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Abstract—Most of the robotic arm is controlled using
accelerometer by capturing different gestures and postures
wherein the movement of the robotic arm is only limited on the
given gestures, which doesn’t mimic the human arm correctly.
This paper presents a method to acquire angle in mimicking
robotic elbow using two low cost and small tri-axial
accelerometers. These accelerometers are attached to the upper
arm and forearm of the user. To find out the angular position of
the elbow joint, scalar product is applied in the computation. The
communication between human hand and robotic arm has been
established using Arduino microcontroller. The result is that the
robotic arm’s movement is synchronous with human arm’s
movement. The system has been developed in Arduino IDE
platform and Lab VIEW Robotics. In conclusion, the application
of scalar product is effective in acquiring the value of user’s
elbow angle.

Index Terms—Accelerometers, Elbow Angle, Robotic Elbow,
Scalar Product

I. INTRODUCTION

ROBOT mimicking has been a hot research topic in the
previous years and is an important application area for
robotic systems. Likewise, robot mimicking is a convenient
way to teach the robots the operations they are to perform
[1].Robotic arms are very important in almost all the
industries because they perform various different tasks such
as trimming, picking and placing etc. In addition, the biggest
advantage of these robots is that it can work in hazardous
areas which cannot be accessed by the human [2].
Therefore, new and more advanced ways are required to
control robotic arm.

In the robotics field, several researches used different
controllers and sensors to mimic human arm such as flex
sensor and potentiometer. But as the time goes by,
accelerometer-based gesture recognition methodology has
become increasingly popular in mimicking and controlling
robotic arm in a very short span of time [6]. The low
moderate cost and relative small size of the accelerometers
are the two factors that make it an economical
and effective tool to detect and recognize human body

Revised Version Manuscript Received on March 10, 2016.

Roselito E. Tolentino is with Polytechnic University of the Philippines
— Santa Rosa Campus and De La Salle University - Dasmarinas as part time
Instructor.

Charlene A. Alcirais a graduate of Polytechnic University of the
Philippines Sta. Rosa Campus.

Mayraquel G. Ballais a graduate of Polytechnic University of the
Philippines Sta. Rosa Campus.

Nanette A. Burgos is a graduate of Polytechnic University of the
Philippines Sta. Rosa Campus.

John Paul O. Bilonis a graduate of Polytechnic University of the
Philippines Sta. Rosa Campus.

Mark Anthony M. Barisis a graduate of Polytechnic University of the
Philippines Sta. Rosa Campus.

gestures [3]. But, most of the accelerometer-based gesture
controlled robotic arm only capture different gestures and
postures. The problem is that the movement of robotic arm
is only limited on the given postures and gestures, which
doesn’t mimic human arm correctly and doesn’t acquire the
actual elbow joint angle.

However, in this paper is proposed the application of
scalar product for acquiring angle in mimicking robotic
elbow using two tri-axial accelerometers. The controller is
made up of two tri-axial accelerometer attached to the upper
arm and forearm of the user. Robotic elbow will move as the
sensors measure elbow angle. The system has been
developed in Arduino IDE platform. Data is gathered for the
evaluation of response and a graph is created using Lab
VIEW Robotics. This paper shall help industries by
introducing a low-cost, easy-to-use and reliable way of
mimicking angle using only two tri-axial accelerometers as
a sensor [4]. This paper can also be used in the medical
field. It will help rehabilitation doctors and physical
therapists to come up with a more accurate way of getting
the elbow angular joint measurements. Finally, several tests
are done to evaluate the proposed system. The results of the
performed tests are presented and discussed.

II. METHODOLOGY

A. System Description

The system is composed of a robotic arm equipped with
Arduino microcontroller, and actuated by a servo motor
mounted at the elbow of the robotic arm. Also, it is
composed of a wearable device with two tri-axial
accelerometers to measure acceleration due to gravity in
different axis. This wearable device also serves as
measuring device because it comprises of potentiometer
mounted on a 1-DOF mechanical joint that is used to know
the actual elbow angle produced by the user. The individual
accelerometers are placed in upper arm and forearm of the
user respectively. They are located near the elbow joint.
Lastly, it is also composed of a computer running the
program.

