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Abstract—Minimally invasive surgical procedures often
require needle insertion. For these procedures, efficacy
greatly depends on precise needle placement. Many methods,
such as optical tracking and electromagnetic tracking, have
been applied to assist needle placement by tracking the real-
time position information of the needle. Compared with the
optical tracking method, electromagnetic tracking is more
suitable for minimally invasive surgery since it has no
requirement of line-of-sight. However, the devices needed
for electromagnetic tracking are usually expensive, which will
increase the cost of surgery. In this study, we presented a low-
cost smartphone-based permanent magnet tracking method
compatible with CT imaging and designed a 3D printed
operation platform to assist with needle placement prior to
needle insertion during minimally invasive surgery. The
needle positioning accuracy of this method was tested in an
open air test and a prostate phantom test in a CT
environment. For these two tests, the average radial errors
were 0.47 and 2.25 mm, respectively, and the standard
deviations were 0.29 and 1.63, respectively. The materials and
fabrication required for the presented method are inexpen-
sive. Thus, many image-guided therapies may benefit from
the presented method as a low-cost option for needle
positioning prior to needle insertion.

Keywords—Magnet tracking, Smartphone, Needle place-

ment.

INTRODUCTION

Needle insertion is one of the most common pro-

cedures in minimally invasive surgeries such as biopsy,

fine-needle aspiration (FNA), brachytherapy, and

thermal treatment or ablation.1,16,17 During these

procedures, accurate needle placement is very impor-

tant in order to minimize the invasiveness to the pa-

tient and improve the clinical outcomes.1,13,16,17,19,23

Currently, many imaging modalities, such as ultra-

sound (US), magnetic resonance imaging (MRI), and

computed tomography (CT), are used for image

guidance to improve the accuracy of needle placement,

reduce complications, and shorten intervention

time.1,10 In addition, they can be combined with device

tracking to locate the needle in real-time, thus

improving the efficiency and accuracy of needle

placement. Optical tracking and electromagnetic (EM)

tracking are two localization methods widely used for

this purpose.10 Many researchers have reported studies

on these methods, such as Black et al.,5 who developed

an optical tracking system with three light-emitting

diodes located on a special needle holder for accurate

needle placement. Gergel et al.11 made an EM navi-

gation system to track the location of a needle for

accurate needle placement in transbronchial needle

aspiration (TBNA) procedures. However, there are

limitations with these systems. One drawback of opti-

cal tracking is the requirement of line-of-sight, which

precludes it from being used in tracking internal tar-

gets. EM tracking also has downsides since it involves

integrating wired tracking sensors with standard de-

vices, which results in high disposable cost and

increased sterilization and operation complexity.

In response to the above problems, we presented a

method to use a permanent magnet for device tracking

in minimally invasive procedures. Permanent magnet

tracking is widely used in wearable devices and input
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devices. For example, Han et al.12 applied this tech-

nique in a wearable handwriting input device for

writing characters. Chen et al.6 developed a 3D input

system with two magnetometers. Yoon et al.,24

Abdelnasser et al.,3 Abe et al.,4 Cheung and Girouard,7

and Abdelnasser et al.2 developed wireless input de-

vices for smartphones based on the permanent magnet

tracking. A smartphone has an integrated magne-

tometer and screen, making it a compact device for

detecting magnetic fields and displaying tracking re-

sults. In this study we developed a smartphone-based

permanent magnet tracking system for CT guided

minimally invasive surgery. This approach does not

require modification of standard needles and can sig-

nificantly reduce the cost of needle navigation during

surgery. Preliminary data was first reported as an oral

presentation at the 2019 International Symposium on

Medical Robotics as the proof of concept.25 The goal

of the presented method was to achieve a comparable

localization accuracy and cost but higher resolution

compared with the template approaches, which usually

have a localization accuracy of around 3 mm, resolu-

tion of 2–5 mm,9,18,21,22 and cost of $10–$30 per piece.

