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A Measurement System for 3D Hand-Drawn 
Gesture with a PHANToMTM Device  
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Abstract—This paper presents a measurement system for 3D hand-drawn gesture 
motion. Many pen-type input devices with Inertial Measurement Units (IMU) have been 
developed to estimate 3D hand-drawn gesture using the measured acceleration and/or 
the angular velocity of the device. The crucial procedure in developing these devices is to 
measure and to analyze their motion or trajectory. In order to verify the trajectory 
estimated by an IMU-based input device, it is necessary to compare the estimated 
trajectory to the real trajectory. For measuring the real trajectory of the pen-type device, a 
PHANToMTM haptic device is utilized because it allows us to measure the 3D motion of 
the object in real-time. Even though the PHANToMTM measures the position of the hand 
gesture well, poor initialization may produce a large amount of error. Therefore, this paper 
proposes a calibration method which can minimize measurement errors. 
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1. INTRODUCTION 

Recently, hand-held devices have become very popular and have become an important part of 
our life. People communicate with each other and send messages using their hand-held devices. 
They also play games, listen to music, and watch TV or movies using their hand-held devices. 
To select the menus on the hand-held devices, people usually use a keypad or a touch screen. 
Recent technological advancement in hardware and software has reached the point where the 
user does not need to press or touch the keypad or the screen. Speech recognition [1] and vision-
based gesture recognition devices [2] are good examples of touch less interaction. Although 
these systems have great potential for hand-held devices, they are not yet widely used due to 
performance degradation in noisy environments and changing lighting conditions. One way of 
resolving the aforementioned issues is to develop pen-type devices that can be used for various 
input commands and that can digitize the trajectory of writing or drawing. Some of these en-
deavors have been commercialized and publicized in the form of patents and papers. One of the 
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most popular devices is a ‘Wacom tablet’ with a digitizer pen, which uses electromagnetic reso-
nance technology [3]. Since the tablet transmits power to the digitizer pen through resonant cou-
pling, no batteries are required for the pen. However, the digitizer pen is not self-contained for it 
only works on the tablet. Zloter and Shenholz used a wireless transceiver chip that can commu-
nicate with a pen-type device [4]. In this technology, the position of the pen’s tip is computed by 
the triangulation method using an ultrasonic signal synchronized with an infrared signal, which 
is generated by the chip that can be positioned on any notepad using a clip-shaped connector. 
However, this ultrasonic and infrared pen-type device also has a disadvantage in that it can work 
only with a nearby infrared chip. Another method of commercialized technology is based on 
pattern recognition by a small camera embedded into the pen’s tip. The coded patterns on a pa-
per are captured by the camera and interpreted to localize the absolute coordinates of the tip on 
the paper [5]. Several pen-shaped optical mice have been also commercialized to digitize the 
trajectory of one’s writing. Since the lying angle (or tilting angle) between the pen and the writ-
ing surface is not constant, it is not easy to detect the movement exactly. Thus, these systems 
require a robust structure to reliably capture the reflected light of light-emitting diodes (LEDs) 
in workspace [6]. These pen-type devices are self-contained but can only detect the trajectory 
while the devices are touching the writing surface, resulting in only partial reconstruction of 
handwriting trajectory. In order to develop intrinsically self-contained hand-held devices, the 
inertial sensors such as accelerometers and/or gyroscopes are integrated to the system [7-10]. 
The trajectory can be computed by integrating the sensor signals but the numerical integration 
results in a drift error which grows as a function of time.  

To accurately obtain the trajectory of writing/drawing, a self-contained digital pen system 
consisting of inertial sensors and an optical sensor was developed [11]. In order to investigate 
the trajectory estimated by an inertial measurement unit (IMU) and to compute its error accord-
ing to the various trajectory expectation algorithms, it is necessary to measure the real trajectory 
of the pen-type input device. Although motion capture systems or vision systems were com-
monly used to measure hand motion in 3-dimensional space, the measurement system consisting 
of mechanical links is believed to be more reliable and robust with minimizing errors. In our 
study, we have used a PHANToMTM haptic device to measure the trajectory of a pen-type device 
in real-time. Even though the PHANToMTM device measures the position of hand gesture well 
with high repeatability, poor initialization may produce a large amount of error. Therefore, in 
this paper, we calibrated the PHANToMTM device and constructed a measurement system that 
acquires the trajectory of the pen-type device. 

