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ABSTRACT In this article, a pen-type device that enables three-dimensional (3D) human–computer
interaction is presented. This device is based on a high-precision 3D ultrasonic (US) positioning method,
which can achieve millimeter-level accurate 3D positioning and six degrees of freedom (6DoF) within a
working range of 4 m × 1.5 m × 1.5 m. The 3D positioning of the electronic pen is realized by a high-
precision time-of-flight (TOF) detection method based on dynamic thresholding and zero-crossing detection
as well as a multigroup positioning coordinate averaging method. During the 3D positioning process,
correlation filtering is adopted to process the received US signals and suppress any interference signals
below 20 kHz and above 60 kHz. The positioning method can achieve a high positioning accuracy without
any complex calculations. The attitude of the electronic pen is measured using an inertial measurement units
(IMUs). To demonstrate the positioning accuracy of the proposed device, a total of 108 test positions are
uniformly set in the workspace, and static and dynamic positioning accuracy experiments are carried out at
all test positions. The experimental results show static and dynamic positioning errors of less than 0.35 mm
and less than 1.0 mm, respectively, which indicate a high positioning accuracy. The proposed device can
provide 6DoF and enable writing in 3D. Therefore, the device can meet the common requirements of a 3D
human–computer interaction interface.

INDEX TERMS 3D human–computer interaction interface, six degrees of freedom (6DoF), 3D US
positioning, dynamic threshold, zero-crossing detection.

I. INTRODUCTION
In recent years, pen-type devices have emerged as input mod-
ules for tablet computers, handheld devices, and large interac-
tive display systems [1], [2]. These devices provide free, easy
and familiar expression and can be used by people who do
not have any special drawing skills, making them a promising
class of tools for supporting natural interaction [3], [4]. Tradi-
tional windows, icons, menus and pointing devices (WIMPs)
are the representative two-dimensional (2D) interactive inter-
faces designed to be operated by pointing devices, such as a
mouse, with two degrees of freedom (2DoF) [5]. Traditional
pen-type input devices can provide 2D positional information
of the pen tip, as well as other information such as the writing
pressure, three-dimensional (3D) orientation and rotation [1].

The associate editor coordinating the review of this manuscript and
approving it for publication was Maurizio Tucci.

However, traditional pen-type devices cannot provide six
degrees of freedom (6DoF) and can only function on a flat
surface, which limits their utility in 3D user interfaces.

Modern computing hardware and software can enable the
creation of rich and realistic 3D virtual environments thanks
to the rapid development and application of virtual reality
(VR), augmented reality (AR), ubiquitous and mobile com-
puting, large interactive displays and other ‘‘off-the-desktop’’
technologies. Such 3D virtual environments are popular in
gaming, education, training, prototyping, digital 2D and 3D
drawing, general 3D manipulation, and any other application
where a realistic virtual representation of the real world is
useful [6].

Real-time 6DoF and position tracking form the basis for
the 3D interaction of spatial input devices, such as controllers,
3D pointing devices, pen-type input devices and whole-
hand devices [7]–[9], in the aforementioned 3D applications.
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To operate 3D virtual objects, the 3D interaction can be used
to track the position, orientation, and/or motion of the user to
maintain a proper correspondence between the physical and
virtual contents in the 3D space [7]. Consequently, pen-type
input devices with accurate tracking and 6DoF are crucial for
enabling interactions within 3D applications [7].

Currently, based on the technology used for position and
rotation tracking, the major 3D spatial input devices with
high accuracy and low latency can be divided into three
categories: magnetic, optical, and inertial and acoustic track-
ing systems [10], [11]. The devices in these categories are
discussed in the following paragraphs.

A magnetic spatial input device uses a transmitting device
that emits a low-frequency magnetic field. The receiver’s
position and orientation relative to the magnetic transmitter
source is determined using a small sensor. An example of
such a device is the Polhemus PATRIOT G4 [12]. This device
has 6DoF, a static accuracy of 0.08 inches, i.e., 2.0 mm,
and does not suffer from obscuration problems. However, a
large transmitter is needed in this system to obtain a large
range. In addition, itsmajor disadvantage is themagnetic field
distortion caused by any ferromagnetic or conductive (metal)
objects present near the transmitter, which can occasionally
cause severe accuracy loss.

