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ABSTRACT

AMOGH MADAN PAWAR. Analysis of wound irrigation deviceglUnder the
direction of DR.TONY SCHMITZ)

In wound irrigation, thesurface pressure at the wound is critical. Correct pressure ensures
removal of bacteria and foreign debwigthout further tissue damag&urface pressure
measurements were performed for three irrigation devices, includingalS3f@gttle with

four holes in the pouring cap, a 60 ml Syringe MonojJ&c€OVIDIEN™ syringe, and a
Sterile IRIG8™ Wound Irrigation System from CENTURION. A setup was designed

to perform the measurements and subsequent data analysis. This setup included a 3D
printed target, coniaers to catch the fluid, a force dynamometer, and a camera to capture
the stream image. Doctors and nurses performed irrigation trials using the three devices.
The pressure at the target area was calculated by dividing thel¢peadent force by the
cross-sectional area of the irrigation fluid stream/streafs.uncertainty analysis was
completed to evaluate the measured pressure uncertainty. Mean, minimum, and maximum
pressure values were calculated for each trail. The time to complete each trialavas als
recorded. A methotbr measuring the surface pressure in wound irrigation using various

irrigation devices was realized.
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1. INTRODUCTION
Each year there are millions of emergency department visits for wound treatment in
the United State§l]. Proper woundnanagement is essential to prevent infection and
ensure better and faster heal{2y Rapid healing is best accomplished by providamg
optimized environment[3]. Wound irrigation is one of the most important features of
wound managemend] and is widéy accepted as one of the best methods for wound

cleansind5].

Wound irrigation is defined as the steady flow of a fluid across an open wound for
removal of bacteria, necrotic tissue, and deeper dédjri &lso helps in visual inspection
of the woundby identifying source of bleeding and determining if there is an emergency
surgical concern?]. There are different methods of irrigating a wound. Traditionally,
devices such as bulb syringes, syringes with an attached needle, and a plastic container
with a cap or nozzle have been used to deliver the irrigation fluid to the wound. The medical
devices presently used are designed to provide a steadier wound preksline fhree
key factors that influence the efficiency of wound irrigation are irrigattessure, volume,
and solution. Of these, the irrigation solution is less important than the othef]two [
According to Mittraet al. [8], irrigation pressure is the most important wound irrigation
factor. Surface pressur@Wwer thanthe idealwill not be sufficient for bacterial remova
Also, pressure higher than the ideah cause tissue damage araease the potential for

furthercontaminatiori8].

High pressure irrigation has been widely described as an important aspect of effective
wound irrigation. However, the required pressure has not been standardized within the

medical community. According to Wedmageal.[9], irrigation pressure between 15 and
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25 psi constitutes as higiressure irrigation. In another study, high pressure irrigation was
defined from 5 to 8 psi [@]. Singeret al.[3] identified pressure greater than 7 psi as high
pressure irrigation. Determining the actual wound surface pressure is required to

standardieé hi gh pressured irrigation.

A research studgompletedby Nickset d. [2] points out a lack of substantial literature
regarding the deliverable irrigation pressure, with many studies failing to measure the
actual pressure. Niclet al.[2] also note that many studies failed to describe the method
used for measurement dfiet wound pressure. Studies that do describe a method of
measurement have done so using diffenemdels for the irrigation pressure measurement.

A standard method with evaluation of the measurement uncertainty is required to improve

understanding of irrigeéon pressure.

Classically, Bernoull i ds equation was US
wound area. A study by Mittret al.[8] s howed that the values ot
equation differ from the actual wound surface impact pressure amefaitee it does not
offer an effective wound pressure measurement. This is due to assumptions including
steady, incompressible, one dimensional, and laminar Mitira et al.[8] measured the
pressure by directing the stream from the irrigation devica oretal beam. Bending of
the beam deflected a laser onto a calibrated wall scale. However, &titt48] did not
measure the actual impact area, but rather asstim¢dhe crossectional area of the
impact streanwas equal to the crossectional ara of the respective exit lumeAnother
limitation of this study washat it took place in a controlled environment and, therefore,

did not represent a clinical setting. Also, pressure measurementseasralary purpose

in this study.
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In a study by Singeat al.[4] two inline Transpac® IV Disposabjaressure transducers
were used along with other setup for measuring wound pressure using various irrigation
devices. However, as noted by Singeal.[4], since measurement in an open system is
complex the pessure transducers measured pressure in a closed system. Hence, the actual

surface wound pressure was not measured in these trials.

