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Abstract

It is estimated that by the year 2020, 700 million wearable technology devices will be
sold worldwide. One of the reasons is the industries’ need to increase their productivity.
Some of the tools welcomed by industries are handheld devices such as tablets, PDAs
and mobile phones. However, handheld devices are not ideal for industrial applications
because they often subject users to fatigue during their long working hours. A viable
solution to this problem is wearable devices. The advantage of wearable devices is that
they become part of the user. Hence, they subject the user to less fatigue, thereby increas-
ing their productivity. This chapter presents the development of an intelligent glove,
which is designed to control actuators in an industrial environment. This system utilizes
RTI connext data distributed service middleware to facilitate communication over WiFi.
Our experiments show very promising results with maximum power consumption of
310 mW and latency as low as 23 ms. These results make the proposed system a perfect
fit for most industrial applications.

Keywords: RTI, DDS, RTI connext DDS, ubiquitous computing, Internet of Things,
embedded systems

1. Introduction

In manufacturing industries, automated industrial systems that are intelligent and cheap are
necessary in order to increase efficiency and productivity [1, 2]. Traditionally, such intelli-
gent systems are wired. However, they are now wireless, thanks to the increase in reliability
and flexibility of wireless communication systems [3]. Most wireless control systems are con-
trolled through one type of handheld device or another. This is due to their computational
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capabilities and energy efficiency. But recent developments in embedded systems have given
rise to smaller yet more powerful embedded processors. As such, researchers are now turning
their attention toward wearable devices.

In wearable sensor network (WeSN), sensor nodes are designed to gather physiological and
kinetic data from the wearers’ bodies [4]. These devices extend the users’ intelligence and their
ability to interact with the environment. They also take advantage of the intimacy between
the user, the computer and the environment [5]. Wearable sensors can be helpful in industrial
applications that require mobile users [6]. They provide more natural avenues of interacting
with the system [7, 8]. In some scenarios handheld devices are inapplicable or too expensive
[9, 10]. Furthermore, embedded devices are design specific. Therefore, they are optimized for
a given function, unlike their handheld counterparts. This gives them upper hand when it
comes to accuracy and reliability [11].

Anliker et al. [12] discussed the properties of a good WeSN. The authors stated that a good
WeSN should have: (1)The ability to act in a proactive manner rather than depend on user’s
commands; (2) the ability to gather complex information regarding the user’s interaction with
the world; (3) high connectivity and mobility; (4) the ability to process wide variety of data
at high speeds with low power consumption; (5) the ability to combine I/O devices and sen-
sors from different parts of the body into one heterogeneous system; and (6) inconspicuous
appearance such that it does not change the users’ look in an unacceptable way or hinder the
user from carrying out his/her normal day-to-day activities.

Sadly, there has been little research in WeSN with focus on industrial applications. This is due
to the fact that distributed embedded systems at an industrial scale are not easy to maintain
and control. In this chapter, we present the development of an intelligent hand glove for
an industrial-based networked control system (NCS). NCS is a distributed control system
(DCS) where sensors, actuators and controllers communicate over a network [13]. In order to
ensure real-time performance, real time innovations (RTI) connext middleware is used. The
middleware is used to manage the heterogeneous distributed system at real time. Also, the
project is designed to investigate whether intelligent wearable sensors can replace the present
handheld devices used in industrial NCS applications. We do believe that many users are in
support and keen to use wearable devices than handheld devices. This is because they are
lighter, cheaper, consume less energy and are more convenient to carry around.

2. Industrial application of embedded devices

Researchers were able to apply handheld devices such as smart phones and personal digi-
tal assistants to networked control system (NCS) [14]. Gorlich et al. [15] developed an NCS
where a Profibus-to-Bluetooth connection is used to control and parameterize a flow unit
via Nokia 6280 mobile phone. Nonetheless, this system suffers from incompatibility, limited
communication range and low bandwidth. Huang et al. [6] developed an oil and gas storage
and transportation simulation system (OGSTSS). The proposed OGSTSS system uses wire-
less local area network (WLAN) and an android tablet PC in order to cover longer range and
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obtain high bandwidth. The tablet PC communicates with programmable logic controllers
(PLCs) via the PC station. This approach has some problems: first, the workstation between
the tablet PC and the PLCs exerts delay overhead even though WLAN is used to speed up
communication between the tablet PC and the PLCs and second, albeit tablet PCs are hand-
held PCs, their size may discomfort and/or distract the user in some industrial applications.

