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Abstract—In order to design a small size, cheap, space sensing,
and wireless communication human machine interface (HMI),
in this paper we develop a smartphone-based system. It uses
the accelerometer and the gyroscope of the smartphone to
generate six commands. By calculating the inverse kinematics, the
reference angles are send to robot arm via Wi-Fi network. The
novel HMI has many advantages over the others. The experiment
results show that our HMI is convenient and effective for remote
control of robot arm.

I. INTRODUCTION

Human Machine Interface (HMI) is regarded as a system
that handles the human machine interaction. It, more com-
monly Human Computer Interaction (HCI) [3], is the study
of interaction between machine (or computer) and people
[1]. HMI can be regarded as part works of Human Robot
Interaction (HRI) [2]. The human machine interface system
efficiently integrates human into an automation system. It
has two components: a human user uses it to send com-
mands to the machine, and the machine shows its running
status to the human user via the human machine interface
system. A good human machine interface can reduce the
risk of human’s injury, fatigue, and discomfort, and improve
productivity and the quality of the interaction. There are
many human machine interface technologies, such as vision
(light) based [4], acoustic based [5], brain computer interfacing
[6], electromyography (EMG) based [7], tactile technology
[8], and motion technology [9]. Most of human robot arm
interfaces use EMG, tactile and motion sensors.

Many human-like robot arm, such as robot exoskeletons,
have more than six degrees freedom [10]. They are three
translations in the perpendicular axes and three rotations
about these perpendicular axes (pitch, yaw, and roll). EMG
(Electro-Myo-Graphic), ENG (Electro-Neuro-Graphic) or even
EEG (Electro-Encephalo-Graphic) measurements could possi-
bly provide several motion commands for robots [11]. How-
ever, they suffer from important drawbacks: 1) it is difficult
to obtain the same EMG signals for the same motion even
with the same person; 2) it is not easy to predict real time
motion since many muscles are involved in a joint motion; 3)
the role of each muscle for a certain motion varies with joint
angles. The normal 2D joystick or 3D joystick [12] can send
two or three position commands. The joystick cannot send
six commands simultaneously. In order to generate rotation

commands, a six-axis force/torque sensor is applied in [13].
However the sensor and its interface are very expensive, and
the position and rotation signals cannot be obtained directly
from the force/torque sensor. All of the above sensors need
computers to be the human machine interface systems. Most
of them cannot be used as remote controllers.

The human machine interface for robot arm remote con-
trol needs the following properties: the size (computer with
sensors) is small; it is not expensive; it can send at least six
commands from different sensors; it has wireless communi-
cation. There is a device satisfies all these requirements, it is
the smartphone. The use of smartphone in robotics interface
is a relatively new concept [14], since the introduction of the
smartphone is less than eight years. The main attraction of
the smartphone is its platform. It has a fast CPU, memory,
a monitor, common operating system and rich sensors. The
programming is very similarly as a conventional PC. Unlike
the laptop, the smartphone can always be operated with the
battery and is lightweight. Many smartphones have compass,
accelerometer, gyroscope, thermometer, light meter, camera,
and GPS receiver. They also have standard wireless com-
munication devices, such as Wi-Fi, Bluetooth and 3G. The
smartphone as the human machine interface has two types
tasks:

• Monitoring. The smartphone is used as a computer to
display and store data of the robot [16][15][17].

• Control. The touch screen and keyboard smart phones are
used to send the robot commands [18][19][20].

The first generation of smartphone interface can be re-
garded as using a PDA as user interface [21]. It use Wi-
Fi infrastructure to send commands from PDA touch screen,
and monitoring the mobile robot from PDA screen. NASA
applied the smartphone operating system, Android, in a pro-
totype of SPHERES for the navigation and docking system of
International Space Station [22]. By using the accelerometer
of the smartphone, human hand gestures become control
commands for the mobile robot [23]. In the high risk area, the
mobility and small size properties of the smartphone have great
advantage over the other interfaces [24]. Another advantage of
the smartphone interface is the operations are very simple via
the touch screen and sensors of the smartphone [25].

There are still problems of the smartphone interface.



Fig. 1. The overview of HMI.

1) Although the small size of the smartphone is comfort-
able for human hand movement, small buttons in the
touch screen are not convenient. A full sensors-based
smartphone interface is needed.

2) The accuracy of the smartphone sensors is not in indus-
trial level. It is impossible to realize precision control
with the smartphone.

