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ABSTRACT

The success of many invasive, surgical procedures is dependent on precise scalpel
incisions. Deviations from the intended scalpel cut path and depth can cause severe harm to the
patient including additionaurgeries, excessive bleeding, and other complications. This thesis
work investigates methods of reducing scalpel incision forces including the application of
vibrations, and the introduction of compliance to scalpels. Fixtures were machined to perform
three specific experiments, each demonstrating the effects of different methods. All experiments
involved a piezoelectric transducer and an attached scalpel cutting throolgkiay chloride
(PVC)tissue simulant. Experiment 1 involved applying vibratitmscalpels at 0 Hz, 500 Hz,

700 Hz, and 900 Hz during the scalpel incision, and determined that vibrations of 500Hz resulted
in the lowest insertion force, and 700Hz vibrations resulted in the lowest steady cut force.
Experiment introduced the concept compliance, and the effects of three compliant scalpels

and vibrations of 500Hz on the incision forces were determined. Compliant scalpel 2 had a
compliant slit 7.64mm from the scalpel tip, and was found to cause the largest reduction in both
the scalpeinsertion force and steady cut force when no vibration was applied. From

Experiment3, the effects of ultrasonic vibration and compliant scalpel shafts were investigated.

It was found that the application of ultrasonic vibration and compliance faileditice the total

forces when cutting through PVC phantom. With further investigation and development of
related work, incision forces can be reduced thereby imprgatignt safetyn invasive surgical

procedures.
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Chapter 1

Introduction

1.1 Clinical Background

Scalpel blades are small, sharp surgical toolsateatised in invasive surgical procedures
to make precisacisionsin the skin and underlying tissues. Scalpels are designed to cut through
theskin, muscle, andoft tissuedo allow acces blood vessls andsubcutaneousssuedor
specific surgical operations. The initial incision is the first step performed by a surgeon in most
invasive procedures and that incision is completed with a scalpel instritnecision of the
initial incision is imperatie to the success of the procedure, as deviations from the intended
scalpel cut path catause harm to the patient gomote complicationsuch as excessive
bleedingduring surgeryScalpels are used in invasive procedures includliagiscectomigs
hysteectomies, mastectomiesnd other excisional surgeridsZ]. In excisional surgeries
involving the removal of malignamtimors the precision of scalpel blade cigwital to the
removal of all malignant cells. It was found that 22 percent of invasist@pmastectomies
required reexcision due to positive margins, or remaining malignant tiggué method of
increasing theaccuracy of scalpel incisioms needed to reduce tpercentage of additional
surgeries, result in less patient trauma, and therefore lead to more cost effective surgical
experiencesVibrations have been applied to tissue cutting tools to cautessee during an
incision, butsuch vibrations havalsobeen shown to reduce the force needed to puncture human

skin, therefore increasiniipe accuracy of intended tissue cUisis thesisproject investigates the



2
effects of applying vibrations twhole and compliardcalpelsand the resulting forces scalpel

incisions.

1.2 Exiging Vibration Techniques Applied to Cutting Tools

Researclinto the benefits of vibration application techniqissengoing and there are
products on the market that apply vibration techniques to cutting tools to increase thaicyaccu
These cutting tools arused in surgical applicatioaad a variety of additional industries.

Harmonic scalpels are surgical instruments that are growing in popularity. Harmonic
scalpels serve a dual purpose, as they are able to not ohlyroah issue, butilsocauterize the
tissue as an incision is made. This results in reduced blood loss due to the initial incision of a
surgical procedure and greater precision of the incision[phtfihe harmonic scalpel is similar
to a surgcal diathermyand electrosurgery methods, which cut tissue and coadpéeging
through heat production. When compared to a surgical diathermy, it has been suggested that
harmonic scalpels can cut thicker tissue, offer increased precision, and create less smoke;
however, harmonic scalpels take longer to cut tissue and coagulate bleediage amore
difficult to control [4.