The accelerometer used in this study is ADXL345 Digital
accelerometer. This sensor is physically rated to measure
accelerations over a range of at least +/-16g, with a
sensitivity of 4mg/LSB. The accelerometers communicate
with the computer by using Arduino microcontroller. It is
coded in Arduno IDE (Integrated Development

Environment), a programming environment that is capable
i boards

to upload programs in Arduino

(microcontrollers) [7] [8].
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Fig. 2Conceptual Framework

Fig. 2 shows the explanation of how the system works.
The accelerometers are used as the main sensor of the
robotic arm and are attached to the upper arm and forearm
of the user. The proponents used Arduino and Lab VIEW
software for the interfacing of program. The input signals
coming from the accelerometer sensor is fed to the
Arduinomicro controller using serial communication.

1. Acquisition of Elbow Angle

The accelerometer has digital output in the range from -
256 to +256 through 180° of tilt. The output in every axis
(x-,y- and z-axis) is minimum if the axis is pointing
downward, on the other hand, it has maximum value if it is
pointing upward.

The proponents used these outputs to compute the
acceleration due to gravity in different axes experienced by
the accelerometer attached to the upper arm.

Gy = —— 1

= — &)

G’ = — 2
n=— @

DOz

G, = 3
n=— 3)

where:

S= sensitivity of the accelerometer

Gx1 = acceleration from the x- axis of the accelerometer
Gz1 = acceleration from the z- axis of the accelerometer
G’yl = acceleration from the y- axis of the accelerometer

DOx1 = digital output from the x-axis of the
accelerometer
DOyl = digital output from the y-axis of the
accelerometer
DOzl = digital output from the z-axis of the
accelerometer

Afterwards, the proponents determine the value of
acceleration due to gravity in different axes of the
accelerometer attached to the forearm.

_DOXZ
Gy, = 4
X2 S 4)
Gy, = 5
Y2 S 5)
Gy = 6
72 S (6)
Where:

S= sensitivity of the accelerometer

Gy2 = acceleration from the y- axis of the accelerometer
Gz2 = acceleration from the z- axis of the accelerometer
G’x2 = acceleration from the x- axis of the accelerometer

DOx2 = digital output from the x-axis of the
accelerometer
DOy2 = digital output from the y-axis of the
accelerometer
DOz2 = digital output from the z-axis of the
accelerometer

After getting the value of acceleration due to gravity, tilt
angles are acquired using (7) and (8) for the pitch angles of
two accelerometers and (9) and (10) for the roll angles of
two accelerometers. The force of gravity is used as an input
to determine the orientation of object by calculating the tilt
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angle.

The accelerometer experienced acceleration in the range
from -1g to +1g through 180° of tilt. The value of -1g and
+1g in any axis is aligned with the Earth’s downward and
upward gravitational field respectively.

Gl
— -1 Y1
@, = tan (Gx1> (7
Gy
— -1
@, = tan (G'x2> €))

G
9, = tan™? 2 ) 9
N oo ¥

(10)

0, = tan_1< bz >
V(G'x2)? + (Gyy)?

where:
0, = roll angle of the accelerometer (forearm)
0, = pitch angle of the accelerometer (forearm)
0, = roll angle of the accelerometer (upper arm)
¢1= pitch angle of the accelerometer (upper arm)
Using the tilt angles acquired from the previous computation
the direction of the two accelerometers with respect to the
upper arm and forearm are acquired using spherical
coordinates to find the equivalent Cartesian coordinates.
From the orientation and position of accelerometer, the
value of roll and pitch angle correspond to the value of
azimuth and zenith angle in spherical coordinates
respectively.
Finding the direction of two accelerometers using (11)
and (12),

A = [(sin ?1)(cos 6;,)]1x + [(sin@;)(sin B;)]P + (cos B1)2(11)
B = [(sin8,)(cos 8,)]2 + [(sin ;) (sin 8,)]9 + (cos B,)7 (12)
where:

B= direction of accelerometer attached to the forearm
A= direction of accelerometer attached to the upper
arm

Afterwards the proponents used the components of each
vector of the two accelerometers mounted on the user’s
forearm and upper arm to compute the magnitude of each
vector.

|A|
= /[(sin @;)(cos 6;)]% + [(sin @;)(sin 6;)]? + (cos @,)? (13)

|BI
= /[(sin ®,)(cos 8,)]% + [(sin @;)(sin 8,)]% + (cos B,)? (14)

where:

|A] = magnitude of vector A
|B| = magnitude of vector B
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Using (11), (12), (13), and (14), the elbow angle is
acquired by applying Scalar Product.