An optical spatial input device is based on the stereopho-
togrammetry technique. This technique uses computer vision
and optical sensors such as cameras to calculate the 3D
coordinates and orientations of different points of physical
objects based on the light reflected or emitted by them and
the users [13]–[15]. One typical optical tracking system is
Optitrack [16]. Although the accuracy of a modern optical
tracking system is very high, a drawback of this technology
is its high costs due to the presence of many cameras [15].

An inertial tracking system uses a variety of inertial mea-
surement components. These components can include either
angular-rate gyroscopes, linear accelerometers and magne-
tometers or inertial measurement units (IMUs), which can
integrate 3-axis gyroscopes, 3-axis accelerometers and even
3-axis magnetometers. Inertial tracking is fast and robust. The
inertial measurement components provide derivative mea-
surements of position and orientation. Therefore, these mea-
surements are integrated to obtain position and orientation
information. They can be used for motion tracking when
fast changes occur; however, in the presence of slow motion,
noise and drift can cause errors. Due to this major limitation,
inertial tracking is generally used in conjunction with other
tracking techniques such as magnetic, optical, and acoustic
tracking.

Acoustic tracking systems typically use high-frequency
sound waves, such as ultrasonic (US) waves, to measure the
distance between a fixed-point station and a mobile target.
Multiple synchronized US receivers are needed to implement
such a tracking system. The advantage of this tracking tech-
nique is the relatively low cost [7]. The disadvantage of the
system is the multipath reception that can affect the distance
measurements between the emitter and the receivers.

Each tracking technology has its advantages and disad-
vantages. To increase the accuracy and operational efficiency
while reducing latency, hybrid tracking has been adopted to
overcome the weaknesses of the individual technologies. For
example, Intersense Inc. developed a 6DoF tracker known as
IS-900, which uses inertial and US hybrid tracking technolo-
gies [17], [18]. Another 6DoF tracker, known as zSpace [19],
has four infrared (IR) sensors on the front that emit and
receive IR light. The stylus used on the zSpace display emits
IR light from its tip and contains an accelerometer, gyroscope
and magnetometer. zSpace achieves 6DoF by capturing a
visually indicated point and any additional information [20].
However, it has a limited working range because of the sen-
sor’s mounting position and angle.

Inertial and US hybrid tracking systems are cheaper than
optical systems. In these hybrid systems, US technology is
used to obtain the 3D position of the tracker, and the IMU is
used to obtain the tracker’s orientation and motion. The IS-
900 system’s cost is lower than that of an optical system, and
the IS-900 system is sufficiently compact and lightweight.
However, at typical tracking speeds, its spatial accuracy has
a root mean square (RMS) error of up to 17 mm [18].

In addition to the above positioning technologies, indoor
positioning technologies include radio frequency positioning
and visible light positioning technologies. Although radio
frequency identification (RFID), ZigBee, and wireless local
area network (WLAN) positioning technologies have the
advantage of not requiring a line of sight, the accuracy of the
above positioning methods is at the meter level [21]–[22] and
cannot be adapted to the precision of 3D input devices. Visi-
ble light positioning (VLP) technology [23] is a cost-effective
indoor positioning technology. Although VLP can achieve
centimeter-level accuracy, it still cannot meet the position-
ing accuracy requirements for air writing, which requires
millimeter-level positioning accuracy.

In this article, a new 3D large spatial pen-type input device
based on 3D high-precision positioning technology is pre-
sented. Compared to existing works, our contributions are as
follows.

1. A high-precision time-of-flight (TOF) detection
method based on dynamic thresholding and zero-
crossing detection is presented. The proposed
method overcomes the limitations of the traditional
fixed-threshold method, achieves a detection accuracy
higher than the sampling period, and has a low compu-
tational cost.

2. The pen-type device achieves millimeter-level accurate
3D positioning and 6DoF within a working range of 4
m× 1.5 m× 1.5 m and supports air writing. The static
and dynamic positioning accuracies of the device are
higher than 0.35 mm and 1 mm, respectively.