This paper is organized as follows. Section 2 describes the developed hand-held device and 
the measurement system. Section 3 presents simple and preliminary testes to verify the meas-
urement system. Section 4 illustrates the calibration method to improve its accuracy. Finally, in 
Section 5, a summary of the presented work and the direction of our future research are de-
scribed. 

 
 

2. SYSTEM STRUCTURE 
There are several issues in combining these two sensing principles. First, the dimensional 

scale and the coordinates from two sensors are not identical. Second, the qualities of their trajec-
tories depend on the pen’s states (whether the pen touches the writing surface or not) and the 
time interval of integral calculus. The first problem is rather simple to solve. The optical sensor 
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at the pen-tip measures incremental movements in both horizontal and vertical directions while 
the IMU measures the spatial position. To align these measurements in the same scale and the 
same coordinate, we need to transform the pen-down trajectory measured in the optical coordi-
nate to that of the inertial coordinate. Although the inertia-based dead reckoning can provide a 
solution, dead reckoning has a critical limitation as its errors are accumulated and its accuracy is 
severely lessened if the time interval is too long. In this work, we assumed that the users write 
characters without any hesitation and the pen's state (from pen-up to pen-down, and vice versa) 
changes quickly. Therefore, the duration between strokes (pen-up state) can be assumed to be 
less than a second. Under this assumption, we could enhance the accuracy of trajectory estima-
tion by comparing the optics-based and the inertia-based trajectories during the pen-down states 
and the pen-up states.  

Fig. 1 shows the overall block diagram. We used an optical sensor (1) to obtain x and y posi-
tion in the optical coordinate (2). An inertial sensor was applied to our system for obtaining x, y, 
and z position by double integration of acceleration after gravity removal and coordinate trans-
formation in the inertial coordinate (5). By comparing the two trajectories during the pen-down 
state (3), the relationship between two coordinates with different length scales can be obtained. 
The role of the block (3) is to transform the pen-down trajectory measured in the optical coordi-
nate into the trajectory measured in the inertial coordinate. Another role of the block (3) is to 
establish the drift model for offsets which can appear while utilizing a tri-axis accelerometer and 
three single-axis gyroscopes. We have to compute the drift error with the drift model in real-
time because the drift in the offset slowly varies over time (6). Usually, the amount of the drift 
of an accelerometer and a gyroscope can be modeled as a constant for a short period, e.g. a few 
seconds. The drift model established at the previous pen-down state is used to compensate for 
the current inertia-based pen-up trajectory (7)-(8). The pen-down trajectory and the pen-up tra-
jectory in the same coordinate now can be combined to present the complete handwriting cy-
cle(9). 

A PHANToMTM haptic (Premium 1.0) device was used to measure the real 3D trajectory of 
the used pen-type input device. The PHANToMTM is a mechanical device that is specifically 
used for providing haptic feedback to a user. The device can measure the motion of its end-
effector or its handle, and can produce feedback force when a user interacts with a virtual or real 
object. In our work, we used the device as a measurement tool to evaluate trajectory obtained 
from the pen-type input device (real-trajectory). The pen-type device was attached to the gimbal 

 

(1) Optical Mouse
Sensor

(4) Inertial Sensor

(2) Optics-based 
Pen-down Trajectory 

Estimation

(5) Inertia-based 
Pen-down Trajectory 

Estimation

(7) Inertia-based 
Pen-up Trajectory 

Estimation

(3) Optic Coordinate
to Inertial Coordinate 

Transformation

(6) Inertial Sensor
Error Model

Compensation

(8) Pen-up Trajectory
Compensation

(9) Handwriting
Trajectory Integration

Incremental
Pen-down
Trajectory
in Optical 
Coordinate

Tri-axis
Acceleration & 
Angular Rate

Integrated
Handwriting 
Trajectory
In Inertial 
CoordinateInertia-based

Pen-up
Trajectory
In Inertial

Coordinate

Compensated
Inertia-based
Pen-up Trajectory
In Inertial Coordinate

Optics-based
Pen-down Trajectory
In Inertial Coordinate

Optics-based
Pen-down
Trajectory
In Optical

Coordinate

Inertia-based Pen-down
Trajectory in Inertial Coordinate

Optics-based Pen-down
Trajectory in Optical Coordinate

 
Fig. 1.  Overall procedure in trajectory estimation 



  
A Measurement System for 3D Hand-Drawn Gesture with a PHANToMTM Device 

  

