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Abstract: Hand gesture recognition is an emerging field of technology in robotics and human-
computer interaction. It has tremendous applications in daily life activities and intelligent
workplaces. In this study, a system which could help people to work and operate without directly
using hands or contacting by hands, is proposed and demonstrated. This system composed of a
glove with flexible force sensors and a 3D printed robotic forearm. The user wearing the glove could
control the action of the 3D printed robotic forearm. The 3D printed forearm simultaneously acted
following the motion of the glove. The 3D printed forearm was composed of 46 individual parts that
were printed with white biodegradable polylactic acid (PLA). Electronic components in the system
are five flex sensors, a master Arduino Nano, a slave Arduino Nano, a wireless NRF24L01
transmitter module banding on the glove, a second wireless NRF24L01 receiver module in the
forearm and five motors. The five flex sensors on the fingers of the glove detected and collected the
signals reflecting the movements of the hands. The Arduino Nano processed the signals from the
flex sensors and sent them through the wireless transmitter module to the slave Arduino Nano. In
order to control the action of the robotic forearm, it was embedded with a slave Arduino Nano as a
control kernel, a wireless NRF241.01 receiver module and five actuators. The slave Arduino Nano
received and processed the signals through the wireless receiver module. After that, the signals
were sent to the actuators- servo motors. The fingers’ action in the robotics arm was executed with
the actuators. After carefully testing the system, the robotic arm followed the action correctly with
a maximum 0.133 ms time delay all the time. This system could be really useful for the users who
work in dangerous conditions, hazardous environment or require remote operation for safety
reasons.

Keywords: Arduino Nano; Flex force sensors; NRF24L01 module; hand motion; 3D printed robotic
arm;

1. Introduction

People can face high levels of risks and even life-threatening situations while doing dangerous
works such as landmine demining or clearance in the military, driving hazardous vehicles in
transportation, exploring the outer space, and working with high temperature melting metal in
industrial manufacturing, etc. Some of these hazards can be deadly or life threatening [1]. It is vital
and essential to create systems or devices as a substitution for human workers to do these works
safely. Because the hand is uniquely important to daily life activities, hand function has been given
increasingly concentrated and widely concerned during the past few decades [2-5].
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Research publications on hand functions can be classified into hand gesture recognition and hand
motion controls. For the hand gesture, some researches were about artificial muscle based human-
machine interfaces [6-8]. Different technologies such as electromyography (EMG) [9], computer
vision [10] and accelerometers [9, 11] have been used for the hand movements driven by the muscle
contractions of the forearm. A systematic review with 148 articles was undertaken to identify the
characteristics of touchless/in-air hand gestures used in interaction interfaces [12]. Some other
researches were on the latest material technologies which were adopted to obtain hand motion by
tactile sensors. Wearable soft artificial skin for hand motion detection with an array of embedded soft
strain sensors was studied by measuring joint motions of fingers [13]. A newly-developed wearable
hand motion capture and measurement system with multiple sensors and ultrasound imaging were
introduced [14]. Besides, a user interface design for a human-hand simulation system was studied in
a virtual environment that produces ground truth data and provides visualization support for
experiments on computer vision-based hand pose estimation and tracking [15].

For the hand motion controls, a new method that demonstrated how to capture 3D arm motions
with a stereo vision system and transfer to the robotic avatar with real-time in a meeting was
represented [16]. A stylus-based haptic device was presented not only in 3D dynamic models, but
also with accurate measurements [17]. The 3D arms mentioned above were virtual status in the
computer made by specific software. On the topic of solid robotic arms, it was easy to find many
publications in the web of science or google scholar. But these articles usually focused on how to
design and analysis structures in the laboratory [18, 19]. Therefore, a system which could substitute
people to do something in a real-time with the guide of the peoples” hand gesture was becoming the
goal of this study. The initial plan was to create a fully functional humanoid robot. But this ambitious
plan was abandoned quickly, because of the tedious work with an expansive cost. A robotic forearm
was designed instead of the whole human-like robot body. Therefore, the hand motion capture
system was selected to carry out the research.