The rest of this article is organized as follows: Section II
describes the architecture of the 3DUS pen-type input device.
Section III focuses on the 3D high-precision US position-
ing method. Static and dynamic positioning experiments and
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their results are presented in Section IV. Finally, the conclu-
sions and future work are described in Section V.

II. ARCHITECTURE OF THE PROPOSED 3D ULTRASONIC
PEN-TYPE INPUT DEVICE
The proposed 3D US pen-type input device uses received
IR and US pulses to calculate the absolute time of flight.
However, because the beam angle of the US transmitter is not
large enough, multiple receivers are needed to ensure that at
least three receivers can receive the pulses. Figure 1 shows
an overview of the proposed pen-type input device, which
consists of six receivers and one electronic pen. In the figure,
receivers R1, R2, . . . , R6 are fixed on the upper and lower
edges of the whiteboard. The electronic pen includes one
cylindrical piezoelectric polyvinylidene fluoride (PVDF) US
transmitter and four infrared emitters. Although the omni-
directional horizontal directivity pattern of the cylindrical
PVDF US transmitter [24] and the IR emitters allow line-of-
sight transmission to each of the receivers, the narrow vertical
beam emission pattern of the US and IR transmitters limits
their application in a 3D US location system. To measure the
position and rotation of the electronic pen in the 3D space,
multiple receivers are needed to ensure that at least three
receivers can receive the positioning signal in each position-
ing period. Each receiver includes onemicrophone (MIC) and
one IR photodiode to receive theUS and IR pulses transmitted
from the electronic pen, respectively.

FIGURE 1. Architecture of the proposed 3D US pen-type input device.

The IR and US pulses are simultaneously emitted from
the electronic pen for a fixed period. The former is used to
determine the beginning of the reference time. The distance
between the pen and each receiver is measured based on the
difference between the times of arrival of the IR and US
pulses at the receiver. After the successful measurement of
more than three distances by the corresponding receivers,
triangulation can be used to calculate the pen position.

The block diagram of the proposed device is shown
in Fig. 2. The device consists of six receivers, one electronic
pen, and one controller. The origin of the 3D Euclidean

FIGURE 2. Block diagram of the proposed 3D US pen-type input device.

coordinate system is assumed to be at the center of R1. The
x-y plane corresponds to the board on which receivers R1,
R2, . . . , R6 are mounted, and the z-axis is perpendicular to
the x-y plane. The electronic pen can be used on whiteboards
as well as in the air.

A. RECEIVER
Each receiver receives and processes the IR and US pulses
emitted by the electronic pen. The IR pulse is used by
the receiver as the synchronization signal to measure the
TOF, which is then used to calculate the distance from the
electronic pen. As shown in Fig. 2, each receiver consists
of a microcontroller unit (MCU), a US amplifier with an
automatic gain control (AGC) circuit, a silicon microphone
(MIC), an IR receiver and two IR photodiodes. The IR pho-
todiodes are connected in parallel to increase the receiving
angle of the IR signal. The printed circuit board (PCB) layout
and a photo of the receiver module are shown in Fig. 3.

B. ELECTRONIC PEN
The electronic pen generates the US and IR pulses. As shown
in Fig. 2, the pen consists of an MCU, an IR driver and an
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FIGURE 3. Details of the receiver module. (a) PCB layout. (b) Photo.

FIGURE 4. Electronic pen. (a) PCB layout. (b) Photo.

IR transmitter, a US driver, a PVDF US transmitter, and an
IMUMPU9250. The PCB layout and a photo of the electronic
pen are shown in Fig. 4. In Fig. 4(a), there are a total of four
IR transmitters on the top and bottom sides of the PCB. Two
transmitters are side-view LEDs, and the other two are top-
view LEDs. The purpose of using four IR transmitters is to
enlarge the emission angle of the IR pulses.

A cylindrical PVDF US transmitter is used because it is
suitable for the structure of the pen and can expand the radia-
tion angle of the US pulse. The IMUMPU9250 IMUprovides
data from the 3-axis gyroscope, 3-axis accelerometer and
3-axis magnetometer. The radio frequency (RF) circuit trans-
mits these data to the controller, which uses the received data
to calculate the attitude of the electronic pen. There are three
buttons on the electronic pen: the left mouse button, right
mouse button and air writing button. These key functions are
encoded by the time interval of the IR pulses emitted by the
pen.

