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One of the great things about being the editor of these 

journals is reading about all of the exciting research that our 

authors engage in. And while I hope to entice you, with 

these “In This Issue” pieces, to read the related articles pub-

lished in the respective issues, I also want to expand the 

perspective to related devices or activities that are already 

part of our world. The authors of the article in this issue 

developed both the hardware and software components for 

an intelligent system that is able to wirelessly control the 

movements of a robotic arm for mimicking gestures of a 

human arm. Their work included 3D wireless motion track-

ing sensors, a microcontroller to drive the six-degree-of-

freedom (6DOF) robotic arm, and the training of an artifi-

cial neural network (ANN).  
 
But wireless 6DOF 

motion tracking is cer-

tainly not in its infancy; 

individuals and compa-

nies alike have been 

working on the technol-

ogy for decades. And a 

quick Internet search 

will yield any number 

of motion-tracking de-

vices for both persons, 

objects, and combina-

tions thereof. There are 

even ads for the esoteric 

tracking of the move-

ment of chickens—

obviously that’s im-

portant to some people!  
Subject on the CAREN System 

Computer Assisted Rehabilitation ENvironment (CAREN)  

 

But for the rest of us, the technology is applicable to the 

trades (welding, for example), sports (golf, ice skating, 

weight lifting), hand movements, 3D laser scanning (reverse 

engineering, archaeological digs, woodworking, rapid proto-

typing), paint sprayers (well, if we’re going to track chick-

ens, why not paint sprayers?), and of course medical reha-

bilitation. And WiTrack, using radio reflections, can track 

not only your body but individual body parts through walls, 

making it ideal for gaming, monitoring and fall-detection of 

the elderly, and controlling household appliances. 

IN THIS ISSUE (P.13) 

3D MOTION TRACKING, ARTIFICIAL NEURAL 

NETWORKS, WIRELESS CONTROL OF A ROBOTIC ARM 
Philip Weinsier, IJERI Manuscript Editor 

———————————————————————————————————————————————————–———— 

To get a feel for how the process works, look at the image 

shown below of the main components of a wireless robotic 

control system that shows the circular pathway of infor-

mation flow. In this current study, the robotic arm’s control-

ler had to be trained to distinguish among the arm’s various 

movements. To make this possible, an ANN was used as a 

classifier to identify the specific arm movement to perform. 

The ANN was trained using the backpropagation algorithm 

and the triaxle acceleration sampling data obtained from the 

inertial measurement units (IMUs). In the test with an inde-

pendent subject, the ANN was able to correctly identify 

eight of the nine motions (88.8%). This accuracy can be 

improved by expanding the database that was used to train, 

validate, and test the ANN.  

Main Components of the Wireless Robotic Control System  
 

Here are a couple of links to related articles previously 

published in IJERI and its sister journal IJME (the Interna-

tional Journal of Modern Engineering): Biomimetic Trans-

femoral Knee with a Gear Mesh Locking Mechanism 

[Ramakrishnan et al. University of South Florida. IJERI fall/

winter 2016 v8 n2 pp.30-38] and The HOAD Research 

Group Development Process: Hand Opening Assistive De-

vices for Stroke Victims and the Neurologically Impaired 

[Land et al. Johns Hopkins University. IJME spring/summer 

2013 v5 n1 pp.41-52]. 

——————————————————————————————————————————————————– 
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WIRELESS CONTROL OF A ROBOTIC ARM 
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THE IMPLEMENTATION OF RECYCLED 

THERMOSETTING COMPOSITE POWDER 

IN ROTATIONAL CASTING 
——————————————————————————————————————————————–———— 

Dru M. Wilson, Central Michigan University 
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in reusing the disposed composites. According to Thomas et 

al. [3], “Recycling of thermosetting polymers is regarded as 

one of the urgent problems to be settled because of its tech-

nological difficulty.” Currently, fiberglass/resin composite 

recycling can be divided into mechanical, conventional py-

rolysis, microwave pyrolysis, and chemical and electrical 

fragmentation-based processes [3, 4]. However, these meth-

ods can be time consuming and extremely costly. According 

to Lopez et al. [5], “The recycling of these composites is 

not, at present, profitable in economic terms, because ob-

tained fibers present lower mechanical properties than the 

original ones, and cannot be employed in the manufacture 

of structural materials. Therefore, most of the waste glass 

fiber composites are stored in landfills or buried. This caus-

es serious environmental problems, due to this kind of 

wastes are usually non-biodegradable and very bulky.” 

 

Rotational casting products can be classified into many 

areas, including toys, agricultural products, automotive 

products, boats, kayaks, road safety, industrial products, 

lighting, and furniture [1, 6]. Various shapes and sizes of 

kayaks are great examples of rotational casting. Polyeth-

ylene (PE) is the industry standard plastic for producing 

kayaks. Using recycled thermoplastics (including PE) in the 

rotational casting process has been successfully practiced 

since the 1980s [7]. Thermoplastics are significantly differ-

ent from thermosetting plastics, because they can be easily 

re-melted and re-used. Unfortunately, thermosetting plastics 

are not commonly used in rotational molding. However, if a 

small percentage of recycled fiberglass/polyester powder 

could be used in the manufacturing process, it would reduce 

that amount of virgin PE material needed. 

 

Table 1 gives a breakdown of how a company can reduce 

virgin PE. For example, if a company can make 500 kayaks 

a day, and each weighs 30 pounds, 1500 pounds of PE will 

be needed per day. Is it possible to remove a damaged one-

piece fiberglass/polyester bathtub/shower unit, weighing 

approximately 120 pounds, from a landfill and grind it up 

into a powder? This recycled powder could then be used, in 

small percentages, in producing kayaks. There would be 

two major benefits. It would reduce the amount of virgin PE 

material, while eliminating a large damaged fiberglass prod-

uct out of landfill. If 10 percent filler were possible, it 

would reduce the PE amount by 150 pounds per day. This 

appears to be minimal, but would save 4000 pounds in a 

Abstract  
 

Is it possible to grind up used or damaged composite 

products into powder and use it as filler in rotational cast-

ing? Rotational casting is a good candidate for this research 

method, since the percentage of recycled powder can be 

confirmed and maintained during this process. The exact 

amount of virgin plastic and recycled powder is placed di-

rectly into the mold and then closed, allowing all of the ma-

terial to stay in the mold. The approach in this current study 

was not to return the fiberglass with polyester resin back to 

pre-mixed conditions, but to grind a used composite product 

into powder and use it as a filler. This concept could have a 

positive impact in two areas: it could reduce the amount of 

composite products in landfills or junkyards, and it can re-

duce the amount of virgin material needed to produce each 

new part. The samples with filler were evaluated using three 

methods: observational, drop test, and compression test. 

 

Introduction  

 

Rotational casting, also known as rotational molding or 

rotomolding, is a plastics manufacturing process that uses 

thermoplastic powder to produce hollow products. The 

powder is placed into a hollow mold and rotated on both 

major and minor axes.  This allows the plastic to tumble 

inside the mold cavity allowing it to adhere to the mold as it 

is heated [1, 2]. To produce fiberglass composite products, 

fiberglass reinforcement must be saturated with resin to 

make the final part structurally rigid. Two of the primary 

functions of the resin are to transfer stress to the individual 

strands of fiberglass and to hold the fibers in the proper ori-

entation (including geometrical shape). The most common 

types of resin are polyester, epoxy, vinyl ester, and ure-

thane; all four are thermosetting (or thermosets) resins. 

Once a thermosetting resin has chemically cross-linked, or 

cured, it is virtually impossible to reverse or recycle. Once a 

composite product has cured, it will not chemically “reset” 

back to a premixed liquid resin.  

 

As a result, there are composite products in landfills 

across the country that will never decompose. Examples 

include boats, showers, bathtubs, car bumpers, aircraft parts, 

campers, and canoes. This is a growing problem and will 

continue to increase until alternative solutions can be found 
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year. The more significant benefit would be the elimination 

of 1.25 damaged fiberglass bathtub/showers each day, or 

over 450 bathtub/showers a year.  

 
Table 1. Weight Analysis Using the Kayak Example:  

Manufacturing 500 Kayaks per Day Using 30 Pounds of  

High-Density Polyethylene (HDPE) per Kayak Recycled  

Fiberglass/Polyester (F/P) Powder Filler 

A cost analysis using virgin HDPE and recycled fiber-

glass/polyester powder as a filler was completed. The aver-

age price for HDPE powder is approximately $0.60 per 

pound, when buying a minimum of 2205 pounds [8]. The 

cost of the fiberglass/polyester powder was more difficult to 

calculate. After looking at various parameters (labor, time, 

equipment, etc.) a cost of $0.38 per pound was determined 

as shown in Table 2. 

 
Table 2. Cost of Recycled Fiberglass/Polyester Powder 

Spent fiberglass products are readily available and can be 

obtained free. In fact, there are recycling companies that are 

charging a collection fee to haul away damaged fiberglass 

boats. These prices range from $325 to $2400 depending on 

the size of the fiberglass boat [9]. Eco-Wolf, Inc. sells 

equipment that can grind over 800 pounds of cured fiber-

glass an hour. The amount of fiberglass that can be chopped 

per hour is impressive; unfortunately, substituting the 

chopped fiberglass powder (rod length of 3175-25400 µm, 

or 0.3175-2.54 cm) for the recycled fiberglass/polyester 

powder (rod length of 50-150 µm) would not be acceptable 

[9]. This discrepancy in rod length could be resolved by 

running the chopped fiberglass rods through the grinding 

equipment twice and then using a strainer to remove any 

remaining larger rods from the new powder.  

 

Table 3 shows how a company can save $12,045 per year 

by implementing 10% recycled fiberglass/polyester powder 

into their products. Not only can a company achieve an an-

nual savings of 3.67%, they will also have a positive impact 

on the environment by reducing the amount of virgin mate-

rials used (i.e., natural resources), while eliminating dam-

aged composite products from the landfills.  

 
Table 3. Cost Analysis Using the Kayak Example from 

Table 1: Based on High-Density Polyethylene (HDPE) at 

$0.60/pound and Recycled Fiberglass/Polyester (F/P) 

Powder at $0.38/pound 

Material and Sample Preparation 
 

The powder was produced by using a die grinder to grind 

up composite panels consisting of fiberglass with polyester 

resin. Once the powder was collected, it was sifted through 

a food strainer twice to reduce the particle size to the ap-

proximate size of the virgin high-density polyethylene 

(HDPE) powder commonly used in rotational casting. The 

recycled fiberglass/polyester powder was analyzed under a 

%
 o

f F
/P

 P
o
w

d
er 

HDPE Usage (lb) F/P Powder (lb) 
Bathtub 

Reduction 

Daily Yearly Daily Yearly Daily  Yearly 

0% 1500.0 547,500 n/a n/a n/a n/a 

2.5% 1462.5 533,813 37.5 13,688 0.31 114.06 

5% 1425.0 520,125 75.0 27,375 0.63 228.13 

7.5% 1387.5 506,438 112.5 41,063 0.94 342.19 

10% 1350.0 492,750 150.0 54,750 1.25 456.25 

Item Cost Notes 

Labor $20 per hour Manual labor for one operator 

Equipment $150 per hour 
Includes equipment, maintenance, 

facilities, utilities, etc. 

Collection 

Fee 
($20 per hour)  

Companies can charge $100 to 

collect 2000 pounds of damaged 

fiberglass. Cost per pound ($0.05) 

multiplied by one hour of work 

(400 pounds) equals $20 per hour  

Production 

Cost 
$150 per hour 

Labor + Equipment – Collection 

Fee 

F/P Powder 

Production  

400 pounds 

per hour 

Takes ½ hour to grind 400 pounds; 

must grind material twice to reduce 

fiberglass rods into powder 

Final Cost 
$0.38 per 

pound 

$150 ÷ 400 pounds = $0.375 

rounding up to $0.38 

%
 o

f F
/P

 P
o
w

d
er 

Daily Cost 
Total Cost 

(HDPE + F/P powder) 

Total 

Savings 

($) 

HDPE 
F/P 

powder 
Daily Yearly Yearly 

0% $900.00 n/a $900.00 $328,500.00 n/a 

2.5% $877.50 $14.25 $891.75 $325,488.75 $3011.25 

5% $855.00 $28.50 $883.50 $322,477.50 $6022.50 

7.5% $832.50 $42.75 $875.25 $319,466.25 $9033.75 

10% $810.00 $57.00 $867.00 $316,455.00 $12045.00 



——————————————————————————————————————————————–———— 

 

scanning electronic microscope (SEM). Figures 1-3 clearly 

show that, during the grinding process, the polyester resin 

separated cleanly from the fiberglass rods. The polyester 

resin became like small granular rocks, with the majority 

being between 10-150 µm. The fiberglass rods broke rela-

tively smoothly, with the majority of the rods being 7-10 

µm in diameter and 50-150 µm in length.  

Figure 1. Scanning Electron Microscope (SEM) Image of 

Recycled Fiberglass/Polyester Powder (500 µm) 

Figure 2. Scanning Electron Microscope (SEM) Image of 

Recycled Fiberglass/Polyester Powder (200 µm) 

 

After producing a few trial samples (8.5 cm hollow balls), 

the authors decided to use recycled fiberglass/polyester 

powder at 2.5% increments up to 10% filler. The trial sam-

ple piece at 12.5% filler was getting “clumpy” and the recy-

cled powder wanted to cling to itself, making noticeable 

imperfections in the final product. By using increments of 

2.5%, there were slightly noticeable differences in texture 

and color; smaller percentage increments did not appear to 

produce any differences. A control group (samples with 

zero percent recycled powder) was created to have a stand-

ard for comparison to the parts with the various percentages 

of recycled powder. Table 4 gives a breakdown of the 

amount of HDPE and fiberglass/powder used for each sam-

ple piece. 