Nowadays, the developments in embedded systems allow researchers to replace tablets with
smaller footprint but equally powerful processing devices. Yang et al. [16] developed a device
that traces the wearer’s body position and his movements using PIC microcontroller, a tri-
axial accelerometer and an RF transmitter. This device is intended for medical applications. It
comes in handy for people with the tendency to syncope while they are alone. However, the
system lacks enough computation power. Hence it cannot cope with the rigorous data process-
ing of industrial applications. Single board computers (SBCs) like Beagle Bone, Intel Galileo
and Raspberry Pi have small footprint yet they have large processing power [17, 18, 19]. This
enabled the researchers to replace phones, tablets and computers with SBC in control systems
and WeSN [20]. Wang et al. [21] developed a wearable sensor network using Raspberry Pi.
The system is used for crowd-sensing. It uses transcoding algorithm to reduce resolution of
video files. Khelil et al. [22] developed a body sensor network (BSN) using Raspberry Pi. The
system uses cooking hacks e-health shield, which contains an airflow sensor for measuring
wearer’s respiratory rate, a pulse oximeter for measuring oxygen saturation of hemoglobin
and position sensor for motion tracking. Jutila et al. [23] used Intel Galileo as a sink node for
a wearable system that helps track children at school.

The aforementioned SBC systems revealed promising results. However, there exists incom-
patibility between the different types of SBCs. Therefore, a WeSN system can only contain
one type of SBC. This problem is a serious setback in industrial applications of WSN and/
or WeSN. This incompatibility forces engineers to stick to one type of device, which exposes
them to the tendency of discontinued support by the producing company. In order to tackle
this problem, [24, 25] proposed the use of middleware. A middleware is a software capable of
hiding the complexity and heterogeneity between system components. It increases the ease of
managing systems’ resources and improves the predictability of the system [26].

Fok et al. [27] developed a fire tracking system which uses mobile agents based on Agilla mid-
dleware. This system allows a fire tuple to be injected into the network, where they clone them-
selves and move from one node to another until they form a perimeter bounding the fire. The
system recorded huge success and also proves that a multipurpose and multitask WSN can be
developed. Zhai et al. [28] developed a publish/subscribe middleware called wireless message-
oriented system (WMOS) on top of TinyOS. The authors were able to reduce overall energy con-
sumption of the network through the use of self-adaptive quality of service (QoS) services and
content/topic model. Zug et al. [29] successfully applied a publish/subscribe middleware Family
of Adaptive Middleware for autonomOUs Sentient Objects (FAMOUSO) to an industrial auto-
mation system using Katana robot. The robot publishes its coordinates and angles and it sub-
scribes to movement, speed and emergency stop commands. This middleware can only work
optimally in certain fixed conditions as it does not have quality of service (QoS) parameters.
These parameters can be set to fine tune the performance of the middleware thereby improv-
ing the performance of the system at large. Furthermore, the aforementioned middlewares are

241



242  Wearable Technologies

WSN middlewares. Hence, they cannot be used in industrial environment, where a heteroge-
neous system consisting of embedded devices and computers is readily found.

The proposed system presented in this chapter is a smart hand glove that accepts hand ges-
ture as input, processes it using an ARM microprocessor (Raspberry Pi) and then publishes
it using the RTI connext professional (publish/subscribe middleware) via WiFi. With the pro-
posed architecture, we were able to resolve the data processing constraints, the large hard-
ware footprint problem and the communication delays encountered by the industrial-based
wearable systems.

3. System architecture

Figure 1 shows the proposed system architecture. The system architecture consists of the
following four main components: (1) a wearable sensor named Al-yad. The main function of
this component is to convert the physical movements into electric signals. The electric signal
is then conditioned so that it can be processed by the 3.3 v ARM-6 microprocessor, Raspberry
Pi in the case of this research; (2) a real-time innovations connext professional is selected as
a middleware to mediate between the wearable sensor and other computing devices of the
system. This middleware is selected because of its ability to work on both embedded devices
and workstations. It also has a wealth of QoS that can be used to optimize communication
as well as energy consumption; (3) a computing device can be any device capable of running

Al-Yad
Transducer K
Computing
,L Device
Signal Conditioning RTI Connext
i Subscriber
ARM-6 Microprocessor Data-reader
RTI Connext Publisher
A
Data-writer

Middleware

Figure 1. System structure.