C. CONTROLLER
The controller, which includes a 16-bit MCU (dsPIC33EP25
6MU806), collects the TOF from six receivers and computes
the distances between the pen and the six receivers based
on the TOF values. Using these distances, the controller
calculates the x, y and z coordinates via triangulation. These
coordinates define the position of the electronic pen. The
controller calculates the attitude of the electronic pen using
the IMU data and sends the 3D coordinate data and attitude
of the electronic pen to a personal computer (PC).

III. 3D HIGH-PRECISION ULTRASONIC
POSITIONING METHOD
The proposed device uses 3D high-precision US positioning
technology based on the measured distances to locate the
electronic pen in real time. The key factor behind its per-
formance is to achieve a high-precision measurement of the
TOF.

The current state-of-the-art acoustic airborne ranging algo-
rithms [25] include simple threshold and cross-correlation
techniques. The threshold technique detects the arrival of a
US acoustic wave when the receiver voltage exceeds a prede-
termined threshold value. However, as this method relies on
the amplitude of the received signal, it is susceptible to the
influences of noise and amplitude variations and has a low
measurement accuracy.

The standard TOF estimation technique is the cross-
correlation technique [26], which calculates the time delay
that maximizes the value of the cross-correlation between the
transmitted and received signals. However, cross-correlation
performs poorly for the TOF estimation of a single-tone
signal because there are several cycles of such a signal that
can produce cross-correlation values similar to the maxi-
mum cross-correlation value. This technique can improve the
accuracy when the signal has a certain bandwidth, such as
a linear chirp signal, where this improvement depends on the
signal bandwidth. However, in this case, the cross-correlation
technique requires a high sampling rate, which necessitates
high ADC and DAC circuit configurations, resulting in a high
cost.

In this article, a high-precision TOF detection method
based on dynamic thresholding and zero-crossing detection
is proposed. This method can overcome the shortcomings of
the aforementioned TOF detection techniques.

A. HIGH-PRECISION TOF MEASUREMENT METHOD
To reduce the cost and improve the real-time performance,
the total amount of data acquired by the device should be
low, which means that the sampling frequency should be
low. In this section, a high-precision TOF detection method
based on dynamic thresholding and zero-crossing detection is
proposed, which can obtain a high detection accuracy without
a high sampling rate.

The pen emits US and IR pulses simultaneously, which
are amplified at each receiver. As the pen and receiver are
placed relatively close to each other, the propagation time
of the IR pulse can be ignored. Hence, the IR pulses can
be used to determine the start time of sampling the US
signal, which reduces the complexity of the device. When
the receiver detects the IR pulse, the A/D converter starts
sampling the US pulses, which are then stored by the MCU
in each receiver. A typical US signal, which is sampled and
stored in the storage area Brcv by the receiver, is shown
in Fig. 5. As the PVDF US transmitter [27] emits a wide
bandwidth signal, the received US signal has a short rise
time and reaches the maximum value after two cycles. In this
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FIGURE 5. Typical US signal received by a receiver.

article, TOF detection is carried out in the time domain based
on this feature of the ultrasound signal.

To suppress any interference below 20 kHz and above
60 kHz, the correlation filtering method is adopted to process
the received signals. The core concept of this method is
the correlation operation between the received signal and
a reference signal. If the length of the data over which
the correlation is calculated is too large, it will inevitably
cause an increase in computational complexity. To reduce this
complexity, a monocycle sinusoidal signal is chosen as the
reference signal for short-term correlation calculation. This
monocycle sinusoidal signal can be expressed as

s (m) = sin(2π f0mTS ), 0 ≤ m ≤ M (1)

where Ts is the sampling period, f0 is the center frequency of
the received US signal, and M = T0/Ts (T0 is the period of
received US signal, which is set to an integer multiple of Ts).
For example, when the sampling rate is 2 MHz andM = 50,
the monocycle sinusoidal signal is shown in Fig. 6.

FIGURE 6. Monocycle sinusoidal signal.

