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A Low-Cost, High-Resolution Fabrication 
Method for a Microfluidic Device 

——————————————————————————————————————————————–———— 
Ran Zhou, Purdue University Northwest; Mark Parra, Purdue University Northwest; Athira Nair Surendran, Purdue University Northwest 

becomes essential. One way to fabricate microfluidic devic-
es is micromachining of silicon and glass, which is mainly 
used for micro-electromechanical systems (MEMS) (Ho & 
Tai, 1998). Traditional nanotechnology requires a clean-
room and well-trained personnel, which greatly increases 
the cost of the microfluidic device fabrication process. The 
cost of a cleanroom can be about $1000 per square foot, 
which does not take into account the time and cost for train-
ing the researchers (Whyte, 1999; Walsh III, Kong, Murthy, 
& Carr, 2017).  
 

Verpoorte (2002) discussed the applications of microflu-
idics in clinical and forensic analysis, where developments 
in analyte categories of abuse, therapeutic and biofluid 
drugs, explosive residues, biofluid ions, enzymes, antibod-
ies, peptides, and clinical DNA were evaluated. An area of 
interest in this review was the small-molecules category, 
particularly drugs of abuse and therapeutic drugs. One of 
the advantages of microfluidics is that, due to the micron-
size structures, flow happens rapidly, thus decreasing the 
sampling and analysis time for drug detection. According to 
Yuan and Shiea (2001), using microfluidic chips to create a 
fast mass spectral analysis of sildenafil only took two 
minutes. One of the downfalls of this method is that the cost 
of analyzing such tiny particles at high speed is expensive, 
as it requires high-speed cameras, which are still priced 
highly in the market. Pinto, Sousa, Cardoso, and Minas 
(2014) used a low-cost process without using a cleanroom, 
where epoxy-based negative photoresist (SU-8) was evalu-
ated for use as a mold material, due to its photosensitivity 
and transparency. However, SU-8 is sensitive to surround-
ing parameters, which means that it needs to be optimized 
before a stable condition can be found for specific micro-
structures. The parameters and optimizations criteria need to 
be changed for different microstructures. This can take time, 
due to different processing parameters and structural dimen-
sions for microfluidic chips. 
 

This study demonstrates a low-cost and high-resolution 
method for fabricating microfluidic devices by using a soft-
lithography technique. Soft lithography, which was devel-
oped in the late 1990s (Abdelgawad et al., 2008; Mammen, 
Choi, & Whitesides, 1998) is a kind of technique for fabri-
cating or replicating microstructures. “Soft” means that it 
uses elastomeric materials. Polydimethylsiloxane (PDMS) 
has been found to have a number of advantages over sili-
cone and glass, which were the initial materials used for the 
fabrication of microfluidic chips (Sia & Whitesides, 2003; 
Isiksacan, Guler, Aydogdu, Bilican, & Elbuken, 2016). 
PDMS provides optical transparency for the observation of 
the target particles flowing in the microfluidic channel. 

Abstract 
 

Microfluidics enables a diverse range of micrometer-sized 
object manipulations and has played an increasingly im-
portant role in applications that involve single-cell biology 
and the detection and diagnosis of diseases. Currently, ex-
pensive clean-room photolithography methods are used to 
create superior-feature high-resolution microfluidic master 
molds. However, the fabrication cost of microfluidic devic-
es can be reduced from hundreds of thousands of dollars to 
mere thousands with resolutions in the tens to hundreds of 
micrometers by using simple tools and materials through 
soft-lithography techniques. This current system is com-
posed of a thermal laminator, ultraviolet (UV) light-emitting
-diode (LED) light source, vacuum pump, oven, and hot 
plate. Other basic materials that were used include photore-
sist dry film, copper plate, and polydimethylsiloxane 
(PDMS) to create the final product. Using a transparency 
mask, the photoresist dry film was exposed to the UV-LED 
light, where the distinct micrometer-size pattern was bonded 
to a copper plate. Then, utilizing a sodium carbonate solu-
tion, the un-exposed dry film was removed. Lastly, PDMS 
was used to create the final microfluidic channel master 
mold. By using different designs, a variety of microstruc-
tures can be created to test the system’s fabrication resolu-
tion. The advantages of the system include low cost, ease of 
operation, and short processing time, which allows the crea-
tion of microfluidic master molds at high resolutions very 
quickly and easily without the use of a cleanroom or spe-
cially trained personnel.  
 

Introduction  
 

Microfluidics has received much attention in recent years, 
due to its wide application in biology, chemistry, and bio-
medical engineering. Microfluidics allows researchers to 
manipulate and control fluids in microscale in micron-size 
channels (Whitesides, 2006; Tian & Finehout, 2009; Ngu-
yen, Wereley, & Shaegh, 2019). This is due to the fact that 
entire labs can be fitted on a microfluidic chip, making it a 
“lab on chip” (Jung, Han, Choi, & Ahn, 2015; Temiz, 
Lovchik, Kaigala, & Delamarche, 2015; Ho, Ng, Li, & 
Yoon, 2015). This disciplinary topic has been widely ap-
plied to focus, separate, and trap micro-size particles, and 
has played an increasingly important role in applications 
that involve single-cell biology and the detection and diag-
nosis of diseases (Gong & Sinton, 2017; Yamada, Shibata, 
Suzuki, & Citterio, 2017; Fernandes, Gernaey, & Krühne, 
2018; Lu, Caen, Vrignon, Zonta, El Harrak, Nizard, & Taly, 
2017). Therefore, the fabrication of microfluidic devices 

 ——————————————————————————————————————————————————
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PDMS is also compatible with biological flows and bio-
particles, as it cannot be penetrated by water, yet is permea-
ble to gases. PDMS is also nontoxic to cells and will not 
jeopardize the quality of the cells used (Mata, Fleischman, 
& Roy, 2005; Siddique, Meckel, Stark, & Narayan, 2017). 
The approach used in this study aimed to develop a low-cost 
fabrication method for microfluidic devices, based on a soft-
lithography technique without using a cleanroom environ-
ment. Basically, the dry film photoresist was exposed under 
an LED light source, and a transparent mask was used to 
pattern microstructures on the dry film. First, a layer of dry 
film resist was laminated onto a copper plate using a ther-
mal laminator. Next, an ultraviolet (UV) exposure was 
made through a transparency photo mask, after which the 
exposed dry film was developed, rinsed, and dried in order 
to obtain the master mold. The microstructures were then 
replicated into polydimethylsiloxane (PDMS) to form a 
microfluidic channel for experimental use. This fabrication 
method enables microfluidic applications in biology, bio-
medical, and medical areas without requiring a cleanroom 
environment. 
 

Project Rationale  
 

In this paper, the authors describe a fabrication system for 
manufacturing microscale structures inside microfluidic 
channels at high resolutions up to 60 μm. This system uses 

simple materials and tools to achieve the discussed results, 
ultimately lending to it low-cost nature. Time-efficient at-
tributes are also an inherent advantage that allow microflu-
idic master models to be created quickly and easily through 
short processing times. The rationale of this project was to 
expose photoresist dry film under UV light. This was done 
by placing a mask over the film during exposure. Specific 
microfluidic structures were realized by designing the mask 
in desired patterns and shapes. Final microfluidic devices 
were fabricated in PDMS using soft lithography techniques. 
Master molds were manufactured in a dry film photoresist 
by lithographic patterning, whereby a layer of photoresist 
dry film was first laminated onto a copper plate using a ther-
mal laminator. Then, after cool-down, the film was exposed 
to UV light through a transparency photo mask. Afterwards 
the exposed photoresist dry film was developed in a sodium 
carbonate solution. PDMS resin and catalysis were thor-
oughly mixed, degassed, and then cast on the master. After 
curing, the PDMS replica was peeled off of the master, cut 
and punched, and then bonded with another thin PDMS 
layer after corona surface treatment. Using this method, 
microfluidic and microstructure channels with rectangular 
cross-sectional shapes were fabricated. 
 

Compared with earlier fabrication methods that require a 
cleanroom environment, expensive equipment, and compli-
cated processes, this method can be used to fabricate micro-
fluidic channels with various microstructures but without 
any of the disadvantages of conventional lithography-based 
techniques. Specifically, achieving resolutions that can be 
used for different purposes, such as rapid prototyping of 

microfluidics for detection of diseases. In this experiment, 
multiple masks were used that exhibited different patterns, 
shapes, and sizes for testing the resolution of the system.  
 

Fabrication System and Materials  
 

System Overview  
 

The system primarily consisted of photoresist dry film, a 
thermal laminator, and a UV-LED light source. First, the 
photoresist dry film was thermally laminated onto a copper 
plate. Next, a mask of the desired microfluidic channel was 
used in conjunction with the UV-LED light source to ex-
pose the desired sections of the photoresist dry film for a 
certain amount of time. A sodium carbonate bath was then 
used to remove the un-exposed film. After cleaning and 
drying the copper plate with the exposed dry film, PDMS 
can be poured over the master and then cured using an oven. 
Once cured, the PDMS mold can be removed and perma-
nently bonded onto a glass slide using the corona treatment.  
 

Lamination  
 

First, cut a piece of a clear thermal laminating sheet, a 
piece of photoresist dry film, and remove the protective 
covering of a copper plate. Clean the top of the copper plate 
with isopropyl alcohol and dry using instrument air. Once 
completely dry, place the copper plate in the center of the 
prepared thermal laminating sheet. Now, use tape to pull 
back another side of the photoresist dry film protective cov-
ering. This film has a protective covering on both sides; the 
bottom of the film is the side that is closer to the inner diam-
eter of the roll from which it was removed. Once the bottom 
protective covering starts to peel off, roll back the film some 
more and stick the exposed film just above the copper plate 
and onto the piece of clear thermal laminating plastic.  
 

Apply pressure to help the dry film stick to the clear plas-
tic. With the laminator heated, feed the assembly into the 
laminator with your fingers, while holding the film. Still 
holding the dry film, the protective layer of the dry film will 
be removed as the laminator pulls the assembly in. Once the 
assembly exits the laminator, inspect it. The only require-
ment is that the dry film on top of the copper plate is smooth 
with no bubbles or imperfections. Imperfections are allowed 
only if they are minor and not in an area where a microflu-
idic structure will be.  
 

After lamination is complete, use a knife and cut the cop-
per plate from the clear plastic. The dry film should be 
bonded to the clear plastic and the copper plate, though the 
copper plate is not necessarily bonded to the clear plastic. If 
you are careful and do not cut through the clear plastic, you 
can re-use it, utilizing the back side to mount the copper 
plate for next time. Once the copper plate and film are re-
moved from the clear plastic piece, move the copper plate 
into complete darkness and let it cool to room temperature.  



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

 

UV-LED exposure  
 

While the copper plate is cooling, check to make sure the 
LED light source (see Figure 1) is operating correctly. Once 
the bonded copper plate is cool, remove it from the box and 
place the desired transparency mask over it with a heavy 
glass slide on top. Place this setup under the UV-LED light 
source in the center with the recommended orientation. Ex-
pose the photoresist dry film to the UV light. Once com-
plete, remove the copper plate and store it in complete dark-
ness.  

Figure 1. LED light source. 

 

Development 
 

To prepare the development solution, pour distilled water 
into a pan, then add sodium carbonate to the pan. With the 
pan on a hot plate, heat the solution to an appropriate tem-
perature to effectively reduce development time. Once the 
copper plate is finished being stored, use scotch magic tape 
to remove the top protective layer of the dry film. Be very 
careful not to remove the actual dry film from the copper 
plate. Confirm that the development solution is homogenous 
then use gloves to dip the bonded copper plate into the solu-
tion and slowly pulse the plate up and down. Every so often, 
pull the plate out of the solution to examine it more clearly 
and then place it back in the solution and begin slowly puls-
ing again. You will begin to see the copper plate’s true color 
and then you will see that the transparency mask design is 
the only thing remaining. Practice and examination will be 
the determining factor of when development is complete. 
Once development is complete, slowly dip the copper plate 
into a pan of pure distilled water, and remove. Proceed very 
carefully to dry the plate using light instrument air. Figure 2 
shows a plate that has completed development and dried. 
Once completely dry, the plate then can be used to make a 
PDMS mold.  
 

Figure 2. Copper plate with exposed photoresist dry film. 

 

PDMS 
 

To make the PDMS concoction, using the silicone elasto-
mer kit, measure 10 portions of Part A (resin) into a clear 
plastic cup and add 1 portion of Part B (catalyst) afterwards 
(see Figure 3). 

Figure 3. Adding part A and part B together of the silicone 
elastomer. 

 
Mix this concoction thoroughly until a homogenous sub-

stance is observed. Once thoroughly mixed, place the cup 
into the vacuum chamber (see Figure 4). As the air in the 
chamber is pumped out, all the air from the PDMS concoc-

——————————————————————————————————————————————–———— 
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Figure 5. PDMS placed in oven for heating. 

Figure 6. PDMS placed on glass slide. 

 

Corona Bonding 
 

To permanently bond the PDMS to the glass slide, use the 
corona high-v equipment tool. This tool uses high voltage 
and, if not used properly, can cause serious damage to you 
and others. Place a sheet of clean paper in the laboratory 
hood, and place the PDMS glass slide on this paper. Turn 
the corona tool on and slowly move it back and forth over 
the PDMS glass slide (see Figure 7). Be careful not to create 
an electrical arc between the tool and the lab hood. It should 
be noted that during this time, touching the metal lab hood 
may result in electrocution. Turn off the corona tool and 
examine the PDMS glass slide. If the PDMS has bonded to 
the glass slide effectively, it will be ready to be used for 
various experiments. Figure 8 shows how small drill holes 
can be made for the inlet and outlet ports, while connecting 
a syringe using tubing to produce fluid flow through the 
microfluidic channels.  

tion will rise and leave the chamber as well. Watch the cup 
to make sure the bubbles never leave the confines of the 
cup. If they do, a mess will be created, and the vacuum 
chamber seal will be degraded. To avoid this, turn off the 
pump or slightly open the ball valve to the environment.  

Figure 4. Removal of air bubbles in the PDMS concoction. 

 
While this is going on, a box can be made using the sides 

of a small cardboard box. You will want to create a contain-
er that the copper plate will fit snuggly into, and into which 
the PDMS concoction will be poured. Wrap the aluminum 
foil around one side of the small box and remove it. Make 
sure the corners are secure enough to prevent any liquid 
from seeping through. Place the completely dry bonded 
copper plate into the aluminum foil box. Once all of the air 
is removed from the PDMS concoction and is completely 
clear, turn off the pump and open only slightly the ball 
valve to the environment in order to bring the vacuum 
chamber back to atmospheric conditions. Be careful not to 
open the ball valve too much, effectively tipping the plastic 
cup over. Remove the PDMS concoction from the vacuum 
chamber and pour it over the bonded copper plate that is in 
the aluminum foil box. Once all of the PDMS concoction is 
poured into the foil box, examine it for any new bubbles.  
 

After curing the PDMS in an oven (see Figure 5), remove 
the assembly and examine the PDMS to see if it feels firm. 
Once cool, remove the aluminum foil from the assembly 
then cut away the PDMS around the edges of the copper 
plate. Once you have two parts, take the PDMS and cut it 
into its desired sections, depending on the transparency 
mask used. Place the PDMS section on the glass slide. Do 
this as many times as you have PDMS sections. Make sure 
the PDMS is flat against the glass and that there is no sepa-
ration between the two (see Figure 6). 



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

 

Figure 7. Bonding PDMS to glass slide. 

 

Experimental Results  
 

To test the system resolution, an initial channel width of 
100 μm was used (see Figures 8 and 9). Utilizing scanning 
electron microscope imaging, Figure 8 shows a copper plate 
after being developed in the sodium carbonate solution. The 
photopolymer dry film on the copper plate depicts straight 
lines with minimal defects. Figure 9 shows the results of 
taking this same channel design and transferring it to a 
PDMS mold. This image was taken using a compound mi-
croscope exhibiting straight lines, indicating vertical chan-
nel walls. Similarly, Figure 10(a) shows micro pillars         
(D = 60 µm) in a copper plate after being developed in the 
sodium carbonate solution. Figure 10(b) is the correspond-
ing microfluidic channel in PDMS taken by a camera 
mounted to the microscope. Both groups of testing struc-
tures present sharp edges, which reflect a high-resolution 
fabrication technique. 
 

