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SUMMARY: The construction industry continues to be one of the Igaididustries forinjuries andfatalities
throughout the worldDeathsin the United States resulting frooonstructionworkers colliding with an object

or equipment accounted in 2010 for 17% of the total construction fataliggeason might behe dynaric
interaction of resources characteristic on macgnstruction sitesOften poorly engineered site layoupsoduce
dangerous situations in which workers and heavy equipirere tooperate intoo close proximity. The primary
objective of this article is to presentinnovative research thaevaluate the capability of the developed
SeltMonitoring Alert and Reporting Technology for Hazard Avoidance and Training (SmartHat) technalogy
novelbatteryfree sensingand communicatioprototypethat also providesalerts in realtime when hazardous
proximity conditions are present between heavy construction equipment and ground workers. Various field
experiments designed to emulate typical interactions between ground workers and heavy equipment on
construction site are executedWhile recent advances in construction safety research provide numerous
examples on the use of pastive technologies for protecting the workforce, the conducted benchmark tests were
limited to comparative active (battepowered) radio frquency devices only. As such, tixpeximental trials
included various personnel tag positions and orientations on personal protective equipment (PPE) in an outdoor
environment to simulate worker movement while performing construction Taskwverall catribution of this
research indicatesthat the SmartHat proximity detection and alert systemce deployed as a wearable
technology in PPEis reliable and effectivand has potential t@rovide alerts to ground workers in various
hazard proximity positios and orientations.
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1. INTRODUCTION

Construction sites are typically characterized as dynamic environments each having a unique size and set of
working conditions. These environments consist of multiple construction resources including personnel, heavy
equipment, and materials each performing various tasks in a defifted constrainegpace. When heavy
construction equipment is operatingtoo close proximity to ground workers, hazardous proximity conditions

are present. These conditions can create contact collisions betweerr multipleworkers and heavy
equipment which increase the riskf injuries or fatalities for construction personnecollateral and other
damage.

Humanheavy equipment interaction on construction sites has been discussed in previous research efforts
including a recent publication in ITcon (see Choe et al. 2014).pfésentedesearch focused on injury and
fatality datistics of contact collisions between ground workers and heavy equipment. The repetitive nature of
construction tasks can cause workers to experience a decrease in awareness (P280E}, als well as limited
visibility for heavy equipment opera®(Ruff, 2001;Fosbroke 2004; Teizer et al. 2007 Teizer et al., 2010b,

Marks et al. 2013 Cheng and Teizer2014 Ray and Teizer2012 Ray and Teizer, 2013; Bostelman et al.
2014). If other safety measures such as administrative policy, workerrnigaiand safety work practices fail, a
reliable realtime proximity detection and alert system is needed on construction sites to provide ground workers
with another layer of safety peution (see Figl).

Historically, construction companies have beemwsio adapting automated technologies and innovation when
compared to ottr industries (Pratt et al., 2D0 Industries such as freight transportation, ship building, the
mining industry, railroad operations, and manufacturing have been testing variatgpeaafety technologies
including proximity detection and alert systems. Case studies of these industries have demonstrated emerging
safety technologies can be used to enhance safety by providing workers another layer of protection through
technology Arif et al., 2014 Teizer et al., 2018 Choe et al., 2014).

Administrative Policy

Effective Supervision
Worker Training
Safe Site Conditions

Safe Work Practices

Personal Protective Equipment

Technology

FIG. 1: Technology as an additional layer of safety protection for workers (Teizer 20a0s)

A lack of scientific evaluation data and results currently exists for construction safety tepesospecifically

passive (batterfree) proximity detection and alert systems. Research has concluded already that any such
technology must work reliably and be comfortable to wear (Teizer et al.a2C0h0e et al., 2014). An ultimate

design suggestsrsll, thin, and batterfree devices that couldventuallybe attached to personal protective
equipment workers wear already, and thus are easilyotdrol anddetect. Such technology has yet to be
designed and explored in research. A novel baftexy poximity detection and alert system named the
SelMonitoring, Analysis, and Reporting Technology for Hazard Avoidance and Training (SmartHat) is
presented and evaluated through various experiments designed to simulate a typical construction environment.
Results and concluding remarks of the experiments are presented and recommendations are made for further
development and implementationpssiveproximity detection and alert systems.

ITcon Vol. 20 (2015), Teizer, pgo6



2. LITERATURE REVIEW

Every construction site has a unique workspace amdfseorking conditions. Construction sites are typically
characterized by dynamic interaction between various construction resources including workers, equipment, and
materials. Available space on construction sites can be limited due to the unstractdrat times random
movement of resources involving various trades. These resources are often required to function in close
proximity to one another creating dangerous situations for ground workers. Incidents in which construction
equipment strikes a grodrworker can occur as a result of the construction site conditions. Ground workers in
too close proximity to construction equipment has been discussed extensively in previous research (Ray and
Teizer, 2012;Hinze and Teizer2011), but as injury and fatgli statistics indicate, it remains a key problem in

the construction industry.

The following review discusses injury and fatality incidents associate with hazardous proximity situations in the
construction industry. The reviealso covers current safepyractices in constructiorproximity detection and
alert systems, and methods for testing these systems. A research needs statement concludes the review.