Here, surface wound pressure was calculated from measurements of: 1) the fluid
stream force at the point of impact; andt®) crosssectional area of the fluid at the same
location. The force was measured by a piezoelectric force sensor; force data filtering was
implemented IMATLAB® R2017a T h e st rsectionabasea was cakwdated by
using canny edge detectionMATLAB® R2017a to locate the fluid stream edges and,
therefore, the fluid stream diameten Ancertainty analysis was performecat@luate the
pressure measurementncertainty. Based on the literature survey, this pressure
measurement has not been presgilyg implemented and offers a first step in standardizing
wound surface pressure measurement in clinical environments. The pressure calculation
was completed for 20 participants using three different irrigation devices:-ml5@6ttle
with four holes in lhe pouring cap, 80 ml Syringe Monoje¢t! COVIDIEN™ syringe,
and aSterile IRIG8™ Wound Irrigation Systerfrom CENTURION™. The duration of

each of the 60 trials was also recorded.



2. METHODOLOGY

2.1 Participants

There was a total of 20 participants. Tgeeticipants consisted ofiedicalstudents,
interns, upper level residents, attending physiciaarsd nurse practitionersEach
participant used three irrigation devices to perform the tests. Therefore, a total of 60 trials

were conducted in this research.

2.2 Settings
The experimental trials were conducted at Carolina Medical Cé&mtargency

Departmentn Charlotte, NC. They were conducted on Jurted 13, 2017.

2.3 lIrrigationdevices
Sterile watexvas used as the irrigation fluid. The fluid volume w86 ml. The three
irrigation devices are shown in Figures -2.B. They are described in the following

paragraphs.

2.3.1 500 ml bottle with thdéour holesin thepouring cap
As the bottle is inverted and manually compressed, the irrigation fluid in the bottle
flows out through the four holes in the pouring cap and onto the wound surface to be

irrigated; see Figure 2.1.



Figure2-1 Irrigation device no.1: Bottle with four holes in pouring cap

2.3.2 60 ml SyringeMonoject™ COVIDIEN™
After the syringe is filled, the plunger is manually depressed to release the irrigation
fluid through the opening onto the wound surface; see Figure 2.2. The 60 ml syringe was

refilled multiple times to apply the 500 ml totadlume of irrigationfluid.

Figure2-2 Irrigation device no. 2: 60 ml Syringe Monoj@¢tCOVIDIEN™

2.3.3 Sterile IRIG8™ Wound Irrigation System CENTURION

This wound irrigation system uses oxygencompressed air to apply the fluid.
Oxygen was used in these trials with an oxygen flowmeter adapter controlling the liters per
min flow rate setting. A flow rate of 2.5 liters per minute was set for these trials. The cap

was attached to a 600 ml bottle.



Figure2-3 Irrigation device no. 3: Sterile IRK8™ Wound Irrigation System CENTURION

2.4 Method

Measurement of pressure at the wound due to the irrigation devaseslone by
measuring the ipact force at théarget areand dividing it by the crossectional area of
the irrigation fluidnear the point of impact (shown in equation 2.1). The impact force was
measured by a force sensor, while the impact area was found by using image processing

tools iInMATLAB® R2017a

F
P=— 2.1
- (2.2)
where,

P = Pressure at the wound surface (taeget)
F = Force near the fluid stream pointiwipact
A = Cross sectional area of the fluidestm



2.5 Experimentabketup
2.5.1 3D printed setup

The 3D modeling softward®TC Creo 3.0 (Parametric Technologies Corp.,
Needham, MA, USAas used to model the setup. The setup to be 3D printed consisted
of acylindrical postwith a larger radius cylindrical tognd two containerseeFigure2.4.
The circular surface of the cylindrical top (target areaa representation of the wound
area while the purpose of theontainerss to collect the runoff watedturing the irrigation

trials.