3) The position sensor of the smartphone, GPS, cannot be
used for robot arm control. Although double integration
of the accelerometer generates the position signals, the
error is very big with the offset problem.

4) The smartphone in the human machine interface system
has to complete both jobs of the computer and interface.
It requires more effective software.

Another difficult of controlling robot arm via the smart-
phone is the robot arm need joint space commands, while the
smartphone works in task space. The inverse kinematics of the
robot arm has to be calculated in the smartphone.

In this paper, we develop a human machine interface
by using the accelerometer and gyroscope sensors of the
smartphone. The accelerometer gives three positions and the
gyroscope provides three rotations. The offset in the position
estimation is canceled by the gyroscope signals and calibra-
tion. The remote control only requires relative positions, the
sensor errors can be decreased by human vision feedback.

In order to maintain small control loop time (sensor filter,
robot kinematics, communication and interpretation of the
commands), a simplified inverse kinematics algorithm is pro-
posed in this paper. Finally, we apply our smartphone interface
to a five degree freedom robot. Experimental results validates
our design.

II. SYSTEM HARDWARE ARCHITECTURE

A. System overview

An overview of the system is shown in Fig.1. It includes
three subsystems:
• Smartphone platform. This is main part of our HMI. It

uses accelerometers and gyroscopes in the smartphone
to catch the behavior of human sensors. By using some
algorithms, the human action is transferred into three
positions (x, y, and z) and three rotations (yaw, pitch,
and roll). These task space commands are transformed
into joint space signals by a simplified inverse kinematic
algorithm. Finally the reference joint angles are sent. The

Fig. 2. The workflow of the HMI.

smartphone subsystem also has graphic user interface
(GUI).

• Wireless local area network. This subsystem includes
a Wi-Fi router, the Wi-Fi interface in the smartphone,
and the Wi-Fi interface, such as USB Wi-Fi adaptor,
for the robot arm controller. The communication pro-
tocol is Transmission Control Protocol (TCP). We use
IEEE802.11n standard. The wireless range is 60 m in-
doors. The frequency band is 2.4 GHz.

• Robot arm. This system has robot arm and servo con-
trollers for the joints of the robot. We use the standard
proportional-integral-derivative (PID) for the joint servo
control. Each robot servo controller receives the reference
joint angle from the smartphone, and force the joint motor
to follow the reference angle by PID control.

The workflow of the above three subsystems is shown in
Fig.2.

B. Smartphone platform

The hardware of smartphone offers many advantages in
peripheral sensing, central processing and wireless commu-
nication. Most of smartphones have Wi-Fi communication
module, accelerometer and gyroscope. The average CPU speed
of the smartphone is currently 1GHz. The normal memory of
the smartphone is higher than 256Mb. These features allow
the smartphone to perform like a personal computer with
several special sensors. It is easy to carry out some software
application, such as filtering and inverse kinematic, in the
smartphone.

The smartphone-based HMI uses two sensors: accelerometer
(m/s2) and gyroscope (rad/s). The accelerometer inside the
smartphone gives three acceleration of the smartphone, see
Fig.3. The three axes are defined as follows: X and Y are
parallel to the two sides of the the displace screen. Z axis
is perpendicular to the screen. The origin of the axes is the
center of the screen.

The gyroscope of the smartphone gives three rotation
directions allow the axes of the accelerometer, see Fig.4.
The clockwise direction is defined as negative, while counter
clockwise is positive.

There two sensors are used to estimate relative displace-
ments (or positions) and directions of the smartphone. The
workflow of the sensors of the smartphone is shown in Fig.5.



Fig. 3. Accelerometer of the smartphone

Fig. 4. Gyroscope of the smartphone

C. Robot arm

In order to move a robot arm, a servo controller and a
computer are needed. The computer is used to run control
software, such as PID control, and communication software.
The servo controller is connected to the robot arm directly and
receives control command from the computer.

In our example, the servo controller of RobixTM robot arm

Fig. 5. Workflow of the sensors.

[27] is connected to the computer via USB. The computer
sends reference joint angles to the servo controller. the PID
algorithm is realized in the servo controller. In this case,
the computer is only a communication interface. If a servo
controller has Wi-Fi module, the computer can be removed
from the system.

The advantage of using a computer is the control software
can be on Windows platform, and the configuration is easy
using the drivers and libraries for JavaTM provided from
RobixTM Software.