Figure 3. Scanning Electron Microscope (SEM) Image of 

Recycled Fiberglass/Polyester Powder (image on the right is a 

high-magnification shot of the area inside the rectangle) 

 

The fiberglass/polyester (F/P) powder was weighed using 

a digital scale capable of measuring to 0.0000g. For each 

rotational casting product, the virgin material and recycled 

powder ratios were weighed individually to maintain accu-

racy. The recycled powder was then added to the virgin ma-

terial and stirred for two minutes before being poured into 

the rotational mold. To maintain control standards, the same 

procedures were used for making all 25 sample pieces. The 

premixed F/P powder was poured into a 350°F preheated 

mold. The temperature was then increased to 400°F while 

the mold was being rotated around the major axis at 15 rpm 

for 30 minutes. The mold rotated for another 30 minutes 

with the heat turned off and the oven door opened, allowing 

the plastic ball to cool. After cooling, the sample was re-

moved from the mold and labeled. 

 

Testing and Results 
 

Observational 
 

Besides collecting data, a visual inspection was done on 

each test piece. Each ball was visually inspected for color 

and surface texture. With the increase in recycled fiberglass/

polyester filler, there were obvious changes in color and 

surface porosity. The color of the sample pieces become 

noticeably darker. The samples that had zero percent filler 

——————————————————————————————————————————————–———— 
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Figure 4. Samples Produced with 0%, 2.5%, 5%, 7.5%, and 

10% Fiberglass/Polyester Powder (left to right) 

 

Figures 5-7 show that the surface porosity for the samples 

with 0%, 2.5%, and 5% filler looked virtually the same. 

This demonstrates that small percentages of fiberglass/

polyester powder, when distributed evenly in the samples, 

would fuse with the HDPE. 

Figure 5. Samples with 0% Filler 

Figure 6. Samples with 2.5% Filler 

were an opaque white color, but with each additional in-

crease in filler percentage, the samples became noticeably 

darker or “dirtier.” Figure 4 shows how the sample colors 

went from white, off-white, beige, tan, and dark tan, respec-

tively. 

 
Table 4. High-Density Polyethylene (HDPE) and Fiberglass/

Polyester (F/P) Powder Material Usage 

Sample Piece 

# 

Filler 

Percentage 
HDPE F/P Powder 

1 0% 60.00 g -- 

2 0% 60.003 g -- 

3 0% 60.004 g -- 

4 0% 60.003 g -- 

5 0% 60.002 g -- 

6 2.5% 58.501 g 1.504 g 

7 2.5% 58.501 g 1.502 g 

8 2.5% 58.502 g 1.502 g 

9 2.5% 58.502 g 1.503 g 

10 2.5% 58.502 g 1.502 g 

11 5% 57.002 g 3.002 g 

12 5% 57.002 g 3.002 g 

13 5% 57.001 g 3.003 g 

14 5% 57.002 g 3.001 g 

15 5% 57.002 g 3.001 g 

16 7.5% 55.502 g 4.501 g 

17 7.5% 55.501 g 4.502 g 

18 7.5% 55.502 g 4.501 g 

19 7.5% 55.502 g 4.502 g 

20 7.5% 55.502 g 4.502 g 

21 10% 54.002 g 6.002 g 

22 10% 54.002 g 6.002 g 

23 10% 54.002 g 6.001 g 

24 10% 54.001 g 6.001 g 

25 10% 54.002 g 6.002 g 



——————————————————————————————————————————————–———— 

 

Figure 7. Samples with 5% Filler 

 

Figure 8 shows that, for the samples with 7.5% filler, 

there were small pinhole voids on the entire surface of the 

ball, along with one or two small pockets of clumped fiber-

glass. The voids were in the top skin-surface only, and did 

not go completely through the part. 

Figure 8. Samples with 7.5% Filler and Having Small Pinhole 

Voids over Their Entire Surface 

 

Figure 9 shows that balls with 10% filler had two obvious 

quality issues. There were small pinhole voids over the en-

tire surface, just like the samples with 7.5% filler. The sec-

ond issue was the amount of noticeable small pockets of 

clumped fiberglass over the entire surface of the ball. If a 

company wanted to have a greater impact on the environ-

ment, this could still be an option if the products were paint-

ed or used in an unseen location.  

Figure 9. Samples with 10% Filler and Having Small Pinhole 

Voids and Numerous Pockets of Clumped Fiberglass/Polyester 

Powder (located inside the circles) over Their Entire Surface 

 

Drop Test 
 

The second test performed was a two-meter drop test. 

Each ball was placed in a container with a sliding bottom. 

The bottom of the container was quickly pulled, causing the 

ball to drop down and bounce off the concrete floor. A large 

cardboard ruler with horizontal lines was used as the back-

drop to determine the bounce height. Table 5 shows the data 

collected for the drop test, which was completed in one set-

ting. During a trial run to determine drop height, it was de-

termined that two meters produced the best consistency of 

the ball bouncing. At one meter, the balls had minimal 

bounce; at three meters, the balls would bounce at incon-

sistent and random angles. Each sample piece (ball) was 

dropped from the same height without a guide system. Us-

ing a tube or pole for a guide would have caused the ball to 

skip off the tube, causing a reduction in true speed.  

 

Table 5 shows that all five balls from the control group 

(0% filler) bounced over 100 cm. For all of the test pieces 

with filler, only three balls (out of 20) bounced over 100 

cm, and none of the filler percentages had more than one 

ball that bounced over 100 cm. The control group had the 

best standard deviation (1.483) followed by 2.5% filler 

(3.912). The standard deviation for 5% filler would have 

been the lowest if not for one ball, since the other four balls 

with 5% filler bounced to 88cm ± 1cm. The balls using 5%, 

7.5%, and 10% filler, were very similar in bounce average 

and also had the highest three standard deviations. Based 

solely on the drop test data, the best sample of balls were 

the control group (0% filler); however, balls with 2.5% filler 

——————————————————————————————————————————————–———— 
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presented a viable option. The balls with 2.5% filler only 

had an 8.615% reduction in bounce at three meters and had 

the second best standard deviation. Figure 10 shows the 

averages of the bounce height for each sample set, which 

tended to decrease when higher percentages of filler were 

used. 

 
Table 5. Drop Test (Bounce) Results 

Figure 10. Drop-Test Results Using Various Ratios of Recycled 

Fiberglass/Polyester Powder 

 

Compression Test 
 

The third, and final test, was the compression test. An 

Instron Model 5582 with a load cell of 100 kN was used to 

test the balls. Each ball was placed on the bottom fixture 

mount, while a flat steel plate attached to the top fixture was 

used to apply the compression load. The compression load 

was applied at 2.5 cm per minute. Table 6 shows the data 

collected for the compression test, which was completed in 

one setting.  

 

The 2.5% filler group had the best compression load aver-

age (4.208 kN), followed by the 0% group (4.098 kN). Balls 

with 0% and 2.5% filler had four out of five results above 

4.0 kN. The 2.5% filler group had three out of the four high-

est compression results of all the balls. The group with 7.5% 

filler had the most inconsistent results, with three results 

above 4.0 kN, and also had the lowest two compression 

results for all percentage groups. Averages of the compres-

sion load tests for each sample set tended to decrease when 

higher percentages of filler were used. 

 

All five sample groups had low standard deviations, rang-

ing from 0.107 (0% filler) to 0.525 (7.5% filler). Table 6 

shows that the balls with 2.5%, 5%, and 10% had similar 

standard deviation results of 0.234, 0.235, and 0.289, re-

spectively. Based solely on the compression test, the balls 

with 2.5% filler performed the best. The 2.5% samples had 

the highest compression load average (4.208 kN) along with 

a relatively low standard deviation (0.289). The second 

choice would be the control group (0% filler), based on the 

second highest compression result (4.098 kN) and the low-

est standard deviation (0.107). Figure 11 shows that the 

samples with 0% and 2.5% filler had higher compression 

maximum load results, while fillers with 5%, 7.5% and 10% 

tended to have lower results. 

Test Piece # 
Filler 

Percentage 

Bounce 

Height 

Average 

(Std. Dev.) 

1 0% 107 cm  

2 0% 107 cm  

3 0% 105 cm  

4 0% 109 cm 
106.8 cm 

(1.483) 

5 0% 106 cm  

6 2.5% 98 cm  

7 2.5% 92 cm  

8 2.5% 103 cm  

9 2.5% 97 cm 
97.6 cm 

(3.912) 

10 2.5% 98 cm  

11 5% 89 cm  

12 5% 87 cm  

13 5% 104 cm  

14 5% 88 cm 
91.2 cm 

(7.190) 

15 5% 88 cm  

16 7.5% 84 cm  

17 7.5% 101 cm  

18 7.5% 87 cm  

19 7.5% 90 cm 
89.4 cm 

(6.877) 

20 7.5% 85 cm  

21 10% 87 cm  

22 10% 91 cm  

23 10% 90 cm  

24 10% 93 cm 
91.8 cm 

(4.087) 

25 10% 98 cm  



——————————————————————————————————————————————–———— 

 

Table 6. Compression Test Maximum Load Results 

Figure 11. Compression-Test Results Using Various Ratios of 

Recycled Fiberglass/Polyester Powder 

 

Conclusions 
 

A study was conducted in order to determine if recycled 

fiberglass/polyester (F/P) powder could be implemented in 

rotational casting. Various filler percentages (0%, 2.5%, 

5%, 7.5%, and 10%) were added to virgin high-density pol-

yethylene (HDPE) powder to produce round, hollow balls. 

The balls were then evaluated by general observation, drop 

testing, and compression testing. After manufacturing, test-

ing, and analyzing the results, the control group (0% filler) 

performed the best overall. It had the best color, highest 

drop test bounce results (106.8 cm), and was second in the 

compression test. The balls with 2.5% filler also performed 

well, with color being slightly darker; they were second in 

the drop test (97.6 cm) and best in the compression test 

(4.208 kN). A company willing to have less than a 10% 

reduction in bounce could advertise a ball with recycled 

fiberglass/polyester filler as an environmentally friendly or 

“green” product.  

 

According to Tables 1 and 3, using the kayak and bathtub 

examples, even a small substitution using only 2.5% filler 

could help reduce the size of landfills by 114 bathtubs and 

save $3011.25 in virgin HDPE per year. Based on the over-

all results, the three higher filler percentages (5%, 7.5%, and 

10%) were similar to each other. These sample pieces were 

darker, had less bounce, and had lower compression 

strengths. The higher filler percentages did not have ideal 

results, but could still be considered a viable option, de-

pending on the use and geometric shape of the product, or if 

the customer wants an environmentally friendly product. 
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Test Piece # 
Filler 

Percentage 

Maximum 

Load 

Average 

(Std. Dev.) 

1 0% 4.12 kN  

2 0% 4.19 kN  

3 0% 4.03 kN  

4 0% 3.95 kN 
4.098 kN 

(0.107) 

5 0% 4.20 kN  

6 2.5% 4.31 kN  

7 2.5% 3.72 kN  

8 2.5% 4.42 kN  

9 2.5% 4.18 kN 
4.208 kN 

(0.289) 

10 2.5% 4.41 kN  

11 5% 4.37 kN  

12 5% 3.85 kN  

13 5% 3.83 kN  

14 5% 3.82 kN 
3.952 kN 

(0.235) 

15 5% 3.89 kN  

16 7.5% 3.16 kN  

17 7.5% 4.09 kN  

18 7.5% 4.01 kN  

19 7.5% 4.28 kN  
3.750 kN 

(0.525) 

20 7.5% 3.21 kN  

21 10% 3.82 kN  

22 10% 3.46 kN  

23 10% 4.04 kN  

24 10% 3.62 kN 
3.774 kN 

(0.234) 

25 10% 3.93 kN  
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Abstract 
 

In this paper, the authors describe the hardware and soft-

ware components of an intelligent system that is able to 

wirelessly control the movements of a robotic arm for mim-

icking human arm gestures. For the implementation of the 

system, a laptop computer, 3D wireless motion tracking 

sensors, an artificial neural network (ANN) classifier, and a 

microcontroller were used to drive the six-degree-of-

freedom robotic arm. Results demonstrated that the robotic 

arm is capable of mimicking motions of the human arm. 

The overall accuracy of the ANN classification system was 

88.8%. Due to limitations of non-continuous rotation ser-

vos, some movements had to be limited or changed in order 

for the robotic arm to perform as an equivalent to a human 

arm. 

 

Introduction 
 

Robotic technologies have played and will continue to 

play important roles in helping to solve real-life problems. 

One of the most important fields in the development of suc-

cessful robotic systems is the human-machine interaction 

(HMI). In this paper, the authors describe the development 

of a system that uses an ANN classifier to control a robotic 

arm that is able to mimic the movements of a human arm. In 

this study, the user was able to directly control a six-degree-

of-freedom (6-DOF) robotic arm by performing arm mo-

tions with his/her own arm. The system uses inertial meas-

urement units to sense the movements of the human arm. 