Procedureperformed with harmonic scalpels today have grown to include urologic,
thoracic, hepatic, laparoscopgynecologi¢ and cosmetic picedures such as thyroidectomy,
bowl resection, tondectomy, and plastic surgery][4/ibrations of 20kHz to 60kHz are applied
to the scalpdlip as it cuts, which caus@stercellular friction resulting in the breakage of
hydrogen bonds arttie overalldenaturation of proteina the tissueDenaturation of such

proteins resulté the coagulation of blood cells in the incision spage [
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Suchvibrations cause the cutting of tissues through one of two methods. It has been

shown that in tissues with higimotein densities, cutting is a result of the mechanical stretching
of the tissues beyond their elastic limits due to the rapid motion of the blade in the direction of
the desired incisiarSome harmonic scalpels have been shown to have blade motioerétve
and 100mm at a rate of 55.5kH@]. In tissues with low protein densities, such as hepatic tissue,
the mechanical vibrations cause a cavitation effect, which involves the vaporization of water in
the extracellular space at low temperatures and sdhedysing of cells within the scalpel

bl ade@@s path

Currently, the HARMONIC SYNERG# Blade from Ethicorinc. is one of the most
commonly used harmonic scalpel devices in surgical procediirgarto most harmonic
scalpels, this device produces vibrations at 55.5kHz to both coagulate and cut tissue while
offering precise dissection, reliable homeostasis, and less thermal spread, charring, and tissue
sticking than electrosurgef].

Electrosurgichdissection is the typical method used for free flap dissection surgeries, but
ultrasonic harmonic scalpels have demonstrated positipeovements to the procedure. [4
Through a study involving head and neck reconstructive surgeries involving fonefibonar
free flap dissections, the quality and effectiveness of harmonic scalpel use were demonstrated.
Decreases in the duration of operation, patient blood loss, and cost of surgical materials were
observed with the harmonic scalpel dissection, whempened tadhe eletrocautery dissection
[7].

The use of scalpelsith applied vibration techniques will continue to be developed for a
wide range of surgical procedures, including optical procedures where there is a miniscule

margin of error. During catact surgeries and various other ophthalmic procedures, surgeons
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must exert a large amount of force on the scalpel to make the desired incision. This requires

immense practice and skill due to the delicate nature of the eye and the required accuracy. A
source producing ultrasonic waves was attached to a scalpel blade and use@xhghrgental,
imitation cataract surgeries to identify an optimal range of ultrasonic frequency and amplitude
combinationg8]. This work is ongoing and may result in the deveilept of a new ophthalmic
surgical device.

Vibrations have been found to improve cutting accuracy not only in the surgical industry,
but also in the machining industry. As technology progresses, there is a growing need-for high
precision micremachining. When smaller cutting tools are used, larger forces are required to
obtain acceptable amounts of unintended chatter and surface roughness. To improve upon
conventionamethods of micranachining, vibration cting is under investigation, as it has
demonstrad decreased cutting forcasd reduced surface roughness up to 3.5stime
conventional method results][9

These applications of vibration techniques through ultrasonic and harmonic tools
highlight the range of possibilities for investigating the effeftgbration on tissue cutting. The
outcomes of applied vibrations research in one area or industry may transcend to other industries,
and result in improved safety and efficiency of technological processes.

Compliance of cutting tools is another conagpder investigation. In past research, it
has been shown that adding compliance to needles under ultrasonic vibration frequencies creates
a component of transverse motion in the needIg@p This compliance in needles has also
been shown to reduce tpancture force up to 29.5% atitk friction force up to 71% [10The
drastic reduction in needle puncture force drives portions of this thesis work through introduction

of compliance into scalpel cutting tools.



1.3 Cutting Methods of this Researh

Through this research, the effects of various vibration techniques on surgical scalpels are
presentedA series of scalpel incisions and experiments were performed into tissue simulants
and the resulting forcasere measuredpecific experiments involveslide cutting withNo. 10
scalpel blades throughtissue simulant.

There are three major incision methods used in surgical procedures: press cutéing, slid
cutting, and scrape cutting][IThe experimental methods of this project mimicked the slide
cutting procedure, as it is the most commonly used incision method. Cuts are made through this
method by sliding the blade against tissue along the cutting edge of the blade, thus the cutting
direction is perpendicular to the applied pressure of the scalpeddpth of an incision with
this method idargely dependent on the initial length of the blade inserted, and the resistance of
the tissuesimulant

Scalpels are numbered based on their blade gearhetry 0Stainless Steel Surgical
Scalpel Bades fromH a v dric.@vereused throughout the duration of this resegmaject, as it
is a traditionally shaped blade used in a variety of surgical procediijedhe No. 10 blade has
a curved cutting edge, and is typically used to make small incisions iargkisubcutaneous
tissue. This blade type is alsommonlyused in coronary bypass procedures, thoracic
operations, and hernia repairs to harvest the artery, open the bronchus, and repair the inguinal
hernia, respectiveljl2]. Furthermoreijt was found thathe No. 10 blade has the lowest average
steady state cutting force when compared to No. 11, 12, and 15 Hl8Hes |

Throughout this research, the slide cutting method was used with No. 10 scalpels to
simulate typical and consistent incisioBy.measumg and analyzing the forces that result from

scalpel incisions, recommendations can be made for future research and/or device development.