The UV-LED light structure was used to analyze the opti-
mum height from the copper plate required for development 
of the photoresist dry film. Figure 11 shows the characteris-
tic light intensity of the LED light source in relation to the 
distance z from the copper plate. It can be seen that, as the 
distance between the copper plate and light source increas-
es, the intensity is weakened. Therefore, the determination 
of the light intensity and its distance between the master 
molds is critical to the performance of exposure and also the 
resolution of the microfluidic device.  
 

Figure 8. SEM image of the developed copper plate. The width of 
the rectangular structure is 100 µm. 

Figure 9. Microfluidic channel in PDMS taken by a camera 
mounted to the microscope. The width of the rectangular structure 
is 100µm. 

(a) SEM images of the developed copper plate 
with D = 60 µm pillars. 

(b) The corresponding microstructures fabricated in PDMS. 
 
Figure 10. The developed copper plate.  
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Figure 11. LED light source intensity under the effect of the 
distance between light source and UV meter. 

 

Conclusions and Future Work 
 

In this study, the authors developed a low-cost soft-
lithograph master mold system that used photoresist dry 
film exposed to a UV-LED light on a copper plate. Overall, 
the system showed success at resolutions of 60μm-wide 
channels. These same types of master molds have been 
made in the past using conventional lithography techniques 
that utilize cleanrooms, expensive equipment, and compli-
cated processes. The advantages of the system presented 
here include its low-cost, simple operation, and short pro-
cessing times. Using only common materials and compo-
nents, inexpensive production of microfluidic master molds 
cam be realized quicker and easier. Also, specially trained 
personal are not needed for operation. This system can be 
used in many fields in which the researchers are interested 
in conducting fundamental research in biological and bio-
medical areas and/or developing practical and low-cost mi-
crofluidic applications focusing on bioparticles, separation 
and sorting, and especially where rapid-prototyping is ad-
vantageous. In the future, through calibrating UV-LED light 
intensity, exposure time, and development time, higher res-
olutions can be expected. There is a potential for attaining a 
maximum resolution of 30 μm for certain microfluidic 
structures with this technology.  
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Abstract 
 

It is easier to understand a medical problem with visual 
representation than being described in medical vocabulary. 
It gives patients an idea about the problem with their respec-
tive organ and the possible solutions. In this study, the au-
thors created a prototype of kidney cortex by using a low-
cost consumer-level 3D printer. In this paper, they provide 
an evaluation of its cost effectiveness compared to high-end 
3D printers. To this end, a single patient’s CT scan and MRI 
image of a kidney cortex was used to replicate the same 
using 3D printing. A cortex of a kidney was created using 
the fused deposition modelling method (FDM) with a flexi-
ble filament material. Insight into a cost analysis of the 
printer and products is provided here, but the biocompatibil-
ity and bio-functionality of the material used will be left for 
future research. The model created for this purpose was 
solely for surgical education and training. The cost of the 
kidney model created using the consumer-grade 3D printer 
was $120, compared to a unit costing over $560 produced 
by a high-quality professional-grade 3D printer. The study 
provided evidence that the use of low-cost 3D printing tech-
niques for anatomically accurate models of kidneys is feasi-
ble using consumer-grade 3D printing techniques. The tech-
niques resulted in lower costs and faster processing times 
versus professional-grade 3D printing. The prototypes ex-
perimented with in this study using low-cost consumer-level 
3D printers can be a cost-effective and efficient tool for 
surgical education and training. 
 

Introduction 
 

Three-dimensional (3D) printing is a method by which an 
actual structure is created via a layering technique using the 
computer-aided design software, which relays the signals to 
the 3D printer (Ahmad, AlAli, Griffin, & Butler, 2015). The 
manufacturing process in 3D printing is built up layer by 
layer rather than being cut from a larger block of material. It 
is done by subtractive manufacturing techniques like ma-
chining (Bak, 2003). The cost of a patient-specific 3D-
printed model represents a limitation that merits discussion 
(Bernhard et al., 2016). This type of experimental study is a 
first-of-its-kind to create a prototype model of a kidney cor-
tex by using a 3D printer that is easily affordable and leads 
to reduced production costs. By reducing costs, the technol-
ogy provides new possibilities for visualizing complex ana-
tomical structures through the generation of physical models 
to assist with surgical education and improve the under-

standing of complex anatomy (Watson, 2014). After the 
diagnosis is made, imaging is the only graphical representa-
tion to share with the patients so that they can visualize and 
understand the issues they have with their kidneys 
(Bernhard et al., 2016). Patients’ initial reference level of 
understanding was low. However, Bernhard et al. (2016) 
found a 37.6% increase in the correct responses from pa-
tients in understanding the 3D-printed patient-specific phys-
ical model overall. This was achieved even after every sin-
gle patient was provided with extensive verbal and written 
preoperative information as well as a detailed explanation of 
their CT scan images (Bernhard et al., 2016). Real and inex-
pensive models can provide easy accessibility of converting 
physical form to digital information and thereby facilitating 
the direct manipulation of digital data. This will lead to tak-
ing advantage of human abilities to grasp and manipulate 
physical objects and materials (Watson, 2014).  
 

In this paper, the authors present the initial experimenta-
tion in creating such models and testing the feasibility of 3D 
printing of kidney and artery models using an inexpensive 
3D printer at the university level. This is done for the pur-
pose of showing the cost effectiveness of the procedure in 
order to improve patients’ and medical students’ education. 
Initially, 3D printing was done with one material each time 
for printing a kidney and the two-material capacity of Mak-
erBot (2016) printers was tested for printing arteries, as they 
need to be thin and hollow. In comparison to the Objet 500 
3D printer, the MakerBot also has the feature of two-
material print with two extruder nozzles. The difficulty with 
the professional printer is that it requires the operator to 
have high-skilled technicians able to operate the equipment, 
due to high product and maintenance costs. On the other 
hand, almost anyone can use personal desktop printers like 
MakerBot. This is due to the ease of handling and low 
maintenance costs of the printer.  

 
Although desktop printers ranging from home-assembled 

parts cost anywhere from $200 to $3000, the professional 
3D printer can be very expensive and cost upwards of 
$5,000,000 (Bak, 2003). These replicated organs are printed 
using two materials on a professional 3D printer for the best 
quality of product in the medical field. The outer layer is 
made transparent in most cases so that doctors can see struc-
tures, bones, and cancers, which help them to observe and 
perform surgery. This can reduce surgery time and patient 
risk. The recent availability of free, open-source software 
and online internet 3D printing service bureaus makes 3D 
printing available to ordinary health professionals, hospitals, 
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clinics, and even laypeople (Itagaki, 2015). Models can typ-
ically be manufactured within about 12 hours, which is 
much faster than can be obtained using online procurement. 
The major disadvantage is that the 3D printers used for 
medical applications are very expensive. High-quality 3D 
printers can cost more than $30,000 (Itagaki, 2015). 
 

Methods and Materials 
 

3D-Printed Model Fabrication with 
DICOM Files, CT Scan, and MRI Images 
 

Single Digital Imaging and Communications in Medicine 
(DICOM) files for kidney cortex and arteries were first ob-
tained from the University of Toledo Medical Center 
(UTMC) and converted into an STL file using a 3D slicer. 
There was single image for each one of them. These images 
were then uploaded into the MakerBot software called Mak-
er Ware. The patients belonged to UTMC and their identity 
was kept confidential. 
 

MakerBot 3D printer 
 

The Replicator 2X is MakerBot’s experimental dual-
extruder 3D printer. It comes with a fully enclosed steel 
chassis and boasts a heated platform for printing in ABS or 
PLA. It offers dual-extrusion functionality that adds a new 
level of creativity to 3D designs, which can be done without 
swapping or pausing. It weighs 27.8 lbs. and uses stl.obj and 
Thing file types for printing. Its layer resolution is 100 mi-
crons and has an SD card and USB connectivity. MakerBot 
uses a filament diameter of 1.75 mm (0.069 in), with a noz-
zle diameter of 0.4 mm (0.015 in). Using the Materialize 
Interacting Medical Image Control System (Mimics) soft-
ware, the CT scan and the MRI files were segmented and 
created as a 3D model. After that, the Geomatics Design X 
software was used for smoothing, cleaning, and filling the 
holes. Also, the number of triangular faces was reduced 
with the use of mesh doctor from 80,000 to 60,000. Differ-
ent software packages were used for smoothing purposes 
and also for importing the CT scan files to STL format: 123 
designs, Mimics, SolidWorks, MakerWare, and Geomagic 
Design X. 
 

Study/Process Methodology 
 

Table 1 presents the materials explored in the process of 
creating a replica of the human kidney. NinjaFlex and HIPS 
Dissolvable were used primarily for printing and ABS was 
used for molding. NinjaFlex is a thermoplastic polyurethane 
(TPU) (Rembor, n.d.) that offers flexibility, elasticity, and 
high-strength properties and is good for creating flexible 
and durable models. NinjaFlex is available in two diame-
ters, 1.75 mm and 2.85 mm. In this study, 1.75 mm material 
was used for printing kidneys and arteries. Also, high-
impact polystyrene (HIPS) (MatterHackers, 2019), which is 

a dissolvable filament, was used as a support material. It is 
easily removed by D-Limonene solution and leaves a clean 
and high-quality print after dissolving (Rembor, n.d.). It 
does not require scraping, cutting, and cleaning that can 
damage the print, as is often the case with other materials 
Arteries are much stiffer than the kidney itself. Arteries are 
isotropic, do not have a high degree of compressibility, or 
exhibit strain-hardening behavior (Shadwick, 1999). The 
kidney of a patient is printed, followed by the arterial tree. 
The angles between the arterial branches in the arterial tree 
were approximately 30-45 degrees. The combined version 
of a kidney with an arterial tree was kept for future work. 
The ideal settings for getting successful prints with the vari-
ous filaments were achieved by trial and error. There are 
various factors (i.e., environment, printer model, model 
complexity, etc.) that should be considered during the print-
ing process, which could make each case of 3D printing 
different. 
 
Table 1. Printer settings for each filament. 

The cost of printing each item on the 3D printer is divided 
into three categories: investment cost of the printer, material 
and maintenance cost of the printer, and the cost of labor 
and electricity (Sculpteo, 2019). Table 2 shows a compari-
son of these costs with respect to printer and materials.  
 
Table 2. Price comparison of a 3D printer. 
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Filament 
Ninja 
Flex 

HIPS 
Dissolvable 

Maker 
Bot 

Flexible 
ABS PLA 

Extruder 
Temp. (°C) 

225 230 220 215 210-215 

Platform 
Temp. (°C) 

20 55 20 110 20 

Travel Speed 
(mm/s) 

15 50 50 75 150-215 

Material Name Type 
Cost/KG/ 

Spool 
Function 

NinjaFlex 
TPE 

(thermoplastic 
elastomer) 

$39.17 
Works great as 

a diffuser 

HIPS (high-impact 
polystyrene) 

Dissolvable 
material 

$19.95 
Support 

material in 
3D printing 

ABS (Acrylonitrile 
Butadiene Styrene) 

Strong temper-
ature-resistant 

material 
$29.00 

Flame 
retardant 

PLA (Polylactic 
acid) 

Bioplastic 
which has a 
quick transi-
tion from liq-
uid to solid 

$29.00 Eco-friendly 



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

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

 14                                 International Journal of Engineering Research and Innovation | v11, n2, Fall/Winter 2019 

The three methods explored in this study for producing 
the model included: 

 Direct Fused Deposition Modeling 

 FDM with Dissolvable Filament 
 Creation of a Negative Mold 

 

Direct Fused Deposition Modeling 
 

The first method was a print-only method in which a sin-
gle type of filament was used to print via FDM, or layer-by-
layer, to create the kidney and the arterial tree separately. 
NinjaFlex, a flexible filament, was chosen to capture the 
physical characteristics of an actual arterial tree. NinjaFlex, 
a cutting-edge filament for 3D printers, is a specially formu-
lated thermoplastic elastomer (TPE) that produces flexible 
prints with elastic properties, which also successfully per-
forms as a diffuser (Rembor, n.d.). With a considerable 
amount of trial and error, the kidney models were printed 
through NinjaFlex. However, in printing a horizontal, hol-
low tube (for arteries), there was no support for the material 
to print shallow angles less than about 35-40 degrees. Any-
thing below that would require support material to be print-
ed in order to create a successful print. An attempt to create 
an arterial model failed, as it was realized that the printer 
would be incapable of such a feat with a flexible filament. 
The result shown in Figure 1 was achieved by using Pol-
ylactic acid (PLA) using a print-only method in which prop-
er support material was used with the PLA being rigid. Pol-
ylactic acid (PLA) is biodegradable and ABS is non-
biodegradable but recyclable as far as the implications of 
this materials are concerned with surgical implants 
(Sculpteo, 2019). 

Figure 1. Print-only method using PLA. 

FDM with Dissolvable Filament 
 

The print-and-dissolve method, being the second method 
for creating arteries, utilizes the MakerBot Replicator 2X 
special feature of two extruders, which allows for the use of 
two separate filament materials within the same print. With 
the advantage of this feature, two prints for one arterial tree 
were made, the outer being with a flexible material, the ob-
ject which was needed for the end product. The outer layer 
was a dissolvable filament – HIPS Dissolvable. High Impact 
Polystyrene (HIPS) is a dissolvable filament which is very 
similar to Acrylonitrile Butadiene Styrene (ABS) and is 
mostly used as a support material in 3D printing. The dis-
solving process took about 36 hours and about 15 fluid oz. 
of D-Limonene at 5 oz. per 12 hours. Figure 2(a) shows the 
artery before being dissolved in D-limonene solution and 
Figure 2(b) shows the extra material being dissolved in or-
der to get arteries. It has similar strength and stiffness com-
pared to ABS and is effective as an alternative to sanding 
away regular support material. This was intended such that 
the inside of the arterial tree would be hollow and also to 
build the support structures and raft, if necessary. 

(a) Before dissolving 

(b) After dissolving  

 
Figure 2. Test specimens dissolved in D-limonene solution. 
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Creation of a Negative Mold 
 

Since the space was intended to be hollow, the decision to 
print with HIPS Dissolvable was made, followed by dipping 
into molten flexible filament. Following cooling, the origi-
nal print would be dissolved, leaving the end product: a 
thin, flexible shell in the shape of the arterial tree. This idea 
was dismissed initially but, after observing the success of 
printing a solid (not hollow) arterial tree out of a rigid fila-
ment, such as PLA, there was a potential for adapting to this 
method. This adaptation would be a combination of a mold-
ing technique and the dip-and-dissolve idea. A negative 
mold of the kidney body/tissue would be printed using sim-
ple 3D printing techniques with a rigid material such as 
ABS or PLA. Then, the arterial tree would be printed in a 
dissolvable filament, which could either be HIPS Dissolva-
ble (dissolvable in D-Limonene) or ABS (dissolvable in 
Acetone) then sprayed with Flex Seal adhesive. The dissolv-
able would be removed after the Flex Seal was fully cured, 
leaving only the end product.  
 

Since the negative mold for the tissue and the arterial 
structure were created, the arterial tree was placed within 
the void of the negative mold; the void was then filled with 
a soft silicone or agarose material. After that, it was left to 
cure before finally breaking away the mold. The importance 
of negative casting is that it eliminates the need for exten-
sive work in transforming the STL file to a negative image 
to produce an FDM mold. This could be beneficial in cus-
tomizing the kidney on a patient-to-patient basis. Figure 3 
shows how Mimics and 123d Design software were used to 
model a printable STL file of a negative mold of the kidney 
tissue (or kidney body). 
 

Results and Discussion 
 

In this study, an application of 3D printing for demon-
strating the cost-effectiveness of developing a kidney proto-
type with an arterial tree was done in order to educate train-
ees in improved understanding of kidney anatomy. The seg-
mentation, which included smoothing and masking of the 
CT scan and MRI images, took approximately seven hours 
using Mimics software. The average size of an adult human 
kidney is 10-13 cm in length by 5-7.5 cm in width and about 
2-2.5 cm in thickness (i.e., 11.25 cm3 by volume). In this 
experiment, the dimensions of the kidney cortex achieved 
by 3D printing was approximately 205 cm3 by volume. This 
was because the model was an inflated (scaled up) version 
of a real human kidney. Figure 4 shows the 3D-printed 
model of the kidney cortex with 10%, 20%, and 15% infill. 
The difference in infill density is not best presented in a 2D 
picture, and the texture of the models differs vastly in its 
ability to deform and reform when squeezed. The density of 
this infill adjusts how much material is printed per unit of 
volume. The printer creates a lattice structure inside the 
volume, typically a honeycomb shape called shells. 
 