 

Alternative approaches that have been used to develop 

human-machine interaction include the use of electromyog-

raphy (EMG) signals to capture and analyze electrical activ-

ity in human muscle tissue [1, 2]. However, due to the elec-

trical signals being minuscule, processing the data using this 

method is difficult. Other techniques that have been used 

include gyroscopes and accelerometers. For example, Sek-

har et al. [3] developed a low-cost wireless motion sensing 

control unit using three sensors: accelerometer, gyroscope, 

and magnetometer. They used a three-degree-of-freedom 

robotic arm to control the elbow and wrist positions. Matlab 

software was used to process the signals coming from the 

sensors and generate the pulse width modulation (PWM) 

signals to control the servomotors; the accuracy of the de-

veloped system was not specified. An alternate approach 

that recently has started to gain popularity among research-

ers is to track muscle activity using inertial measurement 

units (IMUs) and air pressure sensors [4, 5]. IMUs integrate 

an accelerometer, a gyroscope, and a magnetometer togeth-

er to measure three-directional static and dynamic move-

ments. Malegam and D’Silva [6] developed a mimicking 

robotic hand-arm using flex sensors for individual fingers 

and multiple three-axis accelerometers. Using four encod-

ers, they divided individual processing units for the fingers 

and arm to increase the processing speed. They also used a 

high-speed microcontroller to control the input and output 

processing, then developed a glove to house all of the com-

ponents for a user to wear.  

 

Tracking System Operation 
 

In this current study, the authors designed and developed 

a wireless control system to give commands to a robotic 

arm. The commands were given by a human subject wear-

ing two IMUs on his/her arm. Figure 1 shows the selected 

IMU location. The IMU contained an accelerometer, a gyro-

scope and a filter in a small unit [7]. The robotic arm had 

six degrees of freedom and could perform elbow, wrist, and 

shoulder joint movements. Figure 2 shows the robotic arm 

used in this study. Kalman filtering was also integrated into 

the IMU software to reduce potential noise and to produce 

smooth signal data. 

Figure 1. Subject Wearing the Two Inertial Measurement 

Units (IMUs) 
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Figure 2. Six-DOF Robotic Manipulator 

 

After obtaining movement activity information from the 

IMUs, the data were then fed into a trained ANN. An ANN 

is an adaptive and powerful artificial intelligence (AI) tech-

nique that is used to classify the inputs of a biological sys-

tem. The ANN has the ability to recognize both linear and 

nonlinear relationships between input and output data, simi-

lar to the human brain. Because of this, ANNs are widely 

used for data classification and pattern recognition. Figure 3 

shows the basic structure of an ANN. 

Figure 3. Schematic Diagram of a Multilayer Feed-Forward 

Neural Network 

 

The ANN processes information using various layers that 

are linked together: the input layer, the hidden layer, and the 

output layer. Each layer is composed of interconnected 

nodes that represent neurons. Data are fed into the input 

layer, which connects to the hidden layer, and the hidden 

layer connects that output to the output layer. All of the 

connections are weighted, and individual weights are modi-

fied as the network is trained. The ANN learns by example, 

using an algorithm called backpropagation, also known as 

the backwards propagation error. The ANN receives input 

data repeatedly and then makes a guess about the corre-

sponding output and then compares it to the actual output. 

The hidden layer computes an error that will be fed back 

into the network to adjust the weights. Each input and hid-

den layer neuron’s value is multiplied by a predetermined 

weight. The weights are meant to minimize the error as 

much as possible to minimize misclassifications.  

 

The weighted input layer and the weighted hidden layer 

are then summed together. If the summation does not equal 

one, then adjustments will occur during each cycle, or 

“epoch,” until the summation is as close to one as possible, 

which means the error cannot be minimized further and this 

input corresponds to an output. This is called training the 

ANN. Rote memorization can occur if the network is 

trained to recognize only one type of input. This is called 

over-training the system. For an ANN to work properly, it 

must be trained with various types of input data to a desired 

output. After training the system, it will be able to see new 

input data and adjust the weights accordingly in order to 

produce an accurate output [8-11]. The ANN then deter-

mines the corresponding movement that is performed by the 

user, based on the test set that was used to train the ANN. 

After the network decides the movement, this information is 

sent to the robotic arm to emulate the human arm motion. 

 

Main System Components  
 

Figure 1 shows the 3D wireless motion tracking sensors 

IMUs [7] that were placed on the human subject’s arm at 

two locations—the wrist and the upper arm. At a sampling 

rate of 100 Hz, the sensors tracked the XYZ-coordinates, 

inertial data, and the Euler angles of the subject's arm as he/

she performed a specific movement. Nine pre-defined arm 

motions were selected for detection in this study. The raw 

data (XYZ-coordinates from the IMUs) were processed 

computing the root mean square (RMS) and the average 

rectified value (ARV). Normalized data were then used to 

train a multilayer, feed-forward ANN to classify the arm 

motions. The Matlab Neural Network toolbox software was 

used for the design and implementation of the ANN classifi-

er. An Arduino microcontroller was used to control the ser-

vo motors in the robotic arm. The Arduino was directly in-

terfaced to the laptop computer implementing the ANN 

classifier. The data set used for training the ANN in this 



——————————————————————————————————————————————–———— 

 

study consisted of 180 data vectors (from four different sub-

jects, each of which performed each motion five times). 

Seventy percent of the data was used for training the ANN, 

10% for validation, and 20% for testing. A totally independ-

ent set of arm motions (from a 5th subject) was used to de-

termine the accuracy of the ANN classification system.  

 

The main components used in the implementation of the 

system were: a) an IMU board composed of a digital three-

axis accelerometer and a digital three-axis gyroscope [7];  

b) a ZigBee RF wireless communication module [12] to 

transmit and receive data; c) a low-cost microcontroller, 

Arduino Mega [13], to control the input and output pro-

cessing; d) a  6-DOF robotic arm that used servo motors to 

control the joint positions (see again Figure 2)—the servos 

were controlled using PWM signals; and, e) a Kalman filter 

that was used to reduce noise and have smooth signal data 

from the accelerometers and the gyroscope. Figure 4 shows 

the interaction of these components.  

Figure 4. Main Components of the Wireless Robotic Control 

System 

 

Methods 
 

The human subject performed one of the pre-defined arm 

movements and Xsens Technologies’ [7] software captured 

the waveform of the acceleration data. These data were then 

exported into an Excel spreadsheet and imported into 

Matlab. The sampling rate of the sensors was 100 Hz and 

each arm movement took approximately three seconds to 

perform. After the sensor data were collected, Matlab func-

tions were used to calculate the RMS and ARV values. 

These values are then fed into the trained ANN. The ANN 

then determined the corresponding arm movement that was 

performed by the human subject. The corresponding arm 

movement was then performed by the robotic arm.  

 

Description of the Arm Movement 
 

To capture the arm’s movements, two IMUs were used. 

Figure 2 shows that sensor 1 was placed on the person’s 

upper arm and sensor 2 was placed closest to the wrist. Sen-

sor 1 signifies the unit on the person’s upper arm and sensor 

2 signifies the unit on the person’s wrist. There was a total 

of nine pre-defined arm movements that the ANN could 

identify and the robotic arm could mimic—arm extension, 

arm raise, arm raise elbow bend, clockwise windmill, coun-

terclockwise windmill, shoulder touch, side arm raise, wipe 

right, and wrist rotation. Figure 1 shows that the arm move-

ment used the same initial position—straight down by the 

person’s side, fingers pointing to the floor. For all of the 

following descriptions of arm movements, the initial start-

ing position was for the person to be standing, the arm and 

hand fully extended on the side of the body, and the palm 

facing the body.  

 

Motion 1: Arm Extension. When performing the arm exten-

sion movement from the starting position, the person first 

bends the elbow until the forearm is parallel to the floor, 

then extends the full arm all the way forward, maintaining it 

parallel to the floor, and then returns to the initial position. 

Figure 5 shows the acceleration waveforms obtained during 

the arm extension motion. 

 

Motion 2: Arm Raise. When performing the arm raise 

movement, the person starts in the initial position. Without 

bending the elbow, the person raises the arm up to shoulder 

height and then returns to the initial position. Figure 6 

shows the acceleration waveforms obtained during the arm 

raise motion. 

 

Motion 3: Arm Raise Elbow Bend. When performing the 

arm raise elbow bend movement, the person starts from the 

initial position, next raises the full arm to shoulder height, 

bends the elbow inwards towards the body until the forearm 

touches the biceps, and then returns to the initial position. 

Figure 7 shows the acceleration waveforms obtained during 

the arm raise elbow bend motion. 

 

Motion 4: Clockwise Windmill. When performing the 

clockwise windmill from the initial position, the person 

rotates the shoulder 360 degrees clockwise and then returns 

to initial position. Figure 8 shows the acceleration wave-

forms obtained during the clockwise windmill motion. 
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(b) Sensor 2 

Figure 5. Acceleration Waveforms for Arm Extension 

(a) Sensor 1  

(b) Sensor 2 

Figure 6. Acceleration Waveforms for Arm Raise 

(a) Sensor 1  



——————————————————————————————————————————————–———— 

 

(b) Sensor 2 

Figure 7. Acceleration Waveforms for Arm Raise Elbow Bend 

(a) Sensor 1  

(b) Sensor 2 

Figure 8. Acceleration Waveforms for Clockwise Windmill 

(a) Sensor 1  

——————————————————————————————————————————————–———— 

WIRELESS CONTROL OF A ROBOTIC ARM USING 3D MOTION TRACKING SENSORS AND ARTIFICIAL NEURAL NETWORKS    17 



——————————————————————————————————————————————–———— 

——————————————————————————————————————————————–———— 

 18                           INTERNATIONAL JOURNAL OF ENGINEERING RESEARCH AND INNOVATION | V9, N1, SPRING/SUMMER 2017 

Motion 5: Counterclockwise Windmill. When performing 

the counterclockwise windmill from the initial position, the 

person rotates the shoulder 360 degrees counterclockwise 

and then returns to the initial position. Figure 9 shows the 

acceleration waveforms obtained during the counterclock-

wise windmill motion. 

 

Motion 6: Shoulder Touch. When performing the shoulder 

touch movement from the initial position, the person bends 

the elbow until the hand touches the shoulder and then re-

turns to the initial position. Figure 10 shows the acceleration 

waveforms obtained during the shoulder touch motion. 

 

Motion 7: Side Arm Raise. When performing the side arm 

raise from the initial position, the person lifts the arm 

straight from the side 90 degrees until it is parallel to the 

floor, then returns to the initial position. Figure 11 shows 

the acceleration waveforms obtained during the side arm 

raise motion. 

Motion 8: Wipe Right. When performing the wipe right 

movement from the initial position, the person bends the 

elbow until the arm is parallel to the floor, then rotates the 

forearm to the right as far as possible and then returns to the 

initial position. Figure 12 shows the acceleration waveforms 

obtained during the wipe right motion. 

 

Motion 9: Wrist Rotation. When performing the wrist rota-

tion from the initial position, the person bends the elbow 

until parallel to the floor, rotates the wrist inward and back 

again, and then returns to the initial position. 

 

Artificial Neural Network 
 

The robotic arm’s controller had to be trained to distin-

guish among the arm’s various movements. To make this 

possible, an ANN was used as a classifier to identify the 

specific arm movement to perform. The ANN was trained 

using the backpropagation algorithm and the triaxle acceler-

(b) Sensor 2 

Figure 9. Acceleration Waveforms for Counterclockwise Windmill 

(a) Sensor 1  



——————————————————————————————————————————————–———— 

 

ation sampling data obtained from the IMUs. There was a 

total of 20 data sets for each motion. As mentioned previ-

ously, the IMU sampling rate was 100 Hz and each arm 

motion took approximately 3 to 5 seconds to complete. 

Each data-capture trial contained hundreds of individual 

data points. To reduce the size of the data sets, and be able 

to utilize the sets to train the ANN, the data sets were con-

densed into two statistical measurements for each sensor: 

the average rectified value (ARV) that can be calculated 

using Equation (1), and the root mean square (RMS) value, 

that can be calculated using Equation (2). The ARV is the 

average of the absolute values in the data set, whereas the 

RMS is the square root of the average. This would create a 

characteristic value that could be used as an input for the 

ANN.  

 

(1) 

 

 

 

(2) 

 

The size of the final training matrix was 12x265. This 

corresponds to having 12 input nodes that are signals com-

ing from the X-Acc, Y-Acc, Z-Acc coordinates, from sensor 

1 and sensor 2, each having the computed ARV and RMS 

values (3x2x2). The length of each vector was 265 samples; 

this was selected by looking at the 3-5 second signals and 

selecting enough samples to have reliable information from 

the IMU. A target set matrix (output) with 9 rows by 265 

columns was constructed to train the ANN with the correct 

output values that should be learned. Each of the 9 rows 

corresponded to a particular motion, while the length of the 

matrix mirrored the training set. Each movement’s row had 

a 1 in its output cell, if the current trail matched, otherwise 

it had a 0. 

 

The data set was divided into three batches: training, vali-

dation, and testing. During the training stage, the network 

ran through epochs, or iterations, and attempted to minimize 

the error until it could not progress further. The training set 

used 70% of the total database, 20% for the validation pro-

cess, and 10% for the testing stage. 

 

(b) Sensor 2 

Figure 10. Acceleration Waveforms for Shoulder Touch 

(a) Sensor 1  
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(b) Sensor 2 

Figure 11. Acceleration Waveforms for Side Arm Raise 

(a) Sensor 1  

(b) Sensor 2 

Figure 12. Acceleration Waveforms for Wipe Right 

(a) Sensor 1  
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The validation stage was used to test the network pro-

gress, and signal when to stop the training, while the testing 

stage was used to measure the accuracy of the trained net-

work. The database for the construction of the ANN consist-

ed of 180 arm movements collected from four different sub-

jects. Each subject performed each motion five times. The 

network architecture was constructed by selecting the 

amount of hidden neurons to place in the hidden layer of the 

network. This number can be tuned, but the general rule of 

thumb that was followed was to select a number somewhere 

between the number of inputs and outputs. For this study, 

there were 12 inputs and 9 outputs, so 10 neurons were 

placed in the hidden layer. The ANN was trained until the 

mean squared error of the output vector was minimized. 