1.4 Overview of this Research

Scalpels are used in a variety of surgical procedures, but complications can arise when
excess force is applied to a scalpel during an incision. This research investigates several methods
of reducing scalpel incision forces in the hopes of reducing surgical complications related to
scalpelusageThis research is unlike previous research easnge of vibration frequencies
investigatedandthis workincludes investigation into compliant scakpahdshafts.

In this thesis, the methods and results of three specific experimentsaaledd€hapter
2 explains the experimental methadsed, and describes the fixtures that were designed and
machined for each experimental setup. Chapter 3 details the results of each of the three
experiments, and investigates rationale for those results. Chapter 4 summarizes this research, the
final resuls, and future work that will further this thesifirough continuation of this work,
methods could be developed to reduce scalpel incision forces and improve patient safety during

surgical procedures.



Chapter 2

Experiments and Methods

2.1 Experimental Paraneters

The research conducted for this thesis involved three distinct experiments.
Experimentltested the effects of sonic vibration frequencies applied to No. 10 scalpel blades.
Experiment2 tested the effects of sonic vibration frequencies applied tol@rhpcalpel
blades. Experimerg tested the effects of ultrasonic frequency vibrations applied to scalpel
blades, and also investigated the effects of compliant scalpel blade shafts. Specific details of each

experiment 6s parTahedt er s are shown in

Table 1: Complete Experimental Parameters

Experiment| Vibration Compliance | Number | Tissue Target | Rateof Measurements
Frequencies of Trials | Simulant Initial Incision
Tested Cut
Depth
Experiment| 0,500, 700, | N/A 12 Polyvinyl 6mm 2.54mm/s | Force (N)
1 900 Hz Chloride
Phantom
Tissue
Experiment| 0, 500 Hz 3 Compliant | 15 Polyvinyl 6mm 2.54mm/s | Force (N)
2 Scalpel Chloride
Blades Phantom
Tissue
Experiment| Approx. 1 Non- 12 Polyvinyl 20mm | 2.54mm/s | Force (N)
3 20,000 Hz compliant Chloride Displacement (vig
Shaftand Phantom Microscope and
1 Compliant Tissue Fotonic Sensor)
Scalpel
Shafs

To perform these experiments, a piezoelectric transducer applied designated frequency

vibrations to the scalpel configurations. The linear motor then moved the scalpel configuration
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through a tissue simulant sample at the designated rate, and the réstdesgn thgphantom

tissue sample were recorded by the force sensor. The same general experimental setup, shown in

Figurel, was used foExperiments 1 and. Zhe experimental setup shownFigure2 was used

for Experiment3.

Linear Motor

Ultrasonic

Extrusion Tools

Scalpel
Shaft

Figure 2: Ultrasonic Vibration Scalpel Fixture Setup



2.1.1GeneralExperimental Components

A linear motor was used to move the scalpel blades a designated speed and distance,
depending on the experiment. The STC Series Linear Motor from Dunkermotoren was used
specifically for its easy to use linear axis and mounting platform, and integrateutsad
encoder [14]. Adetailed, labeled diagram of the integral parts of this linear motor is shown in

Figure3.

Mounting Surface with
Integral T-slots
and Dowel Holes

Integral
Heatsink Fins

Field Replaceable
High Flex Robotic
Cables
Alignment

" R
Dowels Fully Enclosed Coils

Digital or Analog
Enclosed Halls
Encoder

Figure 3: Linear Motor Parts [14].

Incision forces were measured during each experimental trial with a force sensor placed
at the end of the linear motdrhe ATI Industrial Automation Gamma IP65 Force/Torque Sensor
was used due to its sensing range and higblugon, especially in the direction of incisions.