2.1 Industry Statistics Related to Human-Equipment Interactions

When compared to other industries in th$, the construction industry continues to rank as one of the highest
for workplace accident fatalities rates per year. In 2011, the construction industry experienced 721 fatalities
which represented 16% of the nationOs total workplace fatalities ,(@BQla). 17% of these construction
fatalities resulted from workers colliding with objects or equipment on the construction site. These 123
construction fatalities resulting from workers colliding with objects or equipment represented 2.6% of the US
private gctor workplace fatalities experienced in 2011 (CRIDIL1a). Even in companies that have good safety
records the proportion of equipment related fatalities is high. Following the commonly known safety pyramid it
is likely that the number of injury and maaisses is even higher.

The US Bureau of Labor StatisticBBLS) recorded 138 fatalities resulting from ground workers colliding with
objects or equipment which accounted for 18% of the private construction industry fatalities and 2.9% of the
total workplae fatalities experienced in 2010 (CF@010). Since 2003, the construction industry averaged 197
fatalities per year resulting from workers being strbglconstruction equipment or other objects (CFXDD9).

Other than fatalities, these humaquipmat interactions can also result in worker injuries which negatively
impact the success of a project, for example, decreased worker productivity and increased company medical
costs. The Census of Fatal Occupational Injuries (CR0O11) recorded 24,710 injes caused by workers
colliding with construction equipment or other objects in 2010 within the construction industry. These injuries
accounted for 12% of all construction worker injuries in that year. Injuries resulting from worker contact with
construcion equipment or objects decreased in 2010 from the previous 30,330 injuries of the same cause in
2009. Since 2003, the construction industry has experienced an average of 45,746 injuries resulting from
workers colliding with equipment and objects on corgion sites. All recorded injuries are limited to incidents
requiring injured personnel to be absent from the prejelgast one working day (CFX1011b).

A study of the construction worker fatality database recorded by OSHA from 1990 to 2007ied et
following major causes of construction equipmesiated worker deaths: running over workers, crashing into
other vehicles, crushed between objects, pinoedcit-by equipment or materials, crashing into other objects,
and struckby incidents (Hize and Teizer2011). Of the equipmentlated fatality cases reviewed, 88%
involved workerson-foot. The most fregently noted causes were crusisd struckby, pinredby, runover,

and rollovers.

2.2 Causes of Human-Equipment Interactions

Much research hakeen performed to better understand hazardous proximity situations between construction
workers and equipment and potential causes. One study indicated that characteristics of the harsh outdoor
environment indicative of construction sites combined withafiten repetitive nature of construction tasks can
cause workers to decrease their awareness of surroundings (Pratt2@04). Lower awareness and loss of

focus due to worker fatigue through task repetition and limited operator visibility were twdti@osdf
construction sites that could increase the level of huegapment interaction. Fosbroke (2004) found that
causes of hazardous proximity situations on construction sites is neither being properly examined nor recorded.
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Three general problems th@sult in hazardous proximity situations between construction equipment and ground
workers were identified:

¥ Outdated or never implemented policies, a lack of knowledge of existing risk factors, and
repetitive work tasks for ground worker and equipmeetrators,

¥ All incident causation data is collected aftbe-fact resulting in limited reatime incident
information if any is available, and

¥ No reattime information is gathered during the incident.

Another study found that most equipméniman accidentsesulted from missing safety features on the heavy
equipment (OSHA 1990). The missing devices included devices intended to alert workers of their close
proximity to the equipment. Strategies for decreasing or preventing hazardous proximity situations on
construction sites were the focus of other research efforts. Preventative measures including implementation of
maintenance checklists for construction equipment and internal traffic control plans (ITC) were discussed as
possible causes of the heavy equiptdaiman interaction problem on construction sites (Pratt,e2@01). The

goal of the ITC plan is to limit turning or reverse movements of construction equipment to limit thisibé:

areas experieced by the equipment operator.

2.3 Safety Best Practices

Previous studiesin construction safety has mainly focused on training and education. According to the
Construction Industry Institute (CI2005 CII; 2006), training workers in construction safety best practices can
reduce accidents by more than halter passive safety tools such as safety cones, guard rails, and training are
implemented. Much of the previoustudiesconcentrates on construction safety best practices in design,
education, and training for safety. These best safety practices typicallyotd generate feedback during
performing the work task and they are unable to provide alerts irtimesml Best practes are often not
innovative products ofresearch, as thevather synthesize existingwell working practices employed by
companies.

The Occupational Safety and Health Administration (OSHA) has created and implemented multiple passive
safety regulations requiring safety devices such as hard hats, reflective safety vests and other personal protective
equipment (PPE). These standards andlatigns are imperative to improve safety in construction, but are not
capable of providing alerts for ground workers and equipment operators-timrealuring hazardous proximity
situations. Other regulations such as incident recording and worker safeigg can increase the awareness of

close proximity issues for equipment operators and ground workers.

Construction worker safety behavior has been the focus of many research endeavors. One such work completed
by the Construction Industry Institute (CImonitored the behavior of construction workers and classified
observed practices as safe or unsafe (Hinze and Gamld88¢. Another study performed by ClII reported that
companies that implemented s#ipecific safety programs at the beginning of@gct experienced higher safety
performance when compared to others (Hjr2#03). The study concluded that increased efforts in -eadt

planning, also often ferred to as Design for Safef{pfS) (Gambatese et al2005) can improve safety on
construcion projects.