 

Robotic Arm 
 

Figure 2 shows that the robotic arm used in this study had 

six degrees of freedom and used seven servo motors. Each 

servo had an individual signal port, with the exception of 

the two shoulder joint servos, which were driven in tandem. 

The six servos controlled base rotation, shoulder rotation, 

elbow rotation, writs rotation, wrist pitch, and grabber. Ini-

tially, a separate program was developed to model the de-

sired movements using user-input angle writes. This al-

lowed the authors to see how the arm would need to move 

in order to execute the proper movement. The robotic arm 

was programmed to receive input voltages (PWM signal) to 

each servo, corresponding to the particular motion classified 

by the ANN system. Then the robotic arm executed the 

movements in a predetermined sequence when the com-

manded motion had been completed: the robotic arm paused 

for about 5 seconds and then returned to the starting posi-

tion.  

 

The movements were set up so that the motors were 

stepped through a range of angles until reaching the desired 

position. This was accomplished using “for loops” and time 

delays to make the movements smooth rather than abrupt. 

The implementation of the ANN was performed using the 

ANN toolbox from Matlab. Once the ANN identified the 

specific arm movement, it would automatically transition to 

a program in which each servo motor was assigned a corre-

sponding control signal (PWM). This was possible by inter-

facing the computer running the Matlab software with an 

Arduino microcontroller. 

 

Testing the Arm Extension Motion 
 

The robotic arm was capable of mimicking the motions of 

a human arm in real time. As an example, consider the arm 

extension motion, which entails bending the elbow until the 

arm is parallel to the floor, then extending the arm all the 

way forward. Figure 13 shows the initial position, then the 

subject begins to bend his/her elbow until the arm is parallel 

to the floor, as shown in Figure 14.  

Figure 13. Subject in Initial Position 

Figure 14. User Bends Elbow until Parallel to the Floor 

 

Figure 15 shows that, after the person’s elbow is parallel 

with the floor, he/she then begins to slowly extend the arm 

until it is fully extended, as shown in Figure 16. While the 

person performs these movements, the XYZ acceleration 

data are acquired and imported into Matlab, which com-

putes the RMS and ARV values for each coordinate. This 

information is then fed into the ANN. The network outputs 

the corresponding commands that the robotic arm should do 

to perform the arm extension movements. 
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Figure 15. User Slowly Begins to Extend Arm 

Figure 16. User Extends Arm 

 

When the robotic arm is powered up, the arm assumes the 

initial position shown in Figure 17, and holds it until further 

input is received. Figures 18-20 show the corresponding 

arm extension motions performed by the robotic arm, mim-

icking the human arm movement described above. In partic-

ular for the arm extension motion, Figure 17 shows the ro-

botic arm at the initial position that corresponds to a posi-

tion of 10 degrees on the shoulder’s servo motor, and 180 

degrees angle on the elbow’s servo motor. Then, the robotic 

arm begins to bend the elbow’s joint until parallel to the 

floor (90 degrees on the elbow’s servo motor), as shown in 

Figure 18.  

Figure 17. Robotic Arm in Initial Position 

Figure 18. Robotic Arm Bends Elbow until Parallel to the 

Floor 

 

Figure 19 shows that, after the robotic arm is parallel to 

the floor, it begins to extend itself by moving the shoulder’s 

servo approximately 55 degrees. Figure 20 shows that, as 

the arm extends the angles for the shoulder and elbow 

joints, they have to be adjusted so that the arm maintains a 

horizontal position with reference to the floor. Once the 

robotic arm has performed the complete set of movements 

for the arm extension motion, the robotic arm returns to the 

initial position and waits for the next command. 
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Figure 19. Robotic Arm Slowly Begins to Extend Its Arm 

Figure 20. Robotic Arm Fully Extended 

 

Results 
 

To determine the accuracy of the ANN classification sys-

tem, an independent volunteer was asked to perform each of 

the nine motions. The accuracy of the classification was 

88.8% (one motion was misclassified by the ANN). Due to 

the mechanical limitations of the robotic arm used in this 

study, not all of the nine motions were able to be performed 

exactly as originally intended. The main reason for this was 

that the robotic arm was designed to be mounted and oper-

ate in a horizontal position, as shown in Figure 20. Thus, in 

order to better mimic human arm movements, it would be 

necessary to use a robotic arm that can be mounted and op-

erate in a vertical position. Due to this limitation, there were 

three human arm movements that the robotic arm was not 

able to perform exactly, namely: the wipe right, the counter-

clockwise windmill, and the clockwise windmill. 

Conclusions 
 

The overall system was able to perform the commanded 

movements in real time, with a small delay of about three 

seconds, due to the signal processing time required on the 

computer. This delay can be reduced by interfacing the 

Xsens Technologies’ software directly with Matlab, so that 

the intermediate step of importing the signals captured by 

the Xsens technology into an Excel spreadsheet is removed. 

The robotic arm mimicking system was successful, but cur-

rently unilateral. The ANN performed very well. In the test 

with the independent subject, the ANN was able to correctly 

identify eight of the nine motions (88.8%). This accuracy 

can be improved by expanding the database that was used to 

train, validate, and test the ANN. Only motions from four 

subjects were used to train, validate, and test the ANN, and 

motions from a fifth subject were used as independent mo-

tions to compute the accuracy of the system. Currently the 

system is unilateral; that is, the human subject is the one 

that sends signals to the robot. Adding haptic feedback, 

however, the robotic arm would be able to send signals to 

the human subject, making a bilateral system that could 

expand the possible applications. 

 

Potential applications of robotic mimicking include the 

manufacturing and medical industries. Manufacturing com-

panies can use such a system in a way that a person can 

teach a robotic structure specific actions to perform without 

having an expert programmer. Robotic limbs can be inte-

grated with this system to help amputees or people with 

disabilities, so that this system can help these individuals in 

providing arm movements or improve physical therapy and 

the improvement of motor skills.  
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ing the negative effects of fossil fuels emitting CO2 and 

harmful gasses, the continuous increase in the price of fossil 

fuels, and heavy consumption leading to depletion of re-

sources for future generations, most parts of the world have 

shown a keen interest in wind energy technologies to pro-

duce power [6]. 

 

The wind and its abundant nature are attractive as a viable 

source for electricity generation [7]. The power output a 

wind turbine can deliver depends on wind velocity, which is 

responsible for rotating the blades that convert mechanical 

energy into electrical energy. In this study, the authors ex-

plored the effects of wind velocity on the newly augmented 

shroud devices with varying inlet angles of 20º, 30º, and 

35º, designed to maximize wind velocities. 

 

Literature review 
 

Global warming is one of the major threats to the world 

that everyone should be aware of; we all should act 

responsibly to control and reduce its future effects. About 

80% of global warming results from CO2 emissions from 

fossil fuels [8]. Wind power has the ability to stop this po-

tential environmental disaster, as it is pollution free and 

consumes virtually no water to generate electricity, thus 

reducing CO2 emissions [9]. Recent reports indicate an ex-

pansion in worldwide wind power limits of 318 GW from 

39 GW between 2003 and 2013. On May 11, 2014, at 

around 1:00 pm, Germany recorded 21.3 GW of wind pow-

er capacity, outpacing solar power, which was 15.2 GW. 

The increase indicates that wind power has the capability of 

being one of the best resources for generating electricity 

[10].  

 

The wind turbine is utilized as the main source of trans-

forming wind energy into electrical energy [11]. Wind tur-

bines are usually categorized as horizontal or vertical axis, 

based on design, and as offshore or onshore, based on the 

installed location. Power capacity of a wind turbine general-

ly depends on design and wind speed [12]. One major draw-

back of wind turbine technology is with low wind speeds 

possessing less energy density per volume of air hitting tur-

bine blades, which increases production costs compared to 

fossil fuels [13]. Various studies conducted to improve the 

Abstract 
 

In this study, the authors evaluated the impact of wind 

velocities on power generation, and how wind energy de-

pends on various flow behaviors subject to the medium 

through which the wind flows. The last two decades have 

seen rapid growth and improvement in using wind energy to 

produce electricity, due to concerns relating to global warm-

ing and the continuous increase in the price of fossil fuels 

[1]. Wind power produced increments by a variable of eight 

when the wind pace was multiplied, which demonstrated 

that energy available in the wind directly reflects its power 

[2]. The measure of producible wind is given by                  

p = 0.5ρAV3, which demonstrates that wind power is largely 

impacted by speed, specifically the solid shape of wind 

speed. Previous studies have successfully revealed that, for 

constant wind available, the shroud with an inlet angle of 

30º delivers maximum energy among three different 

shrouds with inlet angles of 20º, 25º, and 30º [3]. To extend 

previous research, the authors of this current study tested 

three distinct covers with differing delta edges of 20º, 30º, 

and 35º, using IBM SPSS Statistics 22. The goal was to 

determine the ideal configuration of the cover producing the 

most wind energy. Results indicated that, for constant wind, 

the shroud (cover) with an inlet angle of 35º delivered the 

maximum wind energy among the three different shrouds 

with inlet angles of 20º, 30º, and 35º. Therefore, this shroud 

represented the optimal design for achieving maximum 

wind energy. 

 

Introduction  
 

Wind is one of the consistent and accessible energy 

sources. The world is experiencing an excessive demand for 

energy, due to rapid economic growth and industrialization 

[4]. There has been a huge increase in the consumption of 

fossil fuels to produce energy. The global carbon dioxide 

content has grown from 280 ppm in the pre-industrial era to 

400 ppm in May of 2013, a 39% increase in carbon dioxide 

emissions. Recent reports released by the National Oceanic 

and Atmospheric Administration (NOAA) [5] indicate that 

global CO2 content was 399.29 ppm in January of 2015, and 

had increased to 402.59 ppm by January of 2016. Consider-
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energy density of wind have shown that concentrator aug-

mented wind turbines would be one of the best ways to im-

prove power capacity and make it more cost effective [14]. 

To enhance the power capacity of a wind turbine, the au-

thors of this current study have developed three distinct 

shrouds with inlet angles of 20º, 30º, and 35º, and used in 

such a way as to enhance the wind speed, which eventually 

builds the wind power capacity of a turbine. 

 

Methodology 
 

To develop a new technique to improve the power effi-

ciency of a wind turbine, the authors of this study designed 

and 3D printed three different shrouds with inlet angles of 

20º, 30º, and 35º for the tests. The dimensions of the 

shrouds were designed to produce maximum wind output 

from the available wind and achieve optimal design. This 

project involved three different tools: PTC Creo3.0 for de-

signing, Cube Pro for 3D printing, and IBM SPSS for data 

analysis. Figure 1 shows three 3D printed shrouds attached 

to cylindrically shaped sheet metal. 

Figure 1. 3D-Printed Shrouds 

 

To generate the wind required for the experiment, a         

7-inch-diameter blower was used, and the experiment was 

conducted in a closed environment to avoid any fluctuations 

in wind direction and velocity. Figure 2 shows the 35° 

shroud being measured for wind velocity. Using anemome-

ters, 30 different readings of wind velocities were collected 

at both the inlet and outlet.  

Figure 2. Shroud with 35° Inlet Angle 

 

The authors repeated the procedure and collected data 

from the 20° and 30° shrouds. They then performed a statis-

tical analysis, using one-way ANOVA, to examine the col-

lected data and determine any significant differences be-

tween the shrouds. 

 

Data Analysis 
 

A one-way ANOVA test in SPSS Statistics 22 was per-

formed to analyze and compare the differences between the 

inlet and output velocities of different shrouds. Table 1 pre-

sents the descriptive data of the shroud velocities. The mean 

value column shows that the mean velocity for constant 

inlet (µ=22.227) was higher for the shroud with an inlet 

angle of 35° (N=30, µ=28.211), when compared with the 

other shrouds with inlet angles of 20° (N=30, µ=25.751) 

and 30° (N=30, µ=25.816). This signifies that the 35° 

shroud achieved higher efficiency in producing greater out-

put velocity from available constant inlet velocity. 

 

Table 2 presents the ANOVA test data. The p-value was 

0.00(<0.05), indicating a significant difference between the 

output velocities produced by the three custom-constructed 

shrouds for the constant input velocity.  

 

The Tukey test data in Table 3 reveal a maximum mean 

difference value (M.D = 5.983) between the inlet and output 

velocities for the 35° shroud. The statistics show that this 

shroud has the ability to achieve maximum efficiency to 

produce greater output velocity from a constant input veloc-

ity, when compared with the 20° and 30° shrouds (see again 

Tables 1 and 2). 



——————————————————————————————————————————————–———— 

 

Velocity Type N Mean Std. Deviation Std. Error 
95% Confidence 

Interval for Mean 
Minimum Maximum  

     Lower Bound Upper Bound   

Inlet velocity 30 22.23 1.91 0.35 21.52 22.94 17.77 27.42 

20° Outlet Velocity 30 25.75 1.87 0.34 25.05 26.45 21.87 30.82 

30° Outlet Velocity 30 25.82 1.91 0.35 25.10 26.53 22.30 33.37 

35° Outlet Velocity 30 28.21 3.62 0.66 26.86 29.56 23.36 40.59 

Total 120 25.50 3.23 0.29 24.92 26.08 17.77 40.59 

Table 1. Descriptive Statistics: Incoming versus Outgoing Wind Velocity 

Velocity Type Sum of Squares Df Mean Square F Sig. 