MATERIALS AND METHODS

The presented system consists of a magnet as signal

emitter, a smartphone with magnetometer as a signal

receiver, and a 3D printed platform to hold the magnet

and smartphone during tracking procedure. The posi-

tion of the magnet can be tracked in real-time based on

a developed math model through measured values

from the magnetometer on the smartphone. The

magnet position is described in a CT scanner coordi-

nate system with magnetometer as the origin and dis-

played on the smartphone screen to assist the operator

for needle placement. All symbols used to develope the

presented method are summarized in Table 1.

Math Model

The position relationship between the magnet and

the smartphone’s magnetometer in 3D space is shown

in Fig. 1(a). It is assumed that the magnetic moment of

the magnet (the South–North axis (S–N)) is in parallel

with the y-axis in the given magnetometer coordinate

system, and the parallel relationship does not change

during movement. In calculation, the magnetic dipole

model is applied, and the magnetometer is assumed as

a point.

The relationship between the magnetic field and the

position in a magnetic dipole model is shown in

Eq. (1).8

~B ~m;~rð Þ ¼ l0

4p~rj j5
3 ~r � ~mð Þ~r� ~rj j2~m
h i

; ð1Þ

where ~B is the strength of the magnetic field, and it can

be measured through a magnetometer in three axes

and represented by (bx, by, bz); l0 is the vacuum per-

meability; ~r is the position of the magnet in the

Cartesian coordinate system oriented by the magne-

tometer, and it can be represented by (x, y, z); and ~m is

the magnetic moment of the magnet, and it can be

represented by (0, m, 0) based on our assumption. By

replacing ~B, ~m, and ~r, we can get three equations:

bx
by
bz

2

4

3

5 ¼ l0m

4p~rj j5
3yx

3y2 � ~rj j2
3yz

2

4

3

5: ð2Þ

We assume the angle between the negative direction

of the y-axis and ~r is h, as shown in Fig. 1(a). Thus,

Eq. (2) can be rewritten as follows:

b2x þ b2z
by

� �

¼ 3 sin h cos hð Þ2 0

0 3cos2h� 1

� � l0m

4p~rj j3
� �2

l0m

4p~rj j3

2

4

3

5

ð3Þ

TABLE 1. Symbols used in paper.

Symbol Definition

~B Strength of magnetic field

bx Measured x-axis strength of magnetic field from mag-

netometer

by Measured y-axis strength of magnetic field from mag-

netometer

bz Measured z-axis strength of magnetic field from mag-

netometer

l0 Vacuum permeability
~r Distance vector from sensor to magnet
~m Magnetic moment

h The angle between negative direction of y-axis and ~r

x̂njm The estimate of x at time n given observations up to and

including at time m £ n

Pnjm The posteriori error covariance matrix corresponding to

x̂njm
Fk The state-transition model

Bk The control-input model

uk Control vector

Qk The covariance of the process noise

Kk The optimal Kalman gain

Hk The observation model which maps the true state space

into the observed space

zk The observation of the true state xk at time k

Rk The covariance of the observation noise

I Unit matrix

HT
k Transpose of matrix Hk
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The double angle formula is then applied to Eq. (3),

so we can get a quadratic equation about ~rj j3. By

solving this equation, we can get

~rj j3¼ l0m

4p
K; ð4Þ

where K ¼ byþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

9b2yþ8 b2xþb2zð Þ
p

2 b2xþb2yþb2zð Þ . By substituting Eq. (4)

into (2), we can solve for y2:

y2 ¼ 1

3

l0m

4p

� �2
3ðbyK

5
3 þ K

2
3Þ: ð5Þ

In this application, the working area is in the neg-

ative direction of the y-axis. Thus,

y ¼ �1
ffiffiffi

3
p l0m

4p

� �1
3

K
1
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

byKþ 1
p

: ð6Þ

By substituting Eq. (6) into (2), we can solve x and

z. The final solution for x, y, and z in our working area

is:

x

y

z

2

4

3

5 ¼ �1
ffiffiffi

3
p l0m

4p

� �1
3

K
4
3bx
ffiffiffiffiffiffiffiffiffiffi

byKþ1
p

K
1
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

byKþ 1
p

K
4
3bz
ffiffiffiffiffiffiffiffiffiffi

byKþ1
p

2

6

6

6

6

4

3

7

7

7

7

5

: ð7Þ

In Eq. (7), the magnetic momentm is a constant for a

given magnet, and bx, by, and bz can be measured

through a magnetometer. Therefore, we can get the

position information of themagnet via amagnetometer-

oriented coordinate system based on Eq. (7).

Filter

A filter was applied to reduce noise and make the

output signal of the magnetometer smoother. In total,

four filters were compared: first-order low pass filter,

second-order low pass filter, moving average filter, and

Kalman filter. We found that the Kalman filter had the

best performance, so in our program, we used the

Kalman filter to reduce noise.

The Kalman filter uses a series of measurements

observed over time and produces estimates of un-

known variables. It is most often calculated as two

distinct phases: ‘‘Predict’’ and ‘‘Update.’’ In the predict

phase, which is also called the priori state estimate, it

uses the state estimate from the previous timestep to

produce an estimate of the state at the current time-

step. The priori state estimate and the estimate

covariance are predicted in this phase, as shown in

Eqs. (8) and (9), respectively15,20:

x̂kjk�1 ¼ Fkx̂k�1jk�1 þ Bkuk; ð8Þ

Pkjk�1 ¼ FkPkjk�1F
T
k þQk; ð9Þ

where x̂njm represents the estimate of x at time n given

observations up to and including at time m £ n, Pnjm
represents the posteriori error covariance matrix cor-

responding to x̂njm, Fk is the state-transition model, Bk

is the control-input model, uk is the control vector, and

Qk is the covariance of the process noise.

The current priori prediction is combined with the

current observation information to refine the state

estimate in the update phase, which is also known as

the posteriori state estimate. In this phase, it will up-

FIGURE 1. Illustrations of (a) the coordinate system of a smartphone, and the position relationship between the magnet and
magnetometer in 3D space, (b) the coordinate system of a CT scanner.
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date the posteriori state estimate, optimal Kalman

gain, and the posteriori estimate covariance, as shown

from Eqs. (10) through (12), respectively15,20:

x̂kjk ¼ x̂kjk�1 þ Kk zk �Hkx̂kjk�1

� �

; ð10Þ

where Kk is the optimal Kalman gain, Hk is the

observation model which maps the true state space into

the observed space, and zk is the observation of the

true state xk at time k.

Kk ¼ Pkjk�1H
T
k Rk þHkPkjk�1H

T
k

� ��1
; ð11Þ

where Rk is the covariance of the observation noise.

Pkjk ¼ I� KkHkð ÞPkjk�1; ð12Þ

where I is a unit matrix.

In this application, the strength of the magnetic field

is a one-dimensional number in each axis, and the three

axes of the magnetometer have similar physical pro-

cesses, so we can use the same parameters for filtering

the measured values from the three axes. Specifically,

through tests, we set Rk ¼ 0:071 in our program. Qk is

a parameter that can decide whether the optimal value

is closer to the measured value or the value from the

priori state estimate, so it is a dynamic value calculated

based on the variability of the magnetic field as shown

in Eqs. (13) and (14):

Qk ¼ log1:5D� 3:6; ð13Þ

D ¼ mk � x̂k�1jk�1; ð14Þ

where mk is the measured value at time k.

Program

The Android app was developed in App Inventor.

Since a magnetic field can affect the calculation results

from the math model, the program needs to collect

magnetic field information from the surrounding

environment first. Background noise can be reflected

more accurately with more collections. However, more

collections require more time. A balance between data

size and number of collections needs to be found. In

our case, we sampled the background magnetic base-

line for 5 s at 40 Hz and used the average as the

background noise. Then the difference between the

tracking data and the background noise is considered

as (bx, by, bz) when calculating the position of the

magnet.