(a) 3D-printed mold 

(b) Uncured molded silicone model 

 
Figure 3. Molds for kidney tissue. 

Figure 4. Kidney models: 10%, 20%, and 15% infill, left-to-right, 
respectively. 
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In this case, three shells were used for printing the arter-
ies. A lesser infill density in this case resulted in an object 
that is easier to squeeze. Models with different infill density 
can be typically manufactured within an average of 7-10 
hours, depending upon the type of 3D printer used. The time 
needed to 3D print a kidney with NinjaFlex was 12-13 
hours with 20% infill. These printing times depend on the 
quality of the printer, infill density, and the type of material. 
The PLA material consumed in the printing of the kidney 
was 46.29 grams and required a print time of 5 hours and 32 
minutes. The resolution considered for the artery was       
0.2 mm with 1.3 mm as outer diameter and 0.5 mm as the 
width of the artery. The nozzle diameter of the MakerBot 
printer for the FDM process was 0.4 mm. The cost of a 1kg 
spool of ABS material was $49.95, and in producing a 3D 
print of a kidney approximately 0.5 kg material was used. 
So, the material cost of printing a kidney was $4.62. The 
MakerBot 2X printer costs $2200 and the average lifetime 
of these printers is 2500 print hours. Since the time con-
sumed in printing was 5 hours and 32 minutes, the cost 
based on machine utilization was $4.84. Assuming $20/hr., 
the total cost for printing the kidney came to $110. There-
fore, the total cost of printing just the outer cortex of a kid-
ney would be approximately $119.46. Table 3 summarizes 
these data. 
 
Table 3. Composition of a kidney model with 20% infill. 

The cost of printing a kidney cortex with Maker Bot is 
21% less than the kidney printed by the Objet printers. 
Printing time for the arterial tree with NinjaFlex was           
3 hours with a retraction speed of 0 mm/sec. Table 4 shows 
a cost comparison of the materials used for the fabrication 
of the kidney model.  
 
Table 4. Cost comparison of materials. 

 

With ease of handling and maintaining the MakerBot 3D 
printer, creating a replica of a kidney is more cost effective 
to the model printed by using the Objet 500 printer. There is 
a large difference in the maintenance cost of the two print-
ers, which can explain the complexity of handling such 
printers.  
 

Limitations 
 

Many limitations can be discussed when using a lower-
end 3D printer. Some limitations are based on material and 
others are based on the type of machine used. The Mak-
erBot Replicator 2X was not designed with the intent of 
pushing a flexible filament through the nozzle along with 
the other extruder components. The extruder drives the fila-
ment between a burred motor attachment and a bearing (see 
Figure 5).  

(a) MakerBot extruder 

(b) NinjaFlex entanglement 

 
Figure 5. Extruders 

 
The inefficiency of this was experienced first-hand, as it 

relates to flexible filaments. The NinjaFlex, as flexible as it 
is, somehow was able to become tangled within the small 
confines of the extruder without actually getting fed into the 
nozzle. If at any point during a print, this filament gives the 
extruder any resistance, it will stop extruding. In such a 

Print time 12-13 Hrs. 

Infill 20% 

Material Used 46.29 gm. 

Print Resolution 0.2 mm 

Cost of Material $4.62 

Cost of Machine Time $4.84 

Labor cost $100.00 

Total Cost $119.46 

Printer Name Replicator 2X Objet 500 Connex 

Material cost $20-40/kg $300-$500/kg 

Labor cost $20/Hr $27/Hr 

Total fabrication cost $119.46/per model $560 per model 

Maintenance cost $93.3/year $3047.79/year 
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case, the entire printing process would be stopped, the print-
er would have to be disassembled, and the extruder would 
have to be cleaned in order to make sure the filament could 
pass through the nozzle. Only then could the printer be reas-
sembled and reloaded with the filament. This process is 
very time consuming. When extruding, the NinjaFlex also 
tends to get baked onto the nozzle, causing restrictions to 
the filament (MatterHackers, 2016). 
 

The burned material is very sticky and prevents a smooth 
feed, and cannot easily be cleaned from the nozzle, especial-
ly inside the nozzle, as it is not dissolvable by acetone like 
ABS, and it is not accessible enough to use a tool to scrape 
away the burned material. A potential solution to this is a 
nozzle with a tungsten-disulfide coating, shown on the web-
site of MatterHackers (2016). The coating serves a similar 
purpose to Teflon on non-stick pans, and prevents the mate-
rial from sticking to and getting baked inside and outside 
the nozzle. Another limitation is based on the functionality 
of the different software programs needed in order to con-
vert the DICOM file, CT scan, and MRI files to the STL 
format. Also, further segmentation, smoothing, and mesh 
generation are completely dependent on the type of software 
used. For example, 123d Design would not perform a sub-
traction of volumes between a rectangular prism and the 
kidney tissue. The problem is that the STL file being used 
has a discontinuity somewhere within the mesh used to de-
fine the object. 
 

Conclusions and Future Research 
 

3D printing can play an important and vital role in manu-
facturing organs for implantation and prosthetics for pa-
tients. It also plays an important role in education, training, 
and planning the surgical procedures from a student point of 
view in order to minimize errors (Itagaki, 2016). It can be a 
pivotal element with respect to medical education, if applied 
properly. This study was a first-of-its-kind in creating kid-
ney and artery models from a low-end desktop 3D printer at 
the cost of $120/model, as compared to $560/model for edu-
cating medical students. This concept can further be re-
searched and developed for the more cost-effective produc-
tion of kidneys. This study provided evidence that low-cost 
consumer-level 3D printers can be cost-effective and effi-
cient tools for medical professionals in creating kidney 
models for patient education and training purposes. The low 
cost and ease of use of the consumer-level 3D printers will 
allow for the rapid expansion of these kidney models and 
better patient outcomes based on improved training and 
education. However, the printed model of the kidney with 
built-in arteries are kept for future research. More insight is 
required for testing and understanding the material for sus-
tainability concerns. Also, the materials that were used for 
developing the model using MakerBot should also be used 
in Objet printers to see the difference in the quality of the 
end products for comparison in more detail. 
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of this method showed that a cooling sensation can be gen-
erated using asymmetrically applied hot and cold stimuli 
(Manasrah et al. 2016). 

 Figure 1. Illustration of asymmetric thermal stimulation pattern.  
 

However, the temperature within human skin cannot be 
directly measured; thus, more information is needed to un-
derstand the temperature distribution within the skin and 
how the skin reacts to the thermal stimuli. To accomplish 
this, a simulation was utilized that would mimic the physi-
cal and thermal properties of the skin on the human forearm 
in order to provide information about the skin’s temperature 
distribution and thermal behavior when an asymmetrical hot 
and cold thermal stimulus is applied. Computer simulations 
have been widely used in the past few decades by modeling 
systems and processes to study the characteristics and reac-
tions in the physical world. They provide information and 
conclusions about the studied system or process that is diffi-
cult to measure directly. For instance, Murakami et al. 
(2000) used a simulation of airflow, moisture transport, and 
thermal radiation to predict the amount of heat released 
from the human body. Ho and Jones (2005) conducted a 
simulation study based on a thermal model to predict the 
temperature response of the skin. 
 

In order to validate the results of the simulation, a physi-
cal structure of the forearm was built using a copper tube 
covered with a thin layer of polyurethane rubber serving as 
the skin of the forearm, as illustrated in Figure 2. The cop-
per was heated so that the surface temperature of the polyu-
rethane reached the desired temperature of the human skin. 
The results of this study can lead to a better understanding 
of temperature change effects on the skin at different 
depths. The results will also help us perform more challeng-
ing thermal display experiments and predict their outcomes. 
 

Background 
 

It is widely known that thermal receptors located in the 
skin can thermally identify and discriminate between differ-
ent objects by detecting the temperature differences that 

Abstract 
 

Temperature perception is known to be highly nonlinear, 
and previous research has demonstrated that this nonlinear 
perception could be used to invoke a feeling of constant 
cooling, even though the average skin temperature does not 
change. The research presented here employs a computa-
tional model of a human forearm to understand how the 
fluctuations of multiple thermal actuators affect the temper-
ature below the surface of the skin. The simulation was vali-
dated using a physical model that consisted of a layer of 
polyurethane rubber approximating the skin, and a copper 
tube representing the core of the forearm. The thermal dis-
play device was simulated using twelve blocks of aluminum 
fixed on top of the modeled skin, which matched previous 
human experimental setups. The simulation results showed 
that the average surface temperature of the skin model did 
not change when the stimuli were applied. The results also 
showed that the effect of continuous cooling was present at 
depths up to 1.8 mm below the surface of the skin, which is 
deeper than what a human is able to sense. Several experi-
ments using a continuous cooling effect were successfully 
conducted using the physical model to verify the simulation 
developed in this study. The results of the experiments 
showed that the temperature readings of the skin followed 
the same trend as the temperatures that were observed in the 
simulation as well as those expected, based on human ex-
periments. 
 

Introduction  
 

The aim of this study was to computationally analyze the 
thermal effects under the skin related to a previous psycho-
physical study (Manasrah, Crane, Guldiken, & Reed, 2016; 
Manasrah, Crane, Guldiken, & Reed, 2017) of a unique 
thermal display method. Perception of temperature is based 
on thermal flux and is nonlinear, so slower temperature 
changes are not noticed until the temperature has changed 
by several degrees (Kenshalo, 1976; Molinari, Greenspan, 
& Kenshalo, 1977). By taking advantage of the nonlinear 
nature of the temperature perception threshold, and using a 
combination of cooling and heating thermal cells, this meth-
od generates a continuous sensation of cooling. Despite 
individual fluctuations, no overall temperature change is 
applied, because a few thermal actuators are quickly cooled, 
while others are slowly heated simultaneously on the skin. 
The slow heating actuators are below the perception thresh-
old so they are not detected, but the quickly cooling actua-
tors are above the threshold; hence, they are detected and 
perceived. Figure 1 shows the thermal pattern. The results 

——————————————————————————————————————————————–———— 
Ahmad Manasrah, Al-Zaytoonah University; Mehdi Hojatmadani, University of South Florida; 

Rasim Guldiken, University of South Florida; Kyle Reed, University of South Florida  

Computational Analysis of Asymmetrically 
Applied Hot and Cold Stimuli 

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

18                                 International Journal of Engineering Research and Innovation | v11, n2, Fall/Winter 2019            



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

 

occur on the skin. These receptors are crucial for regulating 
the temperature of the body. The perception of temperature 
depends on many factors including rate of change, area of 
stimulation, and temperature. The sensitivity of the skin is 
measured by the threshold at which the stimulus is first per-
ceptible. For instance, the skin on the palm can detect a tem-
perature increase of 0.2ºC (at a rate of 2.1ºC/s) when it is 
initially at 33ºC (Stevens & Choo, 1998). However, for 
smaller rates of temperature change, an observer will not be 
able to detect a change in temperature up to 5–6ºC (Stevens, 
1991; Jones & Ho, 2008). A previous study (Kenshalo, 
1976) applied a series of quickly cooling and slowly heating 
stimuli on the skin, using a 3x4 thermal actuator matrix. The 
rate of temperature change switched between 0.033ºC/s and 
0.1ºC/s for the slow heating and quick cooling, respectively. 
The results showed that the average temperature on the sur-
face of the skin remained constant, and a continuous cooling 
sensation was perceived throughout the stimuli. However, 
increasing the rate of change above 0.1ºC/s had little effect 
on the temperature threshold (Kenshalo, Decker, & Hamil-
ton, 1967; Murakami et al., 2000). 

Figure 2. Schematic representation of the model with thermal 
actuators. 

 
Most of the mathematical and computational thermal 

models were developed to study the thermoregulation sys-
tem and the overall thermal comfort of humans (Handbook, 
2013). For example, Rugh and Bharathan (2005) and Rugh 
et al. (2004) simulated a human based on a manikin, where 
the human physiological response and skin temperatures 
were studied to investigate the thermal effect of a climate 
control system of an automobile. Other studies have devel-
oped mathematical models to predict the human thermal 
response in different environments (Fiala, Lomas & Stohrer, 
2001; Wang, Li, Kowk, & Yeung, 2002). Computer models 
were also used to study the performance and characteristics 
of different devices. Boetcher, Sparrow, and Dugay (2009) 
performed numerical simulations to test skin-surface tem-
perature measurement devices. Numerical models were also 
used to investigate the effect of airflow and thermal noise in 
detecting tumors (Hu, Gupta, Gore, & Xu, 2004). Moreover, 

McKnight (2010) studied the effects of thermoelectric de-
vices on thermal receptors inside the skin. The simulation 
performed in this current study aimed to investigate the 
thermal perception of the skin when asymmetrical hot and 
cold stimuli are applied. 
 

Approach  
 

For this model, a simple cylindrical structure was consid-
ered to approximate the shape of the forearm. The structure 
consisted of a core to represents the forearm, and a thin lay-
er that covers the core to represents the skin. To match the 
physical verification, a copper tube with an outer diameter 
of D = 7.6 cm, a length of L=30.5 cm, and a wall thickness 
of t1 = 0.23 cm was chosen to represent the forearm. A poly-
urethane layer with a thickness of t2 = 2 mm was chosen to 
approximate the skin of the forearm. The thermal conductiv-
ity of polyurethane ranges from 0.2 W/mK to 0.3 W/mK in 
its rubber form (Material Database, 2019), which is similar 
to the thermal conductivities of the dermis and epidermis 
layers combined in the human skin, where the thermorecep-
tors are located (Cohen, 1977). The air that is in contact 
with the model was considered to be stagnant with a con-
vective heat transfer coefficient of 10 W/m2K at 23ºC ambi-
ent temperature. Furthermore, warm water was utilized to 
heat the tubular structure. The water runs through the tube 
to warm up the structure so that the surface temperature of 
the skin reaches 31.5ºC. This ensured that the temperature 
of the water remained constant throughout the experiment. 
 

Analytical Solution 
 

The temperature at the core of the cylindrical structure 
can be calculated using the concept of thermal resistance. 
The total resistance of the two-layer cylindrical system, 
shown in Figure 3, can be calculated using Equations 1 and 
2 (Bergman, Incropera, DeWitt, & Lavine, 2011): 
 

(1) 
 
 
 

(2) 
 
 
where, 

r1  = inner radius of the tube 
r2  = outer radius of the tube 
r3  = outer radius of polyurethane 
h1  = convective heat transfer coefficient of water 
  flowing in a pipe 
h2  = convective heat transfer coefficient of stagnant air 
k1  = thermal conductivity of copper 
k2  = thermal conductivity of rubber polyurethane 
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On the surface of the polyurethane material, the rate of 
heat flow can be represented by Equation 3 (Bergman et al., 
2011): 
 

      (3) 
 
where, 

A  = surface area of the cylinder 

Figure 3. Temperature distribution of a copper cylinder covered 
with a polyurethane layer at steady state. The electrical resistances 
represent thermal resistance associated with the conduction and 
convection of heat. 

 
Equation 3 can also be written as the ratio of the tempera-

ture gradient to the corresponding thermal resistance 
(Bergman et al., 2011). The value of R1 was calculated 
based on kwater = 6000 W/mk. The result of Equation 4 
shows that Twater = 32.2ºC. This result was later used to set 
the temperature of the water inside the copper pipe in order 
to obtain the desired skin surface temperature of                
Ts2 = 31.5ºC. The relationships explained above can be seen 
in Equation 4: 
 
 

(4) 
 
 
 

Finite Element Modeling 
 

Figure 4 shows the modeled forearm and thermal display 
system, which were created using SolidWorks. The simula-
tion was conducted using ANSYS v15.0. The model was set 
up using transient thermal analysis and had dimensions of 
30.5 cm 7.8 cm, 8.2 cm, a volume of 340.72 cm3, and 
weighed 1.76 kg. The geometry of the model was sliced at 
four locations along the x- and the y-axes, using ANSYS 

Design Modeler in order to better control the mesh size in 
the stimulation area, which is the area underneath the ther-
mal actuators. This procedure resulted in 24 bodies and 62 
bonded contact regions. 