A-B
= cos~! (—)
g JA11B]

where:

(15)

B= wvalue of computed elbow angle

2. Evaluation of the System

The proponents devised a wearable device which
comprises of potentiometer mounted on a 1-DOF
mechanical joint and two accelerometers which are
attached to the human arm. The computed angle was read
by the Arduino microcontroller. The proponents also used
potentiometer in their wearable device to compare data
from accelerometers. The proponents also devised a
potentiometer-mounted robotic elbow to get the robotic
elbow angle. The angular values were sent through serial
communication into a computer and then were inputted
into Lab VIEW’s waveform chart feature using NI VISA.

The proponents used servo motor as an actuator to
control robotic arm. The movement of servo motor is
dependent to the value of computed angle. The
proponents plot the graph in Lab VIEW to monitor the
response. The plotted response of the system is the
extracted into an Excel Worksheet and used these data to
determine if there is significant difference between them.

The proponents set the significance level to the
standard value of 5%. Knowing the area, they used the z-
test table and found the critical value as 1.96.The
computed z value will become the basis of the proponents
if they will accept or reject the hypothesis. To be able to
verify if the robot can mimic the human elbow angle, the
researchers used z-test:

z= o s S (16)

ni nz

where:
7= z-test result
X; = mean of the first group
X, = mean of the second group
n; = no. of samples in the first group
n, = no. of samples in the second group
o, = standard deviation of the first group
o, = standard deviation of the second group

III. RESULTS AND DISCUSSION

A. Acquisition of Elbow Angle

From the different orientation made by the user, the
proponents obtained the data coming from the two
accelerometers. To analyze and interpret the computed
angle, the proponents gathered raw data through varying the
orientation of the human elbow in many trials.

Table 1 shows the digital output in three different axes
of accelerometer which is attached to the upper arm,
acceleration due to gravity in every axis and the tilt angles.

Published By:
Blue Eyes Intelligence Engineering
& Sciences Publication Pvt. Ltd.




Scalar Product in Acquiring Angle for Mimicking Robotic Elbow using Two Tri-Axial Accelerometers

This vector is the orientation of the accelerometer in the
upper arm with respect to the elbow of the user.

Table 1. Data Obtained from the Accelerometer
Attached to the Upper Arm

Table 2 shows the digital output in three different axes of
accelerometer which is attached to the forearm, acceleration
due to gravity in every axis and the tilt angles. This vector is
the orientation of the accelerometer in the forearm with
respect to the elbow of the user. From each orientation, the
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B [DOxu| DOy |DOn| Gu [ [ & B from one orientation to another. The proponents applied

1( 41 |-262| -5 | 016006 | 101344 | -0.00053) S111 | -108 tangent functions to solve for the value of pitch and roll

1] 1 |17 | 170 | 0.08084 | 0.66406 | 066407 | 5130 | 44 angles

. [3] 15 [ 261 -16 | -0.05550 | 101953 | -0.06250 | 0329 | 330 ) .

L 1| 233 | 35 | 83 | -0.91016 | 0.13672 | -0.32423 | 17046 | -19.41 Table 3. Magnltude of Three Vectors and Values of
5 37 | | 13| -01445 | 083156 | 044041 | vogd | 1707 Computed and Actual Elbow Angle
6| 242 | 140 | -25 | 094531 | 0.54688 | -0.00766| 3005 | =11
T| § | -760| -17 | 0.03516 | 1olae? | -006641| 5502 | 3 o Actul | Computed |
1| -1 | -184 | 156 | -0.00391 | 0.71875 | 0.60938 | w031 | 40.29 Angie Orientation | 4] | [B] AB Elbow Elbow | e e