In addition, the constant
l0m

4p

� �1
3 in the math model is

hard to measure. Therefore, a calibration step was

added to calculate this constant before tracking. In this

step, the working plane (x–y, x–z, or y–z) is selected

first, and each axis in the selected plane is calibrated

independently. For each axis, the user inputs a known

distance between two points, and the corresponding

coordinate information of these two points is recorded

with the assumption of
l0m

4p

� �1
3 = 1. Then we can get a

calculated value of
l0m

4p

� �1
3 by dividing the known dis-

tance by the absolute difference between the corre-

sponding coordinate information of the two points. In

the calibration step, we can get two calculated values

of
l0m

4p

� �1
3 from the selected axis calibration, and we then

use the average of these two values as the final value of
l0m

4p

� �1
3.

For the tracking function, the program always as-

sumes the first tracked point as the original point and

draws it in the center of the screen. Then, a 2D coor-

dinate system is built based on this original point on

the phone screen with the head and right side of the

phone being the two position directions of the two

axes. For the following points, the program uses the

relative distance between the new point and the first

tracked point as a reference for drawing. The workflow

of the program is shown in Fig. 2.

Hardware Design

A platform was designed to make sure the magnetic

moment of the magnet (i.e., the S–N axis) stays in

parallel with one axis of the magnetometer, as shown

FIGURE 2. Illustration of software workflow in this
application.
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in Fig. 3. This platform consisted of a needle insertion

template, magnet holder, and adjustable phone holder.

The needle insertion template is used for holding a

needle during localization procedures, and it is con-

nected with the magnetic holder to make sure it has the

same movement distance as the tracked magnet. In

addition, a brass tube was used as a slider bar for

reducing the background noise of measurement and

increasing the signal-to-noise ratio (SNR) captured by

the magnetometer in the smartphone. Once the design

was finalized, the platform was printed by a 3D printer

(MakerBot, New York City, NY). The working area of

this platform was the x-y plane in the CT coordinate

system, as shown in Fig. 1. Besides, the size of the

working area was calibrated based on the used magnet.

Two experiments were conducted to test the track-

ing accuracy of the tracking method presented in this

paper. A Samsung S7 edge smartphone with an

assembled magnetometer, which has a maximum

measurement range of 4912 micro-Tesla (lT) and res-

olution of 0.60 lT, and a neodymium N52 magnet,

which has a diameter of 14 mm and a height of 28 mm,

were used in all experiments.

The strength of the magnetic field decreases signifi-

cantly with the increase of distance between the mag-

netometer and magnet, which leads to a decrease of

SNR and inaccurate tracking. Therefore, we needed to

confirm the acceptable working area of the magnet

based on the SNR before the experiment.

Working Area Measurement

To keep the magnet from getting too close to the

magnetometer in the smartphone, the working area

was started from the right edge of the smartphone.

First, the magnetic field strength of the environment

was recorded as background noise. Then the magnet

was moved around in the space to the right of the

FIGURE 3. (a) 3D model of the operation platform. (b) 3D printed operation platform with a working plane in CT coordinate
system.

FIGURE 4. Experiment setup for an open-air test.
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smartphone, and the SNR was calculated during the

movement of the magnet. The area with SNR greater

than one could be considered as a potential working

area. However, the background noise in the CT envi-

ronment was greater than that in the lab environment,

which means the same position will have a smaller

SNR in a CT environment than an open-air environ-

ment. So, to make sure the working area can work in

both open-air and CT environments, the area with

SNR greater than 1.5 in the open-air environment was

selected as the working area.