This sensor also has a high sigt@hoise ratio (SNR), and the amplified signal results in-near
zero noise distortionlp]. The sensor was secured to an adjustable stage, whunolyis
adjustable in théirection perpendicular to the linear motor. This complete setup is shown in

Figure4.
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Force Sensor )
and Stage Linear Motor

i W ol - . 't
o Y ! i

Figure 4: Linear Motor and Force Sensor Setup

Tissue simulant samples were the made and secured to a force sensor stage at the end of
the linear motor. Polyvinyl chloride phantom gel was used as the tissulasinm each
experiment. This gel was created with a 5:1 ratio of plastic to softener from M.F. Manufacturing
Company 13]. This combination of plastic and softener was originally used to form plastic
based fishing worms, however; the mechanical progertitect those of subcutaneous tissue
when heated at 300 degrees Fahrenheit, poured into a mold, and &épl€b{ible sided tape
was used for the attachment of each sample to ensure constrained, consistent boundary
conditions.

Mechanical vibrations arapplied to the scalpel tips from piezoelectric transducers,
which convert electrical energy to mechanical energy through the production of vibrations at the
desired frequencies and amplitudes. Details of the experimentgdsand relevant products
spedfications for each transducer will be discussed in later sections of this thesis.

With these componengd additional fixturesall experimental procedures were
completedA linear motor, a force sensor, tissue simulant samples, and transducers were used in

Experiments 1, 2 and 3 and the resultant forces from various scalpel incisions were obtained.
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2.1.2Experiment 1Methods- Sonic Vibration of NorCompliant Scalpels

Experiment linvestigated the resultant forces from scalpel incisions byvitating
scalpels, and sonic vibrating scalpels. Sonic, or acoustic, vibrations occur in the frequency range
of approximately 20Hz 20,000Hz. To perform experiments within thisganthe P842.30
Preloaded HighLoad, Closed Loop Piezo Stack Actuator from Physik Instruments (PI) was used
to apply vibrations in thexaal direction of the scalpel [17Due to the limits and specifications
of this piezoelectric actuator, sonic vibratiexperiments were performed at three frequencies:
500Hz, 700Hz, 900Hz. The PXE861 DAQ System (Data Acquisition System) from National
Instruments and LabVIEW software were used to control the actuator, linear motor, and record
force results.

A total of four simulant samples were used in this experimeath with three or more
scalpel cuts. By adjusting the speed and position of the linear motor, incisions were made into
the tissue simulants and tfegce response wascorded. One cut with no vibrati was
performed on each sample to establish a baseline force profile for that specific sample.
Vibrations were applied to the scalpels for the additional two to three cuts in each sample. These

vibrations ranged in frequency from 500 Hz to $00

2.1.3Experiment 2Methods- Sonic Vibration of Compliant Scalpels

It was hypothesized that making a vibrating scalpel compliant would increase the
displacement of the scalpel tip in the cutting direction and reducing the resulting incision forces.
Compliance wa added to the scalpels by making a slit in the edge of the scalpel opposite the

blade, just above the blade tip to allow a larger range tiiispfacement. Three compliant No.
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10 scalpels were tested and the compliant slits had varying cut depthstandedisom the

scalpel tip. All scalpels used for this set of experiments are shokigure5, whereA is the
nonrcompliant scalpel, B is compliant scalpel 1, C is compliant scalpel 2, and D is compliant
scalpel 3A virtually identical setup was used in the compliant scalpel expetgas was used

in the norcompliant scalpel experiments discussed previously. The same adapter, attachment
fixture, linear motor, tissue simulant, etc. were used in both experiments to maintain consistency.
These experimental procedures were completathalde Ms. Anjali Dhobale, a Penn State

Graduate Student studying Mechanical Engineering.

Figure 5: (A) Whole Scalpel, (B) Compliant Scalpel 1, (C) Compliant Scalpel 2, (D) Compliant Scalpel 3

A total of fourtissue simulansamples were used these experiments, each with four
scalpel incisions via the linear motor. Thoelf incisions were made on each sample with varying
combinations of applied vibrations and compliandewever, each sample didve one cut
from a noncompliant scalpel with no vibration and at least one cut from a compliant scalpel with
vibration to allow for direct comparison without sample bias. All scalpel tests with sonic

vibration were tested at 500 Hz with a peak to peghlitude of 45 degrees.
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2.1.4Experiment 3 Methods Ultrasonic Vibration

This research project also investigates the effect of ultrasonic frequency vibrations
applied to scalpels during an incision. Ultrasonic frequencies are frequencies at and above
20,000 Hz, which is above the level of human hearing. It was hypothesized that vibrations of
ultrasonic frequencies may change the displacement of the scalpel tip and influence the resulting
incision forces in human tissue simularits.further increase disptement of the scalpel in the
incision cut direction, scalpels were made compliant by creating a hinge effect in the shaft
connecting the scalpel to the actuator. The hinge was created by introducing a slit into the scalpel
adapter shaft perpendicular taal direction of the shafiThis was hypothesized to increase
displacement in the cut direction compared to the wholecoawpliant scalpel shatft.