Nowadays, it is easy to get a toy car controlled by a joystick, but a few advanced models use
wireless hand gesture control mode. These toy cars could usually do functions of moving forward or
backward, turning left or right. This enlightened us and the system came true with a low-cost and
easy to customize prototype. For the system proposed in this article, a 3D printed forearm was
designed to substitute the human hand to do dangerous tasks remotely. The 3D printed robotic arm
was made with biodegradable material polylactic acid (PLA) and its fingers were electronically
controlled by five flex force sensors. Flex sensors with flexible performance could measure the angle
displacement, pressure and stress, have many applications in wearable electronics [20] and health
monitoring [16, 21]. The system had two main hardware parts: glove with sensors and robotic
forearm with motors. The flex sensors were used to measure the angle of the fingers and they were
banded on a glove. The glove was made as a wireless controller to control the 3D printed robotic
hands’ actions.

In this paper, the system architecture was shown with the 3D printed arm and assembly process,
the program of the control procedure in section 2, the measurement tests and results were represented
in reliability and repeatability, sensitivity and time delay in hand motions in section 3. The discussion,
suggestions and conclusions were in sections 4 and 5. Each stage of the development of the arm
would be shown in this article with the results. The prototype is a promising solution for hazardous
works that need to be dealt with by humans, which can be life threatening. The robotic arm with
sensors can also help health carers to fight against disease, disabled people or elder people in their
daily lives.

2. Proposed System

2.1. System Architecture and hardware Components

The proposed system should meet some requirements, such as the components of the system had
to be carefully chosen, so that it has low cost with better accuracy to make the system affordable and
reliable. The system should also have the capability of integrating multiple sensors. Thus, considering
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the above requirements and the comfort zone of visual challenges, a system with two separate parts
a glove and a 3D printed forearm was designed.

Five flex force sensors were bonding on the glove. These sensors could collect the actions of the
hand’s motion and the resistance values from the sensors were transferred into voltages through a
resister division circuit. The master controller with a transmitter module processed the inputs from
the sensors and sent to the slave controller with a receiver module. The outputs from the slave
controller would command the five servo motors to move and control the motion of the 3D printed
fingers. The architecture of the system is shown in Figure 1.

Flex sensors

|
|

Data transmission

NRF24L01 receiver

é.-ioj))

NRF24L01 transmitter

The 3D printed arm The glove

Figure 1. The system architecture of the whole system

2.1.1 3D Printing and Assembling of Forearm

The files of the printed arm were available online for free (http://www.youmagine.com). A white
biodegradable PLA material was used to print the arm for its low printing temperature and smooth
printing finish [22]. There were a total of 46 individual parts that were printed by 3D Printing. Each
of the parts needed to be sanded down to obtain a smooth finish.

e  Finger Construction

Each of the printed fingers had three rotational joints. Two different wires were used through the
fingers before applying adhesive to the tip and the joints. One of the wires was a braided fishing line
(red) used to resemble a tendon and the other was string rope which was used to make the fingers
have a pulling force, back to open the hand. This was achieved by tying a knot on the tip of the finger
using string rope two times and then tying a knot around the rope using the fishing line. After the
knots were made, the adhesive was used to connect the tip of the fingers and hide the knots. To
connect the three rotational joints, stainless steel wires of 1 mm and 2 mm in diameter were used. The
2 mm wire was used for the bigger fingers such as the middle finger and the thumb. The adhesive
was used in order to make sure that the fingers did not fall apart and help keep its integrity as shown
in Figure.2 (a).

) Palm and Wrist Construction
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After the parts were printed, the first step was to connect the palm with the wrist which would be
the foundation of the arm. Three M6 bolts (6 mm x 80 mm) were used for this part. One of the bolts
was used to connect the thumb to the palm. The second bolt was used to connect the wrist to the palm
and the final one was used to connect the lower portion of the palm to the upper half. Adhesive and
a nut were used to make sure that the wrist did not move when force was applied. The palm and
wrist were shown in Figure.2 (b) and the hand in Figure 2 (c).

o Forearm Construction

After the adhesives had dried and all the fingers were moving in the correct manner, the forearm
needed to be connected to the wrist. This required connecting two additional pieces to the model and
making minor adjustments to the pieces as bits of the filament were not needed, and more space was
needed to house the electronics of the model. After the pieces dried again, the motor housing was
ready to be placed on the model and the motors with it. The final arm construction is shown in Figure
2(d) and the system with the slave circuit is shown in Figure 2(e).

Wires
Arduino Nano

NRF24101 receiver
Fishing Line

Servo motor

(@) ®) © @ ©

Figure 2. (a) Part of one assembling finger (b) Assembling palm and wrist (c) Assembling 3D printed hand (d)
Assembling 3D printed forearm (e) Assembled circuit in the printed forearm

2.1.2. Control Kernel

Two Arduino Nanos acted as a master controller and a slave controller, respectively. Two
NRF24L01 transceiver modules acted as a transmitter and a receiver. They worked together to make
this system working well in achieving multiple applications.