Between Groups 546.6 3.0 182.2 30.5 0.0 

Within Groups 692.3 116.0 6.0     

Total 1238.9 119.0       

 Dependent variable Velocity Type Mean Difference (I-J) Std. Error Sig. 
95% Confidence 

Interval 
 

      Lower Bound Upper Bound 

Tukey 

HSD 
Inlet velocity 20° Outlet Velocity -3.52400* .631 .00 -5.17 -1.88 

  30° Outlet Velocity -3.58867* .631 .00 -5.23 -1.94 

  35° Outlet Velocity -5.98333* .631 .00 -7.63 -4.34 

 20° Outlet Velocity Inlet velocity 3.52400* .631 .00 1.88 5.17 

  30° Outlet Velocity -.06467 .631 .00 -1.71 1.58 

  35° Outlet Velocity -2.45933* .631 .00 -4.10 -0.82 

 30° Outlet Velocity Inlet velocity 3.58867* .631 .00 1.94 5.23 

  20° Outlet Velocity .06467 .631 .00 -1.58 1.71 

  35° Outlet Velocity -2.39467* .631 .00 -4.04 -0.75 

 35° Outlet Velocity Inlet velocity 5.98333* .631 .00 4.34 7.63 

  20° Outlet Velocity 2.45933* .631 .00 0.82 4.10 

  30° Outlet Velocity 2.39467* .631 .00 0.75 4.04 

Table 2. SPSS ANOVA Output: Inlet versus Outlet Wind Velocity 

Table 3. Post Hoc Test 
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Conclusion 
 

The motivation behind this study was to examine the ideal 

design for uniquely built wind augmentation devices. The 

authors developed three designs with various inlet angles of 

20°, 30°, and 35° for comparing wind flow efficiency. The 

one-way ANOVA test results showed that the 35° shroud 

amplified wind velocity significantly, compared to the inlet 

wind velocity of the shroud. Moreover, this shroud was the 

most efficient with the highest mean values of wind speeds 

at the exit. In terms of efficiency of velocities at the exit, the 

35° shroud followed the 30° and 20° shrouds. 

  

References 
 

[1] Lu, M.-S., Chang, C.-L., Lee, W.-J., & Wang, L. 

(2008). Combining the wind power generation sys-

tem with energy storage equipment. Proceedings of 

the IEEE Industry Applications Society Annual Meet-

ing. Edmonton, Alberta, Canada. doi:10.1109/08IAS. 

2008.139 

[2] Dakeev, U. (2016). Comparative study of custom-

constructed wind augmentation shrouds on a small-

scale wind turbine. Proceedings of the ASEE Annual 

Conference. New Orleans, LA. 

[3] Iowa Energy Center. (2016). Wind speed and power. 

Retrieved from http://www.iowaenergycenter.org/

wind-energy-manual/wind-and-wind-power/wind-

speed-and-power 

[4] Leung, D. Y. C., Caramanna, G., & Mercedes Maroto

-Valer, M. (2014). An overview of current status of 

carbon dioxide capture and storage technologies Re-

newable and Sustainable Energy Reviews, 39(11), 

426-443. doi: 10.1016/j.rser.2014.07.093 

[5] NOAA. (2013). Retrieved from http://

www.esrl.noaa.gov/gmd/ccgg/trends 

[6] Xu, J., Li, L., & Zheng, B. (2016, June). Wind energy 

generation technological paradigm diffusion. Renew-

able and Sustainable Energy Reviews, 59, 436-449. 

doi: 10.1016/j. rser.2015.12.271 

[7] Snellin, D. (2009, Fall). Wind power: Harnessing the 

wind as a sustainable source of energy. Retrieved 

from http://www2.hawaii.edu/~dsnellin/100/

Researchpaper.html 

[8] Afnan Mahmood Freije, A. M., Hussain, T., & Sal-

man, E. A. (2016, March 22). Global warming 

awareness among the University of Bahrain science 

students. Journal of the Association of Arab Univer-

sities for Basic and Applied Sciences. doi: 10.1016/j. 

jaubas.2016.02.002 

[9] Global Wind Energy Council. (2014). Global statis-

tics. Retrieved from http://www.gwec.net/global-

figures/graphs 

[10] Morris, C. (2014, May 13). German power prices 

negative over the weekend. Retrieved from http://

energytransition.de/2014/05/german-power-prices-

negative-over-weekend/ 

[11] Liu, W. (2016). Design and kinetic analysis of wind 

turbine blade-hub-tower coupled system. Renewable 

Energy, 94, 547-557. doi: 10.1016/

j.renene.2016.03.068 

[12] Ojosu, J. O., & Salawu, R. I. (1990, January). An 

evaluation of wind energy potential as a power gener-

ation source in Nigeria. Solar and Wind Technology, 

7(6), 663-673. doi: 10.1016/0741-983X(90)90041-Y  

[13]  Phillips, D. G. (2003). An investigation on diffuser 

augmented wind turbine design. (Unpublished doc-

toral dissertation). The University of Auckland, 

Auckland, New Zealand.  

[14] Shonhiwa, C., & Makaka, G. (2016). Concentrator 

augmented wind turbines: A review. Renewable and 

Sustainable Energy Reviews, 59, 1415-1418. doi: 

10.1016/j.rser. 2016.01.067 

 

Biographies 
 

ULAN DAKEEV is an assistant professor  in the In-

dustrial Technology Department in the College of Engineer-

ing, Texas A&M University-Kingsville. His areas of re-

search include renewable energy (wind energy), quality in 

higher education, motivation, and engagement of students. 

Dr. Dakeev may be reached at Ulan.dakeev@tamuk.edu 

 

FARZIN HEIDARI cur rently serves as Associate Pro-

fessor of Industrial Management and Technology at Texas 

A&M University-Kingsville. Dr. Heidari has 26 years of 

experience in manufacturing and CAD/CAM/CNC courses. 

He currently serves as the graduate coordinator for the In-

dustrial Management program. Dr. Heidari may be reached 

at farzin.heidari@tamuk.edu 

 

BIJAPUR MOHAMMAD MUSTAQ is cur rently pur -

suing a master’s degree from Texas A&M University-

Kingsville in the Department of Industrial Management and 

Technology. Having his undergraduate degree in mechani-

cal engineering from Jawaharlal Nehru Technological Uni-

versity, strong determination and curiosity in learning new 

technologies paved a path for his immense interest in re-

search and development in the areas of engineering. His 

present role as a graduate research assistant in the Depart-

ment of Industrial Management and Technology at Texas 

A&M University-Kingsville provides an opportunity to do 

research in the areas of renewable energy and best optimal 

wind turbine technologies for power generation. Mr. Mustaq 

may be reached at mohammad.bijapur@students.tamuk.edu 

 

http://www.iowaenergycenter.org/wind-energy-manual/wind-and-wind-power/wind-speed-and-power
http://www.iowaenergycenter.org/wind-energy-manual/wind-and-wind-power/wind-speed-and-power
http://www.iowaenergycenter.org/wind-energy-manual/wind-and-wind-power/wind-speed-and-power
http://www.esrl.noaa.gov/gmd/ccgg/trends
http://www.esrl.noaa.gov/gmd/ccgg/trends
http://www2.hawaii.edu/~dsnellin/100/Researchpaper.html
http://www2.hawaii.edu/~dsnellin/100/Researchpaper.html
http://www.gwec.net/global-figures/graphs
http://www.gwec.net/global-figures/graphs
http://energytransition.de/2014/05/german-power-prices-negative-over-weekend/
http://energytransition.de/2014/05/german-power-prices-negative-over-weekend/
http://energytransition.de/2014/05/german-power-prices-negative-over-weekend/
mailto:Ulan.dakeev@tamuk.edu
mailto:farzin.heidari@tamuk.edu
mailto:mohammad.bijapur@students.tamuk.edu


——————————————————————————————————————————————–———— 

 

SUMANTH YANAMALA is cur rently a graduate 

teaching assistant for Industrial Management and Technolo-

gy at Texas A&M University-Kingsville. He earned his BE 

degree in Civil Engineering from Jawaharlal Nehru Techno-

logical University, Hyderabad, India. His interests include 

renewable energy, wind energy, and sustainability. Mr. 

Yanamala may be reached at su-

manth.yanamala@students.tamuk.edu 

 

——————————————————————————————————————————————–———— 

COMPARATIVE STUDY IN THE OPTIMAL DESIGN OF CUSTOM-CONSTRUCTED WIND AUGMENATION SHROUDS                       29 

mailto:sumanth.yanamala@students.tamuk.edu
mailto:sumanth.yanamala@students.tamuk.edu


 

consumption from the construction phase through the com-

plete service life. A key material used in many facets of the 

built environment are aggregates. According to Gilpin et al. 

[1], approximately 2.7 billion metric tons of aggregates per 

year were used in the U.S. Of those 2.7 billion metric tons 

of aggregate, pavement accounted for 10-15%, general road 

construction and maintenance accounted for 20-30%, with 

the remaining 60-70% going to structural concrete. Recent 

statistics have indicated that the estimated global consump-

tion of aggregates in construction reached 26 billion tons 

per year worldwide by 2012 [2], with the demand doubling 

over the next 20 to 30 years [3]. To alleviate the strain on 

the environment and on the natural resources associated 

with this demand for aggregates, recycled aggregates have 

become an increasingly enticing option for stakeholders. 

Use of recycled aggregates, including those from construc-

tion and demolition (C&D) waste is a promising area for 

improving the sustainability of our built environment. 

 

C&D waste is defined by the Environmental Protection 

Agency (EPA) as “the waste material produced in the pro-

cess of construction, renovation, or demolition of struc-

tures,” [4], and can consist of a variety of materials, includ-

ing crushed concrete, masonry, and pavement [5]. The com-

position of C&D waste is a function of both the source in-

frastructure material(s) as well as processing, handling, and 

stockpiling [6]. C&D waste has successfully been utilized in 

a number of structural applications [7-9]. However, recy-

cling of C&D waste is not a widely accepted practice, due 

to stakeholder risk perception and a lack of certainty in the 

quality of the finished product. Factors such as low tipping 

fees for landfills also have a direct effect on how the con-

struction industry and municipalities choose to dispose of 

waste [5], and local market factors can determine whether 

or not material is available for beneficial reuses in new in-

frastructure or facilities [10].  

 

A number of studies have been conducted internationally 

on the use of municipal solid waste and C&D waste as ag-

gregates in various applications, but very little research has 

been performed in this area in the U.S. Overall, the majority 

of the research performed on recycled aggregates has been 

in roadbeds and concrete applications [9, 11, 12]. Although 

a number of studies exist on reuse of recycled concrete ag-

gregate in structural applications [6, 9, 13-17], less research 

Abstract 
 

As the building industry in the U.S. rapidly expands, the 

reuse of recycled demolition waste as aggregates is becom-

ing increasingly more common and more urgent. The con-

stant use of raw virgin aggregate is resulting in the depletion 

of resources, a lack of space for landfills, increasing costs, 

and heightened levels of environmental impact. The focus 

of this study was on the effects of using recycled demolition 

waste aggregates and their corresponding measured thermal 

properties, including specific heat capacity and thermal con-

ductivity, in masonry mortar applications. The new types of 

aggregate were analyzed for efficiency and practical utiliza-

tion in construction in seven locations across the U.S. by 

embedding the recycled material into the building envelope 

of a strip mall mercantile build model from the National 

Renewable Energy Laboratory in the EnergyPlus Building 

Energy Simulation Program. Thermal efficiency for the 

utilization of recycled brick masonry aggregate (RBMA) in 

lightweight masonry construction was modeled for various 

U.S. climate zones, and its efficiency in each zone was com-

pared to typical steel and masonry construction types. An 

energy consumption analysis was performed for a baseline 

steel-framed strip mall. The results were compared to ener-

gy-consumption analysis results for: 1) a fully grouted, 

lightweight masonry wall containing mortar that used nor-

mal sand for aggregates (C144 mortar); 2) a fully grouted, 

lightweight masonry wall that used mortar containing 

RBMA; and, 3) a fully grouted, lightweight masonry wall 

that used mortar containing lightweight, expanded slate ag-

gregate. After comparing each of the strip mall construction 

types, it was determined that the RBMA mortar mixtures 

performed as well as or better than the C144 mortar mix-

tures. However, the baseline steel strip mall outperformed 

the masonry strip mall at several locations. Opportunities 

for future research in RBMA mortar mixtures exist in a re-

gional analysis, a regional recycled aggregate cost analysis, 

and a lifecycle cost analysis. 

 

Introduction 
 

Research is being conducted in many areas in order to 

improve the design and construction of infrastructure and 

facilities and reduce the environmental impact and energy 
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has been focused on masonry C&D waste as aggregates [6, 

8, 9, 18-20]. Relatively little research has been conducted in 

the area of use of C&D waste as aggregates in mortar and 

grout applications [21], as will be detailed subsequently. 

 

Before lightweight construction options became available, 

concrete masonry was the primary material used in building 

construction. Concrete masonry construction can provide 

significant benefits to owners, due to the fact that it is ener-

gy efficient, products can be locally produced, it includes 

materials of natural origins with long life expectancies, and 

can incorporate recycled materials [5]. The thickness and 

density of concrete masonry construction provide desirable 

thermal mass characteristics, facilitating the storage of heat. 

Concrete masonry materials also provide effective thermal 

storage, due to their high density and specific heat proper-

ties, ultimately allowing buildings to have reduced heat and 

cooling loads, decreased indoor temperature swings, and 

can shift loads to off-peak hours [22]. Substituting recycled 

aggregates for raw virgin aggregates in mortar and grout 

applications could allow buildings constructed with con-

crete block to be a more sustainable option than convention-

al masonry construction.  

 

Many types of recycled materials have been studied for 

use in concrete and concrete masonry applications, but very 

few have been studied for reuse in concrete masonry mortar 

and grout [21]. Those that have been studied often have 

sufficient structural strength and are sustainable substitutes 

for natural sand mortars. Ledesma et al. [23] studied the use 

of fine recycled aggregate from concrete masonry waste. 