Figure 4. ANSYS model of the copper cylinder with thermal 
actuators (ANSYS, 2018). 
 

Furthermore, aluminum plates (15 mm x 15 mm x         
3.8 mm) were chosen to represent the thermal actuators in 
the model, instead of using ceramic Peltier devices that 
were used in the twelve-channel thermal display device 
(Kenshalo, 1976) illustrated in Figure 5. The reason for this 
substitution was to simplify the thermal display apparatus in 
the model. Initially, the primary purpose of using Peltier 
devices in the experiments was to apply temperature differ-
ences on the forearm. Therefore, an aluminum plate that 
applies the same temperature difference on the modeled arm 
is equivalent. Moreover, the thermal actuators in the appa-
ratus were also covered with aluminum plates that were 
directly in contact with the skin. 

Figure 5. Apparatus used in the continuous cooling experiments. 
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For the cylindrical structure, the governing differential 
equation of the polyurethane layer in the radial direction is 
represented in Equation 5: 
 
 

(5) 
 
 
where, 

ρ2  = density of polyurethane 
c  = specific heat of polyurethane 

 
The boundary conditions of the polyurethane layer are: 

The model was meshed using four sizing modules in four 
primary geometries: the copper tube, the stimulation area, 
the twelve actuators, and the rest of the polyurethane layer. 
The copper tube and the polyurethane layer were meshed 
using an element size of 1 cm, while the actuators were 
meshed using an element size of 0.3 cm. The main focus in 
this simulation was to approximate the skin on the area of 
stimulation. Therefore, the copper tube, the twelve actua-
tors, and the rest of the polyurethane layer were coarsely 
meshed in order to save processing time. Moreover, finer 
element sizes were tested on these geometries; however, 
they did not have a significant impact on the results. On the 
other hand, several element size trials were attempted on the 
area of stimulation, ranging from 1 cm to 0.1 cm. The goal 
was to create fine-enough nodes inside the stimulation area 
and on its surfaces. An element size of 0.2 cm generated 
three nodal layers in the stimulation area, as illustrated in 
Figure 6, and resulted in 56,174 nodes in the model; hence, 
a 0.2 cm element size was implemented. A 0.1 cm element 
size was also tested and resulted in 221,360 nodes; however, 
it did not significantly change the final results. Also, the 
finer mesh increased the processing time significantly. The 
generated mesh of the model had a fine relevance in the 
center, a high smoothing factor, and a slow transition be-
tween the nodes. 
 

Five temperature modules, one convection module, and 
one insulation module were applied to govern the boundary 
conditions of the simulation. The initial temperature was set 
at 31.5ºC, which represented the surface temperature of the 
skin. The first temperature module was applied on the cop-
per tube, keeping its operating temperature at 32.2ºC, which 
is the calculated temperature at the core of the cylindrical 
structure. Because of the excellent thermal conductivity of 
copper, the temperature differences across the tube wall 
were neglected. The other four temperature modules were 
used to apply the continuous cooling sequence on the twelve 
actuators. The heating/cooling pattern was applied diagonal-

ly in the actuators, as illustrated in Figure 7, using a 30/10-
second heating/cooling rate. The convection module was 
applied on the surface of the skin to simulate the environ-
ment around the forearm. The convective heat transfer coef-
ficient was set to 10 W/m2K at 23ºC ambient temperature. 
The insulation module was applied on the surfaces of both 
ends of the model, forcing the heat to be dissipated radially 
across the copper and the skin. The transient thermal analy-
sis of the model had 24 steps and 240 seconds for the 30/10 
heating/cooling rate, which resulted in a step size of 10 sec-
onds. Each step was divided into 20 substeps. Different sub-
step sizes were also tested to investigate the effect of time 
discretization on the temperature readings. The results did 
not show a difference in temperature readings when sub-
steps were changed. Four temperature probes (NTC Ther-
mistor bead 10 KΩ 3478K) were added in the stimulation 
area to record the temperatures under, and between, the ac-
tuators. The temperatures were recorded at different depths 
between 0 cm and 0.2 cm. These temperature recordings 
were later compared to the actual probe readings from the 
physical experiment. 

Figure 6. Meshing of the stimulation area (ANSYS, 2018). 

Figure 7. The diagonal pattern used in the simulation. For every 

actuators that is cooling, three actuators are heating. 
 

Physical Validation 
 

In order to validate the results of the simulation, where 
the twelve-channel dynamic thermal display was used on an 
approximate model of the skin, a physical experimental 
model of the simulation was built. The physical model of 
the forearm was constructed using a 30.5 cm-long copper 
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tube. The skin was approximated using a 30 cm x 48 cm 
polyurethane sheet. A water bath and a pump were used to 
run 32.2ºC warm water in the copper tube to generate heat 
in the physical model, based on the results of the analytical 
solution. The relatively high thermal conductivity of copper 
decreased the transient time that it took the physical model 
to warm up to the desired temperature. 
 

Assembly 
 

The copper tube was connected to the water bath and 
pump using hoses, rubber couplings, and plastic fittings on 
both ends. Figure 8 shows that the polyurethane sheet was 
tightly applied on the tube. The four probes were embedded 
in the 2 mm thick polyurethane to record the temperature of 
the material at four different locations. Similar to the tem-
perature probes in the simulation, the probes were placed so 
that two would read the temperature of the skin directly 
under two different actuators, while the other two probes 
were placed between the actuators. Because of the nature of 
the preparation procedure, the depth of each probe was not 
known during the experiments. The depths were determined 
after the experiments by cutting the polyurethane sheet us-
ing a stencil knife. The depths of the probes and the temper-
ature readings were later compared against the results of the 
simulation. 

Figure 8. The setup used for the experiments. 
 

The thermal display apparatus was placed on top of the 
skin and fixed around the copper tube. The apparatus was 
aligned with the skin’s temperature probes to ensure that 
two probes were placed under two actuators and another 
two were placed between the actuators. The whole system 
was then elevated 10 cm and placed horizontally on a wood-
en structure for ease of access. 
 

Experimental Procedure 
 

At the beginning of each experiment, the water bath 
pumped 32.2ºC warm water through the copper tube that 
was covered with a 2 mm-thick sheet of polyurethane. The 
water bath operating temperature fluctuated between 32ºC 
and 32.2ºC; however, the surface temperature of the model 
was not affected by the fluctuation. Moreover, the surface 
temperature was tested at the beginning and end of each 
experiment, using a non-contact laser temperature gun. 
When the surface temperature settled at 31.5ºC, the thermal 
display apparatus was applied to the physical model. The 
experimental set was divided into ten phases using a 30/10 
diagonal heating/cooling time rate at ten different average 
temperatures between 25.5ºC and 33.5ºC. Each phase of the 
experimental set lasted four minutes. The first minute of 
each phase was not analyzed, in order to allow the thermal 
stimulation to settle on consistent heating/cooling cycles. 
The temperature readings of the four probes in polyurethane 
were then recorded every 100 ms throughout the last three 
minutes. The surface temperature of the polyurethane was 
measured at the end of each experiment to ensure no tem-
perature build-ups occurred in the skin. 
 

Results 
 

Finite Element Model 
 

In this model, the simulation predicted the temperature of 
the polyurethane layer in the area under the thermal stimuli. 
The results showed that the average surface temperature of 
the polyurethane layer was 31.5ºC, which was the desired 
skin temperature. Figure 9 shows the temperature readings 
of the probes under the actuators at a depth of 0.2 mm,        
1 mm, and 1.8 mm under the surface of the polyurethane 
layer using a 30/10 heating/cooling rate. Due to the duplica-
tion of the two probe readings, only data from one probe are 
presented here. The oscillation of the temperature decreased 
with the depth of the approximated skin layer; however, the 
average temperature increased as the probes got closer to 
the surface of the copper tube. Similarly, the temperature 
readings of the area between the actuators increased with 
the depth of the skin layer, as illustrated in Figure 10. 
  

Physical Experiments 
 

As part of this study, an experimental study was conduct-
ed to verify the developed simulation models. Four probes 
were used to validate the results of the simulation. Figure 11 
shows the temperature readings of a probe under one of the 
actuators, using a diagonal 30/10 heating/cooling rate at 
different average temperatures of thermal stimuli. Arm tem-
perature was also included in Figure 12 and was simulated 
using hot water. Furthermore, the temperature readings of 
the probes located between the actuators also increased as 
the average stimuli temperature increased; however, the 
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fluctuations in the readings were more subtle, as illustrated 
in Figure 12. The temperature of the water inside the arm 
did fluctuate between 32ºC and 32.2ºC; however, the fluctu-
ation was random and well confined. The temperature read-
ing 1 mm under the actuator changed between 31.8 and 32 
and the change had a repeating pattern, unlike the tempera-
ture of water. 

Figure 9. Temperature inside the polyurethane layer under the 
actuators at three different depths. The schematic representation of 
the actuators shows the locations of the thermistors (marked 
by an x). 

Figure 10. Temperature readings inside the polyurethane layer 
between the actuators at three different depths. The schematic 
representation of the actuators shows the locations of the 
thermistors (marked by an x). 

 

Comparison 
 

The experimental setup served as a physical validation for 
the simulation. Therefore, a comparison was conducted be-
tween the temperature readings of the experiment and the 
results of the simulation. A stencil knife was used to cut the 

polyurethane layer near the probes to measure their depths 
in the material. The results showed that all four probes were 
about 1.6 mm below the surface of the polyurethane layer. 
Figure 13 shows that the temperatures of the physical exper-
iment and the simulation model at 1.6 mm under an actuator 
had similar readings. The probes used in the experiments 
had a 0.5–0.6 mm body length at which the temperature 
could be read. Hence, in Figure 14, the comparison was 
conducted against two simulation readings at 1.6 and 1 mm. 
The figure represents the temperature readings in the physi-
cal experiment and the simulation between the actuators. 
The comparison shows that both temperatures were constant 
in that area; however, there was a 0.2ºC to 0.4ºC difference 
between them. It was hypothesized that the slight deviations 
from the reference temperature could be attributed to imper-
fections in the manufacturing of polyurethane, which chang-
es the thermal conductance of the material at different 
points. 

Figure 11. Temperature readings inside the polyurethane layer 
under one of the actuators at four different average temperatures of 
thermal stimuli and arm temperature simulated by hot water. 

Figure 12. Temperature readings inside the polyurethane layer  

between the actuators at three different average temperatures of 

thermal stimuli and the temperature of arm provided by hot water.  
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Figure 13. The temperature difference between the experiment and 

the simulation 1.6mm under an actuator. 

Figure 14. The temperature difference between the experiment and 
the simulation in the area between the actuators. The green and red 
dashed lines represent the upper and lower limits of the thermistor. 

 

Discussion 
 

The simulation results showed that the average tempera-
ture on the surface of the skin remained at 31.5ºC through-
out the simulation, which suggests that there was no actual 
heating occurring on the skin and that the thermal display 
did not change the average temperature on the surface of the 
skin. Similar to the applied pattern, the readings under the 
actuators showed that the temperature was cooling quickly 
and warming slowly within 0.2ºC (31.8-32ºC), which is an 
indication that the effect of continuous cooling was still 
present at 1.0 mm under the surface of the polyurethane 
layer. Even though the effect of continuous cooling lost 
80% of its efficiency in terms of temperature change ampli-
tude, from 0.2 mm to 1.8 mm, as illustrated in Figure 9, 
these results indicate the intensity of this method of stimula-
tion at different depths of the skin. It is worth mentioning 

that hot and cold receptors are usually located between     
0.2 mm and 0.5 mm under the skin (Adair, 1999; Ring, & 
de Dear, 1991), which suggests that the effect of the contin-
uous cooling should be much higher. 
 

The simulation results also showed that the temperature 
readings in the areas under and between the actuators in-
creased as the depths of the temperature probes increased. 
In fact, the fluctuations of the readings tended to taper off as 
the probes came closer to the copper tube. Additionally, the 
temperature variation decreased between the actuators, 
which indicates that approximately 44.4% of the stimulation 
area did not perceive the continuous cooling effect that is 
associated with temperature change. However, the unstimu-
lated area should not affect the overall sensation of continu-
ous cooling. Studies have shown that the thermoreceptors 
are poor at discriminating between two spatially divided 
stimuli (Taus, Stevens, & Marks, 1975; Yang, Kwon, & 
Jones, 2009). Moreover, the previous continuous cooling 
study showed that participants perceived a steady and con-
sistent sensation of cooling throughout the stimulation area 
(Kenshalo, 1976). 
 

Furthermore, the model can be modified to study the ef-
fect of spatial summation. Studies have shown that the ther-
mal threshold is inversely related to the area of stimulation 
(Kenshalo et al., 1967). However, this association is less 
distinct for the perception of cold (Greenspan & Kenshalo, 
1985; Berg, 1979). The spatial summation can be further 
investigated with the model used in this study. The actua-
tors’ layout can produce a combination of different sizes 
and shapes of thermal stimulation to test warm and cold 
thresholds on areas between 2 cm2 and 48.53 cm2. Moreo-
ver, the size of the actuators can be increased or decreased 
in a way that keeps the total area of stimulation constant in 
order to investigate the effect of spaces between the actua-
tors and whether the thermal intensity changes. In contrast, 
the total area of stimulation can be increased by adding 
more actuators to the system to study the effect of the stimu-
lation area on the temperature distribution and the overall 
perception of cold. This type of actuator can alternatively be 
replaced by a hot-and-cold liquid channel system to gener-
ate the same effect of continuous cooling. The simulated 
model will provide the ability to test the efficiency of such a 
system and whether it can be a possible replacement to the 
thermoelectric devices currently in use. 
 

On the other hand, the results of the physical model 
showed differences in the temperature readings between the 
areas that are located under the actuators and the areas be-
tween the actuators, as illustrated in Figures 11 and 12. All 
of the temperature readings in the experiments were record-
ed using a 30/10-second heating/cooling rate with a diago-
nal pattern, as illustrated in Figure 7. The temperature under 
the actuators showed that the effect of continuous cooling is 
still present, even at 1.6 mm under the skin, whereas the 
temperature between the actuators remained constant with 
different stimuli temperatures. 



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

 

The results of the physical experiments were very similar 
to the findings of the simulation model. Figure 13 best illus-
trates this similarity, where both results had the same behav-
ior. Figure 14 shows a comparison between the tempera-
tures of the model and the experiments, which shows that 
both temperatures were constant in the area between the 
actuators. However, there was an average difference of 
0.3ºC between the results. The comparison also showed 
subtle fluctuations in the temperature recorded from the 
experiments. These differences and fluctuations may have 
been caused by the possibility that the thermistor wires were 
directly exposed to the actuators. Due to the conductive 
nature of these wires, some temperature variations could 
have been conveyed to the probes, which led to the differ-
ence and fluctuation in the temperature. This problem can 
be avoided in the future by fully immersing the probes and 
the wires in the polyurethane sheet horizontally during the 
preparation process. The polyurethane layer should provide 
some insulation to the thermistor wires and connectors. An-
other way for insulation is to apply heat shrink tubing on the 
wires. 
 

These differences may also have been caused by micro air 
bubbles formed during the process of making the polyure-
thane sheet during the curing process. Some of these air 
bubbles may have interfered with the readings of the probes, 
which explains why the temperature reading of the experi-
ment in Figure 14 was 31.4ºC. To minimize the likelihood 
of air bubbles forming in a polyurethane layer, the material 
can be heated before curing to release the excess air. A light 
vibration can also be applied to the mold before pouring the 
material to release air from it. Another suggestion to im-
prove the results of the experiment is to add additional tem-
perature sensors in the skin-like layer. The data acquisition 
device that was used to collect the temperatures had 16 ana-
log inputs, 12 of which were allocated to controlling the 
thermal display device; hence, due to this limitation, it was 
not possible to add more than four sensors. This number 
was sufficient to record the temperature at different stimula-
tion areas. However, more sensors would be needed to mon-
itor more locations in the skin. 
 