¢  Arduino Nano

The Arduino Nano is a small, compatible and breadboard friendly microcontroller board with its
dimensions being 45 mm x 18 mm. The analog pins came with a total resolution of 10 bits which
measure the value from zero to 5 V. The Arduino Nano was breadboard friendly and had eight analog
input pins, 14 digital I/O pins and six Pulse width modulation (PWM) pins. Each of these Digital and
Analog Pins could be assigned with multiple functions but their main function was to be configured
as input or output. In this study, no data needed storage. All data was used in real time.

e  NRF24L01 Transceiver Module
The transceiver module was used for making wireless communication between two Arduino
Nano systems. When researching components needed for this study, the main four things were the
concerns about cost, range, ease of use and size. This module used a 2.4 GHz band and it could
operate with baud rates from 250 kbps to 2 Mbps. The operating voltage of the module was between
1.9 and 3.6 V, which was convenient because the Arduino Nano had a pin that supplies 3.3 V. The
current was around 12 mA. Thus, during transmission, the module had very low power
consumption.
The transceiver module cost around £1 to £3 only and the range was more than enough. In open
space, the transmission distance could work when the distance increased up to 100 meters or more.
The size of the module was small because the space available in this system was limited. The module
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had eight pins which consisted of ground, Vcc, CE, CSN, SCK, MOSI, MISO, and IRQ (IRQ not
needed). Three of the pins were SPI (serial Peripheral Interface) pins which were MOSI, SCK and
MOSI. The SPI pins were connected to the Arduino pins depending on the type of Arduino used so
for the Nano, MOSI was connected to pin 14, MISO was connected to 15 and SCK was connected to
16. The CSN and CE pins could be connected to any of the digital pins of the Arduino, here pin 9 and
10, and they were used for sitting the module in active and standby mode. They are also used to
switch between transmit or command mode.

2.1.3. Flex forcer Sensors

The flex sensor in this study was used to measure the angle of the finger. Five flex sensors were
bought from Spectrasymbol.com. Each of them was 2.2” (5.588 cm) in length and as the sensor is
flexed, the resistance across the sensor increased. The price of each sensor is less than £3.

2.1.4. Other Components

e Actuator

The actuators used in the system were servo motors. The motors could be controlled and rotated
180 degrees. The servo motors were needed for being able to give motion to the model. This was done
by connecting the tendon/fishing line to the servo motor and creating a pulley mechanism. The
MG996r servo motors had an operating voltage between 4.8 Vand 6 V.

e  Power Supply

This system was two separate parts. So there were two batteries. Two Lithium batteries CR-V9 9
V (www.gpbatteries.com, China), could provide power lasting 5 times longer than the ordinary
alkaline battery, as the power supply for the Arduino Nanos. The input voltage of the Arduino could
vary from 7 Vto 12 V.

2.2. System Signal Processing and Software Implementation
2.2.1 Flex force sensor calibration and executer

Although the flex force sensors are from the commercial supplier. But it is necessary to calibrate
them first because bending sensors typically have different outputs. A test was designed to get the
relatives between the angle measurement and the resistance values changes according to the
supplier’s datasheet. The test process is shown in Figure 3.

Flal Resistance = 7,000 to 13,000 Ohms o Conductive Inks This Side

S ‘\: ~

180° Pinch Bend = P
Minimum 2x of Flat Ve \ -~
Resistance Value -

Figure 3. The test process of how the flex sensor works with angles

The flat resistance values were 10.2 kQ, 11.8 kQ, 10.9 kQ, 10.4 kQ and 11.5 kQ from the first to the
fifth. The sequence was also the order banding on the glove from the thumb, the index finger, the
middle finger, the ring finger and the baby finger. And when the angle was 180°, the resistance values
were 42.8 kQ,43.5kQ, 42.8 kQ, 42.5 kQ and 43.6 kQ. There was a 0.1 kQ stable increase when bending
each of the flex sensors. Therefore, the angular accuracy of each flex sensor could be calculated as,

R..—R

'max flat
—_max & 1
Ae 0.1x180 @
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Here, Rnax was the resistance value of 180°, and the Rsa was the resistance value of flat.

The minimum angular of each flex sensor could detect was 1.81°, 1.76° 1.77°, 1.78° and 1.78°. These
five flex sensors had different flat resistance values response, but each of flex sensor’s resistance value
was linear relation.