Targetarea

Post

-~

Post base

Container

Post ba:

Containers
Figure2-4 3D PTC Creo 3.0 model of the measurement setup
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For ml absd F owasusgd tBpbrthetwad cantamarshown in Figure
2.4. This printeruses stereolithographyhe modeldesignedn PTC Creo neestito be
converted into a o6l anguaged6 that t he 3D
Language (STL) is a language that is mostly usethe stereolithography method of
printing. Conveting to a STL file slices the CAD data into thin layefferefore, after
saving the PTC Creo files in the STL format, they weaasferred into the SLA system to
be printed. Stereolithography is a printing method which uses a UV laser beam to convert
liquid resins to a solifiLl1]. Formlab®Grey FLGPGRO2vasused as theesinmaterial for

3D printingthe two containers

The post and the post base (shown in Figure 2.1) were printe@anua 360mc
which uses Fused Deposition Modeling (FDM). The PTC Grealels were saved as an
STL data file and then transferred to a slicer software which translated the STL file into a
g-code file for 3D printing. Then the files were sent to the FDM 3D printer to be printed.
In an FDM system, the modeling material andftler material are unwound from a coil
and passed through a heated extrusion nozzle while in the form of plastic threads. This is
done as soon as the nozzle reaches the desired temperature. The filaments are melted by
the heated nozzle and then extrudetb the base, layer by layer in a predetermined path.
After being extruded, each thin plastic layer cools down and solidifies, therefore binding
itself to the layer beneath itZ. ABS-M30 was the modeling material used for printing

the post and the polase.

After the 3D printing process was done, fest and the post baseere glued

together using epoxy. TI8D printedpartsareshown in Figure.5.



Cauvity for fluid
collection

Target area

Figure2-5 3D printed measuremesétup (target area and containers)

2.5.2 Dynamometer

A sensor is a devicavhich converts a physical parameter into a measurable
electrial signal[13]. A Kistler 9256C1 dynamomet&s a force sensdishown in Figure
2.6) used for the conversion of forces in# voltage output. It is a piezoelectric

dynamometer with high sensitivity, high natural frequency and small temperature error

[14].
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Figure2-6 Kistler 9256C1 dynamometer§JL

2.5.3 Amplifier

Signal amplificatio is a type of signal processing where the weak analog signal
from the transducer is amplified. listler 5814B1 Dual mode amplifi¢seeFigure2.7)
was used for the signaamplification and conversion of charge signal from the

dynamometer into a propartial output voltagglL6].

Figure2-7 Kistler 5814B1 dual mode amplifier

2.5.4 DAQ

A data acquisition system acts as an interface between the transducer and the
computef16]. DT9837B is a multifunction data adgition module for the USB bus with

four 24-bit sigmadelta ADC converters. It samples the input analog signal at
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46.875kSamples/s, converting it into a digital siga&]. The device drivers needactre

stored in a pen drive whiakasconnected to the oaputer through a USB port.

Figure2-8 DT9837B DAQ module

2.5.5 Acquisition software
An acquisition software is used to record and store the digital output from the DAQ
module.SPINSCOPE(seeFigure2.9) a virtua oscilloscope product frorianufacturing

Laboratories Inc. was used in these trials.

A B D F @ W 3 K L

7
Figure2-9 SPINSCOPE
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2.5.6 DSLR camera
Imagesof the fluid streamsvere taken by &anon EOS DigitaBLR cameralt has

a 24.2 MP sensor with good focus speed and accuracy; see Figure 2.10.

Figure2-10 Canon EOS Digital SLR camera [19]

2.6 Procedure

The 3D printed setup was assembled by screwing the post onto the dynamometer and
placing the containers on either side of the post as shown in Figure 2.11. Then all the
electrical wiring setup was done. Along with using a protective layer of plastic on the
dynamometer, the wirings were also covered with bath towels to ensure no wsiter wa
sprayed on them. The DSLR camera was setup at an appropriate distance (close enough to
get a focused image, but not so close as to have water sprayed onto the camera lens) as

shown in Figure 2.12.
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Figure2-11 3D printed parts and dynamometer setup

The procedural steps followed are represented in the following flowchart.

Calibration and
post images beforé

impact

1 Before every trial anassof 100 grams was placed on tt
circular top of the post to calibrate the measurement setup.
91 A DSLR camera was used to take multiple imageb® post

setup before the start of the trial.

