients who are not anesthetized
have more severe movement. The above methods make it
challenging to respond to these movements.

The other is a handheld manipulator to overcome these
surgical difficulties by introducing optical coherence tomog-
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Fig. 2. (a) The proposed trocar consists of a ring permanent magnet and
metal cannulas. Dimensions of the ring permanent magnet are an inner
radius: Rmi, an outer radius: Rmo, and a height: Lm. Dimensions of
the metal cannulas are an inner radius: Rci, an outer radius: Rco, and a
height: Lc. (b) Illustration of the measurement system consisting of a ring
permanent magnet and a 3-axis Hall sensor.

raphy [12–14]. The Smart Micromanulation Aided Robotic-
Surgery Tool (SMART) system is a portable surgical
tool [15–19]. The system was developed to prevent the retina
from being damaged by hand tremors using a common path
swept-source optical coherence tomography (CP-SSOCT)
distance sensor [20], [21]. The CP-SSOCT distance sensor
used in this SMART system has excellent resolution and a
high-speed sampling rate, so it can accurately measure hand
tremors [22], [23]. However, extending the system is difficult
due to the short detectable distance and the need for reflective
surfaces. In addition, since the optical fiber is fixed to the
injection needle, it is difficult to replace it in actual surgery.
Also, if the fiber is broken or disassembled due to the needle
movement during the surgery, tiny fiber pieces in the eye are
likely to cause tissue damage. Lastly, there is an inherent
risk of directly irradiating the retina with optical laser light.

With compensating for hand tremors while overcoming
the limitations and risks arising from prior research, this
study presents a 1-degree of freedom (DOF) handheld micro-
surgical tool based on one actuator and a 3-axis Hall sensor
to remove the physiological hand tremors of surgeons. The
Hall sensor, which can find the location of the magnet, has
the characteristic of overcoming the short range of the OCT
distance sensor used in previous studies. One piezoelectric
(PZT) linear actuator and one Hall sensor were used for
miniaturization. To measure hand tremors with magnetic
flux density, a trocar as a channel of the eye surgical tool
was fabricated and modeled from a ring-type neodymium
permanent magnet. The dimension of the magnet was op-
timized by considering the sensitivity and sensing range of
the sensor using simulation software. The distance between
the trocar on the sclera and the sensor was measured through
magnet positioning instead of the global coordinate system.
Therefore, it can respond to the unspecified movements of
the patient. To validate the efficacy of the surgical tool, we
assessed the sensor hysteresis error and performed sensor
calibration. Also, experiments are conducted to remove ac-
tual hand tremors using an artificial eye model and an ex-vivo
porcine eye.

Manipulator

PZT 

motor

Hall sensor

Controller

Sensor

distance

Motor

driver

Controller

Control

input

X

Z

Hand tremor

Flux

density

Feedback speed > 500 Hz 

Ring magnet trocar

Fig. 3. Schematic of handheld 1-DOF surgical tool based on 3-axis Hall
sensor-magnet trocar localization and feedback control scheme at an update
speed of 500 Hz.

II. SYSTEM DESIGN AND METHOD

A. Micro-surgical Tool System

We designed the prototype of a handheld surgical manipu-
lator featuring one PZT motor and a tool housing, including
a body and cover, as shown in Fig. 1(a). The PZT motor
(LEGS-L01S-11, PiezoMotor) consists of a motor and a
shaft with a Hall sensor (TMAG5170, Texas Instruments)
bar and a detachable 25G needle. The sensor chip is on
the end of the bar, and its length is adjustable. In an actual
surgical environment, a trocar as an insertion channel tool
is used when a needle is inserted into the eyeball. In this
study, a specially designed trocar combined with a magnet
is fabricated and used. A Hall sensor attached to the end of
the bar coupled to the shaft of the PZT motor measures hand
tremors by measuring the distance from the magnet fixed to
the eyeball.

B. Ring Magnet Trocar Design

The trocar cannula system is used in ophthalmic surgery to
access the inside of the eye by providing an entrance for other
surgical instruments, such as needles or forceps [24]. The
trocar is placed in the sclera, the outer protective layer of the
eye, through a small incision made with an insertion knife.
The trocar system consists of a metal cannula as a channel
and a valve at the top. Generally, the size of the cannula is
23G (0.64 mm), 25G (0.51 mm), and 27G (0.40 mm) [24],
and the inner and outer diameters of 23G and 22G were used
in this study. The length Lc of the cannula is about 4 mm
long enough to reach the inner cavity of the eye and not long
enough to damage the inner structure [25]. The difference
from the existing system is that a chrome-coated neodymium
magnet was used in the valve instead of a plastic object. As
shown in Fig. 2(a), the ring magnets were fabricated with an
inner diameter of 2 ∗ Rmi of 0.7 mm, an outer diameter of
2 ∗ Rmo of 2 mm, and a height of Lm of 1 mm to couple
to the metal cannula.