350 

of the PHANToMTM to measure the trajectories at the same time. Fig. 2(a) shows the hardware 
configuration for measuring the two trajectories. In this system, the pen-type device and the 
PHANToMTM device were connected to the same PC via serial and parallel port, respectively as 
shown in Fig 2(b). The hand motion (x, y, z, Ф, θ, Ψ) was obtained from the haptic device at 
1kHz and the acceleration values (ax, ay, az) were also acquired from the pen-type device at 
100Hz. 

 
 

3. PRELIMINARY TESTS FOR SYSTEM VERIFICATION 
A series of preliminary tests was performed to verify the proposed measurement system. In 

the preliminary tests, subjects wrote characters with the pen-type input device that is attached to 
the gimbal of the PHANToMTM. Since the PHANToMTM device is proven to have high posi-
tional accuracy [13], we focused on the comparison of data from the PHANToMTM device and 
the pen-type device. 

 
3.1 Comparison of Accelerations Measured by PHANToMTM and a Pen-type Input 

Device 

To precisely compare the trajectory of the PHANToMTM and that of the pen-type input device, 
it is necessary to compute both trajectories in the same coordinate system. Three coordinate sys-
tems (PHANToMTM coordinate, stylus coordinate, and sensor coordinate) were considered as 
shown in Fig. 2(a). The PHANToMTM coordinate was defined as the fixed coordinate system 
located at the initial position of the stylus coordinate system and it was considered the world 
coordinate system. The stylus coordinate system was attached to the stylus. With regard to the 
sensor coordinate system, it was attached to the acceleration sensor in the pen-type input device. 
The position of the sensor mounted on the pen-type device in the PHANToMTM coordinate sys-
tem (phtPsensor) can be calculated through equation (1). The transformation matrix (phtTstl) from the 
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Fig. 2.  Hardware configuration (a) and software structure (b) 
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PHANToMTM coordinate system to the stylus coordinate system can be obtained from the 
OpenHaptics Library. The origin of the sensor coordinate (stlPsensor) in the stylus coordinate sys-
tem was designed to be [1.9, -6.5, 121.9] mm. A series of low pass filters (τ =0.07 sec) were 
used to smoothen the output signal. Fig. 3 shows the acceleration values obtained by equation 
(1) while shaking the PHANToMTM stylus in the x, y and z directions, sequentially. 
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where, phtPsensor ∈R3, stlPsensor ∈R3, phtPstl ∈R3, phtTstl is 4 x 4 matrix, phtRstl is 3 x 3 matrix. 
 

As the next step, we compared the acceleration value measured by PHANToMTM with the ac-
celeration value obtained by the pen-type input device. We shook the pen-type device in the 
following directions (Fig. 4 : ypht (①), xpht(②), zpht(③), xpht(④), ypht(⑤), and zpht(⑥). After that, 
we moved it in order for the direction of the zsensor heads for [1,1,1]T in the PHANToMTM to co-
ordinate and then shook it again in the following directions: zsensor(⑦), ypht(⑧), xpht(⑨), and 
zpht(⑩). The acceleration values measured by different methods should be identical considering 
the coordinate system with which the values are expressed. As shown in Fig. 2(a), xpht, ypht and 
zpht are parallel to ysensor, -xsensor and zsensor in the initial state, respectively. Therefore, when the 
stylus is being shaken in ypht direction as indicated by ① in Fig. 4, the acceleration of the tip 
should be along ypht, and at the same time it should be measured along –xsensor. As shown in Fig. 
4, the y-component of the acceleration values (Phantom y) in the PHANToMTM coordinate are 
reversely parallel with the x-component of acceleration values (Pen x) in the sensor coordinate. 
In the same way, the acceleration values along Phantom x and Phantom z are parallel with the 
values along Pen y and Pen z, respectively. Please note that the offsets (about 9.8m/sec2) in Pen 
x, Pen y and Pen z are presented due to the gravity according to the pen’s posture. 
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Fig. 3.  Measured acceleration of the tip of the stylus 
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3.2 Comparison of Accelerations Measured by PHANToMTM and a Pen-type Input 