D. Wireless local area network

The wireless infrastructure enables communication between
the smartphone and the robot. The advantage is that both
components communicating with the TCP protocol regardless
of the medium through physical protocol structure. In this way
is transparent equipment you use is for communication and the
means by allowing travel information using communication
LAN without changing the software. The advantage you have
is that commercial Wi-Fi equipment are cheap and high
transfer speeds so that it is not necessary be very careful in
choosing the type of equipment used always they comply with
the IEEE802.11 standard for the smartphone connect to the
network and communicate.

III. SOFTWARE ARCHITECTURE

In our application, the operating system of the smartphone
is chosen Android, because it is open source and many
smartphones in the market use it. Another advantage is that all
internal peripheral devices can be accessed directly by using
appropriate libraries in Android. For example, the data from
the accelerometer and gyroscope in the smartphone can be
read in Android operating system via a sensor manager service
which is configured to obtain data at regular intervals.

The software includes five modules: signal filtering, position
and direction computation, inverse kinematics, communica-
tion, and graphic user interface. These modules are carried
out in each control loop. Fig.6 shows the main function in
the control loop. The initial position of the robot arm is set
to zero. This initial position will be used in the calculation of
the inverse kinematics.

A. Signal filtering

The signals from the accelerometer and gyroscope sensors
of the smartphone are raw data which include noises and
offsets. The noises come from sensor drift and hand arm
vibration. To avoid mechanical vibration of the robot arm,
these noises must be eliminated. Since most of noises appear
in high frequency, we use a low pass finite impulse response
(FIR) filter

y (k)

x (k)
=

n∑
i=0

biz
n−i (1)

where k is the sampling time, y (z) is the output signal, x (z)
is the input signal, bi are the filter coefficients, n is the filter
order, the Z. transformation has the property of x (k − i) =
x (k) z−i.



Fig. 6. Control loop

Fig. 7. Mechanical model of an accelerometer

The FIR filter does not require an infinite impulse response.
In our application, we found when the cutoff frequency is
4Hz and the filter order is 2, the low pass filter (1) has
good property with respect to hand arm vibration. The filter
coefficients bi are obtained by Hamming window method [28].

The ideal order of the filter should be infinite in general.
A larger order results in a better approximation. On the other
hand, a higher order filter involves more computation cost in
the smartphone.

Because the noise sources for the accelerometer and the
gyroscope are the same (user’s hand), we use the same filter
for the three axes of the accelerometer and the gyroscope., i.e.,
we use six FIR filters.

B. Position calculation

The accelerometer can be regarded as a single-degree-of-
freedom mechanical system [29]. The inertial force F acting
on the proof-mass m is given by

F = m(ẍ(t) + ẍr(t)) (2)

where ẍ(t) is the acceleration acting on the accelerometer,
ẍr(t) is the relative acceleration of the proof-mass with respect

to the base. The dynamics of the accelerometer subjected to
acceleration ẍ(t) using Newton’s second law is given by

mẍr(t) + cẋr(t) + kxr(t) = −mẍ(t) (3)

where k is the stiffness of the spring, c is the damping
coefficient, see Fig.7. The deflection due to the acceleration is
sensed and converted into an equivalent electrical signal as

ẍr(t) + 2ζωẋr(t) + ω2xr(t) = kaẍ(t) (4)

where ka is the accelerometer gain, ζ is the system damping
constant, and ω is the resonant frequency, here ζ = c

2
√
km

,

and ω =
√

k
m . The output of the accelerometer is

a(t) = kaẍ(t) + w(t) + d (5)

where w(t) is the noise and disturbance, d denotes the zero
gravity offset (0g-offset). The noise w(t) is minimized by the
low pass filter proposed in (1).

The 0g-offset is measured under the absence of motion or
gravity. This offset may vary from one sensor to another.
The main causes of this variation are the sensing material,
temperature, supply voltage deviation, mechanical stress and
trim errors. The knowledge of this offset error will assist in
removing the bias from the acceleration signal effectively. We
use calibration method to find d.

Mathematically the velocity ẋ(t) and position x(t) are
calculated by integrating the acceleration ẍ(t)

ẋ(t) =

t∫
0

ẍ(τ)dτ + ẋ(0)

x(t) =

t∫
0

τ∫
0

ẍ(τ)dτdt+ ẋ(0)t+ x(0)

(6)

where ẋ(0) and x(0) is the initial velocity and position,
respectively.