C. Ring Magnet Localization

It is necessary to know the location of the manufac-
tured magnetic trocar cannula as a Hall sensor on the
surgical instrument. Hence, assuming a distance z between
the ring magnet and the sensor, we defined the scalar
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Fig. 4. Magnetic field vector of ring permanent magnet. The magnetic flux
density of each axis is measured based on the three color lines using the
ANSYS Electronics Desktop (AEDT) software.

potentialϕaxiz(z) and magnetic flux density in the Z-axis
B(z) as follows [26]:

ϕaxiz(z) =
M
2 [(

√
(z − L)2 +R2

mo −
√
z2 +R2

mo)

−(
√

(z − L)2 +R2
mi −

√
z2 +R2

mi)] (1)

B(z) = M
2 [( z√

z2+R2
mo

− z−L√
(z−L)2+R2

mo

)

−( z√
z2+R2

mi

− z−L√
(z−L)2+R2

mi

)] (2)

Since the 3-axis Hall sensor can measure the magnetic
flux density in three dimensions, we denoted the magnetic
flux density of magnets B as follows [27]:

B = MT (
3(H0 · P)P

R5
− H0

R3
) (3)

where the vector P indicates the position of the magnet
from the sensor and is expressed as (dx, dy, dz). In addition,
the vector H0 represents the polar direction of the magnet
(m, n, p). Moreover, we calculated the magnetization con-
stant related to the magnet MT as follows:

MT =
µ0µrL0M0

4
(R2

mo −R2
mi) (4)

where µ0 = 4π∗10−7[H/m] and µr represent the vacuum
permeability and relative permeability, respectively. Further-
more, from Equation (3), we calculated the magnetic flux
density of the three orthogonal components as follows [28]:

Bx = MT { 3[m(x−dx)+n(y−dy)+p(z−dz)](x−dx)
R5 − m

R3 } (5)

By = MT { 3[m(x−dx)+n(y−dy)+p(z−dz)](y−dy)
R5 − n

R3 } (6)

Bz = MT { 3[m(x−dx)+n(y−dy)+p(z−dz)](z−dz)
R5 − p

R3 } (7)

Assuming that the x, y, and z components from the
Equations (5)-(7) are all zero, we can simplified Bx, By

and Bz as follows:

Bx = MT { 3dx(mdx+ndy+pdz ]
R5 − m

R3 } (8)

By = MT { 3dy(mdx+ndy+pdz ]
R5 − n

R3 } (9)

Bz = MT { 3dz(mdx+ndy+pdz ]
R5 − p

R3 } (10)

The vector R, which is marked in red color, is the
distance between the sensor and the ring magnet, as shown

L𝑚 = 1.0 𝑚𝑚

R𝑚𝑖 = 0.35 𝑚𝑚

R𝑚𝑜 = 1.0 𝑚𝑚

(z − axis)

(x or y − axis)

Fig. 5. Measured magnetic flux density for each axis from the ANSYS
Electronics Desktop (AEDT) software. The height Lm, the inner radius
Rmi, and the outer radius Rmo of the magnet were indicated.

in Fig. 2(b). The distance can be defined and calculated as
follows:

R = {dx, dy, dz}T (11)

∥R∥ =
»

d2x + d2y + d2z (12)

Since there are three variables (dx, dy, dz) and three
Equations (8)-(10), (dx, dy, dz) can be calculated. Then,
B = (Bx,By,Bz) is a vector measured by a three-axis Hall
sensor. The distance vector between the sensor S and the
projection vector projn S of sensor on the needle axis n is a
fixed distance vector that includes constant values. It can be
expressed as follows:

S projn S = {dxc, dyc, dzc}T (13)

Finally, the distance between the surgical tool and the
center of the ring magnet trocar was calculated. Since
the equations for calculating the magnetic flux density are
the distance from the magnet’s center, the distance to the
magnet’s surface must be calculated. As shown in Fig. 2(b),
Ms is a coordinate located on the surface of a magnet. The
distance to the surface can be calculated by subtracting half
the length of the ring magnet from the sensor-magnet center
length. This is the distance between the actual tool and the
surface of the magnet, which is used as a control variable:

Reff = Ms projn S =

√
R2 − S projn S2 − MsM

=
»

d2x − d2xc + d2y − d2yc + d2z − d2zc −
Lm

2
(14)