The cross-correlation operation is performed between s(m)
and the received US signal overM samples. The operation is

expressed as follows:

y(n) =
1
M

M−1∑
m=0

x(n+ m)s(m) (2)

where y(n) is the US data stored by the receiver. If the
total length of the received US signal is N, N −M − 1
single period correlation calculations are needed. As each
correlation calculation is carried out over a small number
of samples, the computational complexity will be greatly
reduced. The results of the correlation calculations are stored
back in Brcv. The waveforms of the US signal before and after
the correlation filtering operation are shown in Fig. 7.

FIGURE 7. US signal before and after the correlation calculation.

Taking the filtered US signal waveform shown in Fig. 7 as
an example, the method for detecting the US transit time is
described as follows:
Step 1: Search in the filtered data storage area Brcv to find

the peak point of each US cycle, represented by ‘o’ in Fig. 8.
Store the value and address of each peak point in the new
storage areas Bpeak and Brcv, respectively.

FIGURE 8. TOF detection method based on sampled data.

Step 2: Search the maximum of the peak values stored
in Bpeak, denoted as Vmax having an address Vmaxad. This
maximum peak value is shown in Fig. 8.
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Step 3: Search in Bpeak to find the number of peak points
up to Vmax, where this number is denoted as Nh. In Fig. 8,
Nh = 2.
Step 4: Define the threshold value as Vth = Vmax/(Nh +

1), i.e., Vth = Vmax/3, and find the first peak point in Brcv
that is greater than Vth. This peak point is denoted as Vcom
in Fig. 8. In this step, it can be observed that the threshold
changes dynamically according to the value of the maximum
point in each positioning cycle.
Step 5: In this step, two sample points before and after the

first zero crossing are obtained by searching forward from
Vcom in Brcv, which are represented by P1 and P2, respec-
tively, in Fig. 9. In the figure, the zero crossing is defined
as the intersection of points P1 and P2 with the time axis t ,
represented by P0. The values V1 and V2 and the storage
addresses Ad1 and Ad2 of the two points are saved. Since the
two sample points are adjacent, Ad2 = Ad1 + 1. In Fig. 9,
t1 = Ad1 × Ts,V1 ≥ 0,V2 ≤ 0.

FIGURE 9. TOF calculation based on the zero crossing.

Step 6: The corresponding time location of P0 is defined
as the TOF of the US signal, represented by ttof . By using
the values V1 and V2 along with the storage addresses Ad1
and Ad2, ttof can be obtained by the line fitting method as
follows:

ttof − t1
Ts

=
|V1|

V2 − V1
(3)

Using t1 = Ad1 × Ts in (3), we obtain the following:

ttof =
(
Ad1 +

|V1|
V2 − V1

)
· TS (4)

The TOF of the US signal can be detected based on Steps
1-6. This time is represented by ‘∗’ in Fig. 8. It can be seen
from (4) that ttof can be determined with a resolution higher
than one sampling period Ts.
We assume that the detected TOF can be assumed to be

a sinusoidal waveform, whose period is shown in Fig. 9. Its
amplitude V is expressed as follows:

V = sin(2π f0t) (5)

The sampling points P1 and P2 on this waveform can be
represented as P1(t1, 2π f0t1) and P2(t1 + Ts, 2π f0(t1 + Ts)),

respectively. The intersection of the line formed by points P1
and P2 with the t axis is defined as P(tx, 0), where tx can be
expressed as

tx = t1 −
sin(2π f0t1) · Ts

cos(2π f0(t1 + Ts/2)) · sin(π f0Ts)
(6)

Since the actual zero crossing of the single-period sinu-
soidal waveform is Pr(T0/2, 0), the zero-crossing detection
error 1 between the calculated and actual zero crossings is
as follows:

1 =
T0
2
− t1 +

sin(2π f0t1) · Ts
cos(2π f0(t1 + Ts/2)) · sin(π f0Ts)

(7)

It can be seen from (7) that 1 is significantly affected by
Ts. A sampling rate of 3-12 times f0, where f0 = 40 kHz,
is selected to analyze this error. The maximum detection error
1max for sampling frequencies from 120 kHz to 480 kHz is
shown in Fig. 10. As the figure illustrates, the error decreases
with increasing sampling frequency fs. When fs is higher than
six times f0, 1max is less than 0.1 µs, and the corresponding
distance error is less than 0.034 mm. Even in the case where
fs is three times the sampling frequency,1max is less than 0.8
µs, and the corresponding distance error is less than 0.27mm.
Therefore, it can be concluded that the TOF detection method
proposed in this article has high accuracy.