If the accelerometer is not mounted on the ground, the
gravitational acceleration should be taken into account. The
output of the accelerometer becomes

a(t) = kaẍ(t) + w(t) + d+ g (7)

When the smartphone has yaw α, pitch β, and roll γ angles,
the acceleration outputs in each axis are

ax(t) = kaẍx(t) + wx(t) + dx + g cos γ
ay(t) = kaẍy(t) + wy(t) + dy + g cosβ
az(t) = kaẍz(t) + wz(t) + dz + g cosα

(8)

where α, β, γ are measured by the gyroscope of the smart-
phone, ẍx(t), ẍy(t), ẍz(t) are applied to the double integrator
(6).

In the robot arm control, we only need to send the relative
position to the robot. The absolute position of the smartphone



Fig. 8. Position calculation

does not have sense. If we move the smartphone from position
A to position B, and let the initial velocity ẋ(0) = 0

xB(t)− xA(t) =

tB∫
0

τ∫
0

ẍ(τ)dτdt−
tA∫
0

τ∫
0

ẍ(τ)dτdt

=

tB∫
tA

τ∫
0

ẍ(τ)dτdt

(9)

We use (9) to calculate the relative positions the robot arm
should be moved

∆x =

tB∫
tA

τ∫
0

ẍx(τ)dτdt,∆y =

tB∫
tA

τ∫
0

ẍy(τ)dτdt

∆z =

tB∫
tA

τ∫
0

ẍz(τ)dτdt

(10)

In discrete-time, the numerical integration is performed to get
an approximation by applying the numerical interpolation,

tn∫
t0

ẍ(t)dt ≈
n∑
i=1

[
ẍ(i− 1) + ẍ(i)

2

]
∆t (11)

Fig.8 shows the position calculation process.

C. Inverse kinematics

The relative positions in (10) cannot be used to control the
joint motors of the robot arm directly. The position information
should be transformed into reference angles as

q = K−1 (∆x,∆y,∆z) , q ∈ Rn (12)

Fig. 9. 5-DOF robot arm.

Fig. 10. Trigonometric cinematic Y Z axis

where the robot arm has n degree-of-freedom (DOF). K−1 is
the inverse kinematics, it is a function from the end-effector
position ((x, y, z)) to the joint angle (q1 · · · qn). Usually when
n > 3, K−1 is not unique.

Kinematic decoupling and geometric approach are the most
popular methods [30]. Although a complex robot arm needs
6-DOF, the 5-DOF robot arm has been applied in many areas
which is more simple than the 6-DOF robot and only loses
1-DOF in the end-effector [31]. In this paper we use a 5-DOF
robot arm to show how our smartphone-based HMI works, see
Fig.10.

In order to reduce computation burden in the smartphone,
we propose a simplified geometric approach for the inverse
kinematics. The end-effector position id defined as (x, y, z) .



The first is to calculate the angle of rotation of the arm as
show in figure9.

From Fig.10 we known

q1 = arctan

(
x

y

)
where q1 angle of Joint-1. Then you make a change of
variables to calculate the rest of the joints in two dimensions
where using only two axes (x1, y1) and two position (pitch
− > px, roll − > pz)

x1 =
√
x2 + y2

y1 = z

In this manner the rest of the joint angles in two axes is
calculated as follows with reference to the Fig.10:

x2 = l4 cos(px)
x3 = x1 − x2
y2 = l4 sin(px)
y3 = y1 − y2 − l1
h =

√
x23 + y23

Now you have all the values needed to calculate the angles of
all joints as follows

q1 = arctan
(
x
y

)
q2 = arctan( y3x3

) + cos−1(
l22−l

2
3+h

2

2hl2
)

q3 = π − cos−1(
l22+l

2
3−h

2

2l2l3
)

q4 = px − q2 − q3
q5 = pz

The above simplified procedure finishes the job in (12).

D. Communication

The inverse kinematics module generates the reference joint
angle (q1 · · · qn) . These reference values are interpreted into
script language and send to the robot arm servo controller.
The communication is through the call of servo library. The
robot servo controller interprets the script, and creates own
movement sequences by PID algorithm.

We use TCP/IP communication protocol between the remote
client and the host smartphone. The client receives script
sequences from the host according to it own IP address. The
client uses a Java library to explain received ASCII strings

The robot arm connects to Internet with an unique IP
address. The smartphone also connect to Internet via a Wi-Fi
router. So our smartphone-based HMI is not only a wireless
system, but also is a remote controller for tele-operation via
Internet.