2.2.2 Flex force sensor voltage divider circuit convertor
The voltage divider circuit in Figure 4 was designed to convert the angle measurement to voltage.
Here in this study, an op-amp was missed in this circuit. Because many tests were done for stability,

and there was no difference whether there was an op-amp in the laboratory. But if this study would
be used in the industry field with a noisy environment, an op-amp LM258 was necessary.

+5V

R()

Vin

R Vout

Figure 4. Voltage divider circuit of converting the resistance value to the voltage for a flex force sensor

The transmitter circuit had a supply voltage of 5 V regulated from pin 27 of the Arduino board
(shown in Figure 6) which was then connected to Ro, the nominal resistance of the flex sensor. The
voltage out was being measured across R with respect to ground and the flex sensor. By using the
voltage divider formula, we could calculate the amount of voltage across the flex sensor and this
would also give the amount of output voltage,

Vout :Vin X i

R, +R

From the formula, the nominal value of the flex force sensor could be taken and calculated to find

out how much voltage was being outputted. When Vin=5 V, Ri=Rs=R, the output voltage Vou=2.5 V

when the flex sensor was flat. This indicates that the more the flex force sensor was bent the more

voltage was being outputted. This is very important because this helped to take the voltage outputted

and feed the value to the Arduino analog pin which would convert it to digital. This could then be

displayed on the serial monitor on the Arduino interface. Within the design, five voltage dividers
were needed because five flex sensors were used to control the robot forearm.

2

2.2.3 The transmitter model

The main idea was to create a glove which could control a robot forearm wirelessly and to make
the glove as comfortable as possible while operating. Using the circuit design, it would be
implemented in a small area that can fit on a glove and not interrupt finger movement, thus the only
place for this was the back of the hand. For the movement of the 3D model to work, the flex sensors
needed to be mounted on the fingers of the glove. This was done by making incisions in the glove
and using zip ties to fit them in place.

Due to the limitation of very little space on the back of the hand but all the circuitry needed to be
mounted there, a PCB along with a mini breadboard were used. The mini breadboard was used for
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the Arduino Nano because the model was needed to test without soldering the pins and then cut
copper off the PCB to separate the pins. This made the process a lot easier when conducting tests
during the instances when the circuit was not working and debugging the code. For connections to
be made, jumper cables were used in the transmitter model. Male to male connectors were needed to
make connections between the breadboard and the PCB, while the male to female connectors were
needed to make a connection between the NRF24L01 and the breadboard. The actual glove with
sensors and circuits was shown in Figure 5.

Flex force sensor
Battery interface

Signal process
in breadboard

B . NRF24101 transmitter
Arduino Nano

Figure 5. All the components of the master controller subsystem on the glove

2.2.4 Arduino Code Developed

Two individual sets of code were developed for the system. One set of code was used as
transmitter and the other for the receiver. The code was introduced in detail below and for debugging
the procedure, the code of the series port was presented.

e  Transmitter

At the beginning of the sketch, the #include was used to add external library’s which are available
to use. In the study, the NRF24L01 was used which needed an external library for the module to
work. With the module that signals were going to be sending a total of five numbers of data to another
module, so an Int msg[5] was declared with this amount. Flex sensors were being used as input control
for the forearm to move. For the flex sensor to work, they needed to be connected to the analog pins
of the Arduino to get a measurement for the analog voltage. These were connected to the pins Al to
A5. These pins could measure the voltage between 0 to 5 V. In addition, due to getting a varying
voltage, int flex_5_val was declared to store these values and this was done for all five sensors. The
NRF24 object was defined and connected to the Arduino and the argument was the pins 8 and 9
which were connected to the digital pins of CE and CSN. This was written in both codes because
there were two modules. Next, an unsigned integer const uint64_t pipes[2] was defined making it hold
whole numbers and not negative numbers. The 64 refers to the number of N bits that can be stored,
so 2% followed by the variable name. This was done to create an address for a pipe for the transmitter
and receiver. Next came to the setup, radio.begin() was needed for the code because it would start the
object which was the module. Serial. begin(9600) was next, 9600 was the Baud rate for monitoring the
data from the system on the serial port in a computer and it usually was used to transfer data in the
industry field. The data from the flex sensors were displayed on the serial monitor and could be seen
whether it changed in real time. Due to the flex sensor being connected to the analog pins of the
Arduino board, analogRead was used. This was done for all the five pins of the Arduino and assigned
to the variable flex_x_val. For the next line, the map function needed to be used because the values of
the numbers would be ranging from a specific number to another when these numbers reach a certain
value. When doing this, error codes were made. If the value of flex sensor 5 was less than 0° then
made it equal to 0°. And if the value of each of the five sensors was greater than 180°, the value was
set to 180°. And 0°~180° was the angle of the finger. Next, the values of the flex sensor were assigned
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to an integer in the message from msg[0] to msg[4]. The rest of the code was used to get the values of
the transmitter on the serial monitor. The pin wiring diagram was in Figure 6 and the software
flowchart of this procedure was shown in Figure 8(a).