The results of the simulation gave some explanation of 
the efficiency of the proposed application and the intensity 
as well as the spatial distribution of temperature in the 
asymmetric cooling pattern. These results were also validat-
ed in the physical experiment that showed similar infor-
mation about the temperature distribution inside the skin 
layer. These findings suggest that the simulation can be har-
nessed to analyze more advanced and technically challeng-
ing versions of this particular type of thermal display, such 
as adding more actuators and temperature probes to the sys-
tem. Additionally, the simulation can be used to observe the 
thermal behavior of the skin layer when a continuous heat-
ing stimulus is applied. The continuous heating effect oc-
curs when some actuators are slowly cooling, while others 
are quickly warming without causing a change in the aver-
age temperature of the skin. Modeling this type of thermal 

stimuli will provide insight into temperature distribution 
inside the skin. Furthermore, knowing the temperature read-
ings at different depths of the skin and the thermal conduc-
tivity of the skin will provide useful information about the 
heat flux that is transferred out of or into the skin. The mod-
el can calculate the heat flux that is transferred between the 
actuators and the skin, which is the driving factor of temper-
ature perception. The calculated amount and direction of 
heat flux from the model can later be used to control the 
thermal actuators more accurately via a flux meter, instead 
of depending on temperature feedback. 
 

Conclusions 
 

In this paper, the authors presented a simulation of an 
approximate model of the skin that was developed to inves-
tigate the thermal perception of the skin when asymmetrical 
hot and cold stimuli are applied. The results showed that the 
average surface temperature of the skin did not change dur-
ing the thermal stimulation. The simulation also showed that 
the effect of the continuous cooling method was still present 
at depths up to 1.8 mm under the surface of the skin. A 
physical model was built and used to validate the simulation. 
The results of the physical experiments were similar to the 
findings of the simulation. It was shown that the simulation 
model could be utilized to predict the temperature and ther-
mal behavior of the skin in different scenarios of this partic-
ular type of thermal stimuli. 
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Abstract  
 

Since there is a new shift in the Egyptian construction 
industry towards roller-compacted concrete (RCC) for the 
construction of Egyptian roads, it has become essential to 
investigate RCC’s engineering properties. The economic 
studies in Egypt favour RCC construction more than as-
phalt cement concrete in terms of abundance and price. 
Thus, RCC has been newly introduced in the Egyptian mar-
ket for excessive use in road and highway construction. In 
light of this trend, the authors looked for a correlation be-
tween the field and laboratory compressive strengths of 
RCC. This research focused mainly on selecting the labora-
tory compaction method in addition to the compaction ef-
fort needed to achieve a compressive strength in the labora-
tory equal to that achieved in the field. A small RCC strip 
was constructed to extract cores from and compare the re-
sults to those achieved by laboratory compaction using 
Proctor, Modified Proctor and vibrating-table compaction 
methods. For each method, five compaction analyses were 
made. 
 

The results showed that the vibrating table tends to over-
estimate the compressive strength. On the other hand, in the 
case of Proctor compaction, 12 blows and 16 blows are 
needed to resemble 8 and 10 roller passes on site, respec-
tively. In the case of the Modified Proctor compaction 
method, the samples need to be compacted by applying 13 
blows to resemble 10 roller passes on site. This method 
does not provide similar results to the 8 roller passes. Fur-
ther research is needed with different mixtures and field 
compaction efforts to be able to find a correlation. 
 

Introduction 
 

In Egypt, most roads are constructed using asphalt ce-
ment concrete. Recently, with the increase in demand for 
asphalt cement, due to the ongoing construction of thou-
sands of kilometers of roads in Egypt, there is a shift to-
wards the use of rigid pavements. Another reason that made 
Egypt shift towards the use of rigid pavement is that asphalt 
modification is not yet included within the Egyptian code of 
practice, and Superpave methodology has not yet been im-
plemented, and several research studies indicate that asphalt 
cement produced in Egypt does not meet the performance 
grade required for the Egyptian climate. The combination 
of economic and technical reasons led to the shift in Egypt 
towards the use of rigid pavements. With the shift towards 

the use of rigid pavements and the availability of asphalt 
concrete paving equipment, roller-compacted concrete 
(RCC) appears to be a good alternative for use in Egypt. 
RCC is stiff concrete with a very low water-to-cement ratio 
that has the same constituents as conventional concrete and 
is constructed by using a deadweight or vibrating-roller 
compactor. RCC is constructed using the same equipment 
used in asphalt concrete, and has very high productivity 
compared to typical rigid pavements.  
 

Today, RCC remains one of the leading alternatives in 
the construction industry, due to its diverse applicability, 
ease of installation, and unique qualities, the most im-
portant being economy, strength, durability, and conven-
ience. The RCC compaction effort can be decided upon by 
choosing target density for field compaction, as in soil ce-
ment and asphalt cement concrete. A major difference be-
tween RCC and asphalt cement concrete is that the latter 
continues to consolidate after construction (White, 1986). A 
major issue in the design of RCC is the relationship be-
tween field compaction and laboratory compaction. The 
main objectives of this current research were to investigate 
different laboratory compaction techniques, compare them 
to field results, and to recommend a compaction effort that 
can be applied in the laboratory. 
 

Background 
 

Roller-compacted concrete is made using a zero-slump 
mix and is compacted using a vibrating compactor (Bílý, 
Fládr, & Haase, 2015). It can be considered as a transitional 
material that inherits technologies from Portland cement 
concrete, soil cement, and asphalt cement concrete (White, 
1986). RCC has advantages in durability and cost as an al-
ternative to be used in heavy-duty pavements subjected to 
low traffic speeds (Amer, Delatte, & Storey, 2003). RCC 
was used successfully in many heavy-duty projects such as 
ports, weigh stations, and warehouses. The use of roller-
compacted concrete has been around since the late 1970s. 
The use of RCC has steadily increased in recent years in 
public and private uses and especially in the cases of low-
volume parking areas (Pittman & Anderton, 2009). More 
than 100 roller-compacted concrete pavements were con-
structed in North America during a period of 24 years 
(Amer et al., 2003). It also managed to attract the US Army 
Corps of Engineers (USACE), who started making use of 
RCC pavements throughout various military facilities in the 
US in 1980. USACE used RCC in heavy-duty applications 
such as equipment hardstands and tank test roads (Amer et 
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al., 2003). Pittman and Anderton (2009) tested sections of 
RCC that were constructed at the Army Corp of Engineers 
Waterways Experiment Station in Vicksburg, Mississippi in 
1975. In 1984, a tank hardstand military application was 
constructed at Fort Hood, Texas, which is considered the 
first large-scale project. Around 1988, there was a signifi-
cant increase in the areas constructed using RCC in the US, 
which exceeded 2.5 million square yards. These projects 
were mainly in the military and private/industrial sectors. 
There was no significant increase in the use of RCC until 
around 2000. After this, there was a significant increase in 
the use of RCC in the US. The area constructed using RCC 
reached more than 9.5 million square yards in 2008, and 
most of it was in the private/industrial sector (Pittman & 
Anderton, 2009). 
 

RCC mixes are dry concrete mixes that have the same 
constituents of concrete but with different proportions. 
Compaction of concrete, in addition to cement hydration, is 
a major factor in the strength of RCC, due to RCC’s de-
pendency on aggregate interlock (Chhorn & Lee, 2017). 
RCC can achieve strengths that are equal to or higher than 
those achieved in conventional concrete. This depends on 
several factors such as using well-graded aggregates, 
properly selecting the cement and water contents, and good 
compaction of the concrete mixture. The amount of water 
needs to be properly selected, as these mixes should be stiff 
enough to withstand the vibratory rollers, and wet enough 
to allow distribution of paste, while mixing without segre-
gation (Chhorn & Lee, 2017). 
 

RCC has several advantages and this makes it more feasi-
ble for some pavement structures (Bílý et al., 2015). The 
advantages of RCC include being fast and economical in 
construction. This makes it a good alternative for many 
applications. It has been typically used for pavements sub-
jected to heavy loads and low speeds, because of its coarse 
surface. Recently, there had been an increase in its use in 
highways, local streets, and commercial areas. Due to the 
nature of pavement, occasional light traffic is allowed in the 
first few days (Harrington, Abdo, Adaska, Hazaree, Ceylan, 
& Bektas, 2010). RCC’s compressive strength ranges typi-
cally between 28 and 41 MPa, which is within the same 
range of conventional concrete. A strength of 48 MPa was 
achieved in some projects (Harrington et al., 2010). RCC 
has lower paste content compared to conventional concrete, 
which makes it more attractive from an environmental point 
of view because of the reduced cement content. Ease of 
construction and the elimination of the need for formwork 
and finishing are other advantages that make RCC attrac-
tive for use in projects (Chhorn & Lee, 2017). RCC pave-
ments have a major limitation due to surface smoothness, 
which makes them less preferred for high-speed roads (Bílý 
et al., 2015). 
 

The mixture design inherits its procedure from soil me-
chanics (Chhorn & Lee, 2017; Harrington et al., 2010). In 
the design process, trials are made at different cementitious 

contents and for each one of them, samples are compacted 
at different water contents using the modified Proctor meth-
od. When using a weak aggregate, the Proctor method is 
recommended instead. The different water contents are 
used to find the optimum water content that will yield the 
highest density (Harrington et al., 2010; Tayabji et al., 
1995). The moisture content is a function of the aggregate 
and cement used. An increase or decrease in the water con-
tent from the optimum value will affect the strength of RCC 
(Tayabji et al., 1995). In general, the percentage of aggre-
gate in the mix is higher than conventional concrete 
(Harrington et al., 2010). Production of laboratory speci-
mens that give an indication of field properties is one of the 
drawbacks of RCC (Amer et al., 2003; Trtík, Chylík, Bílý, 
& Fládr, 2017). Sample preparation is different from that of 
conventional concrete. Compaction is the governing factor 
that affects RCC properties. According to ASTM Standard 
C1435 “Molding Roller-Compacted Concrete in Cylinder 
Molds Using a Vibrating Hammer” and ASTM standard 
C1176 “Standard Practice for Making Roller Compacted 
Concrete in Cylinder Molds using a Vibrating Table”, RCC 
specimens are prepared for compressive strength testing 
using a vibrating hammer or vibrating table. The samples 
prepared in the laboratory might have significantly different 
properties than the field-compacted concrete, due to the 
difference in compaction; thus, samples cored from the 
field are preferred (Khayat & Libre, 2014). 
 

Amer et al. (2003) investigated the use of the gyratory 
compactor, which is commonly used with asphalt cement 
concrete under the Superpave method, as a compaction 
technique. The asphalt industry started using the gyratory 
compactor, as it mimics the effect of roller compaction in 
the field. The use of the gyratory compactor to prepare 
RCC samples yielded consistent results, when it came to 
strength and density, and the results were in agreement with 
field-procured samples. The authors concluded that the 
number of gyrations depends on the field compaction level; 
but for their studied samples, 60 gyrations replicated accu-
rately the field conditions (Amer et al., 2003). In another 
study, LaHucik and Roesler (2017) studied the variability in 
field density with depth. They found that the pavement that 
achieved the specified density of 98% of Modified Proctor 
optimum density from the design was the 12.7-cm-thick 
pavement. To achieve 98% of the Modified Proctor density 
in the laboratory, a gyratory compactor was used and the 
samples required 50 to 70 gyrations to achieve 98% of the 
Modified Proctor (LaHucik, & Roesler, 2017). There was a 
statistical difference between laboratory-prepared samples 
and those cored from the field. They attributed the differ-
ence to the 4% reduction in density, which led to 45% re-
duction in compressive strength. The laboratory-prepared 
samples achieved the designated 28-day compressive 
strength at 7-day testing. On the other hand, field samples 
from two of the four projects studied did not achieve the 
desired 28-day strength (LaHucik, & Roesler, 2017). Bílý et 
al. (2015) studied properties of RCC and found high varia-
bility in the results, as they used manual compaction.  
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Trtík et al. (2017) compacted samples using a pneumatic 
hammer and by static compaction. These samples were 
compared to cores taken from RCC pavement based on 
bulk density and compressive strength. The results from the 
pneumatic hammer with a compaction period of 10s resem-
bled the field conditions. The results of static loading were 
significantly different from those compacted using the 
pneumatic hammer. This indicates that production of RCC 
pavements by static compaction is not appropriate (Trtík et 
al., 2017).  
 

Objective 
 

The main objective of this current study was to perform a 
pilot study in order to correlate field compressive strength 
to that of laboratory-prepared samples. This was done by 
compacting a test strip on a construction site and using the 
same concrete mix; the samples were compacted in the la-
boratory using different equipment and different compac-
tion efforts in order to find the combination that resembled 
the field results.  
 

Methodology 
 

In order to evaluate the laboratory compaction method 
and compare it to field compaction, a small field-compacted 
strip was constructed in order to be able to extract cores 
from it and compare them to laboratory-compacted samples 
using different compaction techniques. 
 

Mix Design 
 

The mixture design used in this study contained        
472.5 kg/m3 cement, 170 kg/m3 water, 666.5 kg/m3 fine 
aggregate, and 1087 kg/m3 coarse aggregare with a water-to
-cement ration of 0.32. This mix design was used for both 
the laboratory and field work.  
 

Field-Compacted Strip 
 

A site was selected to construct a 2m-wide and 10m-long 
strip. The main purpose of this strip was to get cores that 
were field-compacted for testing. The thickness of the pave-
ment section was 15 cm. The results from the cores were 
used to compare to results from the laboratory-prepared 
samples using the same mix. The strip was divided into two 
segments with a different number of passes by the roller 
compactor as follows: 

 
(a)  Segment 1 (2.7m x 2m) was subjected to 8 passes by 

the compactor. 
(b)  Segment 2 (2.7m x 2m) was subjected to 10 passes 

by the compactor. 
(c)  The rest of the strip was used for compactor manoeu-

vres. 
 

The strip was paved over the natural subgrade after 
properly compacting the subgrade using an eight-ton roller 
compactor. The width of the strip was limited to 2m, which 
was the width of the compactor used. The strip was cured 
for seven days and then the samples were cored from the 
strip and taken to the laboratory for further curing and test-
ing. For each segment, five cores were taken; two near the 
pavement edge (one near each edge) and three close to the 
pavement centerline. Figure 1 shows coring of field sam-
ples and a schematic of their location. It is worth noting that 
for a concrete mixing crew that has never worked with 
RCC, the mix was considered a very dry mix and they 
wanted the researchers to change the mix design. This im-
plies that with the introduction of RCC in areas in which it 
was never previously implemented, awareness sessions 
would be necessary. On the other hand, for the placement 
and compaction team, who worked mainly with flexible 
pavements, the experience was simple and familiar.  

 

(a) Schematic of the strip and core locations. 

(b) Core Extraction. 
 
Figure 1. Sample locations and core extraction. 
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Laboratory Sample Preparation 
 

To achieve the research objective of finding a suitable 
compaction method that replicates field results, three com-
paction methods were used in the laboratory. Two of these 
methods were soil-compaction methods, while the third one 
was the standard method used in RCC compaction. The 
three selected compaction methods were Proctor compac-
tion (ASTM D698), Modified Proctor compaction (ASTM 
D1557), and Vibrating-table compaction (ASTM C1176). 
For each method, five compaction efforts were used in or-
der to find out which compaction effort best resembled field 
compaction. For the Proctor and Modified Proctor compac-
tion methods, the number of blows was varied. On the other 
hand, for the vibrating-table compaction method, the vibra-
tion time was varied. This was done because, in the vibrat-
ing table, level of compaction is a function of time. Figure 2 
shows the details of the compaction methods and the differ-
ent compaction efforts. Nine replicates were compacted at 
each compaction level. 
 

The samples at each compaction effort were randomly 
divided into three groups to be tested at 7, 14, and 28 days, 
with three replicates in each group. The densities of the 
samples were calculated and the samples were then tested 
for compressive strength. In order to eliminate the effect of 
sample size as a difference between the laboratory-
produced samples and the field-produced samples, the sam-
ples were made to be 10 cm in diameters and 13 cm high, to 
replicate the size of the samples cored from the field sec-
tion.  
 

The compaction procedure followed ASTM standards as 
follows: 

 Proctor Compaction method followed ASTM D698: 
Standard Test Methods for Laboratory Compaction 
Characteristics of Soil Using Standard Effort (12,400 
ft-lbf/ft3(600 kN-m/m3)) 

 Modified Proctor compaction method followed 
ASTM D1157: Standard Test Methods for Laborato-
ry Compaction Characteristics of Soil Using Modi-
fied Effort (56,000 ft-lbf/ft3(2,700 kN-m/m3)) 

 Vibrating Table Compaction Method followed 
ASTM C1176: Standard Practice for Making Roller-
Compacted Concrete in Cylinder Molds Using a Vi-
brating Table 

 

Results and Analysis 
 

Figure 3 and Table 1 show the results of the field-
compacted laboratory-tested cores. It can be determined 
from the results that there was a reduction in the strength of 
the samples extracted near the edge of the pavement, as 
compared to those extracted near the centerline. The reduc-
tion in strength was about 3% in the case of applying 8 
passes by the compactor, and 6% in the case of applying 10 
passes by the compactor. It can be also concluded from the 
results that the RCC samples gained more than 70% of their 
strength after 14 days. Table 2 presents a summary of the 
laboratory results. 