Middleware-Driven Intelligent Glove for Industrial Applications
http://dx.doi.org/10.5772/intechopen.76382

connext professional (e.g., PC, Beagle Bone, Intel Galileo or Raspberry Pi); and (4) an actuator
represents any industrial machinery and that is required to be controlled remotely.

3.1. Al-yad

Al-Yad is a smart hand glove made up of a combination of light sources (light emitting diodes
(LEDs)) and light sinks (light dependent resistors (LDRs)). The 5 mm round red LED is cho-
sen because the LDR is very sensitive to it and it consumes a maximum of 78 mw. A 50 mW,
N5 AC-501085-type LDR is chosen for the proposed system because it has small-form factor
and consumes small amount of energy.

The LDRs and the LEDs are in line of sight when fingers of the wearer are stretched straight.
This gives a high signal (see Figure 2). As the user bends his fingers the light stops reach-
ing the LDRs. This raises the resistance of the LDRs, thus, giving low output signal. In
order to ensure no ambient light contaminates the system, the LDR is placed in a hollow
cylinder of 1.45 cm in depth. Furthermore, the light source is pulsed at a frequency of
5 kHz, which is the highest frequency of PWM based on “wiringpi.h” implementation [30].
The highest frequency available is chosen because the higher the frequency, the smaller the
capacitor required, therefore, the lighter the hand glove. Lemma 3.2 shows how the size
of the capacitor C2 is derived. The pulsing light and the ambient light add up to form the
simulated waveform, as shown in Figure 3. The direct current (DC) component of the wave
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Figure 2. Proposed systems complete circuit diagram.
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Figure 3. Transducer circuit design.

is formed as a result of the ambient light. A coupling capacitor (C1) is added to the circuit
in order to remove the DC component. Lemma 3.2 shows how the value of the capacitor
is derived.

Lemma 3.1: Let v = 0.1% be the ripple factor of the half wave DC and f = 5 kHz be the fre-
quency of the pulsing light. Since the input impedance (R,) of a 7414 Schmitt trigger is very
high, let R, =1 M(Q. Hence, the capacitance of C2 capacitor can be calculated as:

_ 1
VT 2nxfxC2xR,

1
(o) —
0.1% = 2m x 5000 x C2 x 1 x 10¢ @)

31.8310 x 107
33nf

C2
C2

Zl

Lemma 3.2: Let X, be the capacitive reactance of the capacitor C1 and the pulsing light fre-
quency (f) is 40 kHz. Since the input impedance of a 7414 Schmitt trigger is very high, then
any value can be chosen for X_,. For simplicity, we choose X, = 1. Hence, capacitance of C1
capacitor can be calculated as follows:
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Xe = 2nx fxCl
1 - 1

271 % 5000 x C1

1

Cl = 5500071 @)
Cl = 3.1831x10°
Cl = 3.3uf

In addition, a rectifying diode (1 N4001) is added to the system in order to prevent nega-
tive voltage from reaching the Schmitt trigger (74LS14). 1 N4001 is used because it is the
smallest diode that can be used without compromising the reliability of the system. A C2
capacitor is added to the system in order to reduce the ripples down to 0.1% so that the
Schmitt trigger receives an almost constant direct current (DC) voltage. Finally, the Schmitt
trigger (LM7414) smoothens the signal, making it a perfect DC, which is then passed to the
microprocessor without any debouncing effect [31]. In order to ensure accurate data acquisi-
tion, the sampling frequency for the hand movement is chosen to be 5 Hz which is a little
more than what is recommended by Yuan et al. [32]. Six sensors are placed in three fingers,
thereby producing six bits. Two zeros are padded to the upper two bits, as shown in line
3-10 of Algorithm 1. The resulting 8-bit signal is then converted into an integer, which is
then published as a command.

The processing unit is made up of a single board computer (SBC) [33]. Raspberry Pi is chosen
because it has abundant libraries in Python, C, C++ and Java. The SBC is programmed to scan
the glove and convert the gloves input to an integer and publish it through the middleware.
Algorithm 1 illustrates the behavior of the SBC in the system.