The recycled concrete masonry aggregate was obtained 

from a recycling plant that crushed and sieved, and reinforc-

ing steel was removed from the aggregates before distribu-

tion. It was found that up to 40% of the natural sand could 

be replaced with the fine recycled aggregate; however, there 

were some negative effects. The fine recycled aggregate 

mortars stayed wet for a longer period of time. This was due 

to the inability of water to evaporate from the mortar. The 

final results indicated that there was no difference in struc-

tural strength between the natural sand mortar and the fine 

recycled aggregate.  

 

In another study [24], the authors analyzed 100% replace-

ment of the natural sand in the mortar mix with demolished 

houses. The demolition waste aggregate obtained from the 

houses consisted of ceramic, mortar, and concrete masonry. 

It was proven through testing that the recycled mortar varia-

tions performed as well as the natural sand mortars and of-

ten improved the mortar properties. Those same authors 

stated that “this improvement was due to both the adequate 

size grading distribution of the recycled aggregates and the 

low quality of natural aggregates located in Havana, Cuba.” 

Despite the low quality of the natural aggregates, a more 

environmentally conscious substitute was found. In another 

study by Nicholas et al. [21], the authors demonstrated the 

compressive suitability of several masonry mortars that in-

cluded recycled aggregates as well as C&D waste. 

 

Thermal performance testing of masonry materials is of-

ten limited to measured properties of specific materials and 

conventional wall assemblies. ACI 122R-12 provides guid-

ance on the thermal properties of concrete and masonry ma-

terials, including lightweight concrete, mortar, and brick 

[25]. Other published data in ACI 122-R12 have been pre-

pared in order to provide thermal resistance values, thermal 

mass values, thermal lag values, and supporting computa-

tional methodologies for several of types of conventional 

masonry wall systems [25].  Tatro [26] provided a review of 

thermal properties for many materials potentially compris-

ing recycled aggregates in ASTM STP 169D. However, 

although design values and computational guidance are pre-

sented in ACI 122 and ASTM STP 169D, values for recy-

cled materials, often more porous than conventional materi-

als due to the influence of adhered mortar [9], are not spe-

cifically provided. Overall, a review of the literature indi-

cates that, by replacing the conventional aggregates used in 

mortar and grout applications, concrete masonry could be an 

effective option in sustainable building construction for 

reasons associated with both beneficial reuse and building 

energy savings. However, more research is needed, particu-

larly in the building energy area, to validate the limited in-

formation available to support this potential recycling use. 

 

Methodology 
 

EnergyPlus is the U.S. Department of Energy’s (DOE) 

robust building energy simulation program (BESP). Ener-

gyPlus was selected for a BESP investigation, due to its 

ability to comprehensively provide energy analyses and 

thermal load simulations [27]. Based on a building’s physi-

cal characteristics, EnergyPlus can calculate heating and 

cooling loads necessary to maintain ideal thermal control 

points, conditions through a secondary HVAC system and 

coil loads, and the energy demands of primary equipment. 

EnergyPlus models heating, cooling, lighting, ventilation, 

miscellaneous energy flows, and water use [27]. Another 

important feature of the program is its ability to factor in 

weather conditions. Weather data inputs include location, 

data source, latitude, longitude, time zone, elevation, peak 

heating and cooling design conditions, holidays, daylight 

savings periods, as well as typical and extreme periods. For 

the purposes of this current project, the OpenStudio Appli-

cation Suite plug-in for Google SketchUp was used. Open-

Studio Application Suite was designed by the National Re-

newable Energy Laboratory (NREL) and was programmed 
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around EnergyPlus in order to provide a supporting GUI 

interface for whole-building energy modeling simulations 

[28]. 

 

A standard U.S. DOE strip mall model was used to ana-

lyze the thermal performance of recycled aggregates in mor-

tar applications in concrete masonry construction. To date, 

there are six mortar mix designs that have been tested for 

adequate compressive strength. Testing the compressive 

strength before obtaining thermal data ensured that the mix 

designs were adequate for structural use. The six types of 

aggregates used in the mortar mix designs were C144 

(reference sand), expanded slate, DBS (demolition brick 

sand), DB2, DB3, and DB4. The DBS aggregates had bond-

ing complications during prism testing, due to particle elon-

gation preventing prescribed mortar joint height. As a result, 

a new DBS mortar mix was created and DB4 was selected 

due to its strength being the highest of the series. 

 

Two mortar mixtures, C144 and DBS, were tested for 

thermal performance in Miami, FL, and Phoenix, AZ. Ther-

mal performance testing included specific heat capacity and 

thermal conductivity. Of the two mortar mixtures, only the 

most adequate mixtures were selected to replace the C144 

fine aggregate. Adequate recycled aggregate mortar models 

were considered to be models that performed as well as or 

better than the lightweight and normal-weight C144 mortar 

models. The U.S. DOE developed a database of sixteen 

commercial reference buildings across the U.S., which rep-

resent all U.S. climate zones and approximately 70% of the 

commercial building stock [29]. The reference model strip 

mall investigated in this study was a U.S. DOE benchmark 

strip mall new construction mercantile building. Figure 1 

shows benchmark model proportions and store layout. 

Figure 1. Solid DOE Benchmark Model—Exterior View 

 

The building form required was a single story with an 

aspect ratio of 4.0 to 1.0 that housed ten stores with a total 

of 22,500 ft2 (2090 m2); the floor-to-ceiling height was 17 ft 

(5.18m), and it had a glazing fraction of 0.11 [29]. The 

south-facing wall was the only glazed wall in the strip mall 

model, including glass doors and windows. The north-

facing wall had typical exterior doors for rear store access. 

Building envelope construction for the concrete masonry 

strip mall models included fully grouted concrete masonry 

walls, a built-up flat roof with insulation above deck, and a 

slab-on-grade floor. The building envelope construction 

complied with ASHRAE Standard 90.1-2004. Roof con-

struction included a typical built-up roof with a roof mem-

brane, non-resolution roof insulation, and metal decking. 

Creating a concrete masonry reference model in EnergyPlus 

using the strip mall reference model was the first step in 

inserting the recycled aggregate mortar materials. By creat-

ing a concrete masonry model based on the DOE reference 

model, accurate energy use values were generated.  

 

The building envelope had to be changed from steel-

framed to concrete-masonry with the EnergyPlus IDF Edi-

tor. The concrete-masonry material data were obtained from 

a predefined EnergyPlus IDF file with building materials 

from the ASHRAE 2005 Handbook—Fundamentals. The 

reference building exterior envelope from exterior to interi-

or consisted of wood siding, steel-frame non-residential 

wall insulation, and ½-inch gypsum. Concrete masonry 

building envelope construction from exterior to interior con-

sisted of 1 inch of stucco, 8-inch concrete block 

(lightweight and normal weight with C144 mortar), and     

½-inch gypsum. A building envelope was created for light-

weight and normal-weight concrete masonry construction 

using C144 mortar. The thermal performance data gathered 

for specific heat capacity and thermal conductivity for each 

mortar mix design were entered into an EnergyPlus strip 

mall model and compared to a typical U.S. benchmark mod-

el. A data-based analysis was then performed between the 

seven models and a conclusion was made based on whether 

the recycled aggregates used in the mortar mix design were 

comparable to those of virgin aggregates. The data analysis 

determined whether or not recycled aggregates are a more 

energy efficient option than raw virgin aggregates. 

 

For this current investigation, a building energy simula-

tion was performed in two of the eight climate zones across 

the U.S. The two building simulations were performed in 

Miami, FL, (Zone 1A) and Phoenix, AZ, (Zone 2B). These 

locations were recommended for energy simulation pro-

grams by the DOE, due to the overwhelming amount of 

options at these locations [30]. 

 

Results 
 

The performance of both the lightweight model and the 

normal-weight model were investigated with recycled brick 

masonry aggregate. Overall, building energy simulations 

were performed for the DOE reference model, lightweight 

C144 model, lightweight RBMA model, normal-weight 

C144 model, and normal-weight RBMA model. After the 
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reference strip mall model was validated against results pro-

vided by the DOE, the fully grouted lightweight and normal

-weight concrete masonry with C144 mortar building enve-

lopes were substituted for the basic steel-frame envelope. 

 

Miami, FL, is classified as Zone 1A (hot-humid) by the 

IECC climate zone maps. Hot-humid is defined by the DOE 

as “a region that receives more than 20 inches (50 cm) of 

annual precipitation,” (U.S. DOE, 2010). Another required 

condition is that the temperature must be greater than 67°F 

(19.5°C) or higher for 3000 or more hours during the warm-

est six consecutive months of the year, or the temperature 

must remain above 73°F (23°C) for 1500 or more hours 

during the warmest six consecutive months of the year. Fig-

ures 2-4 show the annual percentage of energy consumption 

by category for the reference strip mall model, lightweight 

C144 concrete masonry model, and the normal-weight C144 

concrete masonry model, respectively. Interior lighting was 

the largest consumer of energy for all three models. The 

only variances were in the heating (natural gas), cooling, 

and fan usage. 

Figure 2. Miami, FL, Strip Mall DOE Reference Model Annual 

Energy Consumption by End-Use 

Figure 3. Miami, FL, Strip Mall Lightweight C144 Concrete 

Masonry Model Annual Energy Consumption by End-Use 

 

Figures 5 and 6 show the end-use energy consumption for 

lightweight RBMA and normal-weight RBMA mortar mod-

els. As with the baseline models for Miami, the main source 

of end-use energy consumption was the interior lighting. 

Slight variations in heating (natural gas), cooling, and fan 

energy usage can be observed. 

Figure 4. Miami, FL, Strip Mall Normal-Weight C144 

Concrete Masonry Model Annual Energy Consumption by 

End-Use 

Figure 5. Miami, FL, Strip Mall Lightweight Concrete 

Masonry Model with RBMA Mortar Annual Energy 

Consumption by End-Use 

Figure 6. Miami, FL, Strip Mall Normal-Weight Concrete 

Masonry Model with RBMA Mortar Annual Energy 

Consumption by End-Use 

 

An energy efficiency decrease of 0.04% for the light-

weight C144 model was the most notable change in percent 

difference between the three lightweight models and the 

DOE reference model. The energy usage for the lightweight 

C144 model had an energy efficiency increase of 19.83% 

for heating (natural gas), an increase of 1.10% for cooling, 

and a 3.90% decrease for fans. Despite the large increase in 

heating efficiency, the total efficiency did not increase very 

much. This was due to the heating only accounting for a 

total of 0.62% of the entire end-use energy consumption. 

The lightweight RBMA models decreased in energy effi-

ciency by 0.26% and 0.19%, respectively. Normal-weight 
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models varied little from one another in the total amount of 

energy consumption. The normal-weight C144 and RBMA 

models both decreased 2.50% in energy efficiency. Overall, 

heating (natural gas) increased 4.96%, cooling decreased 

5.71%, and fan usage decreased 8.14% in energy efficiency, 

compared to the DOE reference model. Any of the light-

weight models would be a suitable replacement for the DOE 

steel-frame reference model; however, the best performance 

was the lightweight C144 model. 

 

An hourly heating and cooling analysis was performed in 

EnergyPlus for heating and cooling usage over peak temper-

ature weeks for winter and summer. The heating and cool-

ing hourly analyses were performed separately for a com-

parison of the lightweight models to the DOE reference 

model results, and the normal-weight models to the DOE 

reference model results. Hourly data were then combined to 

report total energy use for the two critical weeks. Due to the 

hot-humid climate in Miami, heat was only used for a few 

hours during the coldest week of the year. The use of heat 

between the lightweight C144 model and the lightweight 

recycled aggregate mortar models remained consistent with 

the number of hours the heat operated. The heat operated for 

a total of fifteen hours from January 1st to January 8th for the 

lightweight models. Even though the lightweight models 

operated the same number of hours, the DOE reference 

model consumed a total of 2.065 GJ, which was higher than 

any of the lightweight models. The lightweight C144 and 

lightweight RBMA models consumed 2.013 GJ and      

2.021 GJ. A 2.52% increase in energy efficiency was expe-

rienced between the lightweight C144 model and the DOE 

reference model. The RBMA lightweight model experi-

enced an increase in energy efficiency of 2.11%. 

 

The normal-weight concrete masonry models performed 

differently than the lightweight concrete masonry models. 

The heat operated for a total of 21 hours over eight days, in 

contrast to the 15 hours over eight days for the DOE refer-

ence model and the lightweight models. This created a large 

difference in the amount of energy consumed through the 

peak winter week. All of the normal-weight model hourly 

consumption results were roughly around the same. For the 

normal-weight C144 model, 2.495 GJ were consumed and 

2.431 GJ were consumed for the normal-weight RBMA 

model. These values are approximately 0.400 GJ greater 

than the DOE reference model. A 20.82% decrease in ener-

gy efficiency was seen from the DOE reference model to 

the normal-weight C144 model. Even though the normal-

weight C144 model performed poorly, the normal-weight 

RBMA model performed slightly better. The energy effi-

ciency decreased by 17.71% for the normal-weight RBMA 

model. Based on the analyses on heating energy consump-

tion between the lightweight, normal-weight, and DOE ref-

erence models, the normal-weight models performed poor-

ly. The lightweight models consumed less energy than the 

DOE reference model. 

 

Due to the hot-humid climate in Miami, cooling systems 

were running for the majority of the day during the warmest 

month of the year. The lightweight C144 model and the 

lightweight recycled aggregate mortar models remained 

consistent with the amount of energy used for cooling and 

the number of hours the cooling system was operating. The 

lightweight models consumed 10.637 GJ for the C144 mod-

el and 10.705 GJ for the RBMA model. Cooling energy 

consumption for the DOE reference model was only    

10.560 GJ and operated for a total of 109 hours from Janu-

ary 1st through January 8th. Like the DOE reference model, 

the lightweight concrete masonry models’ cooling systems 

also ran for a total of 109 hours over the same time period. 