2.4 Real-time Pro-Active Proximity Detection and Alert Technology

Automation has been cited as capable of simplifying and improving some of the most important construction
engineering and management problems (Navon and S#al6). Technologymplemented to enhance safety on
construction sites are categorized aactve and preactive. Reactive technology collects data in reghe, but

later requires data collection processing effort after the evertad®ine technology functions in retine to

warn and alert personnel of dangerous situations occurring instantangdester et al., 2014. Even
pro-active technology may later employ datagging and processing to create safety leading indicators
(Pradhananga and Teizer, 2013).

Realttime safety technologies implemented on construction sites have been proven to provide alerts to ground
workers and equipment operators in fiéae when a hazardous proximity situation exists (Teizer et al.&2010
Construction safety technologies can provisieund workers with another layer of protection when other safety
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best practices are not implemented (Teizer e2@D8). The construction industry requires a reliable technology
capable of detection and providing alerts to workers intiged during haardous proximity situations.

A prototype proximity detection and alert technology created by NIOSH (National Institute for Occupational
Safety and Health) implements a magnetic sensing system called HASARD (Hazardous Area Signaling and
Ranging Device). Mgnetic waves emitted from a transmitter were used to activate an alarm when a person
entered the magnetic field. The prototype was evaluated for six months in the harsh conditions of an
underground mine (Schiffbauer and Mowr2912). The sensors were péal on workers and walls in an attempt

to prevent collisions from underground mining machines.

Many of these technologie&ee Fig. 2)such as RADAR (Radio Detection and Ranging), sonar, Global
Positioning System (GPS), radio transceiver tags, and visam@ unique limitations when deployed in a
construction environment such as availability of signal, weight, size, power source, and feasibility in the
construction environment (Ry2001). Similar studies investigated several technologies thought tpakleaf
providing alerts to construction personnel during hazardous proximity situations. These technologies included
Radio Frequency Identification (RFID), Global Positioning System (GPS), magnetic marking fields, vision
detection devices, sonar, lasedaadar based proximity detection (Teizer et201(; Marks and Teizer2012;

Marks and Teizer2013). Multiple parameters specific to the construction environment such as read range, alert
method, precision, reliability, capability of performing in@rtdoor environment, and many others were used to
assess each proximity detection technology. Radio frequency (RF) technology was cited as demonstrating
potential to satisfy many of the constraints offered by the construction environment.

()

FIG. 2: Examples of realime proactive obstacle detection and alert technologies that do not automatically
recognize persons: (a) sonar, (b) sided rearview vision cameras, (¢) RADAR and (d) 360; surround view
vision cameragTeizer et al.2015)
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RF technology has been successfully implemented in other industries such as manufacturing, ship building, and
transportation applications including the railroad industry (Teizer et al.aOitthas also been deployed in
warehouses on forklifts kmm to have limited operator visibility and operate in small spé&€e&er et al.,

2010b) Ultra-High Frequency (UHF) near 434 MHz was used to warn worteffeot during hazardous
proximity situations Teizer et al., 2014).

This review found that radiorequency technologyperhaps in addition to or combination with other -téak

detection and alert technologiean (1) decrease the risk of collisions, (2) provide alerts intirael for
workerson-foot inside construction environments, (3) record leaglindicator data such as Onear missO events,

(4) operate with minimal nuisance alerts, and (5) providetima alerts at different prealibrated proximity

ranges. Some cited limitations of radio frequency technology for proximity detection on comstsitgs

include (1) the system requires a power source for both equipment and ground worker component, (2) must be
mounted on ground workers and construction equipment, and (3) construction equipment and unique site
conditions can impact the systemOgoperance. Although applications of RFID technology for construction
applications has a long history (Jaselgtisal.,1995), minimal research has been conducted to investigate the
potential ofpassiveRFID technology for enhancing construction safety.

2.5 Test Methods for Proximity Detection and Alert Systems

Past researchers have developed methods to evaluate the capabilities and reliability of proximity detection and
alert systems. One study implemented manual methods to measure and mark proximitytateesdfer a

camera and radar system (Ruff 2005). Several large capacity haul trucks performing typical construction
maneuvers were used for experimental trials. Results indicate the system was ablettold#tections
approximately 10 meteia front and behind of the trucks.

Measuring alert distances using manual methods were also implemented to test the accuracy of a Global
Positioning System (GPS) for proximity detection. GPS devices were mounted on large haul capacity trucks and
a base station wgsositioned on a nearby dirt mound. In total, three mobile vehicles and six stationary objects
were tracked during a surface mining operation (R2@D4). An integrated computassisted stereo vision and

radar proximity detection system were also implete@ron large haul capacity trucks. The proximity detection
systemOs reliability was evaluated through field trials with the large haul capacity trucks and ground workers
(Steele et al2003).

Very High Frequency (VHF) Radio Frequency has also been yiplon heavy construction equipment and
ground workers in simulated outdoor construction environments (Teizer, @0an). A testing method for
proximity detection and alert system was presented for the following cases: (1) Static equipment/mobile worke
and (2) mobile equipment/mobile worker (Marks and Tei284.3). Experimental results indicate VHF radio
frequency systems can provide alerts in-temk to ground workers, but radio waves are blocked or distorted by
components of the construction equignt.