FIGURE 10. Zero-crossing detection error versus the sampling frequency.

Considering the US signal waveform shown in Fig. 5, the
simulation accuracy of the zero-crossing detection methods
is compared at different signal-to-noise ratio (SNR) values,
which are defined as SNR = Ps/Pn, where Ps denotes the
average power of the US signal in Fig. 5, and Pn denotes the
power of the white Gaussian noise added to the US signal
shown in Fig. 5 in the simulation. The root mean square
error (RMSE) is calculated by:

RMSE =

√√√√ 1
N

N∑
i=1

(TOF − TOFo), (8)
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FIGURE 11. RMSE of the proposed TOF detection method versus SNR.

where TOF denotes the TOF value obtained by zero-crossing
detection, TOF0 denotes the true TOF of the US signal dis-
played in Fig. 5, and N represents the number of repeated
detections at each SNR value. In the simulation, N was set
to 100, and the sampling frequency was set to 120 kHz. The
RMSE results are displayed in Fig. 11. As shown in Fig. 11,
the proposed TOF detection method has higher accuracy;
even when the SNR is 0 dB, the RMSS is less than 0.93 µs,
and the corresponding distance error is less than 0.29 mm.

Based on the aforementioned procedure, receiver i calcu-
lates ttofi (i = 1, . . . , 6) of the received US pulse, which is
then used to calculate the distance li (i = 1, . . . , 6) as

li = c · ttofi (9)

where c is the sound velocity.

B. 3D HIGH-PRECISION POSITIONING METHOD
Next, the distances l1, l1, . . . , l6 obtained using (9) are used
to calculate the position of the electronic pen. As mentioned
earlier, the six receivers R1, R2, . . . , R6 of the proposed
pen-typed input device are installed on the top and bottom
borders of the whiteboard, as shown in Fig. 11. As displayed
in Fig. 12, the coordinates of the six receivers are set to R1
(0, 0, 0), R2 (a, 0, 0), R3 (2a, 0, 0), R4 (0, b, 0), R5 (a,
b, 0), and R6 (2a, b, 0) for the convenience of calculation,
and they can be set arbitrarily in practical applications. As a
and b increase, the impact of distance measurement error on
positioning accuracy decreases [28], that is, the positioning
accuracy increases. Therefore, in a given working area, on the
premise that positioning signals emitted by the electronic pen
can be received by three receivers that are not located on the
same horizontal line, the distance between receivers should
be longer. The width and height of the whiteboard are 4 m
and 1.5 m, respectively. The controller is connected to these
receivers via the SPI bus.

Based on the distances l1, l1, . . . , l6, the controller can
use triangulation to obtain the x, y and z coordinates of the
electronic pen. The distances between the pen and the six
receivers can be written in terms of the following six spherical

FIGURE 12. Proposed device with six receivers and one controller. The
receivers are installed on the top and bottom borders of the whiteboard.

equations: 

x2 + y2 + z2 = l1
(x − a)2 + y2 + z2 = l2
(x − 2a)2 + y2 + z2 = l3
x2 + (y− b)2 + z2 = l4
(x − a)2 + (y− b)2 + z2 = l5
(x − 2a)2 + (y− b)2 + z2 = l6

(10)

To calculate the 3D position of the electronic pen based
on triangulation, three receivers that are not located on the
same horizontal line are selected. This means that the three
receivers on the top border, or the three receivers on the bot-
tom border, cannot be selected simultaneously. As only three
receivers are used for the calculations, if the distances from
all six receivers are available, the total number of receiver
combinations available for positioning is 2 · C2

3 · C
1
3 = 18,

where Ck
n represents the number of k combinations in a set

of n elements. Therefore, in this case, a total of 18 position
values for the pen can be determined. These positions are
given as (x1, y1, z1), (x2, y2, z2), . . . , (x18, y18, z18).