Fluid impact on

the target area

1 The fluid wasdirectedonto the top of the postafget arepby
the participant.
1 The participant was told to simulatiee process of an actus

wound irrigation in an emeegcy roomas closely as possiblé

Figure2-12 Procedurd-lowchart
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Images taken

during impact

9 During thefluid application multiple images of the strean
were captured. The one which most closely represente

process was selected.

Amplifier 1 The amplification of the charge signal output from f
dynamometer was done by a Kistler 5814B1 dual m
amplifier.

DAQ 1 DAQ Data Translation DT9837B then digitized the ing
analog signalor analysig5].
SPINSCOPE 1 SPINSCOPE, a virtual oscillospe software was used fc

visualizing and acquiring the force measurement.data

Force analysis

1 Noise filtering and drift compensation were done on the

force data to obtain the filtered force data.

Figure2-12, continued
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Stream analysis

1 Image processing tools MATL AB® R2017awere used to
estimate the crossectional impact area of the stream

streams.

Pressure

calculation

1 The pressure was obtained by dividing the filtered force by

crosssectional area from the image processing.

Uncertainty

evaluation

1 The uncertainty for each measurement was evaluated.

Figure2-12, continued
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Bath towels to
protect wirings

Figure2-13 Experimental setup (full setup)

Figure2-14 Experimentaketup(individual views)
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3. FORCE DATA ANALYSIS
Force data in the time domain for all 60 trialasextracted from SPINSCOPE and

plotted in MATLAB® R2017a.

3.1 Highfrequency noise

Raw force datan the Z directiorfor a single trial(participant 13)using the three
irrigation devicess shown in Figur@.1. Asseenin the figure electrical noise was present
in thedata. Noise can be defined as undesirable electigadls that interfere with the
desired signa[20]. Therefore, toobtain the desired force data, noise suppression or

filtering wasessential.

Bottle with holes in pouring ca Syringe
04 : > In pouring pA 0.4 yrhg
£ 03 £ 03}
L 0.2 L 0.2
8 01y 1 8 01y
S o} £ o
501! 3 -0
h'd [n'd

-0.2 : : - -0.2 - : :
0 50 100 150 200 0 50 100 150 200
Time (s) Time (s)

Pressurized device

0.4
037
027
0.1}

0
-0.1 7
-0.2

Raw Force (Fz) (N)

0 50 100 150 200
Time (s)

Figure3-1 Raw force data in the time domain
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3.2 Filter selection

Two common methods of filtering data using digital filtare FIR (Finite Impulse
Response) and [IRnfinite Impulse Response). FIR filters use convolution (filter kernels)
to filter the signal. IIR filtersor recursion filtersuse previously calculadevalues from the
output along with the input points. A recursive filter is defined by a set of constants called
recursive coefficient21]. TheButterworth filter, an IR filteywasselected for this study
The advantages of using a Butterworth filtee:asimplicity of use, 0% ripple, less

overshoatand no ringing.

To see the frequency content of the raw force signal, the time domain raw force data
wasconvertedo the frequency domainsing thediscrete Fourier transform (DFT). This
was done byusinghe 6fftoé function in MATLABE R20]
Transform (FFT) algorithm to compute the DFT. By observing the forceusatg the
three irrigation deviceis the frequency domain (see Figd ), high frequency electrical

noise can beeen.

A Butterworth filter function in MATLAB® R20174represented by the function
0 b u t reqeiredhyeeparameters as inputype of filter, normalized cut off frequencgy
andfilter order[22]. Since noise was present at high frequencies (Fig@ea low pass

type ofButterworth filter was used.



19

Figure3-2 Raw force data in thigequencydomain

3.2.1 Normalized cut off frequency

The rormalized cut off frequenc{V/n) is the ratio of cut off frequendyc) to half
of the sampling frequendys). In signal processing, sampling frequency or sample rate is
the number of samples taken per second from the continuous signal. The force signal was

sampled at a rate of 2000 samples/sec for all trials in this study.

Time domain force data of a trial conducted without any forceldad) was
convertedinto the frequency domairsee Figure 3.3The frequency content between
Figures 3.2 (irrigation force applied) and 3.3 (no load) is similar. Noise is seen at 60 Hz
andits harmonics. Theseahmonic perturbations are extrinsic noise in the form of pewer

line noise in the signal at 60 Hz and its harmonics due to alternating current oscillating at



















































































































