In comparison to the DOE reference model, the lightweight 

C144 and lightweight RBMA models decreased in energy 

efficiency by 0.73%, 1.38%, and 1.17%, respectively. Of 

the two lightweight concrete masonry models, the C144 

model performed the best. The normal-weight models con-

sumed approximately 0.5 GJ more while cooling than the 

lightweight models. Half a gigajoule means that there is a 

larger energy gap between the DOE reference model and the 

normal-weight models. The normal-weight models con-

sumed 11.384 GJ for the C144 model and 11.370 GJ for the 

RBMA model. 

 

Even though the weekly sum of the cooling energy con-

sumption was higher for the normal-weight models, the 

number of hours required to cool the facility remained at 

109 hours. A 7.80% decrease in energy efficiency was seen 

from the DOE reference model to the normal-weight C144 

model. The normal-weight expanded slate and RBMA mod-

els also decreased in energy consumption, but by slightly 

less at 7.67% and 7.60%. Both the lightweight models and 

the normal-weight models exceeded the energy usage of the 

DOE reference model for cooling. Although the energy con-

sumption was greater, it only exceeded the DOE reference 

model by a very small amount. Miami experiences intense 

summer temperatures and requires a large amount of energy 

for cooling. The normal-weight models consumed more 

energy, but the normal-weight recycled aggregated varia-

tions outperformed the normal-weight C144 model. The 

DOE reference model or lightweight concrete masonry 

models would be a suitable energy efficient choice, based 

on these results. 

 

An energy consumption analysis was performed for fan 

usage during the winter and summer. Fan energy consump-

tion peak weeks are from January 1st to January 8th, and July 

1st to July 8th. During the winter, fan energy consumption 

was much higher than the fan energy consumption during 

the summer. The percent difference in the fan energy con-
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sumption during summer versus winter was consistently 

3.60%. Interestingly, the fan energy consumption was con-

sistent during the winter and summer peak weeks. Phoenix 

was classified by the IECC climate map as Zone 2B, hot-

dry. Mix-humid climate conditions are defined as a region 

where the monthly outdoor temperature remains greater 

than 45°F (7°C) year round with less than 20 inches (50 cm) 

of annual precipitation (U.S. DOE 2011). These conditions 

are applicable to IECC zones 2 and 3. 

 

Figures 7-9 show the percentages of annual energy con-

sumption by end-use for the DOE reference, lightweight 

concrete masonry, and normal-weight concrete masonry 

simulations in Phoenix. Ranging from 31.88% (normal 

weight) to 33.97% (lightweight) energy consumption, light-

ing consumed the most energy. Cooling consumed the sec-

ond highest amount of energy, ranging from 18.46% 

(lightweight) to 20.09% (normal weight). A hot-dry climate 

requires more cooling than other climate classifications. 

Figure 7. Phoenix, AZ, Strip Mall DOE Reference Model 

Annual Energy Consumption by End-Use 

Figure 8. Phoenix, AZ, Strip Mall Lightweight C144 Concrete 

Masonry Model Annual Energy Consumption by End-Use 

 

Figures 10 and 11 shows annual end-use energy for the 

lightweight RBMA and normal-weight RBMA mortar mod-

els. For the lightweight and normal-weight models, the main 

consumers of energy were interior lighting and cooling. 

More energy was required for cooling, due to the warmer 

climactic conditions in Phoenix. Interior lighting for the 

lightweight models consumed nearly a third of the overall 

annual energy consumption. The lightweight C144 model 

consumed 33.97%, while the lightweight models consumed 

33.87% and 33.93%, respectively. The second largest con-

sumer of the annual end-use energy was cooling. Cooling 

increased from the lightweight C144 model to the light-

weight recycled aggregate mortar models. The lightweight 

C144 model cooling consumption was equal to 18.46% and 

increased to 18.58% for the lightweight RBMA model. Like 

the cooling energy consumption, the fan energy consump-

tion also increased from the lightweight C144 model to the 

lightweight recycled aggregate mortar models. Fans con-

sumed 11.18% of the energy for the lightweight C144 mod-

el, and 11.26% was consumed for the lightweight RBMA 

model. Heating was the last main consumer of annual end-

use energy for the lightweight models. Energy consumption 

for heating decreased from the lightweight C144 model to 

the lightweight recycled aggregate mortar models. The 

lightweight C144 model energy consumption was equal to 

12.95%, and the recycled aggregate mortar models con-

sumed 12.93% (RBMA) and 12.90% (expanded slate). 

Figure 9. Phoenix, AZ, Strip Mall Normal-Weight C144 

Concrete Masonry Model Annual Energy Consumption by 

End-Use 

Figure 10. Phoenix, AZ, Strip Mall Lightweight Concrete 

Masonry Model with RBMA Mortar Annual Energy 

Consumption by End-Use 

 

The Phoenix normal-weight models were similar to the 

lightweight models in that the interior lighting also con-

sumed about a third of the annual end-use energy consump-

tion. In contrast, the interior lighting consumption for the 

normal-weight models decreased from the C144 model to 

the recycled aggregate mortar models. The normal-weight 
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C144, RBMA, and expanded-slate models were equal at 

31.88%, 32.04%, and 32.08%, respectively. The second 

largest consumer of end-use energy was cooling. Similar to 

the lightweight models, the normal-weight model cooling 

consumption decreased from the normal-weight C144 mod-

el to the recycled aggregate mortar models. The normal-

weight C144 model consumed 20.09%, and 20.04% was 

consumed by the normal-weight RBMA model. Unlike the 

lightweight models, the next largest consumer of energy for 

the normal-weight models was heating. The energy con-

sumption increased from 13.44% for the normal-weight 

C144 model to 13.38% (RBMA). The final main consumer 

of energy for the normal-weight Phoenix models was the 

fan usage. The fan usage percentage decreased from 12.59% 

for the C144 model to 12.44% for RBMA. 

Figure 11. Phoenix, AZ, Strip Mall Normal-Weight Concrete 

Masonry Model with RBMA Mortar Annual Energy 

Consumption by End-Use 

 

The lightweight concrete masonry model increased in 

energy end-use efficiency for heating, cooling, and fan us-

age. Heating increased by 0.94%, cooling increased by 

3.23%, and fan usage increased by 6.14%, for a total in-

crease in energy end-use efficiency of 1.45%. The light-

weight RBMA model increased energy consumption effi-

ciency by 1.15%. Any of these options would be an energy 

efficient replacement in Phoenix for the DOE steel-frame 

reference model.  Unlike the lightweight models, the normal

-weight models increased in energy consumption for all 

models. The normal-weight C144 model decreased by 

4.99% and the normal-weight RBMA model decreased by 

4.49% in energy efficiency. According to the data the light-

weight concrete masonry building envelope responded to 

high-heat climate conditions better than the normal-weight 

concrete masonry and steel-frame reference models. Due to 

the reduction in energy consumption, any of the lightweight 

concrete masonry options would be ideal. 

 

Hourly heating and cooling energy consumption over 

peak temperature weeks for winter and summer were ana-

lyzed for the EnergyPlus model results. Results of the mod-

els were analyzed by separating them into lightweight mod-

el results and normal-weight model results, then comparing 

them to the DOE reference model results for winter and 

summer. The heating energy consumption difference be-

tween the lightweight model and lightweight recycled ag-

gregate mortar models and the DOE reference model was no 

greater than 1.10 GJ. The lightweight RBMA model operat-

ed for a total of 97 hours over eight days. The lightweight 

C144 model number of heating operating hours deviated 

only slightly from the other model with 95 hours. The DOE 

reference model only consumed a total of 12.934 GJ over 75 

hours for the entire peak week in January, whereas the light-

weight C144 and RBMA models consumed a total of 

12.832 GJ and 13943 GJ. Only a slight decrease in energy 

efficiency occurred. The lightweight C144 model and 

RBMA model experienced decreases of 6.95% and 7.80% 

in energy efficiency, respectively. The lightweight C144 

model performed the best. The moderate heating energy 

usage was due to the less extreme winter temperatures expe-

rienced in Phoenix. The normal-weight C144 model and 

normal-weight recycled aggregate mortar models experi-

enced a similar amount of hours for heating operation. 

Hours of heating operation for the normal-weight models 

were 94 (C144) and 97 (RBMA). 

 

Even though the normal-weight C144 model operated 

heat the fewest number of hours for the normal-weight mod-

els, it consumed the largest amount of energy at 15.399 GJ. 

Energy consumption for the remaining model was      

15.383 GJ for the normal-weight RBMA model. The normal

-weight models deviated from the C144 model about 2.4 GJ. 

Unlike the lightweight models, the normal-weight models 

experienced a large decrease in energy efficiency. The nor-

mal-weight C144 model decreased 19.06% and the normal-

weight RBMA model decreased 18.94%. Of the two normal

-weight models, the RBMA model performed the best. 

Overall, the lightweight concrete masonry models did not 

stray far from each other for the amount of heating energy 

consumed. This trend was also true for the normal-weight 

concrete masonry models. The DOE reference model re-

mained the best option for a more energy efficient building, 

due to the increased energy consumption for heating during 

the peak winter temperatures in Phoenix. 

 

From July 1st to July 8th, cooling consumption data were 

recorded every hour for the lightweight concrete masonry 

models and the DOE reference model. The cooling system 

ran for a moderate amount of the day, due to the mixed-

humid climate and hot summer weather. The lightweight 

concrete masonry models consumed more energy over the 

first week of July than the DOE reference model. Even 

though the DOE reference model consumed more energy 

during peak hours, the weekly total energy consumption 

was 11.004 GJ, which was less than all of the lightweight 

models. Cooling energy consumption numbers for the light-

weight models were 11.024 GJ for the C144 model and 
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11.152 GJ for the RBMA model. All of the lightweight 

models required 109 hours to cool the facility, which was 

four hours more per week than the DOE reference model. 

 

The increase in cooling energy consumption for the light-

weight models correlated with the increase in the amount of 

hours required to cool the facility. There was a slight de-

crease in energy efficiency for the lightweight models. The 

C144 model decreased 0.18% and the RBMA model de-

creased 1.34. Overall, the lightweight C144 model per-

formed the best. Like the lightweight concrete masonry 

models, the normal-weight models consumed more energy 

cooling the strip mall in Phoenix than the DOE reference 

model. The normal-weight models consumed 12.785 GJ 

over 112 hours for the C144 model and 12.727 GJ over   

111 hours for the RBMA model. The DOE reference model 

only consumed 11.004 GJ over 105 hours. The normal-

weight models were considerably less energy efficient than 

the lightweight models. The normal-weight C144 and 

RBMA models decreased in energy efficiency by 16.19% 

and 15.66%, respectively. The lightweight and normal-

weight models both consume more energy than the DOE 

reference model while cooling the strip mall. Of the alterna-

tive building envelope constructions, the lightweight models 

were the closest in cooling energy consumption to the DOE 

reference model. In conclusion, the DOE reference model 

outperformed the lightweight and normal-weight models 

and was also the most energy efficient option. 

 

Conclusions 
 

The U.S. Department of Energy (DOE) reported in 2012 

that the building industry was the largest consumer of natu-

ral resources and electricity. In order to address the impact 

of the construction industry on the environment, the use of 

raw, virgin aggregate and energy efficiency must improve. 

Commercial building energy consumption is currently being 

addressed by the building sector by investigating new mate-

rials, building envelopes, and energy efficiency best practic-

es. Growth in the new construction sector places a higher 

demand on natural aggregate, resulting in an escalation in 

natural aggregate costs. The focus of this current study was 

to determine the impact on specific heat capacity and ther-

mal conductivity using recycled demolition waste aggre-

gates in masonry mortar and grout applications. A possible 

solution for reducing demand on natural aggregates is the 

use of expanded slate and recycled brick aggregate in ma-

sonry mortar applications. 

 

In this study, the thermal properties of the recycled aggre-

gate mortar were obtained from previous studies in order to 

create a comparative analysis between the DOE strip mall 

steel-frame model, normal-weight and lightweight concrete 

masonry models, and normal-weight and lightweight recy-

cled aggregate models in the EnergyPlus BESP. The objec-

tives achieved by this study were: 

 A model using building energy simulation programs 

(BESP) for a concrete masonry structure using recy-

cled aggregates was developed and validated by cre-

ating a model in EnergyPlus and comparing the re-

sults to the DOE results. 

 Models for each masonry mortar aggregate were suc-

cessfully developed and simulated. 

 A comparative analysis of annual energy consump-

tion by end-use, the annual building utility perfor-

mance summary, the heating, cooling, and fan energy 

usage for peak winter and summer weeks, and the 

total annual cost and utility usage were performed. 

Results indicated that the recycled aggregate mortar 

models performed as well or better than the light-

weight and normal-weight masonry systems. 

 

The model results showed that in Miami, FL, the concrete 

masonry models did not perform as well as the DOE refer-

ence model; however, the recycled aggregate mortar models 

performed as well as and sometimes better than the light-

weight and normal-weight concrete masonry models. Dur-

ing the peak summer week, the normal-weight expanded 

slate and normal-weight C144 models decreased in energy 

efficiency by 7.60% and 7.80%, respectively. A similar out-

come was observed for the peak winter week also. The nor-

mal-weight expanded slate and normal-weight C144 models 

decreased in energy efficiency by 17.45% and 20.82%, re-

spectively. The lightweight C144 model proved to be most 

energy efficient for both heating and cooling. The light-

weight expanded slate model actually increased in energy 

efficiency by 2.89% while heating. 