E. Graphic user interface

The graphic user interface of the smartphone has two tasks:
sending simple commands and monitoring the behaviors of the
robot arm.

There is a START button to tell the smartphone to start the
application and establish communication with the server. We
design another button to tell the smartphone there is a new

Fig. 11. User interface monitoring

Fig. 12. Phisical System Overview

movement beginning the process of estimating position and
displacement. Such that only one motion script can be sent
each time.

The monitoring system displays the running status of the
HMI, see Fig.11. It display real-time data of all sensors, the
control commands for the robot arm and the behavior of the
robot.

IV. EXPERIMENTAL RESULTS

In order to demonstrate the smartphone-based HMI pro-
posed in this paper, we developed a prototype system shown
in Fig.1. The smartphone is SONY Xperia S with Android
2.3, 1.5 GHz Qualcomm Dual Core processor, and 1G RAM.
The sensors of this phone include an accelerometer, an elec-
tromagnetic field sensor (proximity sensor), an ambient light
sensor, a magnetometer, a GPS sensor, and a gyroscope. The
router is Next Nebula 150 with 4 10/100 Mbps LAN ports and
Wireless IEEE802.11n ports. The 5-DOF is constructed with
Robix parts [27], see Fig.12.

We designed two types of tests: linear and circular motions,
to validate our HMI.

A. Linear motion

In this test, the smartphone is mounted on a small rail cart,
and is moved from point A to point B, see Fig.13. The distance
of A−B can be measured.

This test includes two parts: the first part evaluates only the
estimation error of the accelerometer and the gyroscope. The
results are shown in Table I



Fig. 13. Linear Motion Test

Measure Estimated Error
65 79.5 14.5
65 74.7 9.7
65 75.9 10.9
65 73.5 8.5
65 66 1
65 71.4 6.4
65 77.4 12.4
65 66.6 1.6
65 73.5 8.5
65 69.3 4.3

TABLE I
ESTIMATION ERROR OF OF THE ACCELEROMETER AND THE GYROSCOPE

The second part check the communication and inverse
kinematics. The results are shown in Table II..

Measure Estimated Displacement Error
9 8.3 9 0
9 9.7 10.7 1.7
9 7.5 7.5 -1.5
9 8.7 8.7 -0.3

TABLE II
ESTIMATION ERRORS OF THE COMMUNICATION AND INVERSE

KINEMATICS

B. Circle motion

In this test, we use the smartphone draw a circle, and send
the corresponding commands to the robot arm. The robot
should also dram a similar circle. Similar as the linear motion,
the test also includes two parts. The results of the communi-
cation and inverse kinematics test are shown in Fig.14, here
the circle is generated mathematically from the smartphone.

The results of the second part are shown in Fig.15, where
the circles are drawn by the robot arm.

C. Discussions

Response Time
The time from the smartphone moving to the end-effector of

the robot arm reaching the desired point depends on computing
time of the smartphone, communication network delay, and
robot servo time. The network traffic is the most uncertainty.

Fig. 14. Circle motion of the robot arm

Fig. 15. Circle Motion Inertial Results

We consider the worse case of it. We use 1 second for each
control loop in Fig.6.

Sensitivity Resolution
The accelerometer of the smartphone cannot capture any

human movement. There exist the maximum and the minimum
speeds. These speeds are also effected by the offset and the
noise filter.

Estimation error
The estimation error (Table I) is approximately 12% and the

total error of 9.7%. These errors come from the sensor error
and noises. The HMI system doe not have position feedback.
The PID control in robot servo can only force each motor
follow the desired angle. The simplified inverse kinematics
also causes error.

V. CONCLUSION

In this paper a novel human machine interface is proposed.
It uses a smartphone to finish the following jobs: position
measurement, rotation capture, inverse kinematics calculation,
Wi-Fi communication, and GUI. Our smartphone-based HMI
overcome the common problems of the other types of HMI,
such as big size, expensive, one device with six commands,
and wireless communication.



Compared with the other smartphone interface, the advan-
tages of our system are: 1) we use both accelerometer and
gyroscope to capture positions and rotations. It is a space
sensing method; 2) Signal filtering and gravity compensation
are used yo improve the sensor accuracy; 3) Many algorithms
are simplify to reduce computation cost. The experiment
results show that our HMI is convenient and effective for
remote control of robot arm.
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