Quality of service Value
Durability kind = VOLATILE
Reliability kind = RELIABLE

max blocking time = 100 ms

Liveliness kind = AUTOMATIC

lease duration=1 s

History kind = KEEP LAST
depth =5
Presentation Access_scope = TOPIC

Ordered_access = True

Coherent_access = False

Owner kind = EXCLUSIVE
Owner_Strength 5
Time_Based_Filter Minimum separation =0:2 s

Table 1. QoS used in the proposed systems’ middleware.
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3.2. Middleware

Research has shown that DDS middleware can achieve up to 75% success rate in mobile node
applications [34]. This and the reason that it hides heterogeneity of a system encourages the
use of middleware in our proposed solution. The middleware chosen for this task is RTI
connext middleware. This middleware is chosen due to its strict compliance with the object
management group (OMG) specification for data distribution service middleware [35]. The
middleware is implemented according to Algorithm 1 using C++ programming language.

Algorithm 1: Pseudo-code for Publisher side
1: gesture[ |=0

2: while (True) do

3 gesture[0] = GPIO0

4. gesture[1] = GPIO1

5 gesture[2] = GP1O2

6: gesture[3] = GPIO3
7.
8
9

gesture[4] = GPIO4
gesture[5] = GPIO5
: gesture[6] =0
10: gesture[7] =0

11s int gestureCommand =0

12: for (inti=0;i<8;i++) do

13: gestureCommand=gestureCommand + gesture[i] X 2!
14: end for

15: Publisher.datawriter.write(gestureCommand)

16: wait for 0.2s

17: end while

The QoS is configured in both the hand glove and the actuator in order to ensure compat-
ibility and efficiency. Table 1 shows the quality of services used in the proposed system. The
first four QoSs in Table 1 are the recommended QoSs for alarm/event systems by [36]. The
remaining QoSs are selected by the authors in order to ensure that the system behaves in a
controller-actuator manner. The following is an explanation for the used QoSs:

1. Durability is set to "VOLATILE” so that data is not stored for future datareaders (i.e., tar-
geted machine/actuator). This will prevent the targeted machine from executing any com-
mand that was issued before it was turned on, hence reducing the possibility of accidents.

2. Reliability of communication is set to "RELIABLE” and the maximum blocking time is left
at the default value, which is 100 ms. The setting ensures that all commands published
reach the targeted subscriber.

3. Liveliness allows datareader to know when the datawriter (i.e., the wearable sensor) is dead
or disconnected. It is set to AUTOMATIC and the lease time is set to 1 s so that the datar-
eader automatically checks the presence of the datawriter every second.
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4. History QoS allows the datawriter to cache some samples. Here, the datawriter is allowed
to queue only five samples.

5. Presentation is set such that the middleware will ensure that the samples are accessed in the
order they were sent by the operator.

6. Owner is set to EXCLUSIVE so that only the hand glove with the highest owner strength
can control the target machine.

7. Owner_Strength is set to five. This is the maximum number of gloves that can be used in
the system. Therefore, only when a glove with the strength of five is down the glove with
strength four takes over and so on.

8. Time_Based_Filter’s minimum separation is the minimum time period before a new com-
mand is sent to the datareader. Since the sampling rate is 5 Hz, then the minimum separa-
tion=1/(5Hz)=0.2s.

3.3. Processing device

When a user wants to control a machine, he/she makes a gesture equivalent to the required
command. The gesture is converted into a byte of command and is transmitted to a processing
device. The processing device is connected to the machine to be controlled. It is responsible for
subscribing and converting the sent signal into commands usable by the target machine. Any
device capable of using RTI middleware can be used as the processing device. In the case of
our experiment a PC workstation with Intel Core i5 microprocessor and Atheros AR8161/8165
Gigabit Ethernet Controller is used.

4. Experiments

The sensor casings are designed using Blender 2.6 3D modeling software and they are printed
with Replicator2 3D printer. LEDs and LDRs are placed in the 3D printed casings. They are
connected in a manner, as shown in Figure 4. The conditioning circuit is then connected to the
SBC/Raspberry Pi, where the data is processed and transmitted to the actuator. In our experi-
ments, a PC is used as the actuator. A RTI subscriber is installed on a PC and publisher on
the Raspberry Pi. The gesture commands sent by the Raspberry Pi are received by the PC and
displayed on the monitor. It is with this setup that all experiments are carried out.