D. Control: Hand tremor removing

The system consists of the manipulator and controller,
as shown in Fig. 3 The controller includes a motor driver
and an Arduino for measuring sensor values. The Visual
Studio Microsoft Foundation Class (MFC) built the feedback
control system in the C++ language. The serial peripheral
interface (SPI) communication connects the sensor to the
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Fig. 6. Measured Hysteresis result of each axis. Magnetic flux density by five steps forward and backward input in (a) the vector B, (b) the X or Y-axis,
and (c) the Z-axis. The box plots of the magnetic flux density at each step along (d) the vector B, (e) the X or Y-axis, and (f) the Z-axis. (∗ p<0.001)

Arduino. As a manipulation for surgery, hand tremors affect
the manipulator. The 3-axis magnetic flux density between
the 3-axis Hall sensor and the ring magnet trocar is measured.
Each measured magnetic flux density was calculated as
equations of the distance-sensor values. After calculating the
actual distance between the magnet surface and the Hall
sensor obtained above, it was used for PID control. At this
time, hand tremors were compensated by the PZT motor
control. Since the performance of the 3-axis Hall sensor
exceeds 500 Hz, a control loop can remove hand tremors.
It was possible to measure and compensate for hand tremors
sufficiently [18].

III. MAGNETIC FLUX DENSITY SIMULATION

A. Simulation Environments

We acquired the simulation results using the ANSYS
Electronics Desktop (AEDT) software, as shown in Fig. 4
and Fig. 5. A ring neodymium permanent magnet was
designed to be the same size as the actual dimension. The
medium of the magnet was set to NdFe35. The boundary
range around the magnet was set to 20×20×10mm, and
the medium was set to air. Fig. 4 shows the magnetic field
vector in three dimensions. The measurement range was set
by drawing three color lines to measure the magnetic flux
density for each target displacement of each axis. Since the
designed magnet has rotational symmetry about the Z-axis,
the magnitude of Bx and By are the same. Fig. 5 shows the
magnitude of the vector B, Bx,By, and Bz, where Bx = By. It
represents the changing magnetic flux density at the magnet
surface in each axis. The colored longitudinal axes represent
the height Lm, the inner radius Rmi, and the outer radius
Rmo of the magnet.

B. Simulation Results

Fig. 5 shows the magnetic flux density around the magnet
by distance in each axis. The blue line represents the change
in the magnetic flux density within 10 mm in the X-axis
direction. The red line represents the change in the magnetic
flux density within 10 mm in the x or Y-axis direction. The
black line represents the change in the magnetic flux density
within 10 mm of the vector B. Since the designed ring-
shaped magnet is rotationally symmetrical around the Z-axis,
the values of the magnetic flux density in the x and y axes are
the same. Therefore, the change in the magnetic flux density
within 10 mm in the X-axis direction of the red arrow and
the change in the magnetic flux density within 10 mm in the
Y-axis direction of the green arrow is the same, as shown in
Fig. 4. The magnetic flux density values of the X-axis and Y-
axis are displayed in red, as shown in Fig. 5. The vertical axes
indicate the surface position of the magnet, the blue dashed
line indicates the height of the magnet at 1.0 mm, and the
red dashed lines indicate the inner radius of the hollow ring

(b)(a)

Fig. 7. Experimental samples. (a) An artificial eye model and (b) an ex-
vivo porcine eye were used to evaluate the control performance.
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(a) (b) (c)

Fig. 8. The results of hand tremor compensation using an artificial eye model. Before and after, according to the red line. (a) Converted distance by the
desired position as 1000 µm. (b) Converted distance by the desired position as 2000 µm. (c) Converted distance by the desired position as 4000 µm.

magnet of 0.35 mm and the outer radius of 1.0 mm. The
region of interest is the magnetic flux density on the surface.
There are the values after 1.0 mm in the Z-axis of the blue,
the X-axis of the red, and the B of the black.

IV. SENSOR CALIBRATION

A. Hysteresis Error Measurement

To evaluate the sensor performance, the hysteresis errors of
the sensor were measured by moving forward and backward
five steps at 0.1mm in the vector B, the X or Y-axis,
and the Z-axis, respectively. The value was measured by
changing the distance of the sensor and magnet to a precise
motorized translation stage (MT1-Z8, Thorlab) driven by a
motor controller (KDC101, Thorlab). The sensor value of a
3-axis Hall sensor is measured in [mT] units with magnetic
flux density, which changes depending on the distance to
the magnet. In other words, in this experiment, we can
experimentally define the relationship between the magnetic
flux density and distance between the sensor and the magnet
trocar.