SIMI
5y 27
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2] 42 10K
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3 v FLEX 3
2 e L 2
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261 s 10K
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4

Figure 6. The pin wiring diagram including the transmitter module and the flex force sensors with the master
Arduino Nano controller

J Receiver

Two libraries were needed in the receiver side of the code, one was for the NRF24101 and the other
was for the servo motor so that they could be controlled. After this, the servo motors were defined
and assigned with names. For the setup, to define the servo inputs that were connected to the Arduino
such as myservol.attach(A1) means that the first servo named myservol was connected to the
argument Al (analog pin 1). To activate the module in this code had to use radio.begin() again. The
lines allow for two-way communication, but here only needed one-way communication.
Radio.startListening() enabled the module to begin receiving data from the other module. Within the
loop, an if statement was written so that if the radio was available, it would begin to send the message
from one of the ports to another via the NRF. This was done for all the ports by assigning a message
value to each port from 0 to 4. For the result to be displayed, a serial monitor was created within the
loop. During the testing, commenting out the serial print lines needed to be done. The pin wiring
diagram was in Figure 7 and the software flowchart of this procedure was in Figure 8(b).
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309
‘ Define #include <RF24.h> ‘
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311 Figure 8. (a) Flowchart of data processing in the master controller subsystem (b) Flowchart of the data

312 processing in the slave controller subsystem
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3. Tests and Results

The robotic system could detect the movement from the sensor. For the prototype system, low
cost and robustness were the two most important things. Using less components with high quality
and low prices would be able to reach the first goal. This had been discussed in Section 2. When the
system was implemented, lots of tests were made to detect the repeatability, stability, sensitivity and
time delay of the system to guarantee the robustness. The outputs from the assigned Serial port
mentioned above showed the status of each finger.

3.1. Repeatability and stability tests

3.1.1 Tests for action initialization

Because the glove material was stiff as seen in Figure 5, not every finger’s output was 0°. And when
using the glove, the initial value of each sensor was different. A test was provided by putting the
gloved hand gently on the desktop shown in Figure 9. 0° was the data from the thumb, the first finger.
And the red bar was from the index finger, the second finger, 17° or 16°. The blue bar was from the
middle finger, the third finger, 25°. The purple bar was from the ring finger, the fourth finger, 41° and
the green bar was from the baby one, the fifth finger, 36°. There were five groups data in about one
minute in this chart and there was only 1° angle difference in the second finger, red bar, the angle of
the finger was 16° not 17° at the fifth group.

‘- Thumb [l Index finger[lll Middle finger[llll Ring finger{llll Baby finger‘
41 41 41 41 41

45-
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Figure 9. The flex force sensors’ signals response banding on the glove and put on the desktop

3.1.2 Dynamic tests

Data were monitored between the transmitter from the glove and the receiver from the 3D printed
forearm. The user wearing the glove bent their fingers randomly. In total, 30 samples of data were
collected shown in Figure 10. The green bar was from the glove and the red bar was from the printed
arm. The blue point was the percentage error between the transmitter and the receiver. The angle
difference was +1°. It was the same as the static tests. But the probability of the angle difference was
higher than the static tests. The percentage error was

R = Arans — A’ec %x100% 3)
rans
Here, Arec was the angle from the receiver; Awas was the angel from the transmitter. R was the
percentage error ratio, according to the test results, the percentage error ratio R was between (-
0.91%~+1.07%).
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Figure 10. The angle of the fingers, the percentage errors between the transmitter subsystem and the receiver
subsystem when moving

3.1.3 Repeatability of each of the data glove sensors

The repeatability of each of the data from the glove sensors was vital for the system. Lots of same
tests were done repeatedly to evaluate this parameter. After bending each finger, the data was
collected from the series port. The repeatability results were shown in Figure 11. This result showed
that each sensor of the glove sensors was linear with a different resolution. The resolution was 2.64 °,
2.28°,2.34°1.78°and 1.93°.
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Figure 11. The repeatability of each of the data glove sensors

3.2 Sensitivity tests

Two different tests were designed to test the sensitivity. One was to get the minimum angle of
each finger would bend. The other one was to test the response time when there was a change in the
finger’s movement.