 

A percent decrease was experienced in Phoenix, AZ, for 

both cooling and heating energy efficiency. The most ener-

gy efficient models for cooling energy efficiency were the 

lightweight C144 and normal-weight expanded slate mod-

els. These models experienced decreases of 0.18% and 

15.36% in energy efficiency, respectively. The heating ener-

gy consumption performed similarly except that the de-

crease in energy efficiency was greater. The lightweight 

C144 model and the normal-weight expanded slate models 

performed the best, with decreases of 6.95% and 18.83% 

energy efficiency, respectively. Although there was a de-

crease in energy efficiency for all of the models, the recy-

cled aggregate mortar models performed as well as or better 

than the C144 concrete masonry models. The energy use 

model results showed that the RBMA models consistently 

performed as well as, if not better than, the lightweight and 

normal-weight C144 models. By replacing sand with 

RBMA in mortar mixes, a more environmentally conscious 
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material can be created. Recycled aggregate mortar will 

help to reduce demolition waste aggregates, maintain com-

petitive aggregate costs, decrease the need for new quarry-

ing sites, and contribute to a more sustainable building en-

velope design. 
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 CONCRETE WITH ENHANCED DUCTILITY 

USING STRUCTURAL MICROFIBERS 
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Shane M. Palmquist, Western Kentucky University; Ramyasree Annam, Western Kentucky University 

Abstract 
 

Concrete, one of the most widely used construction mate-

rials in the world, is typically composed of portland cement; 

water; aggregates such as sand, gravel, or crushed stone; 

and admixtures. Unlike steel, concrete is a quasi-brittle ma-

terial. For design purposes, the tensile strength of concrete 

is negligible, since it is relatively weak in tension. Reinforc-

ing steel is added to concrete for this purpose because steel 

is relatively strong in tension and has greater ductility. In 

recent years, materials like fiber-reinforced cementitious 

composites have been explored and developed. Many types 

of fibers with varying sizes have been examined in concrete 

in hopes of developing more ductile cementitious materials 

than traditional concrete. The components of these fiber-

reinforced cementitious materials are similar to traditional 

concrete, except no coarse aggregates are used and air en-

trainment is not necessary. And, like traditional concrete, 

fiber-reinforced cementitious materials are cost effective. 

Numerous large-scale potential applications exist, including 

buildings, bridges, airports, culverts, dams, and projects 

involving repair or rehabilitation work. 

 

In this paper, the authors present the results of a fiber-

reinforced cementitious composite that has been developed 

over time, and based on work reported in the literature with 

modifications based on experimentation of mix designs us-

ing high-performance polyvinyl acetate (PVA) microfibers. 

Cube test specimens were cast and tested in compression 

and indirect tension. In addition, a large-chamber scanning 

electron microscope examined fiber crack bridging of post-

failed cube specimens that were loaded in indirect tension 

(split cube tests). Results showed that test specimens of con-

crete reinforced with PVA microfibers exhibited a decrease 

in compressive strength, but a significant increase in indi-

rect tensile strength, and have more ductility than specimens 

not containing the fibers, such as more traditional types of 

concrete.  

 

Introduction 
 

In the last few decades, growing interest has developed in 

using fibers in ready-mixed concrete, precast concrete, and 

shotcrete. Fibers made from steel, plastic, glass, wood, and 

other materials have been used in concrete. Fibers are typi-

cally added to concrete mixes in low-volume dosages, often 

at rates less than 1.0%, for purposes of reducing plastic 

shrinkage cracking [1]. However, fibers do not affect the 

free shrinkage of concrete, but, given high enough dosages, 

fibers can increase resistance to cracking as well as decrease 

the size of the crack widths [2]. Generally, fiber-reinforced 

concrete is grouped into two classes: thin-sheet products 

and bulk structure products. Fiber fraction volumes further 

determine subclassifications and uses for each class, with 

low-volume fiber fractions (<1%) primarily serving to resist 

plastic shrinkage and high-volume fiber fractions (2>-10%) 

serving to provide additional or secondary reinforcement to 

main reinforcing steel. High volumes (up to 20% steel fi-

bers) have been demonstrated to significantly improve all 

strength properties. Fiber-reinforced concrete has become 

synonymous with various steel fiber reinforcements. How-

ever, the addition of steel fibers increases weight. Perhaps 

concrete in the form of a cementitious composite could be 

developed that utilizes nonferrous structural fibers. This 

material would capitalize on the additional strength of fi-

bers, while providing a significantly lighter composite mate-

rial. One such possibility is the use of synthetic polymer 

fibers. 

 

Synthetic fibers are the result of research and develop-

ment in the petrochemical and textile industries. Synthetic 

fibers that have been used in portland cement concrete in-

clude acrylic, aramid, carbon, nylon, polyester, polyeth-

ylene, and polypropylene. One problem with synthetic fi-

bers is their ability to disperse and distribute evenly in the 

composite, providing a compatible and continuous bond 

between the fibers and the cementitious paste matrix. Poly-

propylene fibers are commonly used as a fiber in portland 

cement concrete, since the fibers are chemically inert, hy-

drophobic, and lightweight. Fibers of this type are generally 

added at a rate of 0.1% by volume of concrete. Polypropyl-

ene fibers can reduce plastic shrinkage cracking and help 

reduce concrete spalling.  

 

Figure 1 shows how, for many years, researchers have 

attempted to produce concrete that is more ductile in behav-

ior [3, 4]. In most cases, ductile concrete has been achieved 

using fiber reinforcement. Concrete with synthetic polymer 

fibers, such polypropylene microfibers, was the result of 

this development effort. This material has demonstrated 

impressive ductile behavior. Bending can be achieved with 

a high level of inelastic deformation resulting from the de-

velopment of numerous microcracks with limited crack 
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widths. This is in sharp contrast to traditional concrete, 

where a single point of failure (crack with a large crack 

width) develops from excessive bending. Research and de-

velopment by Li [5, 6] has produced a cementitious material 

using these types of fibers, which has greater ductility than 

traditional types of concrete. This material has been used in 

a number of projects worldwide and was proposed for many 

others [7]. The largest use of this material to date has been 

as a 5-mm thick topcoat on the Mihara Bridge in Hokkaido, 

Japan. Domestically, the Michigan Department of Transpor-

tation has used this material for surface repair projects and 

as a flex joint for replacement of a steel expansion joint on a 

bridge deck crossing over I-94 in Ypsilanti, Michigan. 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Range of Ductile-to-Brittle Behavior of Materials 

 

In this current study, the authors examined a type of con-

crete reinforced with PVA microfibers and compared it with 

the same concrete without fibers. The project was conducted 

in two phases: first to cast cubes in order to compare com-

pressive and indirect tensile strengths of the concrete with 

and without PVA microfibers, and then to use a large-

chamber, scanning electron microscope to examine PVA 

microfiber bridging across concrete cracks of cube speci-

mens that were loaded to failure in indirect tension (split 

cube tests).  

 

Polyvinyl Alcohol Microfibers 
 

Polyvinyl alcohol (PVA) microfibers at the molecular 

level consist of repeated structural units of -[-CH2-CH(OH)-

]n--. Using PVA microfibers as a reinforcement material 

leads to many benefits. Apart from being economical, the 

PVA microfiber reinforcement improves the quality of con-

crete by making it fatigue and corrosion resistant. Polyvinyl 

acetate is the starting material in the manufacturing of poly-

vinyl alcohol (PVA). PVA is hydrolyzed by treating it with 

an alcoholic solution in the presence of an aqueous acid or 

alkali. OH groups present in PVA can form hydrogen bonds 

between the fibers and the cement matrix. The resulting 

surface bonding helps in bridging across cracks. Figure 2 

shows that the tensile strength of PVA fibers is significantly 

higher than mild steel rebar used in reinforced concrete, 

which also contributes to improved bridging performance 

when cracks develop and propagate. 

Figure 2. KURALON Ultra-High-Performance Nycon PVA 

Microfibers 

 

Comparative Concrete Batch Designs 
 

Figure 3 shows the two batches of concrete that were cast: 

the first was the baseline concrete containing no microfi-

bers, and the second was reinforced with 8-mm PVA micro-

fibers added at a volume fraction of 2.2%. All other compo-

nents were measured and kept identical to the baseline con-

crete for comparative purposes. Portland cement type III 

was used since it is finer than type I. Super plasticizer Gle-

nium 3000 NS, a high-range water reducing admixture, was 

used to increase the workability of concrete. The resulting 

mix was prepared using a water-to-cement ratio of 0.59. 

Table 1 summarizes the mix design used to establish the 

baseline concrete cube tests, where the amount of each com-

ponent is given in kilograms per cubic meter of concrete 

cast. 

 
Table 1. Concrete Mix Proportions 
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Brittle 
Materials 

Ductile 
Materials 

Semi-brittle 
Materials 

Glass 
Ceramics 

Cast Iron 

Stone 

Mild Steel 
Aluminum 

Copper 

Tin 

High-Fiber-
Reinforced 

Cementitious 

Materials 

Mortar 
Grout 

Masonry 

Block 
Concrete 

DUCTILE BRITTLE 

Component Amount (kg/m3) 

Portland cement (type III) 605.5 

Fine aggregate (sand) 484.4 

Fly ash (type C) 726.6 

Water 353.2 

Super plasticizer (Glenium 3000 NS)      8.6 
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Figure 3. Incorporation of PVA Microfibers in Concrete 

 

Experimental Tests 
 

All other mix proportions were the same between the two 

concrete batches. Each batch produced a total of 48 speci-

mens, which were 50x50x50 mm cubes. From each batch, 

24 cubes were tested in compression, while the other 24 

cubes were tested in indirect tension (split cube test). For 

the baseline concrete, four cubes each were tested in com-

pression at 1, 3, 7, 14, 21, and 28 days to determine the 

compressive strength gain as a function of curing time. The 

same was performed for the concrete reinforced with PVA 

microfibers. Also for the baseline concrete, four cubes each 

were tested in indirect tension (split cube test) at 1, 3, 7, 14, 

21, and 28 days to determine the indirect tensile strength 

gain as a function of curing time. Figure 4 shows how this 

was also done for the concrete reinforced with PVA micro-

fibers. Indirect tensile strength (split cube tensile strength) 

was calculated using Equation (1): 

 

σsp = 0.519 P / S
2                              (1) 

 

where, P is the failure load in Newtons and S is the length 

of the side in millimeters of the concrete cube [8]. 

 

A large-chamber, scanning electron microscope (LC-

SEM) was used for imaging the cubes with fibers. These 

cubes were first tested in indirect tension (split cube test) 

and then examined using the LC-SEM. A vertical crack 

formed during the test, and the PVA microfibers were ob-

served to be bridging across the cracks. To better demon-

strate this bridging, imaging was done using an LC-SEM. 

LC-SEM is a scanning electron microscope, with a magnifi-

cation power of up to 300,000x, used for high-resolution 

imaging. This instrument accommodates large samples 

without the need to cut them into small pieces, which dam-

ages the specimens. The images generated  have a resolu-

tion greater than 10 nm. This instrument helped to better 

understand the nature of fiber bridging that occurred across 

the concrete cracks that developed. Figure 5 shows the LC-

SEM available at the WKU NOVA Center, one of only two 

in the world. 

Figure 4. Vertical Crack in Split Tensile Strength Test Cube 

Figure 5. Large-Chamber Scanning Electron Microscope at 

WKU NOVA Center 
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Test Results 
 

Figure 6 shows the average compressive strength and the 

age of the concrete cubes with and without fibers. The con-

crete batch without fibers is referred to as the baseline con-

crete, while the other batch is referred to as the concrete 

with PVA fibers. Not including day 1 results, the fiber-

reinforced concrete cubes exhibited an average of 26.7% 

less compressive strength than the cubes without fibers. The 

fibers in the composite cause the formation of voids in the 

presence of filling material (sand). This results in the im-

proper packing of the concrete, thereby decreasing the com-

pressive strength of the test specimen [9]. 

Figure 6. Compressive Strength at Various Ages 

 

Figure 7 shows the average indirect tensile strength (split 

cube tensile strength) and the age of the concrete cubes with 

and without fibers. The fiber-reinforced concrete cubes ex-

hibited an average of 57.4% more indirect tensile strength 

than the cubes without fibers. 

Figure 7. Indirect Tensile Strength at Various Ages 

SEM images of concrete cubes tested for split tensile 

strength were collected. Figure 8 shows the fibers bridging 

across the crack. It also shows that the fibers are pulled be-

tween the crack and that they are under stress. When a crack 

is formed in PVA fiber-reinforced concrete, the fibers act as 

bridges or stitching between the cracks, which helps to pre-

vent or limit the formation of macrocracks. These fibers 

undergo tension as they are pulled in between the cracks. 

PVA microfiber pullout from the cementitious matrix was 

not observed.  

Figure 8. SEM Images of Fibers Bridging Cracks in the 

Concrete  
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Summary and Conclusion 
 

In this study, the authors examined the effect of PVA 

fiber loading of 2.2% by volume on the mechanical proper-

ties of concrete. Compressive strength and indirect tensile 

strength testing was done for both baseline and PVA micro-

fiber-reinforced concrete cubes. When compressive strength 

was examined as a function of curing time, the concrete 

cubes with PVA microfiber reinforcement exhibited 26.7% 

less compressive strength than the baseline concrete cubes, 

whereas when indirect tensile strength was examined as a 

function of curing time, the concrete cubes with PVA mi-

crofiber reinforcement exhibited 57.4% more indirect ten-

sile strength than the baseline concrete cubes. An increase 

in the indirect tensile strength shows that the concrete has 

gained ductility. SEM imaging of the samples was done to 

observe fiber bridging across the concrete cracks. Based on 

the images collected, all cracks observed were shown to 

have PVA microfibers bridging across the crack widths. 

PVA microfiber pullout from the cementitious matrix was 

not observed.  
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