Figure 3. Compressive strength results for field cores. 

 
The results of the Proctor and Modified Proctor tests at 7, 

14, and 28 days show a trend of increasing strength until a 
peak strength is achieved, at which point the strength starts 
to decline. This indicates that over compaction of RCC 
might have an adverse effect. As expected, due to the in-
creased compaction effort, the strength achieved by the 
Modified Proctor test was higher than that achieved by the 
Proctor test. Figures 4-6 shows the results of the Proctor 
and Modified Proctor tests. 

Figure 2. Laboratory experimental program. 
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Number of 
Roller Passes 

Sample 
Location 

Sample Age 
(Days) 

Strength 
(MPa) 

Mean 
Strength 
(MPa) 

Strength 
Standard 
Deviation 

(MPa) 

Density 
(kg/m3) 

Mean 
Density 
(kg/m3) 

Density 
Standard 
Deviation 
(kg/m3) 

8 Center 14 13.1 13.1 N/A 2278 2278 N/A 

8 Center 28 18.4 18.7 0.4 2300 2236 91.2 

8 Center 28 19.0   2171   

8 Side 28 18.1 18.3 0.3 2274 2249 353.6 

8 Side 28 18.5   2224   

10 Center 14 17.6 17.6 N/A 2245 2245 N/A 

10 Center 28 21.1 21.3 0.2 2296 2313 24.0 

10 Center 28 21.4   2330   

10 Side 28 20.4 20.1 0.4 2321 2306 21.2 

10 Side 28 19.8   2291   

Table 1. Results of samples cored from the pavement strip. 

 Strength (MPa) Density (kg/m3)     

Sample ID 7 Days 14 Days 28 Days 7 Days 14 Days 28 Days 

Proctor 10 15.3 18.3 20.2 2463 2452 2484 

Proctor 15 16.4 19.7 21.7 2580 2613 2648 

Proctor 20 18.5 22.2 23.8 2503 2628 2617 

Proctor 25 24.7 29.6 32.5 2548 2572 2502 

Proctor 30 22.9 27.2 28.3 2598 2576 2662 

Modified Proctor 10 12.9 15.6 17.2 2447 2397 2405 

Modified proctor 15 22.4 20 22 2404 2398 2464 

Modified Proctor 20 25.1 24 26.4 2513 2468 2425 

Modified Proctor 25 28.1 33.7 37 2295 2230 2267 

Modified Proctor 30 23.9 27.7 31.2 2477 2477 2432 

Vibrating Table 15 20.6 24.8 27.2 2356 2294 2304 

Vibrating Table 20 22.7 27.2 29.9 2366 2336 2265 

Vibrating Table 30 29 34.8 38.3 2367 2322 2464 

Vibrating Table 45 29.4 35.3 38.8 2323 2421 2360 

Vibrating Table 60 30.8 37 40.7 2350 2333 2312 

Table 2. Properties of Laboratory Prepared Samples. 
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Figure 4. 7-day compressive strength for samples compacted 
using Proctor and Modified Proctor. 
 

Figure 5. 14-day compressive strength for samples compacted 
using Proctor and Modified Proctor. 
 

Figure 6. 28-day compressive strength for samples compacted 
using Proctor and Modified Proctor. 

 

Vibrating Table 
 

Figure 7 shows the results of the vibrating-table test at 
different ages. It can be concluded from the results that 
compaction above 30 seconds had a negligible effect on the 
compressive strength of the samples. 
 

Figure 7. Compressive strength for samples compacted using 
Vibrating Table. 

 

Selection of the Representative 
Compaction Method 
 

The main purpose of this study was to find the compac-
tion method that resembles field compaction and to deter-
mine the appropriate compaction effort that will yield the 
same results in the field and the laboratory. Figure 8 sum-
marizes the results achieved from field and laboratory sam-
ples at an age of 28 days. The intersection between the re-
sulting field and laboratory curves was taken as the recom-
mended compaction effort. It can be concluded from Figure 
8 that the vibrating table overestimates the strength of RCC 
and is not capable of predicting the field results. On the 
other hand, Proctor and Modified Proctor compaction meth-
ods showed promising results. The Modified Proctor test 
was not able to capture the compressive strength of the 8 
roller passes field compaction. To be able to simulate the 8 
roller passes field compaction, it is recommended to com-
pact the samples in the lab using the Proctor compaction 
method and apply 12 blows. In order to simulate the 10 
roller passes field compaction, it is recommended to com-
pact the samples in the lab using the Proctor compaction 
method and apply 16 blows, or use the Modified Proctor 
compaction method and apply 13 blows. Density was not 
included in this analysis, as the results did not follow any 
specific trend. 
 

Conclusions 
 

In this paper, the authors present a pilot study that inves-
tigated the correlation between different laboratory com-
paction methods and field compaction in roller-compacted 
concrete. The main point of the investigation was to deter-
mine the compressive strength and find out which method 
would achieve the same compressive strength as the field-
compacted strip. This study should be repeated under dif-
ferent conditions, mixes, and compaction efforts. Based on 
the field-compacted strip, laboratory conditions, and the 
range of materials used, the following can be concluded: 
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 The Proctor and Modified Proctor curves reached a 
peak strength at 25 blows. This indicates that over 
compaction might lead to loss of RCC compressive 
strength. 

 Vibrating table reached a plateau after 30 seconds for 
all the sample ages tested. This indicates that com-
paction for more than 30 seconds using the vibrating 
table is not beneficial. 

 Compared to the field results obtained, the vibrating 
table tends to overestimate the compressive strength 
of roller-compacted concrete. 

 The core extracted from the sides yielded less 
strength than the those extracted from the center of 
the constructed lane. 

 Awareness is needed about RCC properties and mix-
es when it is implemented in new locations, due to 
its unique nature. 

 The placement and compaction process was familiar 
to a crew that is used to working with flexible pave-
ments. 

 The correlation between laboratory and field results 
indicates that Proctor and Modified Proctor methods 
better resemble the field compressive strength. 

Figure 8. Combined 28-day strength results. 

 

Recommendations 
 

1. To achieve laboratory compressive strength, it is 
recommended to use Proctor or Modified Proctor 
compaction methods. 

2. Samples compacted using the Proctor compaction 
method need to be compacted by applying 12 blows 
and 16 blows to resemble 8 and 10 roller passes on 
site, respectively. 

3. Samples compacted using the Modified Proctor com-
paction method need to be compacted by applying 13 
blows to resemble 10 roller passes on site. This 
method does not resemble 8 roller passes. 

4. The use of the vibrating table in compacting labora-
tory samples is not recommended, as it yields signifi-

cantly higher compressive strength compared to field
-compacted samples. 

5. This study only investigated the presence of the cor-
relation. Further studies are needed to get more de-
tails that relate to the changes in mix designs and 
different field-compaction levels. This study had also 
limited data points; thus, it is recommended to have 
more samples in order to be able to verify the recom-
mended laboratory-compaction levels and perform a 
statistical analysis. 

6. Properties other than compressive strength need to 
be studied. 
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 An Automated Hydraulic Position Control 
System:  Structure and Performance Analysis 

——————————————————————————————————————————————–———— 
Yuqiu You, Ohio University; Jesus Pagan, Ohio University 

Abstract 
 

Hydraulic systems are widely used in industry, since they 
can produce large torques, high-speed responses with rapid 
motions and speed reversals. Automatic control of hydraulic 
systems has evolved into an increasingly superior alterna-
tive for many industrial applications. Advances in hydraulic 
hardware and electronics have combined to make the design 
and implementation of these systems more intuitive, relia-
ble, cost effective, repeatable, and user friendly. Controlling 
the position of a cylinder is one of the most demanding hy-
draulic motion control applications. The project illustrated 
in this paper is a study of automated position control of a 
hydraulic cylinder through a Parker Compax3F fluid con-
troller (Parker Hannifin Corporation, 2007). The authors 
introduce the hardware components, structure, program-
ming, configuration, and performance analysis of the auto-
mated hydraulic position control system. 
 

Introduction 
 

Automatic control of hydraulic systems has evolved into 
an increasingly superior alternative for many industrial ap-
plications. Controlling the position of a hydraulic cylinder is 
one of the most demanding motion control applications. The 
project presented here demonstrates the design, structure, 
development, and performance analysis of an automated 
hydraulic position control system. This automated hydraulic 
position control system was designed to control the linear-
motion position of a hydraulic cylinder through a touch 
screen HMI (Human-Machine Interface). The major compo-
nents of the system include a Parker 3L hydraulic cylinder, 
a position sensor, a DF Plus electrohydraulic servo valve, a 
PID controller, a Compax3F fluid controller, a touch screen 
HMI display, and an H-Pack hydraulic power supply. The 
control method applied was a traditional PID (proportional, 
integral, and derivative) control. As most classical ap-
proaches for positioning of hydraulic cylinders, the system 
did not give satisfactory performance, due to the major dead
-zone problem. In this study, the system performance was 
compensated for through hardware configuration and 
CODESYS programming of the controller. The resulting 
performance improvement was verified through perfor-
mance analysis. 
 

System Overview 
 

The hydraulic position control system consists of a hy-
draulic cylinder, a proportional valve, a position sensor, a 
fluid controller, and an HMI touch screen. Table 1 list the 

specifications of these major hardware components. Figure 
1 illustrates the layout of the system. Figures 2 and 3 show 
the cylinder with position motion and proportional valve. 
 
Table 1. List of hardware components. 

Figure 1. System layout and major components. 

 
The system uses Parker’s Compax3F fluid controller as 

the main controller. Compax3F is a servo drive for position, 
velocity, and force/pressure control of electrohydraulic sys-
tems. This controller is a programmable motion control de-
vice based on IEC61131. IEC61131 is an international elec-
tro-technical commission standard for programmable con-
trollers. Compax3F is programmed by CODESYS, an IE-
C61131-based program development platform. The DF Plus 
valve from Parker is used as the proportional directional 
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Part Name Component Type Part Number 

Compax3F 
Hydraulics 
controller 

C3F001D2F12 I11 T30 
M00 

DF Plus valve 
Proportional 
directional 
control valve 

D1FPE50FB9NB00 20 

Parker 3L 
cylinder 

Hydraulic cylinder 01.50 F3LLUS23A 12.000 

Parker H-Pak 
Hydraulic 
power supply 

H1B2 7T10P0X13909/13 

Parker HMI HMI display XPR06VT-2P3 
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control valve for this system. The proportional directional 
control valve controls the position of the cylinder, based on 
DC signals ranging from -10v to +10v. A linear variable 
differential transformer (LVDT) provides position feedback 
to validate the cylinder position for improved accuracy and 
repeatability. The LVDT generates a feedback voltage pro-
portional to the position change of the cylinder. The feed-
back voltage is then used by the controller to determine the 
control variable of the system.  

Figure 2. The DF Plus proportional valve. 

Figure 3. The linear cylinder with the position sensor. 

 

Compax3F Controller Configuration and 
Programming 
 

Compax3F is a programmable hydraulics controller that 
interfaces with various input and output devices and imple-
ments control functions. Figure 4 shows that the controller 
has modules that can connect to six analog input devices, 
four analog output devices, and twelve digital input/output 
signals. 
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Figure 4. The Compax3F controller. Reprinted with permission. 

 
The controller is configured through Parker Servo Manag-

er software. The controller configuration includes the con-
figuration of all devices in the system, as well as parameter 
setup of the control profile. Setup of the major configura-
tions include: 

1. Axis selection and configuration 
2. Sensor configuration 
3. Valve configuration 
4. Machine zero/homing mode setup 
5. Travel limit setting 
6. IEC61131-3 variable list for programming 

 
The configuration is saved in a configuration file and 

downloaded to the controller for system function. Once the 
configuration file is completed and downloaded correctly, 
the controller establishes communication channels with all 
of the input/output devices, and recognizes the type and 
parameter settings of these devices. This system includes 
the proportional direction control valve and the cylinder. 
 

The controlling method is programmed in CODESYS, a 
programming environment for control systems that can be 
used to develop IEC61131-3 programs. Control programs 
can be programmed in various formats, including Instruc-
tion List (IL), Structured Text (ST), Sequential Function 
Chart (SFC), Function Block Diagram (FBD), Continuous 
Function Chart (CFC), and Ladder Diagram (LD). 
CODESYS has default functions that include bit manipula-
tion, numeric function, type conversion, selection function, 
trigger, numerator, timer, and PID control functions 
(Hanssen, 2017). It provides a convenient program develop-
ing environment for controller programming. Figure 5 
shows a function block program that was developed for 
position control. Major functions used in the program are 
jog function, power enable function, data conversion, mo-
tion reset function, absolute movement function, and set 
home function. The function block program illustrates the 
data flow and logic in executing the position control. 
 

X1 Analog Inputs 

X2 Analog Outputs 

X3 24 VDC power supply 

  

X10 RS232/RS485 

X11 2. Feedback Type 

X12 Inputs/Outputs 

X13 1. Feedback Type 



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

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

 38                                 International Journal of Engineering Research and Innovation | v11, n2, Fall/Winter 2019 

The MC_Power function was designed to control the    
on/off status of the drive/cylinder. Figure 6 shows the major 
inputs of this function—axis reference number of the cylin-
der and the Enable button from the HMI interface. 

Figure 6. MC_Power function. 

 
The MC_Home function was designed to execute a se-

quence for searching the home position and causing the axis 
to move to that position. Figure 7 shows the major inputs of 
this function—the axis reference number of the cylinder, 
Execute input to provide a valve starting the execution, and 
Position input to provide an absolute position value. The 
MC_Reset function was designed to reset all internal axis-
related errors, and does not affect the output of the function-
al block instances. Figure 8 shows the major inputs—the 
axis reference number and the Boolean signal that activates 
this function. The MC_MoveAbsolute function was de-
signed to move the axis to an absolute position and use the 
input values.  

Figure 7. MC_Home function. 

Figure 8. MC_Reset function. 

 
Figure 9 shows the inputs—the axis reference number, a 

Boolean signal to activate the function, and values to set 
target position, velocity, acceleration, deceleration, and jerk. 
The completed CODESYS program in CFC format is then 

Figure 5. CODESYS programming. 
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linked to the Compax 3F configuration file in the Parker 
Servo Manager environment. This combined project config-
uration and program file are then downloaded to the Com-
pax 3F controller to implement the control function. 

Figure 9. MC_MoveAbsolute function. 

 

System HMI Interface 
 

An HMI interface was developed to provide a control 
panel to the position control system. Figure 10 shows the 
layout of the control and that the interface is programmed in 
Interact Xpress software. 

Figure 10. Position control panel. 

 
The control panel contains seven buttons and two variable 

input boxes. The Enable and Reset buttons are Boolean but-
tons to enable the valve drive and reset the input variables 
for position and velocity controls, respectively. The Home 
button brings the cylinder piston to the pre-configured home 
position, and the Move button enables motion control, ac-
cording to the input variables. Two Jog buttons (Jog+, Jog-) 
are used to allow manual jogging of the cylinder piston in 
both directions. There are variable input boxes to set posi-
tion and velocity values for motion control. A Back button 
was included in order to navigate back to the previous win-
dow. Figures 11-13 show this position control system, and a 

few more windows designed for instructions. Figure 11 
shows the starting window of the motion control applica-
tion. Users can select one of the control applications in or-
der to proceed from fluid cylinder position control to motor 
position control. 

Figure 11. Starting window. 

Figure 12. Instruction window (1). 

Figure 13. Instruction window (2). 
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The interaction between this HMI interface and the appli-
cation in the Parker Servo Manager software is based on 
data tags created in Interact Xpress and the connection be-
tween the data tags and variables used in the CODESYS 
program. Table 2 lists the data tags and their corresponding 
CODESYS variables. 
 
Table 2. Data tags. 