Device 

In this section, we discuss how to express the posture of the pen-type input device by the Euler 
angles. We utilized the Z-Y-X Euler angle definition [14] as shown in equation (2). In the Z-Y-
X Euler angle definition, the movable coordinate, which can be considered the sensor coordinate, 
is rotated ψ radian about its z-axis, then θ radian about the moved y-axis, and finally φ radian 
about the moved x-axis. 
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where,  

Rx(φ): rotation matrix for rotation φ about x-axis,  
Ry(θ): rotation matrix for rotation θ about y-axis, 
Rz(ψ): rotation matrix for rotation ψ about z-axis, 

  c ψ, s ψ: cos(ψ) and sin(ψ), respectively, 
c θ, s θ: cos(θ) and sin(θ), respectively, 
c φ, s φ: cos(φ) and sin(φ), respectively. 
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Fig. 4.  Comparison of accelerations by the PHANToMTM and the pen-type device 
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In case of our configuration (Fig. 2(a)), since the initial coordinate system of the pen-type input 

device was rotated -90 degrees about the zpht axis of the PHANToMTM coordinate, we used the 
compensation matrix (equation (3)). Therefore, the final transformation matrix (phtRsensor) from 
the PHANToMTM coordinate system to the sensor coordinate system can be expressed as an 
equation (4). We can obtain three rotational angles through simple calculation (equation (5)). 
This equation produces two solutions, both of which are true solutions. In our study, it was as-
sumed that the value of cosθ at the writing posture is positive. 
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Through equation (5), we can obtain the posture of the pen-type input device. In order to ver-

ify these calculated posture angles, we measured and displayed the raw acceleration values of 
the sensor and the calculated angles as shown in Fig. 5 and Table 1. By observing the measured 

0 5 10 15 20 25 30
-10

-8

-6

-4

-2

0

2

4

6

time(sec)

a
cc

(m
/s

e
c2 )

SPen x
SPen x
SPen x

0 5 10 15 20 25 30
-250

-200

-150

-100

-50

0

50

100

150

time(sec)

an
gl

e(
de

g)

phi

theta
psi

 
(a) Measured acceleration values                 (b) Calculated rotational angles 

 
Fig. 5.  Typical acceleration and computed angles during writing 

 



  
A Measurement System for 3D Hand-Drawn Gesture with a PHANToMTM Device 

  

354 

acceleration values which are caused by the gravity in the direction of the negative z-axis, we 
can estimate the posture of the pen-type input device. Please note that the period from 0 sec to 5 
sec should be ignored because the pen was moving during this period.  

The posture of the pen-type input device is very similar to normal writing posture if the sensor 
coordinate system is rotated 15 degrees about the z -axis, then 41 degrees along the moved y-
axis of the sensor coordinate system, 131 degrees about the moved x-axis of the sensor coordi-
nate, and finally 90 degrees along the moved z-axis. In the posture of the pen-type input device, 
the initial configuration of the sensor coordinate system is identical to that of the PHANToMTM 
coordinate system. The last rotation indicates the compensation matrix explained in equation (3). 
Therefore we could say that the measured rotational angles are quite reasonable. 

 
 

4. CALIBRATIONS 
Accuracy and repeatability of the PHANToMTM are sufficient to measure the accurate position 

of a target object due to its high-resolution encoders. The PHANToMTM is initialized in the 
powered-on position. To minimize initialization error caused by initial posture, we need to turn 
on the power of the PHANToMTM at a specific location where the user’s guide recommends. For 
this purpose, we designed mechanical interfaces, one of which connects the pen-type device to 
the gimbal of the PHANToMTM device, and the other of which fixes the position of the afore-
mentioned connector at a specific location from the base of the PHANToMTM device, as shown 
in Fig. 2. However, a joint angles’ offset can be present due to the manufacturing error of the 
mechanical calibration device and the assembly error between the PHANToMTM system and the 
pen-type device.  