B. Calibration: Magnetic Flux Density to Distance

The hysteresis values of the sensor were measured by
moving forward and backward five steps at 0.1 mm, as
shown in Fig. 6(a)-(c). The plots indicate the magnetic flux
density of the vector B, Bx, and Bz. In addition, we made the
box plots of the magnetic flux density measured in each step
along the vector B, the X or Y-axis, and the Z-axis, as shown
in Fig. 6(d)-(f). Moreover, the red and blue boxes represent
the magnetic flux density in the forward and backward di-
rections, respectively. The black graph of vectors B obtained
by the simulation in Fig. 5 and the actual measurement in
Fig. 6(a) is the same data value, but there is a gap between the
simulation and physical magnetic fields. This is why sensor
calibration, as well as sensor simulation, should be based
on real measurements. In addition, a t-test was conducted
between the forward and backward results from magnetic
flux density at each step with a significance level of p<0.01.
Therefore, for all cases, we obtained p<0.001. Also, we
calculated the RMS error between the forward and backward
data from the sensor. We found maximum RMS errors of
0.25mT, 0.03mT, and 0.24mT of the vectors B, Bx, and
Bz, respectively. Furthermore, we implemented a two-term

exponential model to calibrate distance-sensor values. The
relationship between the distance and the magnitude of the
magnetic flux density was defined as the parametric equation.
For the tremor compensation task, the magnitude of the
magnetic flux density was converted to a distance value and
used as a control parameter.

V. EXPERIMENTS AND RESULTS

A. Hand Tremor Removal Experimental Setup

An experiment to remove hand tremors was conducted
using a calibrated 3-axis Hall sensor and a ring magnet
trocar with the handheld surgical tool. An artificial eye model
(fundus-globe model, Bioniko) was used to evaluate the
control performance, and an experiment was performed on an
ex-vivo porcine eye. The position of the ring magnet surface
and the sensor were set to 1000 µm, 2000 µm, and 4000 µm,
respectively. It was divided before and after the control
function to remove hand tremors. After measuring the value
of the three-axis Hall sensor, the magnitude of hand tremors
was compared before and after the tool-aided motion. The
person who measured hand tremors was conducted with an
untrained public member.

B. Results of Hand Tremor Removal Experiments

We used an artificial eye model to evaluate the control
performance, as shown in Fig. 8. We mapped the magnetic
flux density into distance metric, targeting desired positions
of 1000 µm, 2000 µm, and 4000 µm, as shown in Fig. 8(a)-
(c). Also, we used an ex-vivo porcine eyeball to evaluate
the control performance, as shown in Fig. 9. Similar to the
artificial eye model evaluation, we converted the flux density
values into distance information, aiming to fix positions of
1000 µm, 2000 µm, and 4000 µm, as shown in Fig. 9(a)-(c).
In addition, we compared the sensor information, including
the position and amplitude of hand tremors before and after
activating the system. A red horizontal line represents the
moment when the system was triggered, as shown in Fig. 8
and Fig. 9. Moreover, we calculated the RMS error values
of the evaluations from the artificial eye model and porcine
eye, as shown in Table I. In general, the RMS error decreases
as the desired position gets lower. For the desired positions
from 4000 µm to 1000 µm, the RMS error of the artificial
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(a) (b) (c)

Fig. 9. The results of hand tremor compensation using an ex-vivo porcine eyeball. Before and after, according to the red line. (a) Converted distance by
the desired position as 1000 µm. (b) Converted distance by the desired position as 2000 µm. (c) Converted distance by the desired position as 4000 µm.

eye model and porcine eye decreased from 71.10 µm to
33.27 µm and 71.38 µm to 33.39 µm, respectively.

TABLE I
RMS ERROR OF COMPENSATING HAND TREMOR

Desired position 1000 µm 2000 µm 4000 µm
An eye model 33.27 µm 51.39 µm 71.10 µm
A porcine eye 33.39 µm 52.81 µm 71.38 µm

VI. DISCUSSION AND CONCLUSION

We implemented a handheld micro-surgical tool for micro-
surgery based on the 3-axis Hall sensor with magnet local-
ization. The micro-surgical tool comprises a Piezoelectric
linear motor and a 3-axis Hall sensor. A trocar used as
an entrance to the surgical tool was manufactured with a
ring-type permanent magnet to measure the distance between
the Hall sensor and the eyeball. The magnetic flux density
measured by the 3-axis Hall sensor was used to determine
the magnet’s position. The RMS error at the desired po-
sition of 1000 µm using synthetic and porcine eyes were
33.27 µm and 33.39 µm, respectively. The axial RMS error
of the SMART system, a previous study, is 9.23 µm, smaller
than this study’s. However, the laser equipment used in
the SMART system is relatively expensive and dangerous
because a fragile optical fiber is attached to the needle and
inserted into the eye. Instead of using the OCT sensor, we
successfully implement a micro-surgical tool with a relatively
inexpensive 3-axis Hall sensor and a ring magnet trocar.
Furthermore, we will implement the 3-axis Hall sensor in
a multi-DOF parallel platform surgical tool in future works.
In addition, we will apply multiple 3-axis Hall sensors to
measure the position of the magnet more accurately. Also,
we plan to use multi-axis sensing to measure the position
and orientation of the ring magnet trocar.
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