To obtain accurate positioning results and reduce the influ-
ence of the direction of the electronic pen, the mean value of
these 18 values over each of the three axes is calculated as

x =
1
18

18∑
n=1

xn

y =
1
18

18∑
n=1

yn

z =
1
18

18∑
n=1

zn

(11)

The averaging shown in (11) minimizes small errors
present in the positioning results. The average calculation
in (11) only includes 51 addition instruction operations and
3 division instruction operations. These calculations take only
a few microseconds to complete for the MCU (operating at
70 MIPS). In other words, the positioning coordinate averag-
ing method has a high real-time performance.

To improve the robustness of the positioning method,
it is necessary to evaluate the correctness of the measured
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distance. Due to the influence of the attitude change of
the electronic pen and the transmitting beam angle of the
US transmitter, all six receivers cannot always successfully
obtain the distance to the electronic pen. The success of the
distance measurement is based on the maximum speed of
hand movement supported by the device. If this maximum
speed is vo, the maximum distance change between two
consecutive sampling circles is given by

1dmax = Ts · vo (12)

If the difference between the distance calculated in the
current sampling period and that calculated in the previous
sampled period is less than1dmax, the distance measurement
is considered successful; otherwise, the measurement is con-
sidered a failure. Therefore, when only successfullymeasured
distances are considered, the number of combinations avail-
able for calculation of the 3D position of the electronic pen
will be less than 18. Thus, by using more than three receivers,
the problem of ranging failure caused by the small beam angle
of the electronic pen US transmitter can be mitigated, and
the stability of positioning results can be improved through
averaging.

C. ATTITUDE MEASUREMENT
Themicroprocessor in the pen converts the data from the IMU
MPU9250 into quaternions and periodically sends the data to
a controller. The controller calculates the yaw angle ψ , pitch
angle θ and roll angle φ of the pen based on the quaternions
using the following relationship:

ψiθi
φi

 =

arctan

2(qi0qi1 + qi2qi3)

1− 2(q2i1 + q
2
i2)

arcsin(2(qi0qi2 − qi3qi1)

arctan
2(qi0qi3 + qi1qi2)

1− 2(q2i2 + q
2
i3)

 (13)

where qi0, qi1, qi2, and qi3 are the quaternions read in the
ith sampling period and ψi, θi, and φi are the corresponding
attitude angles.

Using the above method, the 3D x, y, and z coordinates
and the attitude angles ψ , θ , and φ of the electronic pen can
be calculated, and the 6DoF of the electronic pen are realized.

IV. EXPERIMENTAL RESULTS
In this section, we present the details of static and dynamic
precision experiments carried out to evaluate the positioning
accuracy of the proposed device.

A. EXPERIMENTAL SETUP
The experimental setup used for measuring the position-
ing accuracy of the proposed device is shown in Fig. 13.
The experimental apparatus is constructed using a metal
frame 2.2 m high with a horizontal linear slide guide shaft
4.2 m long. This shaft can be adjusted up and down. During
the experiment, the electronic pen is placed on the slider,
as shown in Fig. 13, and moved horizontally according to the
experimental requirements. The adjustable upper and lower

FIGURE 13. Experimental setup.

ranges of the linear slide guide shaft are equal to 2 m, and the
slider can move over a range of 4 m. Therefore, by adjusting
the height of the linear slide guide shaft and the position of
the slider, the position of the electronic pen can be adjusted
within the range of 2 m × 4 m. During the experiment,
the coordinates a and b in Fig. 12 are set to 1 m and 1.55 mm,
respectively.

B. STATIC EXPERIMENTS
In static positioning accuracy experiments, the electronic pen
is fixed to the slider and moved to 714 different test positions,
as shown in Fig. 14. In the figure, the static test positions are
represented by ‘o’ and are numbered. The lower left corner of
the whiteboard is fixed as the origin of the frame, the x-axis
points to the right of the whiteboard, the y-axis points to the
top of the whiteboard, and the z-axis points perpendicular to
the whiteboard. At each test position, the static position of the
pen is measured 100 times.

FIGURE 14. Test point settings for the static experiments.