A lack of scientific evaluation data currently exists for new and existing automated safety technology for
implementation on construction sites. Emerging safety technologies, specifically proximity detection and alert
systems using radio frequent®chnology, need to be thoroughly evaluated in research through current or newly
developed experimental methods, case studies, and resulting data analysis. A need exists to evaluate the
effectiveness and reliability of the developed SmartHat proximitycteteand alert system in the construction
environmen{Thomas et al., 2010, Stewart et al. 2011, Thomas et al..2012)

3. RESEARCH OBJECTIVES, SCOPE AND EXPERIMENTAL PLAN

The objective was tdesigna passive, batterfree proximity detection and alert systezapable of functioning in

the construction environmenA secondary objective wao evaluate the reliability of the developed SmartHat
proximity detection system that provides alerts in-temaé when heavy construction equipment and workers are

in too dose proximity. This includes evaluating the effectiveness of various SmartHat device positions and
orientations (to simulate ground worland bodymovements) to provide alerts in reémhe when deployed in a
simulated construction environment. When heawsgstruction equipment and ground workers are in too close
proximity, the SmartHat system should detect the situatidnaativate a redime alertfor the ground worker.

The scope includes hazardous proximity situations between heavy constructionesgjuapich ground workers
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on outdoor construction sites simulated constructielike environments

Each experiment was designed to evaluate the effectiveness of the SmartHat proximity detection and alert
technology in an outdoor environment. The coveraga af the SmartHat devices sviested for three different
Personal Protection Units (PPU) the first set of experimental trial&nother set of experimental trials
evaluated the effectiveness of various tag positions and orientations that are typicabBRting locations of

existing Personal Protective Equipment (PPE) for construction ground workers.

4. SMARTHAT TECHNOLOGY DESIGN

The SmartHat proximity detection and alert system utilizes radio frequency (RF) technology to detect proximity
breaches of cotrmiction equipment and ground workekkvel, fully passive radio frequency technology is used

for the SmartHat proximity detection and alert system meatfiege is no battery to supply operating power for

the alert devicen the PPUInstead, the PPU@gerating power is supplied by the EPUOs riadipiency energy
produced by theystem antenrfa) mounted on the equipmeiithis allows for all electronic components (except

the antenna) to be integrated into a single integrated circuit. The absencatt#ra power source allows the
SmartHat system to not be compromised by battery failure during construction operations and reduces cost of the
overall systemA potential drawback of a batteftgss devicas the decreased aleange when copared to an

adive RFID system.The SmartHat proximity detection and alert system also used long ranghigtira
frequency (UHF) radio frequency. The detection range of the SmartHat system can be calibrated by adjusting the
power of the radio frequency signal generdigdheEquipment Protection UniEPU) antenna. Configurations

for both an active and passive RFID tag including the power source, antenna aextctateye are presented in

Fig. 3. Drawbacks of both, active and passive RFID, approaches may still beetlisign and repeatability of

results (i.e., alert distances).

Radio
Antenna ) Power Antenna
Microprocessor 2
Data Data
Battery ' Single Chip
Sensor (Opt.) No Battery
(@) Active RFID Tag (b) Passive RFID Tag

FIG. 3: (a) Activeand (b) Passive RFIDzonfiguration(Thomas et al., 2010)

The SmartHat prototype system is comprised of two components:

¥ An Equipment Protection Unit (EPU) egpigd with a singleor multiple directional antenn(g)
that servés) as a transceiver device by transmitting and receiving tag information including the
magnitude and phase of the reflected radio frequency SegmlFig4) and

¥ A Personal Protective UnifPPU) that provides ground workers with a batiess tag, or
transponder, that has power harvesting capabilities (derives operating power from an incoming
radio signal) and a bidirectional communication single chip circuit. The PPU is fully
plasticencapulated squardevice(10 or less centimeters in length) and resistant to environmental
degradation or accidental damage. Eventually, the PPU will be installed on a construction workerOs
hard hat oweavedinto a safety vest. This provides easy recognitrsafety inspectors to make
sure all workers wear the devices. Both the EPU and PPU can be viewgddn F
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FIG. 4: (a) Antenna of Equipment Protection Unit (EPU), (b) geometry and current distribution for the OXO
style antenna of the Personal Protection Unit (PPU) and (c) embedded in a construction hard hat
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After the PPU intercepts the frequency gerestdiy the EPU, the PPU activatas alert and the information on

the chip is sent back to the BReader. When the alert is activated, the EPU stdoesexample, th@ersonnel
tagOsnformation. The sending and receiving of information is instantaneous, meaning the entire process occurs
in reattime.

The PPU implements a crosseipole planar antara fabricated from 3 mm thick printed circuit board material

that is designed for horizontal polarization which as much omnidirectional performance as possible. The PPU
contains a mechanism to alert ground workers intigad when the signal broadcastedthe EPU is intercepted

by the PPU (when the two construction resources are in too close proximity). An energy storage circuit installed
in the PPU accumulates energy in a capacitor from the readerOs transmitted signal.-law pinaer
microprocessorsi used to manage the stored electromagnetic energy used to produce an alert when activated.
The microprocessor controls the frequency synthesizer to generate%®®02Hz carrier. A 4stage voltage
multiplier was implemented in the SmartHat device becadusdelivered the highest RBC conversion
efficiency at the 40k load impedance point, which is the appropriate load impedance of the SmartHat digital
circuitry and piezo speaker when delivering and alert sound. The voltage delivered to the microconthaler

PPU is limited to 2.5V. When delivering a pulsed alert, the tagOs average operating power is approximately 1.8V.
Low power consumption is key to operate the device in a reliable manner in a potentially harsh work
environment.