Performance Analysis 
 

In a closed-loop position control system, system perfor-
mance normally can be analyzed based on the step response 
time (rise time), the steady-state error, and the peak over-
shoot (Fundamentals of Motion Control, 2014). Due to limi-
tations of time and equipment, the step response time was 
selected as the parameter to be collected and analyzed in 
this project. The step response time was defined as the time 
the system takes to respond to a step input signal from 10% 
to 90% of the steady state response. In this project, step 
response times were measured and analyzed in order to 
compare system performance at different P gain levels of 
the PID controller.  

 
P gain is the proportional gain of the PID controller. In-

creasing the proportional gain increases the amount of cur-
rent to the valve proportional to the amount of error the sys-
tem produces. Therefore, the response time to the step sig-
nals should decrease. However, increasing the P gain further 
will cause the valve current to quadruple, which may result 
in oscillatory performance, and the valve could be damaged. 
In this project, the controller P gain was set to five different 
levels between 100 and 1000, and the step response times 
were measured and collected through an oscilloscope con-
nected the valve, as shown in Figure 14. Table 3 shows the 
response time data collected at various P gain levels. 
 

Figure 15 shows that the response times, measured at      
P = 1000, tended to be at the lowest levels. However, one 
measurement indicated an unusually high response time. 
This could have been caused by factors such as oscillatory 
performance, due to high P gains. Figure 16 shows a plot of 
the calculated averages of all measurements at the same P 

gain levels. This figure also indicates that the system has the 
shortest response time when P gain is set to 800. 

Figure 14. Data measurement. 

 
Table 3. Data collected. 

Figure 15. Line chart of the response times at different P gain 
levels. 

 

Function 
Interact 

Express Tags 
CODESYS Variables 

Enable C3.C.1904.1 C3Array.Col04_Row01 

Home Button C3.C.1904.7 C3Array.Col04_Row07 

Jog Positive (+) C3.C.1904.2 C3Array.Col04_Row02 

Jog Negative (-) C3.C.1904.3 C3Array.Col04_Row03 

Velocity Input  C3.C.1901.1 C3Array.Col01_Row01 

Position Input C3.C.1901.2 C3Array.Col01_Row02 

Move Button C3.C.1904.5 C3Array.Col04_Row05 

Reset Button C3.C.1904.6 C3Array.Col04_Row06 

Response 
Time (ms) 

P-100 P-200 P-500 P-800 P-1000 

#1 275 250 250 225 350 

#2 275 350 275 275 300 

#3 275 375 300 225 225 

#4 250 375 275 225 250 

#5 275 400 325 225 250 

Avg. 270 350 285 235 275 
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Figure 16. The average response times at different P gain levels. 

 

Conclusions 
 

This automated electrohydraulic position control system 
was developed in order to introduce electro-hydraulics and 
control theory to students in the Manufacturing Engineering 
and Technology Program. This system provides students 
with experience in hardware configuration, programming, 
interfacing, and system integration. Due to time constraints, 
the step response times for position control at different P 
gain levels were measured and analyzed in this project. 
From the analysis, it was concluded that the optimized P 
gain value for the best system response time was P 800. 
Further studies will be conducted on I and D gains of the 
controller, as well as other performance characteristics, 
based on this established electro-hydraulic position control 
system. 
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Abstract 
 

In this study, the authors performed dust-emission and life
-impact assessments of frame-shear wall structure in Zheng-
zhou, China, by applying the Eco-indicator 99+ method and 
using SimaPro software. The results indicate that the dust 
emission of 1m2 frame-shear wall structure is 35.22 kg, and 
dust emission in the dismantling phase accounts for 38.7% 
of the dust emission of the lifecycle of the building. The 
phase of operation and maintenance has obvious contribu-
tions to the environmental impacts of the lifecycle of the 
building. To reduce the construction dust emission and the 
environmental burden, some effective measures are pro-
posed in this paper. 
 

Introduction 
 

With the rapid development of urbanization, construction 
dust is continuously increasing, and the harm of haze has 
become increasingly severe. Although many factors can 
cause the haze, the influence of construction dust cannot be 
ignored, and has attracted wide attention. By establishing a 
dust emission mode, Li and Zheng (2020) analyzed dust 
emission in the construction phase, while Anand and Amor 
(2017) proposed a dust-emission coefficient in the prepara-
tion phase of construction. To achieve sustainable develop-
ment, a lifecycle assessment (LCA) has been widely used to 
evaluate the environmental impacts of buildings (Hafliger et 
al., 2017; Hoxha, Habert, Lasvaux, Chevalier, & Le Roy, 
2017; Vilches, Garcia-Martinez, & Sanchez-Montanes, 
2017). However, study of building dust emissions is still in 
the primary stage of LCA application (Hossain, Poon, Lo, & 
Cheng, 2017; Najjar, Figueiredo, Palumbo, & Haddad, 
2017). Cellura, Cusenza, and Longo (2018) applied the im-
proved method to assess the environmental impacts on the 
Chinese city of Dalian and validated the effectiveness of the 
improved method. Araujo, Salvador, Piekarski, Sokulski, 
De Francisco, and Camarga (2019) analyzed the relative 
importance of lifecycle phases, especially focusing on the 
construction and production phases of materials, which 
made significant contributions to the buildings’ environ-
mental impacts. A conceptual framework was developed, 
which facilitated the assessment of carbon emissions over 
the lifecycle of the buildings’ demolition (Hossain & Poon, 
2018; Hussain, Malik, & Taylor, 2018; Kouchaki-Penchah, 
Sharifi, Mousazadeh, & Zarea-Hosseinabadi, 2016). Ro-
sado, Vitale, Penteado, and Arena (2017) provided an effec-
tive approach to collect data, and applied LCA to model 
building information.  

Based on LCA, Hossain, Poon, Lo, and Cheng (2016) 
developed a quantitative lifecycle model for accounting for 
carbon emissions. A residential building in Sino-Singapore 
Tianjin Eco-city (Tianjin, China) was selected as a test case. 
Based on LCA, Vitale, Arena, Di Gregorio, and Arena 
(2017) quantitatively analyzed the dust emission and envi-
ronmental impacts of all phases of the residential building; 
Hossain, Xuan, and Poon (2017) further proposed some 
effective measures for reducing dust emissions and environ-
mental burden. 
 

Project Case 
 

Frame-shear wall structure is a structural system formed 
by combining frame and shear wall together. The vertical 
load of the building is shared by the frame and the shear 
wall, while the horizontal load is mainly borne by the shear 
wall with high lateral stiffness. Frame-shear wall structure 
has not only the frame-structure characteristics of obtaining 
larger spaces and flexible arrangement, but also shear wall 
structural characteristics of higher stiffness and bearing ca-
pacity; thus, it is widely used in high-rise buildings. A 
frame-shear wall structure was chosen as a test case in the 
Chinese city of Zhengzhou. The height of the building was 
20.75m. The total construction area was 2039.62m2 and the 
design working life was 50 years. The building was con-
structed in 2015. Table 1 shows all of the building materi-
als. SimaPro software (Hossain, Leu, & Poon, 2016) was 
used to quantify the dust emissions and environmental im-
pact of frame-shear wall structure, and the lifecycle of the 
building was divide into four phases: materials production 
phase, construction phase, operation phase, and demolition 
phase. From this current study, the authors determined that 
the phase and the main factors have an obvious influence on 
maximum dust emissions and the environment. The func-
tional unit studied was 1m2 of net area over the 50 years 
reference study period of the building. 
 

Analysis of Lifecycle Inventory 
 
List of building materials for the production phase: The list 
of materials consumed was selected from the construction 
company. Based on the 2008 quota of Henan Province, the 
depletion of building materials was considered. Table 1 
shows the consumption of building materials. The input-
output data of the functional unit was obtained from the 
relevant research results (Li & Zheng, 2020; Najjar et al., 
2017; Rosado et al., 2017), while the unobtainable data refer 
to the database of SimaPro. 
 

——————————————————————————————————————————————–———— 
Yadong Bian, Zhongyuan University of Technology, China; Yanru Dai, Zhongyuan University of Technology, China; 

Li, Zhongyuan University of Technology, China; Zhicheng Gao, University of Akron; Jiliang Li, Purdue University Northwest 

Analysis of Dust Emission and Life Impact 
Assessment of Frame-Shear Wall Structure 

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

42                                 International Journal of Engineering Research and Innovation | v11, n2, Fall/Winter 2019            



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

 

List of materials for the construction, operation, and demo-
lition phases: Construction energy consumption includes 
energy consumption for transporting building materials and 
energy consumption for construction projects. According to 
the research of Zhu and Chen (2010), during the construc-
tion of the frame-shear wall structure, the transportation of 
material consumed about 1024.31 kg of diesel fuel. Accord-
ing to the list of engineering materials provided by the con-
struction company, 1589.96 kg of diesel fuel, 983.28 kg of 
gasoline, and 22,739.47 kWh of electricity were used during 
the construction phase. 
 

According to the facts related to energy consumption giv-
en by Tsinghua University’s Building Energy Efficiency 
Research Center, a total of 970,815.415 kg of natural gas, 
1,539,913.1 kWh of electricity, and 344,345.975 kg of coal 
were consumed during the design working life of the build-
ing. The National Statistical Yearbook proposed that the 
consumption of energy in the demolition phase was 90% of 
the energy consumption in the construction phase. It can be 
calculated that the demolition phase consumed 10,653.54 kg 
of diesel, 884.95 kg of gasoline, and 20,465.52 kW·h of 
electricity. According to the scope of evaluation limited in 
this study, the total dust emission was from the production 
stage of the building materials, construction stage, stage of 
operation and maintenance, and demolition stage. The total 
dust emission in the lifecycle of frame-shear wall structure 
can be determined using Equation 1: 
 

 (1) 
 
 
where, Wd is the total dust emission during the lifecycle; Wi 
is the dust emission of the i phase for frame-shear wall 
structure; and, i is equal to 1, 2, 3, or 4, referring to the cor-
responding stages of production of building materials, con-
struction, operation and maintenance, and demolition, re-
spectively. 
 

The dust emission from the production stage of building 
materials mainly comes from the process of exploiting raw 
materials, transportation of raw materials, and processing of 
the building materials. Production of building materials, 
including exploiting raw materials and processing building 
materials, causes not only dust emissions but also energy 

consumption. Transportation of raw materials results in dust 
emissions caused by energy consumption. The dust emis-
sions in this stage can be determined by Equation 2: 
 

(2) 
 
 
where, W1 is the total dust emission of frame-shear wall 
structure in this phase; Qj is the quantity of building materi-
als used, j; Pd,j is the dust emission factor for the production 
process of the building materials, j; E1 is the total energy 
consumption of frame-shear wall structure in this stage; and, 
Ed is the dust emission per unit of energy consumption. 
 

In this construction stage, the dust mainly comes from the 
process of excavating the foundation, assembling the build-
ing materials, and the working process. As the excavating 
foundation lasts for only a short time, and this stage will 
take measures to decrease dust emission, so the dust emis-
sion is mainly from the energy consumption of the transpor-
tation process of the building materials. The calculation 
model of this phase is given by Equation 3: 
 

(3) 
 
where, W2 is the dust emission in the production phase of 
the building materials, and E2 is the total energy consump-
tion in this stage. 
 

When calculating the dust emission in operation and 
maintenance stage, the dust emission in the process of 
maintenance is ignored, and the dust emission of the opera-
tion stage is taken into account. The total energy consump-
tion of the operation process increases with the extension of 
the service life, and should be combined with the life span. 
The dust emission in the maintenance stage can be deter-
mined using Equation 4: 
 

(4) 
 
where, W3 is the dust emission in the stage of operation and 
maintenance; Ud is the dust emission factor in the construc-
tion process; and, Y is the operating life of the frame-shear 
wall structure.  
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Loss rate of transportation 
and other processes (%) 

Actual consumption 
quantity 

Commodity concrete m3 1145.710 1.0 1156.623 

Cement t 119.930 1.5 121.729 

Sand m3 335.040 2.5 343.416 

Steel t 145.046 / 145.046 

Aerated concrete block m3 362.376 3.0 373.247 

Table 1. Frame-shear wall structure residential building materials. 
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The dust from this demolition and waste disposal stage is 
mainly caused by the energy consumption of the mechanical 
equipment, the energy consumption of transportation, the 
demolition of the building, and the transportation of the 
construction rubbish. Given the government’s efforts to 
control the dust, the theoretical model ignores the construc-
tion dust caused by the scattering of transported construc-
tion waste. Therefore, the calculation model of dust emis-
sion in the demolition stage can be determined using Equa-
tion 5: 
 

(5) 
 
where, Dd is the dust emission factor when a frame-shear 
wall is dismantled and broken, and E4 is the energy con-
sumption in the demolition phase. 
 

SimaPro software was used to simulate dust emissions 
over the lifecycle of frame-shear wall construction and ana-
lyze the engineering cases. The basic data of SimaPro soft-
ware is mainly based on the data of Holland and Europe, 
including the ecological indexes of hundreds of industrial 
raw materials, and has data from most industrial production 
processes. By simplifying the process of lifecycle environ-
mental impact assessment, the SimaPro software presents 
quantitative data in the form of a network diagram and a 
tree diagram, and briefly introduces the tree diagram gener-
ated by the SimaPro software. 

The tree diagram consists of boxes, lines with arrows, 
histograms, text, and values. The box indicates the process 
or product, the value above the box indicates the amount of 
the product, the value in the lower left corner of the box 
indicates the contribution of the process or product, and the 
dark-filled portion in the histogram on the right side of the 
box indicates the contribution. Lines with arrows connect a 
process with its immediate process, where the arrows point 
to the immediate process, the thickness of the lines indicates 
the contribution to the immediate process, and the thicker 
the lines, the greater the contribution to the immediate pro-
cess, and vice versa. The working principle of SimaPro can 
be summarized as follows: the input-output material flow 
corresponding to each unit process can be established, the 
output result of the previous process can be used as the in-
put flow of the subsequent process, and all related processes 
are connected to each other to form a complete process of 
material flow, energy consumption flow, and emission flow 
of a product. 
 

By using SimaPro software, the construction dust emis-
sion of the frame-shear wall structure in the building materi-
als production stage was calculated (see Figure 1). It can be 
seen that the emission of construction dust in this stage was 
about 24,849.391 kg, and that the dust emission in a 1m2 
building was about 12.183 kg. Construction dust in the 
building materials production phase mainly comes from 
commercial concrete, aerated concrete blocks, cement, and 

4 4d dW D S E E   
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Figure 1. Analysis of dust emissions from building materials during the production stage. 
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steel. Among them, the production of aerated concrete 
blocks emitted the most construction dust—about 22,060 
kg. The second is the construction dust emission of cement 
production, about 1501.19 kg; the construction dust emis-
sions from the production of steel and commercial concrete 
were 654 kg and 633 kg, respectively. 
 

The construction phase included the transportation and 
assembly processes of building materials. The material flow 
in the construction stage is mainly energy input and waste 
discharge. Correspondingly, the construction dust emission 
in this stage was mainly caused by energy consumption. 
According to Figure 2, the total construction dust emission 
of frame-shear wall structure simulated by SimaPro soft-
ware was 263 kg during the construction phase, and, corre-
spondingly, the construction dust emission of 1m2 during 
the construction phase was about 0.129 kg. The transporta-
tion of building materials offered only a small contribution 
to the construction dust emission at the construction stage—
only 12.3 kg. The building materials assembly process con-
tributed greatly to construction dust emission at the con-
struction stage, reaching 251 kg and accounting for 95.4% 
of the total. The building materials assembly process mainly 
consumed three kinds of energy sources: diesel, gasoline, 
and electricity. The construction dust emission in this pro-
cess was mainly generated by electricity used in the build-
ing materials assembly process, with the dust emissions 
reaching 247 kg and accounting for 95.4% of the construc-
tion dust emission in the entire construction stage. 

The period of operation and maintenance is the longest of 
all the stages in the lifecycle of the frame-shear wall struc-
ture. The total amount of construction dust emission at this 
stage changed with the change of operation and mainte-
nance time, and there was a positive proportional relation-
ship between them. From Figure 3, it can be concluded that 
the building dust emission analog quantity in the operation 
and maintenance phase was 18,948.447 kg, and, corre-
spondingly, the building dust emission of 1m2 in the opera-
tion and maintenance phase was about 9.29 kg. From the 
thickness of the arrowhead line in the tree diagram, it can be 
seen that the dust emission of each process in the operation 
and maintenance stage was: home appliances > lighting > 
air conditioning refrigeration > central heating > cooking, 
and its specific emission was about 7770 kg, 6770 kg, 2220 
kg, 2150 kg, and 42.6 kg, respectively. Among them, elec-
trical energy consumption was the main reason for the large 
dust emission in the three processes of household applianc-
es, lighting, and air conditioning and refrigeration. Dust 
emission during central heating was mainly caused by coal 
consumption. 
 