In this research throughput, latency, power consumption and comfort of the system are eval-
uated. The setup in Figure 5 is used to measure both latency and throughput. RTI’s perfor-
mance toolkit, “Perftest,” is used [37]. To test latency of the system, packets are sequenced
and time stamped before they are transmitted to the datareader (receiver). The packets are
immediately re-routed (i.e., bounced) back to the transmitter where the round trip time (RTT)
is calculated. Similarly, the receiver counts the number of packets received per second in
order to calculate the throughput. Finally, the transmitter reports the latency of the system
while the receiver reports its throughput. As illustrated in the setup in Figure 5, Perftest was
executed as a publisher on the Raspberry Pi and as a subscriber on the PC. The latency and
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Figure 4. Proposed system.
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Figure 5. Experiment setup for measuring latency and throughput.

throughput of the system is then measured. The payload size for the experiment is 28 bytes.
This packet size is chosen because the proposed system only sends integer values between 0
and 63 and the minimum allowable payload size in RTI connext is 28 bytes. Furthermore, the
experiment is carried out using QoS settings and without QoS, so as to investigate the cost
of applying the quality of service. Figures 6 and 7 show the results obtained for latency and
throughput of the system, respectively.

We performed an experiment to ascertain the response time of the transducer. This is necessary
because LDRs naturally have a very slow response. Therefore, it is important to know what
quota of the total delay is contributed to it. In this experiment, the hand glove is connected to an
oscilloscope and the output voltage (Vo) is fed to the Raspberry Pi and to the oscilloscope. The
light is blocked and the response time is obtained through the oscilloscope, as shown in Figure 8.

The setup in Figure 6 is used to measure the energy consumption of the whole system. A 1
resistor is connected in series with the proposed system so that the current passing through
the system and the resistor is the same. As such, the voltage drop across the resistor follows
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Figure 6. Experiment setup for measuring energy consumed by the system.
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Figure 8. Throughput of the proposed system.

the same behavior as the current flowing through the circuit. To measure the actual cur-
rent (I) flowing through the system, we used Eq. (3). The assumption in Eq. (3) is safe due
to the fact that the Thevenin’s resistance of the system is far greater than 1. An analogue
to digital converter (ADC) is connected across the 1 resistor. It samples the voltage drop
across the resistor every 200 ms. The acquired data is then transmitted to a computer via
USB, where it is stored. The current flow through the system is recorded for two transmis-
sions after which the WiFi dongle is immediately removed so as to record the overhead of
the dongle itself.

)

— =<

I =
A
I = T 1= 1%

Finally, a survey is contacted to investigate the ergonomics of the proposed system. Ques-
tionnaires are given to eight people. The questionnaire investigated the six attributes of com-
fort proposed by James and Chris [38]. Their comfort scale consists of the following attributes:
emotion, attachment, harm, perceived change, movement and anxiety. The participants are

asked to use the hand glove and then they are asked to answer 12 questions. The questions
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require them to score the attributes between 0 and 10. The score 0 represents the least while 10
represents most severe discomfort on the user.

5. Discussion of results

The latency of the system with and without QoS also showed a minor difference of 1 ms. This
can be seen from Figure 7. The performance test toolkit calculates an approximation of the
latency by dividing round trip time (RTT) by 2. Since this is not a reliable answer, the software
also reports the average and the standard deviation, as shown in Table 2. The transmission’s
throughput and latency results obtained show that QoS has little effect on the performance of
the proposed system. This is attributed to the small size of the packets transmitted.

Figure 8 shows that there is a little difference in the throughput of the system with or without
using QoS. It is found that the average throughput of the system with QoS is 769 and 778
Mbps without QoS. In both cases no packets are lost during the 100,000 packet transmission.
Given the fact that we are only sending commands in the form of integers over the network,
this result is highly acceptable.