The EPUOs signal is broadcasted in a radial mannéosasdstrength as it moves farther from the EPU location.

A piezoelectric speaker installed on the PPU is used to produce a unique audible sound, approximately 110 db
Sound Pressure Level (SPL) at a frequency of 2.5 KHz, which is easily heard by grokacswarconstruction

sites. During the experimental trials, the strength of the signal emitted by the EPU remained consistent. The EPU
can be connected directly to the battery source of a piece of construction equipment. The EPUOs antenna should
be instaled in locations such that the lhoé&sight to objects is not obstructed. Signal Jofesight issues are a

major limitation of high frequency RF applications. Fig. 5 shows a schematic drawing of the SmartHat warning
device (left) and the PPU installedardifferent, possible setting inside a workerOs hard hat.

The SmartHat proximity detection and alert system also possesses data logging capabilities. The accompanying
software of the system records the tag identification number, EPU antenna identificatibar, time stamp of

the proximity breach, and cumulative count of proximity breach per tag. This information can be analyzed and
used for further safety training for equipment operators and ground workers concerning hazardous proximity
situations on corguction sites.

Other proximity detection and alert systems using radio frequency were evaluated during the experimental trials
to provide comparison to the SmartHat system. Both systems deploy a methodology similar to the SmartHat
system; however one es fully passive RF personnel tag in which the EPU activates the alert during a proximity
breach. The other system uses a fully active PPU that contains a chip and battery, and is installed on the hard hat
of a construction worker. The EPU component ofs teiystem contained a single antenna, reader, alert
mechanism and can be powered by the existing battery on a piece of equipment. The EPU component also
provides an audible and visual alert to the equipment operator rather than the PPU activating suisalert a

with the SmartHat system.
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of the speaker device on a later version of the SmartHat once levemgemgipassive aproach to boost range

5. EXPERIMENTS

Three experimental test beds and procedures were constructed and executed to measure the reliability and
effectiveness of the SmartHat system both between system specific SmartHat devices, and against other
proximity detetion and alert systems using both passive and active RFID techndlbggxperiments were
conducted in an outdoor environment to emulate conditions of an actual construction site. For each set of
experimental trials, the outdoor weather conditions werstisn@lear, mostly sunny, tempereguwas 2¢C,

wind speed of 8 km/and 36 percent humidity.

5.1 Field Trial A: System Coverage Area

The objective of the system coverage area experimental trials was to evaluate the coverage area for the SmartHat
between diferent SmartHat devices, and compare these results to other proximity detection and alert systems.
The test bed for these trials was a clear, flat, grass ground surface with no obstructions. A Robotic Total Station
was used to outline a 15 meter radius iseintle using survey markers places 18 equal distance locations (every

10 degrees) around the circumdece of the senircle. Fig. & shows the test bed used these experimental

(b)

FIG. 6: (a) Coverage area of the experimental testland (b)mounting position and orientation passive
SmartHat
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Four of the EPUOs antenna components were attached to a cart and only the antenna facing the semicircle was
activated during the experiments. The activated antenna was positioned diregtytlabaenter point of the
semicircle which can be viewed in Figure 5. There were no obstructions between the anteno&€ighinand

all points along the arc of the semicircle.

The EPU antenna and cart assembly can be viewed in Fig.4a. Each of BfelUMas attached to a cardboard
rectangle such that the test person could control the orientation of the device without contacting and possibly
obstructing the PPUOs antenna. An example of the PPU configuration is displayed in Figure 6b.

To evaluate the average area of the SmartHat system, a test person held the width of the cardboard
perpendicular to the ground with the PPU surface face directed towards the EPU. This is described in subsequent
section as vertically positioned in orientation 1. The tag held 1.15 meters above the ground which was the

same vertical elevation as the center of the EPU antenna. The test person holding the tag at a constant elevation
approached the EPU at a constant walking pace from each of the 18 equal distance apgleschrge an

alert was activated, the test person stopped walking and measured the alert distance using a commercially
available laser distance meter. This procedure was repeated three times for each approach angle per each tag
tested.

The obtained datéalert distance measurements) from each tag were used to create proximity coverage area
graphs. These graphs show the recorded distance measurement from the test personOs position to the EPU
antenna when the alert is activated. The recorded alert disteea®irements and resulting coverage area graph

for tag 3 of the SmartHat system is presented in Fig. 7. The three lines represent the three different trials from
each approach angle. Similar graphs were created for all tags and systems tested. TheWwlaegrasents the
line-of-sight of the antenna in relation to the approach angles.