According to the analysis of the list of demolition and 
waste disposal stages, dust emission at this stage came from 
three processes: demolition and crushing, construction 
waste recycling, and waste landfill. At present, there are 
many ways to deal with construction waste: assuming that 
all steel is recycled, this involves the transportation of steel 
and final waste. Figure 4 shows construction dust emissions 
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Figure 2. Analysis of dust emissions during the construction phase. 
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Figure 3. Analysis of dust emissions during the operation and maintenance stage. 
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Figure 4. Analysis of dust emissions during the demolition and waste disposal stage. 
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of 27,553.605 kg in the demolition and waste disposal 
phase, and, correspondingly, the construction dust emission 
of 1m2 in the demolition and waste disposal phase was 
about 13.51 kg. The emission of construction dust from 
demolition and crushing, landfill and recycling of building 
materials was 27,538.994 kg, 13.21 kg, and 1.397 kg, in 
order from highest to lowest. In the demolition and crushing 
process, the emission of construction dust from frame-shear 
wall structure was the highest, reaching 99.94%. 
 

The construction dust emission of frame-shear wall struc-
ture was 71,614.289 kg (see Figure 5) over the entire lifecy-
cle, and that of 1m2 in the lifecycle was about 35.11 kg. 
Because there are many processes involved in the lifecycle 
and the graphics and text cannot be displayed clearly, the 
important nodes are displayed in SimaPro by decreasing the 
number of truncated nodes. From the figure, it can be seen 
that the construction dust emission during the entire lifecy-
cle was from largest to smallest in the following order: dem-
olition and waste disposal stage, building material produc-
tion stage, operation and maintenance stage, and construc-
tion stage. 
 
Contribution of frame-shear wall structure to environmental 
categories: The method of Eco-indicator99+ was used to 
obtain the characteristic values, or 1m2 of net area of the 
building as the functional unit. Table 2 shows the six envi-

ronmental categories: inorganics, ecotoxicity, acidification, 
land use, mineral, and fossil fuels, and different phases of 
the characterization values. The contribution of inorganics, 
ecotoxicity, air acidification, and depletion of fossil fuel in 
the operation and maintenance phase reached 37.8%, 
88.6%, 78.2%, and 87.4%, respectively. The production of 
material exhausts a lot of land and minerals. 
 
The environmental impact of frame-shear wall structure on 
the lifecycle assessment: Three kinds of assessment values 
on human health, ecosystemic quality, and resources were 
simulated using SimaPro in the lifecycle of the building. 
Table 3 shows the results for the environmental impact se-
quences for the operation and maintenance phase, the build-
ing material production phase, the demolition and waste 
treatment phase, and the construction phase. 
 

Interpretation of Results 
 
1. The dust emission of 1m2 of net area of the building 

was 35.22 kg. The largest phase of dust emission was 
the dismantling phase in the lifecycle of buildings, 
which mainly comes from the dismantling and crushing 
process. Some effective measures should be carried out 
to reduce dust emissions, such as closing the construc-
tion site, covering the dust-screening cloth in time, and 
continuously sprinkling water.  
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Figure 5. Analysis of dust emissions during the entire lifecycle. 
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2. The environmental impact follows the order in the 
lifecycle: the operation and maintenance phase, the 
building material production phase, the phase of demo-
lition and waste disposal, and the construction phase. In 
addition, the phase of operation and maintenance has 
obvious influence on inorganics, ecotoxicity, acidifica-
tion, and depletion of fossil fuel, given that natural gas, 
coal, and electricity are consumed during the two phas-
es, thereby increasing the demand for fossil fuels. The 
use of fuel will emit gaseous pollutants, which aggra-
vate environmental pollution. Land and mineral re-
sources are seriously exhausted in the material produc-
tion phase, which is caused by the consumption of raw 
materials (mineral resources) in this phase. 

 

Conclusions 
 

In this study, the authors determined dust emissions for a 
1m2 building, which reached 35.22 kg during the lifecycle 
of the building, with the largest dust emission came during 
the dismantling phase and which accounted for 38.7% of the 
building’s lifecycle. The environmental impact was largest 
during the phase of operation and maintenance. The re-
search results can be used in the study of dust emissions of 
similar structures, but they do not apply to other structural 
forms. In the future, additional engineering cases and differ-
ent building structures should be used and analyzed in order 
to improve the accuracy of the research results during the 
lifecycle of the given building. 
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Abstract  
 

Currently, detection of defects by non-destructive testing 
(NDT) is commonly applied throughout the shipyard, ma-
rine construction, refinery, and petroleum storage industries. 
However, also at present, quality inspection is mainly im-
plemented manually. This is an expensive, wasteful, and 
dangerous operation, especially in a hostile industrial envi-
ronment. In this paper, the authors propose an efficient, low
-cost ultrasonic system utilizing a robot. The robot can 
climb alongside the metal surface, freely and automatically 
moving against welding seams and identifying weld defects, 
in interaction with the operator. The robot can also climb 
up, down, and along a ship’s hull by means of a special 
tracking mechanism. The robot can also “see” its surround-
ings using a seam-tracking algorithm. The use of a robot 
reduces the risk of accidents and makes the system more 
reliable. Additionally, the interface between the ultrasonic 
transducer and robot monitoring system is flexible and easi-
er to implement in a maritime setting. Results of engineer-
ing studies and practical implementation met desirable ex-
pectations. The system was expected to exceed the existing 
human threshold of weld quality inspection, resulting in 
savings of both labor and material costs. 
 

Introduction 
 

Welding is one of the most widely used hot-work process-
es in the manufacturing and construction industries. In the 
shipbuilding industry, welding is commonly used to fabri-
cate metal structures up to several meters in length and 
weighing up to several thousand tons. The complexity of 
construction projects is increasing rapidly, including off-
shore platforms, floating production storage, fuel storage 
tanks, boilers in thermal power plants, and nuclear power 
plants. Current inspection methodologies require a great 
deal of human effort along with expensive and specialized 
equipment (ISO 17640, 2017; Sirois, Crepeau, & Eddyfi, 
2016; Tariq, 2015). Besides, most field-weld inspections are 
done manually by human inspectors with visual inspection 
for defect detection. Manual inspection is error-prone, due 
to the human factor, and time consuming. Human inspection 
exposes the inspector to unsafe and dangerous environmen-
tal conditions such as underwater and radioactive condi-
tions. The robotic system proposed here is desirable for 
guaranteeing inspection consistency with a high degree of 
confidence (Jaise, Dinakaran, Ramya, & Harris Samuel, 
2018; Hung, Tran, Nhan, Quang, & Anh, 2016; Nhan, 
Hung, Quang, Sy, Anh, & Quang, 2016). 
  

The robotic-based NDT service as proposed is a niche 
growth area that is applicable to many sectors of industry. 
The gas and oil industry, refineries, and the petroleum dis-

tribution network are viable markets for adopting the auto-
matic inspection of welding connections using the robot. 
The engineering design of the robot for automatic inspec-
tion of welding connections makes not only scientific but 
practical sense. Recent publications in the area of weld 
quality inspection and seam tracking only deal with climb-
ing robots utilizing a single-axis encoder, moving alongside 
the specific trajectory, namely tube-welding seams where 
the inspector cannot mark the location of defects (in real 
time). A robot with a 3D encoder carrying an advanced ul-
trasonic detector can climb alongside a welding seam, for 
example a ship hull, to collect data for assessment, which 
would significantly improve inspection reliability as well as 
enhance inspector safety, as they would be protected from 
unsafe working conditions. With the 3D mapping of weld-
ing lines, this unique robot facilitates the storage of inspec-
tion data and document tracking in the lifecycle of the ship. 
Moreover, the robot can transmit data wirelessly to remote 
PC stations.  
 

In this paper, the authors briefly describe the design and 
fabrication process, followed by development of the proto-
type robot. The robot was enabled and integrated with an 
NDT transducer for welding inspection of a ship’s hull. The 
robot moved alongside the welding line and placed a mark 
to locate the defect, with a speed of about 0.3 km/h. The 
system was fed by battery power lasting at least four hours. 
The robot transmitted acquired data to the base station via 
Ethernet connectivity. Total system weight (including NDT 
sensor) was no more than 8.0 kg. 
 

Design Methodology 
 

The robot had four wheels with magnetic pieces adhered 
to the metal surface and was free to move during inspection. 
The body of the robot contained the sensors for tracking and 
guiding the robot along the welding line (real trajectory). 
The transducer for NDT inspection was installed along the 
base of the robot. The robotic arm could be freely adjusted 
according to the contour of the surface (flat or curved). The 
distance between the two arms was also adjustable to fit the 
size (width) of the welding line. Figure 1 shows a conceptu-
al design of the robot. The main body of the robot was made 
up of aluminum alloy to decrease its weight and extend the 
durability for harsh coastal environments. Figure 2 shows 
how the adhesion of magnets depends on the gap between 
magnet pieces and metallic surface (Magnets vs. Steel - 
K&J Magnetics) and the nature of magnet material 
(permanent magnets made of rare earth elements).  
 

Figure 3 shows that the adhesion force is maximum when 
the gap is zero. One important parameter to consider is the 
optimal adhesion force. If this force is too high, it affects the 
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maneuverability of the robot. On the other hand, if this force 
is too low, the robot would not firmly adhere to the surface. 
Therefore, the dynamic and static forces need to be calculat-
ed so that designers can reach the optimal choice for the 
magnet pieces and motor drive. 

Figure 1. Conceptual design of the robot. 

Figure 2. Magnet piece. 

Figure 3. Adhesion force of magnet piece. 

In field conditions (namely in a shipyard), when the robot 
is climbing on a metallic surface, it must firmly adhere to 
the surface in all welding positions, including the one on the 
ceiling, as shown by position 4 in Figure 4. 
 
Figure 4. All positions of the robot in space. 

 

Dynamic Calculations  
 

Figure 5 depicts a schematic of the system for a robot 
with weight W located on an inclined surface with an angle 
of inclination θ (Ronney, 2016).  

Figure 5. Free body diagram of the robot moving on an inclined 
surface. 
 

Equations 1-3, from static equilibrium are: 
 

(1) 
 
 

(2) 
 
 
 

(3) 
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where, 
W  = weight of the robot 
ϴ  = angle of inclination 
Fm  = magnetic adhesion force  
d  = distance of center of gravity from the climbing 

surface 
L  = distance between the front and rear wheels 
R/4  = reaction from surface on each wheel 
µ  = coefficient of friction of wheels 
N  = total reaction from surface on the robot 

 
From Equation 3, Fm is the magnetic adhesion force for 

the robot to avoid slipping and is given by Equation 4: 
 

(4) 
 
 

Figure 6 illustrates the system for the special case when 
the robot is moving on a vertical surface (θ = 90º). To avoid 
sliding or slipping, the magnetic adhesion force, as given by 
Equation 5, should be greater than W/µ.  

Figure 6. Schematic of the robot moving on a vertical surface. 

 

(5) 
 
 

To avoid turnover, the adhesion force should be satisfied 
according to Equation 6:  
 

(6) 
 
 

This means that the center of gravity of the robot should 
be as close to the surface as possible, and the distance be-
tween the wheels should be large. Equation 7 defines the 
overall stability for the robot to avoid sliding and turnover. 
 
 

(7) 
 

From the dynamic calculation using the Equations 1-7, 
the minimum adhesion force should be 59 Newton (N) on 
each wheel, with a total force on four wheels to be 236 N. 
For a loading capacity of 8 kg, including NDT device, the 
motor drive (Motor guide – REV Robotics, 2017) must at 
least provide a torque moment of 2.28 Nm. Airtronics 
DS8911HV ultra torque motor with a torque moment of 
3.32 Nm was chosen.  
 

Control Scheme of Robot 
 

Microchip/Atmel’s ATmega328, 8-bit AVR microcon-
troller was selected for controlling all aspects of the robot. 
The ATmega328 is a popular microcontroller with a pro-
cessing speed up to 20 MHz. The robot was operated using 
12 VDC power supply. This power was distributed directly 
to the NDT device as well as the controller module driving 
the robot. The isolation block helped to separate the power 
supply and the controlling circuit in order to avoid interfer-
ence. The microcontroller received input signals from the 
NDT device, tracking sensor, driving motor, marking de-
vice, and zigzag manipulation device. Figure 7 shows the 
control scheme for the microcontroller and how it receives a 
signal from the line sensor in order to regulate the wheel on 
tracking the welding line exactly.  

Figure 7. Monitoring and control scheme block diagram. 

 

sin
cosm

W
F W





 

m

W
F




 
2

m

W d
F

L






2
m

W d
F W

L

   
    

  



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

 

Figure 8 shows how the ATmega328 also receives the 
signals and processes all the signals from peripheral devic-
es. Monitor (Inspector) interacts with the robot via the con-
troller, using an RF mode for interaction. The servo motor 
connections were standard, power (Vcc lead), ground (GND 
lead), and the signal lead (SIGNAL). The servo could run 
with an input voltage in the range of 3.5-8.4V. The signal 
lead was connected to one of the PWM outputs of the AT-
mega328 in order to control the angle of the driver. Figure 9 
shows the robot control system block diagram. The micro-
controller was used as the control center of the robot and 
received control signals from the central station and sensors 
and, along with intelligent algorithms, would control the 
wheels and pin point the location of the defect. 

Figure 9. The robot control system block diagram. 

The algorithm allowing the robot to follow the welding 
line is summarized as follows:  
 

VR and VL are the speed that is set for the right and left 
wheel motors; V is the initial speed of the robot; and, 
Vchange is the speed of change when the robot goes off the 
welding line. The quantities SS_right and SS_left are the 
values returned from two inductive proximity sensors. An 
analytical formula used to calculate the velocities for the 
right and left wheels is given by Equations 8 and 9, respec-
tively. 
 

(8) 
 

(9) 
 

In order for the robot to follow the welding line, it had to 
identify the weld lines. Using the protruding characteristics 
of the welding line compared to the basic metal surface as 
shown in Figure 10, two inductive proximity sensors located 
on both sides of the welding line were used to identify the 
moving path of the robot compared to the welding line. 

Figure 10. Cross section of some weld lines. 

Figure 8. Circuit for controlling all blocks of the robot. 

SS _ rightR changeV V V  

SS _ leftL changeV V V  
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Results 
 

Figure 11 shows how the prototype robot could move on 
steel surfaces with a decline from 0º to 180º. The robot was 
regulated by tracking along the welding line automatically. 
The manipulation (zigzag) simulates the manual movement 
of the inspector on site. The robot can mark (mechanically) 
the place of the defect (using paint). Interaction with the 
NDT device was incorporated into the design, but needs 
further improvement. 

Figure 11. Prototype robot. 

 
The performance and capability of the robot were thor-

oughly investigated in a test environment at the shipyard in 
Da Nang, Vietnam. Table 1 lists the various tests conducted 
on the prototype by the research team.  
 
Table 1. Results of test in the Song Thu shipyard. 

As indicated in Table 1, for an inclination angle in the 
range of 60º-120º, a small amount of sliding occurred. In 
general, as a first step of this project, the robot operated 
according to targeted specifications. The prototype satisfied 
all general requirements for automatic NDT inspection but, 
again, in some cases there was a small amount of sliding, 
due to friction and wear characteristics of the material. An-
other reason may be attributed to the inadequate capacity of 
the motor. 

Future Research  
 

The system represents an important contribution to the 
reliable inspection of weld quality. Work on improvement 
in terms of stability, 3D mapping, and onsite testing for in-
dustrial applications is the aim of continuing research. 
Based on successful implementation of this project, it is 
expected to extend the development and application to other 
industries, such as petroleum distribution network, power 
plants, and aerospace. Another application under considera-
tion is the custom development of new systems and utilizing 
drone technology with the specific aim of monitoring and 
mapping of robots. For example, simultaneous operation of 
multiple robots, each being assigned a specific task, namely 
separating traffic or system for plane Geodesy. 
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