& ik ; Angle Angle ifference

g (A1 13T 28] 15 | 044141 0.39063 | 0.09850 | 116.36 | 337
1|45 5 | -14 | 095703 | 0.01953 | -005469 | 17883 | 317 1 T [ 1 | 030806 0 5047
5[-120] 176 | 119 | -0.46575 | 0.68750 | 046484 | 1M1 | 2909 ] 1| 1 | 050698 0 505
6| 105 | 101 | 27 | 0.76171 | 074600 | 000547 | 841 | 6% . 3 1| 1 | G048 [ AT | o 066aT
1| -10 | 255 | 9 | -0.07417 | 099600 | 0.03516 | 0426 | 2.016 ] 1T [ 1 | 0404251 0 6033 -
1| 10 | 171 [ 707 | 0.03906 | 047266 | 0.78906 | 5523 | 33.09 5 T [ 1 [ 05075 0 5051

oo (217211821 9 1 067185 | 0.71094 | 0.03516 | 13338 | 2.06 § T [ 1 [ 0483234 0 5097
1| 717 | 119 | 10 | 052513 | 046454 | 0.03906 | 15069 | 136 1 1| 1 | 00dle [ 90.14
5| § |15 | 47 | 003115 | 099019 | 018359 | 5520 | 1048 1 1| 1 | oomme [T §5.7
6103|107 4 | 075201 | 0.76053 | 0.01563 | 4550 | 083 - 3 T | 1 | 00iam [ 8851
T § |-262| -27 | 003113 | 101344 | -005504 | 8805 | 480 ] T 1 | 0oz 70 sois | LN
AIEREIEIEE 027 | 084 81 [ H 1| 1 | 0.003089 7 I

Jsor |3 53 | 244 26 | 032477 | 095313 | 010056 | 1009 | 576 3 T 1 | 1058 70 9001
4| -107 | -130 | -39 | -0.50850 | 0.50781 | -0.14523 | 14787 | 907 1 1 1 050544 120 120.36
5| -48 | -107 | 116 | -0.18750 | 0.80839 | 0.43312 | 10306 | 28.63 P 1 1 050424 120 12023
6| 247 | 97 | 65 | 006454 | 037890 | 025301 | 1144 | 1376 i 3 T | 1 | -04084 120 11959
T[ 13 | 256 18 | 000 | 1 | 00731 | 5 | il 1 1 T T 1T Gz T 15 Ty ] 148333
T| 33 | -187 | 150 | 017891 | 0.71094 | 061109 | 7977 | 4069 T T T 1 | 2500 110 707

o 2192162 17 [ 075 [ 0.63281 [ -0.06641] 139.84 [ -387 i T T 1 | 150% 10 17003
I 145| T | 40 | 095703 | 000791 | -01%605| 1983 | 017 1 T T [ 59915 =50 51
5130 235 | -3 | -0.54207] 091797 | -003125 | 12060 | -168 7 T T 1 T 30002 ] 11068
6] 140 | I72 | 71 | 0.58103 | 0.67188 | 027734 | 4910 | 1733 7 T T 1 [ -i5355d E 55

. 1 4 1 1 -0.53555 150 15173 A
Table 2. Data Obtained from the Accelerometer H 1 1 | 139% 150 15162
Attached to the Forearm 6 1] 1 [ 03938 150 15115
Accelerometer Attached to the Forearm : 1] I |0t | 18 ] IiH

g Digl Ovtputof | . — ] T[T | 0000s8 180 171
Elbow E Accelerometer sArceleration due to gravity Tilt Angles 180 3 1 1 -0.0975 180 17595 1176667
Angle (2| (Forearm) (Forearm) 1 T | 1 | 099864 | 180 17701

oliolml & e [l o e T W v

1/-241) 9 | 16 | 094141 | 0375 | 0.0625 [ 2172 | 353 :
1152 64 | 191 | 0.59375 | 005 | 0.74609 | 1083 | 49.19 Table 3 shows the magnitude and scalar product of two
|32l 144 ] 5 ] 0.8330d | 05635 | 0.01953 | 3384 | 111 vectors needed to acquire the elbow angle by applying