350° 360 10° ===-Trial 1

Trial 2
eeee Trial 3
@® Antenna

50°

290° 70°

2800 800

270° \ \

FIG. 7: Proximity alert distance coverage for opassiveSmartHat devicéplan view)

A total of 54 samples were taken for each tag when combining each approach aregletatial. The SmartHat

system EPU antennas are directional meaning they are only capable of reading 60 degrees in both directions

parallel to the face plane of the antenna. A statistical analysis was performed on the sample data from each tag,

specificdly on readings in the 120 degree read range (between approach angle 300 degrees and 60 degrees on
Fig. 7) of the directional antenna. Fig. 7 indicates the EPUOs antenvui-fiiddl was covered for the entire 120

degree signal propagation area. A statidtanalysis was performed on the obtained data from all systems and

tags tested. Results of that analysis for the three tested tags of the SmartHat system tested are shown in Table 1.
In the table, the degrees noted in the first column correspond &pgineach angles ithe coverage area graph

(Fig. 7).
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Table 1: Statistical analysis of the alert measuremenpms§iveSmartHat tags

Tag 1 Tag 2 Tag 3
Approach Median Range Std. Median Range  Std. Median Range  Std
Angle (m) (m) Dev. (m) (m) Dev. (m) (m) Dev.
300; 11 0.3 0.1 0.6 0.3 0.1 0.7 0.3 0.2
310; 11 0.5 0.3 0.5 0.3 0.2 0.9 0.3 0.1
320; 1.6 0.6 0.3 0.7 0.2 0.1 2.0 0.5 0.2
330;j 14 0.2 0.1 1.0 0.2 0.1 2.1 0.4 0.2
340;j 2.8 0.2 0.1 1.2 0.2 0.1 2.7 0.7 0.4
350;j 29 0.4 0.2 15 0.6 0.3 2.8 0.2 0.1
360;j 3.1 15 0.7 2.0 1.0 0.6 3.0 0.8 0.4
10j 2.7 0.5 0.2 1.8 11 0.6 2.7 0.3 0.2
20j 23 0.4 0.2 1.0 0.2 0.1 1.9 0.4 0.2
30j 1.9 1.3 0.6 14 0.9 0.4 1.6 0.2 0.1
40j 21 0.6 0.4 0.9 0.4 0.2 2.1 1.0 0.5
50j 0.7 0.2 0.1 11 0.5 0.3 15 0.7 0.4
60j 0.8 0.2 0.1 15 0.1 0.1 1.1 0.3 0.2
Correlation -0.9 -04 -04 -0.7 -0.6 -0.6 -0.9 -0.1 -0.1

Bolded values in Table 1 represent the highest performers (highest median range, smallest range and smallest
standard deviation) among the trials of etadp The last row titled OCorrelationO displays the correlation value

of each column to the approach angle. For example, the correlation value of the median for tag 1 when compared
to each corresponding approach angleOi®. (Albright et al., 2011). Thealues noted in bold text display
categories of correlation that are considered statistically signification topar@ent confidence interval.

Results in Table 2 indicate that the 360 degree approach angle (tag orientation is perpendicular te tie plan

the antenna) gives the highest median alert distances between trials for each tag. The standard deviation of each
tag becomes larger as the approach angles near the perpendicular approach angle (360 degrees). A statistically
significant correlation €sts between the approach angle and median alert distance measurements for every tag.
Tag 2 has a statically significant correlation value for all three statistical measures (median, range, and standard
deviation) for each approach angle based on a 9®peoonfidence interval. Little correlation is realized for

values of range and standard/i@d¢ion for both tags 1 and 3.

Table 2: Statistical analysis of the alert measurements fopaksiveSmartHat tags

SmartHat Active  Passive
Alert Distance Tagl Tag?2 Tag 3 Tag 4 Tag 5
Median 25m 10m 1.1m 224 m 48m
Minimum 09m O00m 0.0m 50m 1.2m
Maximum 38m 31m 2.8m 38.2m 6.1m
Range 29m 31m 2.8 m 332m 49m
Std. Deviation 0.9 1.0 1.0 12.4 2.3

One active and one passive RFID proximdetection and alert system were also subjected to the same
experimental trials and used for comparison to the SmartHat system. Results of the tags from all three systems
are shown in Table 2. The calculated values of median, range, standard devihtimerati coverage area were

used to compare the performance of each proximity detection and alert system. The coverage area represents the
area within the 180 degree semicircle in which an alert was activated for the test person in close proximity to the
antenna. Values printed in bold represent the best performers (highest median alert distance, smallest range and
smallest standard deviation) when compared to the other systems tested.

The active proximity detection and alert system demonstrated the hiajhesrange and coverage area when
compared to the passive system and all three tags of the SmartHat system. The alert distance measurements from
all three tags of SmartHat system recorded the smallest range values indicating their high precisibthievel o
tested approach angles when compared to the other systems.
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5.2 Field Trial B: Tag Position and Orientation

The objective of these experimental trials was to identify the best position and orientation among multiple
variations for the SmartHat systenhél'same clear, flat, grass ground surface with no obstructions was used as
the test bed for the experimental trials. An RTS was used to place markers along a straight path perpendicular to
the face plane of the EPU antenna. Markers placed at consistexieBintervals outlined the walking path for

the test person. The test bed forsthérials is displayed in Fig. 8.

' - ] | |
' ! -
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e

FIG. 8: EPU position and orientation test bed

Similarly to the previous experiment, the SmartHat devices were attached to a piece odrchrabd held by

the test person at 1.15eters above the ground surfachieh is the same as the centroid elevation for the EPU
antenna. This elevation allowed for a direct horizontaktifisight between the EPU antenna and PPU. The test
person startedutside of the alert range (approximately 30 meters from the antenna) and walked towards the
antenna on the straight marked path at a constant walking pace. As detailed in the previous experiment, the alert
distance was measured and recorded using a coriaihe available laser distance meter. This procedure was
repeated ten times for each combination of tag position and orientation.