The static positioning error of the proposed device is
defined as

σp =

√
σ 2
x + σ

2
y + σ

2
z (14)
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FIGURE 15. Static positioning errors corresponding to all test positions.

where σ 2
x , σ

2
y and σ 2

z are the deviations of the x, y and z
coordinates, respectively. The positioning errors at all test
positions are calculated using (14) and shown in Fig. 15. The
figure illustrates that the maximum positioning error is less
than 0.35 mm, which indicates that the system has a high
static positioning accuracy.

C. DYNAMIC EXPERIMENTS
Dynamic positioning accuracy experiments are performed
to evaluate the dynamic positioning accuracy. These exper-
iments are carried out by fixing the pen on the slider at each
test position shown in Fig. 14 and moving the slider back and
forth on the linear guide rail over a distance of 20 cm.

The least squares method is used to fit a straight line
in three dimensions through the position coordinates of the
electronic pen, and the distance of each coordinate from the
straight line is calculated. The maximum distance is defined
as the dynamic positioning error (DPE). For example, at test
position no. 417, the DPE is 0.2379 mm, as shown in Fig. 16.

The dynamic positioning errors of the electronic pen in all
test positions are calculated based on the above method. The

FIGURE 16. Calculation of the dynamic positioning error.

FIGURE 17. Dynamic positioning errors at all test positions.

TABLE 1. Characteristics of 6DoF devices.

calculated results are shown in Fig. 17, from which it can be
observed that the DPE is less than 1 mm. Although the DPE
is slightly higher than the static positioning error, it is still
less than 1 mm, which indicates the high dynamic positioning
accuracy of the system.

As Figs. 15 and 17 show, the positioning accuracy at the
boundary of the test area is relatively low, especially around
the corners, i.e., test positions nos. 1, 17, 103, 119, 596,
612, 696 and 714. The main reason for this low accuracy is
that these positions are far from the receiver, and due to the
influence of the pen direction, some receivers do not receive
the US signals, or the received signals have low SNRs.

To verify the 3D dynamic positioning characteristics of the
proposed device, we hold the electronic pen and draw spiral
lines freely in the air. These spiral lines, shown in Fig. 18, are
continuous and smooth, which indirectly proves that the pro-
posed device has a high dynamic positioning accuracy. This
dynamic feature also demonstrates that the device supports
writing in the air.

A comparison between the proposed device and existing
6DoF devices in terms of their positioning range, accuracy
and cost is shown in Table 1. The table shows that the
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FIGURE 18. Drawing 3D spiral lines using the proposed device.

proposed device has a high positioning accuracy and low cost.
The proposed device provides a cost-effective pen-type input
device solution for human–computer interaction.

V. CONCLUSION
In this article, a pen-type input device using a high-precision
3D US positioning method was proposed. The device was
designed for a large-scale 3D human-computer interaction
interface and could achieve millimeter-level tracking accu-
racy and 6DoF within a working range of 4 m × 1.5 m
× 1.5 m. To achieve 6DoF, high-precision 3D position-
ing of the electronic pen was realized by a high-precision
TOF detection method based on dynamic thresholding and
zero-crossing detection. In addition, accurate attitude mea-
surements of the electronic penwere performed using an IMU
MPU9250 and amultigroup positioning coordinate averaging
method. To evaluate the positioning accuracy of the proposed
device, static and dynamic positioning accuracy experiments
were carried out. The experimental results showed that static
and dynamic positioning accuracies higher than 0.35 mm
and 1 mm were obtained, respectively. Thus, the proposed
pen-type input device could provide a high positioning accu-
racy and attitude detection, which are two of the common
requirements for realizing 6DoF in a 3D human-computer
interaction interface.

In this article, we used six receivers to achieve
high-precision 3D positioning of the electronic pen. However,
in practice, a higher number of receivers can be used to
increase the working range. The proposed device has two
major limitations. One limitation is that it does not support
multiple pens to work at the same time; that is, it does not
support multiple access, which will result in multiple pens
not working at the same time. The other limitation is that the
ultrasonic transmitter is not an omnidirectional transmitter,
which requires the device to adopt multiple receivers, which
affects the positioning performance of the device due to the
arbitrary attitude change of the electronic pen and causes
the system positioning accuracy to be uneven. In view of
the above limitations, we will focus on multiaccess location

technology and small ultrasonic omnidirectional transmitters
for 3D pen-type input devices in the future.
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