o 4| 81 | 138 | -89 | -0.33038 | 0.92969 | -0.23047( 1IL13 | -13.02 Scalar Product. Th itude of tor A and B is al
5] 162|138 | 144 | 0.63281 [ 0.59906 | 08635 | 40.8 | 3408 catar froduct. The magnitude o1 vector A and 1 15 atways
61 15 35| = | 087801 | 052704 | 001953 3096 | L@ equal to one because they are unit vectors. It also shows the
1] 257] 10 | 4 | 100391 [0.03006] 0.01363 | 213 | 0.89 results of computed angles from different orientations, its
2)-A77] 5 | 175 ) 0.69140 | 0.01953 | 0.68359 | 162 | 44.66 corresponding actual angle and the average difference for

o J[ -2 119 42| 0875 | 046454 | 016406 [ 27.98 94 h 1

4] 6 [ 360 | 12 | 0.02344 | L0I563 | 0.04688 | 8868 | 2. cach angie. .
S I77[ 127 | 140 | 0.69141 | 0.47656 | 0.54688 | 3458 | 3307 The proponents observed that angle of 180° has the
6] -179| 189 | 42 | 0.60022 | -0.73828 | 0.16406 | 4656 | 9.17 largest average difference because when the user performed
E 233|437 | 090625 | 04531 ) 010547 ) 2617 | 596 this angle, one of the axes of the accelerometer is aligned
2] 94 66 | 220 | 036719 |-0.25781 | 0.83938 [ -3507 | 6143 . . .

1 1 249 60 16 | 097266 | 023438 | 014063 | 13.35 ] with graVlty and ‘pomt upwards .01‘ 'dOWnWardS. Thus, the
49| 18| 36 | 0857 | 05 | O14BH | A | 831 value of acceleration due to gravity is only concentrated to
5| 11 -136 | 66 | 0.628125 | 0.53113) 0.15781 | 3168 | 1468 one axis and its reducing the value being measured from
i SR ISEG) M0 el LNOL SME ] R O other two axes. Another factor is that an accelerometer is
1| -118) -240 | -3 | 0.46094 | -0.9375 | -D.0117Z( 6381 | -0.64 L C . . L .
011 | 100 30| 004 | 03 | 041 a7 ] most sensitive to tilt when its sensitive axis is perpendicular

s 3| 1881 AB4 | -4 | 073438 |-0.71875 | -0.01563| 4438 | -0.87 to the force of gravity. At this orientation its sensitivity to
4| 187 -12 | 14 | L0039 | -0.085%4 | -D.05469( 489 | Al R PRI - ; ;

changes in tilt is highest. When the accelerometer is oriented
5| -141) -167 | 130 | 0.55469 | -0.65134 | 0.20781 [ 49.63 | 3067 g . . g . .
51 13 | 1593 T4 | 067578 | 075301 | 025006 | 5187 | 1503 on axis to .gra.v1ty, tl.le. change in output accelerafuon per
1] 17 [ 261 32 [ -0.06641 [-1.01953] 0025 | 9373 [ 698 degree of tilt is negligible. It means that as the tilt of an
i Eg'.f %:3 1:4 H'E:;:S &:ﬁg;: g:;gg :fg '*:]1823 accelerometer increases, the sensitivity of this sensor
B 182 N - 15 s ] 3

B T T B Y T BT T B decreases the given results to smaller error [5]. )

I 137 254 | 11 | 023516 | 0.09219 | 0.04197 | 6L66 | 118 The proponents also observed that angle of 60° has the
6] 158 | -168 | 0 | -0.61719 |-0.62625] 03125 | -133.24 | 19.13 lowest average difference because with this angle, the

10

Published By:
Blue Eyes Intelligence Engineering
& Sciences Publication Pvt. Ltd.




International Journal of Innovative Science and Modern Engineering (IJISME)

accelerometer is tilted and none of the axes is aligned with
gravity thus, the value of acceleration due to gravity is
distributed to all axes. It implies that angle of 60° is the most
accurate angle for mimicking user's elbow angle compare to
other angles.

The proponents also observed that as the angle being
mimicked increases, its average difference also increases. It
implies that mimicking capability of the system is better if
the user performed an angle less than 90°.

A. Response of the System
In the experiment, the user measured different sets of
angle in different orientation with the human elbow angles
from 43 to 180° The response of the system is shown below.
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Fig. 3LabVIEW panel showing the human elbow angle
and the robotic elbow angle based on the user's
orientation and elbow movement. (Note: The labeled
figures above the graph and the yellow broken lines are
not part of the graph seen on the actual panel of the Lab
VIEW.)