Eight combinations of tag positions and orientations were tested during this set of experimental trials. For the
purposes bthis experiment, the term OpositionO was defined as the location of the face plane of the device in
relation to the ground surface. For example, a horizontal position is represented by the face plane of the device
being parallel to the ground surface gradpendicular to the EPU antenna face. Likewise, a vertically positioned
device has the face plane perpendicular to the ground surface and parallel to the EPU antenna face. Both of these
positions are shown in Fig. 9.

-~

(@)
FIG. 9: (a) Passive Smaktat (PPU)horizontally positioned and (g vertically positioned

Four different tags orientations were used in combinations with the tag positions. The orientations were based on
the location of the tag antenna in relation to the EPU antenna or thEasly.of the four tag orientations was

given a number (1, 2, 3, or 4) depending on the location of tag components such that each of the four possible
orthogonal tag orientations was tested. Each subsequent orientation after the first initial orientatitati¢m

1) was achieved by rotating the tag counter clockwiseégrees. The diagram in Fit0 shows how the tags

were oriented in relationship to the system antenna or the sky and ground surface.
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|Antenna (Horizontal Position) / Sky (Vertical Position) I
Orientation 1

Orientation 2 ® [ ) Orientation 4

Orientation 3

Side Opposite Antenna (Horizontal Position) /
Ground (Vertical Position)

FIG. 10 Passive SmartHaPPU) orientation in relaion to the EPU antenna and ground surface

A statistical analysis was performed on each of the set of experimental trials. Results were divided into
categories of tag position (horizontal or vertical) and tag orientation number (1, 2, 3 or 4). Table thehuess

and worst performers of each of the possible tag position and orientation combinations. Best performers were
classified as trials having the highest median value, lowest range value and lowest standard deviation value when
compared to the otherrientations tested using the same tag in the same position. Worst performers were
classified as trials recording the lowest median value, highest range value and highest standard deviation value
when compared to the other orientations tested using the tagnire the same position. Bolded values indicate

the best performers when compared to results of the other two tags in that position. The abbreviation OOr.0 Is
used for the term OorientationO in Table 3.

Table 3: Best and worst performers among experiaiérials for tag position and orientation

Horizontal Position

Tag 1 Tag 2 Tag 3
Best Worst Best Worst Best Worst
Median Or. 2 Or. 3 Or. 2 Or. 1 Or.2 Or. 4
(2.8 m) (2.2m) (2.5m) (0.8 m) (29 m) (1.9 m)
Range Or.3 Or. 1 Or. 2 Or. 3 Or.2 Or. 3
(0.7 m) (1.4 m) (0.7 m) (1.0 m) (0.7m) (1.3 m)
Standard Or.2 Or.1 Or.2 Or. 3 Or.2 Or. 4

Deviation (0.1m) (0.5m) (0.3 m) (0.4 m) (0.2m) (0.5m)

Vertical Position

Tag 1 Tag 2 Tag 3
Best Worst Best Worst Best Worst
Median Or.1 Or.2 Or. 2 Or. 3 Or. 2 Or. 4
(3.5m) (2.1 m) (2.4 m) (1.9 m) 25m) (2.1m)
Range Or.3 Or.1 Or.1 Or. 3 Or.1 Or. 3
(0.7 m) (1.4 m) (0.6 m) (1.2 m) (0.6 m) (1.1 m)
Standard Or.3 Or. 1 Or.1 Or. 3 Or.1 Or. 3

Deviation (0.2 m) (0.4m) (0.2m) (0.4m) (0.2m) (0.4m)

For the horizontally positioned tag, orientation 2 had the highest median range recorded and lowest standard
deviation value for each of the three tested tags. Tag 2 showed a 1.7 meter difference between the median value
of orientation 2 and origation 1. Orientation 2 was the best performer for all statistical categories evaluated
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when compared to the other orientations in the horizontal position. For the vertically positioned tag, orientation 1
was the best performer for range and standarchtienifor tag 2 and tag 3. Orientation 1 was the best performer

for all statistical categories evaluated when compared to the other orientations in the vertical position. These
results indicate that position and orientation of the PPU directly impactalghtedistance meaning devices
mounted on moving ground workers could alert workers at varying distances depending on the workerOs
orientation and position.

5.3 Field Trial C: Comparison to Wearable Tag-based Detection and Alert Methods

A final test was condued to compare competing wearable,-taged proximity detection and alert methods.

The purpose of this test was not to select high vs. low performance, rather to identify ranges where technologies
might offer suitable solutions to practitioners. Sincegb#hor has done extensive research with several of these
technologies, their performance was tested and evaluated.

All of the technologies had a single antenna mounted at the center or the rear of a piece of construction
equipment. Magnetic field and ac UHF RFID antennasvere both centered on the equipment since they
createan omnidirectional field. All other antennas (Semassive, passive UHF RFID, and SmartHat) used
directional antennas that were mounted at the rear of the equipment. As suchuttee vary. The lowest
performer in range are passive UHF RFID tags. In the coverage area the signal reached about 3 meters. The
SmartHat tag like the passive UHF RFID tags is not battery powered. The range extended to between 4 to 5
meters. However, thedaantage of the SmartHat tag is that it carries a speaker and thus is able to warn the
worker who carries the SmartHat. The warning is also not possible with a commeae&ilgble sempassive

tag although it alert distance extends to about 35 metdrie \Attive UHF RFID tags (depending on the type of

tag used) provide alerts, any of the tested technologies that rely on UHF signals migint éahmple is shown

in Fig. 11(ative UHF RFID at 310j). While this is a major drawback for any UHF RFID bamsttod, it is not

the case for magnetic field detection and alert technology. Magnetic field sensing user a much lower bandwidth
that and therefore is resistant to multipa#tit could potentially exist in a constructionttéeg and other issues

that male other technologies fail. Existing commerciadlyailable magnetic field sensing technology though

also relies on an active (battgrpwered) taghased approach to warn the woreerfoot.