Moreover, the total latency of the system is the sum of the latency due to transmission and the
inherent delay of the electric circuit that reads the hand gesture and places it on a bus for the SBC
to read. Figure 9 shows us that both the rising time of the signal and its falling time are approxi-
mately 20 ms. Therefore, the total delay of the system is 23 ms, as calculated using Eq. (4).

tdelay - tglove + ttrans tdelay = 20+3.297 tdelay = 23.3ms (4)
Figure 10 shows the current (top) and the moving average of the current (bottom) flowing
through the system during and after data transmission. Immediately after the last transmis-
sion, the WiFi dongle is removed, hence, the spike at 375th s. However, no change in the

Parameter Value obtained
Ave latency 3.297 ms

Std. deviation 0.6983 ms

Min. latency 1.905 ms

Max. latency 3.881 ms

50th percentile 3.707 ms

90th percentile 3.881 ms

99th percentile 3.881 ms
99.99th percentile 3.881 ms

Table 2. Latency results.
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Figure 11. Survey result for comfort-ability of the hand glove.

Emotion  Attachment  Harm Perceived change = Movement  Anxiety
Emotion 1.0000 0.6436 0.8205 0.6207 0.5691 0.6397
Attachment 1.0000 0.6517 0.7298 0.7685 0.5202
Harm 1.0000 0.6726 0.7477 0.5358
Perceived change 1.0000 0.7273 0.0309
Movement 1.0000 0.4969
Anxiety 1.0000

Table 3. Correlation-coefficient matrix for comfort-ability of the hand glove.

flow of current is recorded after the dongle is removed. This shows that the energy overhead
comes from data transmission itself.

Power dissipated by the system can be calculated by multiplying the current in Figure 10 by
the voltage across the system (i.e., 5 v). This gives an average of 310 mW during transmission
and 220 mW when the system is not transmitting.

Finally, a survey was carried out to access the comfort of the hand glove. Figure 11 shows the
result of the survey and Table 3 shows the correlation between the different attributes inves-
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tigated. Eight participants were asked about the comfort of the hand glove. The participants
were asked about their experience based on: emotion, attachment, harm, perceived change,
movement and anxiety [38].

Emotion is whether the user is worried about his looks or on the edge because of wearing the
glove. Attachment is the feeling the user gets when the glove is moving around —that constant
feeling the user gets of wearing something. Harm is when the user fears being harmed by the
glove. Perceived change is when the user feels physically different as opposed to emotion which
is a psychological difference. Movement attribute is the measure of the glove which affects the
user’s movement. Anxiety is the worry a user gets about the glove’s safety and reliability.

The attributes were tested on a scale of 0-10, with 0 being least negative and 10 being the most
negative experience. The results show that the overall discomfort of the glove is well below
the scale of five (see Figure 11).

However, perceived change, movement and emotion show higher readings. To investigate
further, correlation coefficient between the different attributes is computed. Table 3 shows
the correlation matrix between all the attributes. It can be seen that there is a very strong
relationship between emotion and harm, which suggests that the user’s emotion toward
the device is due to the user feeling some kind of mild harm. This may be due to the flying
wires and the printed circuit boards (PCBs) that were glued to the glove. Also there is strong
correlation between attachment, movement and perceived change. This tells us that the user
could not move well or he is afraid of moving because he feels that the glove is loose, which
leads to the user feeling physically different. Harm is strongly correlated with movement
restriction because the user feels mild pain, in addition to moving parts mentioned earlier.

In conclusion, the users show emotion, perceived change and movement restriction the most
because of the way the glove was packaged. To improve the glove, Raspberry Pi may be
replaced with a smaller SBC like Beagle Bone. PCBs should be covered with slim plastic cas-
ing before attaching it firmly to the glove. This will help prevent parts from falling over and
reduce harm due to protruding electronic components and heat. Flying wires can be covered
by a layer of fabric. This will also reduce the movement of the components on the glove.

6. Summary

This chapter discussed our proposed intelligent glove designed to control actuators in an
industrial environment setting. The glove is constructed using Raspberry Pi, a WiFi dongle
and an assembly of light sources and light sensors. It was found that the system has a delay
of approximately 23 ms, which is fast enough for controlling motors, pneumatic actuators
and other mechanical actuators. Furthermore, the maximum power dissipated by the system
is 310 mW, which showed that the system could be powered by a mobile phone’s Lithium
ion battery (3100 mAh) for up to 10 h of continuous data transmission. Moreover, a survey
was carried out to investigate the comfort ability of the glove: It was found that the glove was
acceptable but users have safety concerns and movement restrictions. This problem can be
solved by repackaging the device.
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