The figure shows the response of the system between the
human and robotic elbow angle in different orientation. The
graph shows the angle measured from the wearable device
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(yellow line) and the robotic elbow angle (green line). The
value of the human and robotic elbow angle are almost
equal or coincide in the graph when the user performed
transition from flexion to extension or vice versa.

However, when the user steadies his arm in a specific
position, there is a small discrepancy between two angles. It
also shows that the value of robotic elbow angle is slightly
unstable compared to the human elbow angle.

B. Significant difference between user and robotic

elbow angle

The proponents measured different human and robotic
elbow angles in different orientation. From the data, the
proponents computed the value of standard deviation and
mean of each sample.

Table 4. Z-test result for every tilt angle

O Human_Elbuu‘ Angle | Rob om'_lf Ibow Angle | Resnltof Comment
m I [} m 4] [Z] z-test

1 100 | 102.42 | 33.8012 | 100 | 102.71 | 36.1091 | -0.0586
2 100 | 113.99 | 52.3504 | 100 | 113.73 | 55.4619 | +0.0341 Null
3 100| 98.5 | 51.2388 | 100 | 08.00 | 53.3075 | -0.0663 | Hypothesis
4 100 | 112.65 | 39.1135 | 100 | 118.24 | 45.9922 | -0.9259 is
5 100 [ 1123 | 53.2770 | 100 | 112.91 | 53.7160 | -0.0806 | Acceptable
[} 100 | 115.94 | 48.6228 | 100 | 117.65 | 51.0696 | -0.2425

Table 4 shows the number of samples (n; and n,), the
mean of the samples (X; and X,), the standard deviation of
the samples (o, and o,) and the z-test result. All of the z-test
result shows that z value is within the range of -1.96 < z <
1.96. Therefore, there is no significant difference between
the robotic elbow angle and human elbow angle.

The proponents observed that orientation two has the
lowest value of z-test result which is equal to +0.0341
because all of the axes of accelerometer in this orientation is
not concentrated or not aligned with the gravity, thus the
total value of acceleration due to gravity is distributed to all
axes. It implies that this orientation is the best orientation in
mimicking the human elbow.

The proponents also observed that orientation four has the
largest value of z-test result which is -0.9259. It is primarily
due to the alignment of one axis of accelerometer with the
gravity that results to decrease of sensitivity of
accelerometer.

IV. CONCLUSION

The proponents came with this findings based on the
gathered data. Accelerometers outputs are used to measure
the angle between the human’s upper arm and forearm, and
set as the triggering or controlling device of a one degree of
freedom robot arm. Those outputs are used by the
proponents to compute the angle obtained by the human.
Since those outputs are the values of the acceleration due to
gravity in different axis, pitch and roll angles obtained from
the two accelerometers varies in different angle and
orientation, but it will be arrived with the angle closed to the
human's elbow angle. The pitch and roll angle values are set
as the angle components in the spherical coordinate system.
The proponents used the spherical coordinates to find the
equivalent Cartesian coordinates - vectors of the two
accelerometers with respect to the upper arm and forearm.

The findings of the proponents, suggests that the system
and the method proposed were effective in acquiring the
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value of user's elbow angle. The proponents used spherical
coordinates to find the equivalent Cartesian coordinates -
vectors of the two accelerometers with respect to the upper
arm and forearm. The value of the resulting elbow angle
from the angle of 150° to 180° acquired larger angle
difference. This is caused by the alignment of one axis with
the gravity of an accelerometer which can decrease the
sensitivity of the sensor in getting tilt angles. The angle of
60° has the lowest average difference, which means that it is
the most effective angle for mimicking human's elbow.

RECOMMENDATION

Since the proponents observed that there are small
discrepancies between the human and robotic elbow angle in
different orientations, the proponents recommend using
additional sensors for the improvement of the response of
the system when it comes to the alignment with gravity. The
proponents also suggest improving the proposed method for
acquiring angle where the alignment of axis with the gravity
cannot affect the computation, since average angle
difference is caused by the alignment of any axis of the
accelerometer with the gravity. This is for the purpose of
having more precise mimicking angle.
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