Open Air Test

A target map was created for the open-air test, and

any two adjacent targets were separated by 5 mm. The

experiment setup is shown in Fig. 4. During the test,

the needle tip was placed on the center point of the

target map first, which was recorded as the initial

point. Then the needle tip was randomly moved to

another point, and this point was recorded as the tar-

get point. The distance between the initial point and

target point was calculated in two ways: (1) based on

app measurement information and (2) based on the

target map. The difference between these two distances

was the tracking error. Twenty-five points were ran-

domly selected on the target map for this test. In

addition, the magnetometer was recalibrated through a

figure-eight motion after every three trials to make sure

the magnetometer was always in a high-accuracy status

during testing.

Prostate Phantom Study in CT Scanner

To validate the feasibility of the system in clinical

environment, a prostate phantom with three lesions

(CIRS Inc., Norfolk, VA), shown in Fig. 5, was used

for testing in CT environment. The system and phan-

tom were aligned through a laser and fixed on the CT

table as shown in Fig. 6. Then a target tumor was

randomly selected by a technician, and the distance

between the needle tip and the tumor was measured on

the CT monitor. Following the measurement, the

needle was moved under the navigation of the tracking

device to punch the tumor. Next, it was scanned again

to verify the tracking error. After this, another tumor

was randomly selected, and the procedures were re-

peated. In total, five tests were conducted in the

phantom study.

RESULTS

Working Area

The working area was set to the right of the

smartphone. Based on the measurement results, the

effective working area with the mentioned magnet was

60 mm (width) 9 80 mm (height) starting from the

right edge of the smartphone. The SNR was less than

1.5 once the magnet was located outside of this area,

which could lead to a large tracking error in a CT

environment.

Open Air Test

The radial error distribution of the open-air test is

shown in Fig. 7(a). The average radial error of the

presented tracking method was calculated as 0.47 mm

with 25 trials, and the standard deviation was 0.29. The

maximum radial error was 0.98 mm, which was

appeared in the right top corner of the platform. This

position has the farthest distance from the smartphone,

so the lowest SNR in the working area could cause a

maximum error. Furthermore, the radial error was

between 2 0.58 and 0.75 mm based on the Bland–

Altman plot with a 95% confidence interval, as shown

in Fig. 7(b). Besides, we analyzed the error distribution

FIGURE 6. Experiment setup for prostate phantom tests.

FIGURE 5. Prostate phantom used in this application (CIRS
Inc., Norfolk, VA).
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FIGURE 7. (a) Radial error distribution. (b) Bland-Altman plot of radial distance with 95% confidence interval. (c) The absolute
value of errors distribution in x-axis and y-axis of CT coordinate system.
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in the x-axis and y-axis of the CT coordinate system;

Fig. 7(c) shows that the average errors were 0.32 and

0.30 mm, respectively. The maximum errors were 0.86

and 0.89 mm for the x-axis and y-axis of the CT

coordinate system, respectively.

Prostate Phantom Test

In a CT environment, tumor targeting was con-

ducted with a prostate phantom to prove the feasibility

of the presented method. The radial error, left-right

error, and anterior-posterior error for all five tests were

measured. Figure 8 shows CT images of three trials.

The average errors of the tracking device were 2.25,

1.30, and 1.71 mm for radial error, left-right error, and

anterior-posterior error, respectively. The standard

deviations were 1.63, 1.27, and 1.92 for radial error,

left-right error, and anterior-posterior error, respec-

tively.

The average error in the tumor targeting with the

prostate phantom test was slightly higher than the

average error conducted in the open-air test. This is

due to tissue deformation and target shift during the

needle insertion.

DISCUSSION

This study aimed to develop a low-cost method to

assist with needle positioning before needle insertion in

minimally invasive procedures. And the tests results of

presented method show that it is feasible to use a

permanent magnet and a smartphone for needle

tracking before insertion, but several factors can still

affect the accuracy.