360° 1) Active UHF RFID 5m
2) Magnetic Field
3) Passive UHF RFID ~

A= 4) Semi-Passive
300° {Zoke[t) 0 5) SmartHat

180°

FIG. 11: Evaluation of wearable tagased proximity detectiomd alert methods

The design of the SmartHat technology is therefore the first passive UHF RFID tag approach that also provides a
warning alert for the workeon-foot in realtime. Future research might be focus on taking advantage of the
power source in sei-passive tags to extend the range of the SmartHat tag. This might be a much needed
development task, since construction practitioners demand wonkieot proximity detection and alert ranges

of at least 15 meters to stop a fast moving vehicle on cantisin sites (note: the speed limit is typically 5 km/h)

in time. In combination with other passive (@Y based obstacle detection and alert technologies (e.g. cameras,
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RADAR, sonar)Choe et al., 2014; Rinneberg et al. 2QEbjurther refined SmartHatight offer a potential fix
to a lorg-existing safety problem in construction and elsewhere.

6. CONCLUSIONS

One leading cause of construction fatalities is collisions between warkdodt and objects or construction
equipment. Current implemented safetagiices for hazardous proximity situations on construction sites have
proven inadequate as indicated by the resulting fatalities and atcidéne construction industignd other
industries that have heavy material handling equigménr exampleforklifts in warehousesmust seek
alternative approachds achieve zero fatalities and injuries for all construction projects. The purpose of this
research was to present a proximity detection and alert system called the SmartHat system and evaluate its
reliability and effectiveness in thdaboratory andconstructon environment. Results from experimental
benchmark testsuggest that the system can effectively and reliability alert ground workers during hazardous
proximity conditions.

The SmartHat proximity dettion and alert systerelies on passive (battefiee) radio frequencyRF)
technology only. Itdemonstrated its ability to detect the presence of hazardous proximity conditions on
construction sites. The executed experimental trials tested the cowermg®f the EPU antenna as well as
various PPU positions and orientations attached to a reflected safety vest and construction hard hat. The audible
alert for the ground workers was to a sufficient volume so that it was heard over other loud constoisgion n

The system also demonstrated its capability to record safety leading indicator datarnissearentsAs such,

the SmartHahas advantages over other-taased systems that require frequent recharging or replacement of
batteries, which is often ellengingfrom an investment return perspective as wslthe construction workforce

often has a lower literacy level (i.e., caused by language barriers).

The three SmartHat PPUOs evaluated for coveragalhdsamonstrated similar values for median,ganand

standard deviation for corresponding approach angles. The coverage areas of the three SmartHat system tags
were similar, but smaller than the coverage area for the tested passive and active R&ewgteated. The

overall median range for the Srttdat system was also smaller when compared to both the active and passive
systems. Active systems with battery equipped PPUOs allow for higher alert range values than the passive
systems. However, active systems typically require a higher cost investraerheir passive counterparts. Like

the active and passive proximity detection and alert systems tested, the coverage area for the SmartHat system is
limited to the output range of the EPU antenna. Multiple EPU antennas might be required to coveetfiatenm
hazardous proximity area around one piece of construction equipment, or to cover all of the operator blind spots.

When testing the SmartHat PPUOs best orientation among the four tested when positioned horizontally,
orientation 2 and three were thedhb performers. Orientation 1 was the highest performer among the four tested

in the vertical position. The SmartHat proximity detection and alert system demonstrated polarization between
orientations in the horizontal and vertical position indicating ttsatous movements and body positions of
ground workers on construction sites can impact the reliability of the alerts. The SmartHat PPUOs should be
attached to several locations on the PPE of ground workers to maintain the effectiveness of the system by
addressing every possible groundnker position and orientatiofrurther research and development is required

on new innovation such as the design of a 3D tag for the PPU that eliminates polarization effects of the
proximity detectionas well as solutionfor suitable, wearable product design solutions that are accepted by the
workforce.

The completed field trials of the SmartHat proximity detection and alert system were deemed successful, other
parameters could potentially influence the system such ascimpa the signal propagation. These factors
include the EPU antenna mounting location, other construction resources such as materials, specific alert range
for individual pieces of construction equipment, and impacts of an integrated system of multifhs BRd

PPUOs on an active construction site. These factors and others will require investigation to further evaluate the
effectiveness of implementing the SmartHat proximity detection and alert devices in the construction
environment. The system shouldeetually be deployed in extensive field trials conducted over extended project
durations. During these long term field trials, data can be recorded, analyzed, and used to improve positioning of
workers and equipment to assist in the development of nety safecepts including advanced safety education

and training coursg®radhananga and Teizer, 20I®jzer et al. 2015d; Zhang et al., 2015
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