When testing the minimum ang]le of each finger, the movement of the finger was kept as slowly
as possible. Testing was done from holding the hand in its natural state to closing it like a fist. The
maximum of each finger was 130°, 131°, 142°, 121° and 123° in order. After that, tests were made to get
how quickly the values could react to the flex sensor when the finger was moved as fast as possible.
The data with 28 values collected from 15:38:37:737 to 15:38:38:79 in Figure 11 from the transmitter in
the black colour. Six group data were obtained. They were 3 values in 37:737 which was the start time,
called 0, 5 values after 133 ms, another 5 values after 206 ms, 6 values after 240 ms, 4 values after 304
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ms, and 5 values after 343 ms. The minimum resolution was 3 times per millisecond, and the
maximum was 6 times per millisecond. From the terminal of the receiver, 28 values were also
collected from 37:870 to 38:144 in Figure 12 in the red colour. But this time, seven group data were
monitored. They were 3 values at 69 ms, 2 values at 167 ms, 3 values at 202 ms, 5 values at 236 ms,
274 ms, 342 ms, and 373 ms, respectively. In this time, the minimum resolution was 2 times per
millisecond, and the maximum was 5 times per millisecond.

It was easy to find the data transferred asynchronously. In 133 ms, 5 data transmitted, but 2 were
collected after 34 ms at 167 ms and the other three were collected after 69 ms at 202 ms. Another, in
240 ms, 6 data were transmitted, 5 were collected at 240 ms, the last one was collected at 342 ms which
were collected with the other 4 data together. And these 4 data were transmitted at 342 ms.

I Transmitter [l Receiver

IN
1

Data times

0 69 133 167 202 206 236 240 274 304 342 343 373
Time (millisecond)

Figure 12. The collecting data numbers in the transmitter subsystem and the receiver subsystem

3.3 Time delay tests

It was observed that there was a time delay when the data transferred from the transmitter to the
receiver. The data send from 15:38:37:737 to 15:38:38:79, but the receiver obtained the data from
15:38:37:870 to 15:38:38:144. The time delay was calculated as follows,

D :| Trec _Ttrans | )

here, Trec was for the receiver time, Tirans was for the transmitter. D was the absolute error of the time
delay. The time delay was about 0.03 ms~0.133 ms during this period of time shown in Figure 13.

Though the sequences of the data collected in the receiver were in the same order with the data
from the transmitter, the receiver times and the transmitter times were different, there was 8 delay
time. Two special positions were shown in this figure. One was in the rectangle, these two different
delay times received data from one same transmitter time. Here, there was the biggest delay time,
0.133 ms. Another was in the oval, the receiver collected data from two different transmitter time.
The smallest time delay was not on these two special times, it was 0.03 ms happened at 236 ms.
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Figure 13. The delay time between the transmitter subsystem and the receiver subsystem

4. Discussions

First of all, each component was experimented individually by running the code for each function
to analyze the results and performance. Then codes of each function were combined, executed
simultaneously, and all the components were integrated into the glove and the 3D printed forearm
for implementation. In order to reduce cost and complexity, electronic components small in size were
used.

The system was simple and easy to duplicate. It was useful if designing an aid device to do some
rough tasks with limited functions. Due to using a whole flex force sensor to detect the finger’s
movement, it was impossible to detect the tiny movement of the hand.

5. Conclusions and future work

A wireless-controlled 3D printed robotic hand motion system has been successfully designed,
fabricated and tested. The system is composed of a gesture control glove and a 3D printed forearm,
where the control kernel was performed by two Arduino Nano chips. The electronic embedded
system was implemented and succeeded in integrating five flex sensors, five servo motors, a
transmitter module, a receiver module, a master Arduino Nano controller and the slave Arduino
Nano controller in the system. All the components worked well and provided accurate data from the
flex sensors. The system was easily controlled, fast response time, robust and low cost with a small
number of small size electronic components. There was a maximum 0.133 ms time delay between the
gesture control and the printed arm motion. This system would probably be helpful for people who
work in a dangerous environment for their jobs, disabled people or elder people in their daily lives.
But due to the delay time, this system could not be used in any place with very higher precise timing
and long term reliability. In the future, a flex glove should be designed and fabricated to detect the
gesture of the hands. That system would have much higher accuracy.
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