First, the measurement accuracy of the magne-

tometer determines the tracking accuracy. Sometimes,

especially when the magnet is too close to the magne-

tometer on the phone, there is some residual mag-

netism in the magnetometer. This can introduce an

offset in the measured data. Therefore, it is helpful for

the user to wave the smartphone in a figure-eight

motion before each round of tracking to eliminate

residual magnetism and thus improve the measurement

accuracy of the magnetometer.14

Second, the SNR is very important to the tracking

accuracy. Since the magnetic field of background

environment is not stable and exhibits many slight

changes, if the SNR is too small, these slight changes

will have a major effect on the calculation of the

magnetic field from the magnet, resulting in tracking

error. To acquire better tracking results, the SNR must

be greater than 1.5. If the SNR is less than 1.5, the

error will increase significantly. One way to increase

the SNR is to use an enormous magnet that can gen-

erate a stronger magnetic field.

In addition, the strength of the magnetic field de-

creases significantly with the increase of distance

between the magnetometer and magnet, which leads to

the decrease of the SNR and inaccurate tracking.

Therefore, it is better for the working area to be as

close as possible to the magnetometer in order to ac-

quire higher SNR and better tracking accuracy.

However, the working area should not be too close to

the magnetometer in the phone. In this study, we

applied the magnetic dipole model, which requires the

distance between the magnet and magnetometer to be

big enough to consider the magnet as a dipole. Usu-

ally, the distance should be bigger than three times the

size of the magnet to apply the magnetic dipole model.

Furthermore, putting the magnet too close to the

magnetometer in the smartphone could cause residual

magnetism and lead to a measurement offset of the

magnetometer, which would decrease the tracking

accuracy.

Third, improper placement of the smartphone and

magnet on the operation platform could cause an er-

ror. Since the math model requires that the magnetic

moment of the magnet (i.e., S–N axis) be in parallel

with one axis of the magnetic sensor, the improper

FIGURE 8. The CT images of prostate tests. White point: the position of inserted needle. Green point: position the target point.
The distance between the target point and needle position is considered as radial error.

BIOMEDICAL
ENGINEERING 
SOCIETY

ZHAO et al.



placement of the smartphone could prevent the

assumption of the math model from being satisfied.

This could lead to the inaccurate measurement of the

magnetic field strength in three axes, which could cause

the navigation information to be incorrect. To acquire

accurate navigation information, the operator should

make sure that the smartphone and magnet are prop-

erly placed in the holders of the operation platform to

satisfy the assumption of the math model.

Fourth, as a general problem of device tracking,

patient motions could also cause navigation error,

since the pre-acquired CT images are used to plan the

trajectory of the needle. Once the position of the pa-

tient changes after CT scanning, the position of the

needle tip relative to the target is also changed. One

way to alleviate this problem is to attach a dynamic

tracking reference to the patient. This could help to

reduce the change of relative position caused by patient

movement.

Furthermore, the cleaning and sterilization issues

would need to be considered before applying the pre-

sented platform in a clinical interventional environ-

ment. The 3D printed platform can be sterilized

through the normal process or the platform can be

manufactured by sterilizable materials directly. Since

magnetic fields can pass through non-metal material,

the smartphone can be placed inside a transparent

sterilized plastic bag to meet the cleaning and steril-

ization requirements.

In conclusion, we presented a smartphone-based

permanent magnet tracking method for such purpose

in this study. An operation platform with a needle

insertion template, adjustable phone holder, and

magnet holder was printed by a 3D printer. The test

results show that the presented needle positioning

method has an average radial error of 0.47 mm and

2.25 mm for an open-air test and a prostate phantom

test in a CT environment, respectively. The presented

design is portable and inexpensive. Furthermore, the

proposed method is potentially comparable with

existing template approaches as a cost-efficient alter-

native for certain procedures that can benefit from an

assistive method for positioning a needle at a suit-

able entry point. In the future, an increase in the

working area should be investigated. Also, ex vivo and

in vivo tests will be conducted to verify the positioning

performance of the presented method.
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