For eliminating these offset values, we first attached a calibration paper on the writing plane 
as shown in Fig. 6(a). We marked nine points of known distance on the calibration paper with 
the tip of the pen-type device, which is attached to the gimbal of the PHANToMTM. Four differ-
ent postures were measured at each marked point, and this procedure was repeated at five differ-
ent heights. Through these procedures, we could obtain 180(9x4x5) pairs of the desired tip posi-
tions and measured joint angles. Fig. 6(b) and Fig. 6(c) show the desired tip points and the tip 
points calculated by the measured joint angles before calibration. 

In order to calibrate the overall measuring system, we assumed that deviations are mainly 
from poor initial position of the PHANToMTM’s six joints. We also assumed that there are three 
translational deviations accumulated during the assembly of the pen-type device to the PHAN-
ToMTM’s stylus. Since the PHANToMTM’s last joint deviation is directly related to the transla-
tional deviation of assembly, we can eliminate this error parameter by assuming that the joint’s 
error is solely coming from connecting the pen-type device. Therefore, the total number of the 
deviations to be calibrated becomes eight as shown equation (6). In equation (6), Δθ1st, Δθ2nd, 
Δθ3rd, Δθ4th, and Δθ5th indicate the set of joints’ deviations in the PHANToMTM device, and Δx, 
Δy, and Δz indicate those of the assembly. 

Table 1.  Average acceleration values and Euler angles during 10sec to 25sec 

Situation Time (sec) Approximated Acceleration Value (m/s2) Approximated Measured Angle (degrees) 

Writing posture 10~25 [1.7, -5.2, -7.6] [Φ,θ,Ψ] = [131, 41, 15] 
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In this study, calibration was defined as the procedure to find the set of deviations that mini-

mizes the sum of errors between the desired and measured points. In other words, the calibration 
is to minimize the cost function ξd using equations (7-9). 
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where,  
 

, 1, 6, 1 5[ ],   [ , 0],   [ , , ]mea i i i T x y zθ θ θ θΘ = ΔΘ = Δ Δ Δ = Δ Δ Δ  
 
d: possible sets of deviations, 
Pdes,i: the ith desired point, 
Pcalc,i(d): the ith measured point that is calculated using the measured joint angles and the set of 

the deviations, 
Kforward(Θ): the forward kinematics of the PHANToMTM device. 

 
The calibrated sets of deviations of the joints dcalib were obtained by local minimum searching 

and random searching. We summarized the results in Table 2. To obtain the calibrated tip posi-
tion, ΔΘ  was applied to the configuration software, provided by SensAble technology, and TΔ  
was also applied to our custom software using equation (10). Fig. 7 shows the desired points and 
measured points after the calibration. We compared the distance errors between the desired and 
measured tip points before and after the calibration (Table 3). 
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where, phtPtip ∈R3, stlPtip ∈R3, and phtTrstl is 4 x 4 matrix 

 
 

5. CONCLUSION 
This paper focuses on presenting a measurement system which verifies the trajectory estimated 

by an IMU-based input device. For simple and robust implementation of the measurement sys-
tem, a commercialized 6-DOF haptic device (PHANToMTM) was used. To improve initialization, 
a mechanical jig and a software calibration algorithm were implemented. Experiments showed 
that this measurement setup provided a reference trajectory to verify the performance of the pen-
type devices. Some of the remaining works are as follows: First, we will gather many data sets 
of handwriting trajectories from the pen-type device and the PHANToMTM device. These trajec-

Table 2.  The results of calibration 

Deviation Values Sum of 
Distance 
(mm) 

Average 
Distance 

(mm) [ ]054321 ththrdndst θθθθθ   (rad) [ ]zyx ΔΔΔ  (mm) 

  [ 0.0017, -0.0130, 0.0092, 0.0517, -0.0488, 0] [-3.79, 1.78, -3.52 ] 
 

Table 3.  Comparisons of the distance errors before and after calibration 

 Sum of Distance Errors
(mm, 72 points) Average Distance Errors (mm) Standard Deviation 

of the Error (mm) 
Before 

Calibration 701.8 9.75 2.11 

After 
Calibration 90.9 1.26 0.73 
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Fig. 7.  The desired and measured points after calibration 
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tory data will be utilized to improve estimation algorithms for an optics-based trajectory, the 
inertia-based trajectory, and the error model compensated from an inertial sensor. 
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