The PDUS200 Ultrasonic Driver from Micromechatronics, imas used to apply
ultrasonic frequencies to actuatomwith a resonance frequency of approximately 20Kiz. 10
scalpels were attached to an adaptor shaft, which was securecttudierso that both pieces
were concentric. The piezoelectric actuator was fixed to the linear motor so that tHadeans
shaft, and scalpel were perpendicular to the tissue simulant sancpleds® the force sensor
stage Using the linear motor, transducer, and associated software as described above, ultrasonic

frequencies were reachedth the piezoelectric actuat

2.2 Experiment 3 Verifications

Experiment 3 involved testing with two different scalpel adapter shafte with
compliance and one without compliance. Before performing scalpel incisions, the resonance

frequency and displacement amplitude of thepaddlp for each assembly must be determined.
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The resonance frequency of tinensducer and scalpel assemblies wdetermined with the

LABVIEW Software.

The amplitude of displacement of the scalped terethen determined when the
assembly reached itesonance frequency. Reflective tape was attached to the scalpel tip, and the
MTI-2100 Fotonic Sensor (MTI Instruments) was used to produce a calibrated laser beam used
to obtain voltage measurements of the displacement amplitude. This experimenta skawmi

in Figure6. The voltage measurements were converted to displacements in micrometers.

Figure 6: Fotonic SensorSetup

Displacement of the scalpel tip was also observed through an AmScope microscope and
digital camera. The microscope was calibrated and focused on a scalpel tip so that a live image
feed could capture the displacement of the scalpel tip when vilwdtedt he assembl yo6s
frequency.These displacement measurements were then plotted for each scalpélferdfie
completion of all three of these verifications tests, incision experiments could be completed for

the noncompliant and compliant sigeel shafts.
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2.2.1Experiment 3Verification - Ultrasonic Vibration Without Compliance

The resonance frequency was tested and verified after every two to three scalpel
incisions.Figure7 demonstrates how the resonance frequencies were determined, as the peak in
magnitude occurs at the resonance frequency. The driving amplitude for these tests had a peak to
peak voltage of 90V. In the case of the ywompliant scalpel shaft shown kigure?7, the
resonance frequency was determined to occur at approximately 23880 Hz, or within the range of
23780 Hz to 24000 Hz. Therefore, for incision experiments, the ultrasonic driver was set to 90V

at this resonance frequency range.
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Figure 7: Resonance Frequency of NotCompliant Scalpel Shaft

The amplitude of displacement of the scalped tierethen determinedt resonance
frequency. Thesdisplacement measuremefuas the noacompliant scalpel shaftere obtained

and plotted a shown irFigure8, with a peak amplitude of approximately 208.
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Non-Compliant Scalpel Tip Displacement (um)
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Figure 8: Non-Compliant Fotonic Sensor Results

From themicroscope, theidplacement of the scalpel tip walsserved, an&igure9
shows example images of the scalpel tip displacement captured with néiebaamd ultrasonic
vibration, respectively. When no vibration was applied, no displacement was observed. When a

frequency of 2kHz was applied, displacement was observed and can be seEigune9 part

B as a blurring of the scalpel edges

@ (8)

Figure 9: Scalpel No. 10 Tip Displacement witl{A) No Vibration (B) and 20 kHz Vibration

Through the completion of these verification steps, the experimental incision procedures for non

compliant scalpels were completed.
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2.2.21 Experiment 3 VerificationUltrasonic Vibration With Compliance

Despite the very similar geometry, the compliantgaashaft and assembly with the
transducer and scalpel has a slightly different resonance frequency than-teenpdiant
scalpel assembly. The resonance frequency of the compliant assembly found to have a peak
magnitude at 2350 Hz. With 23750 Hz ashe resonance frequency, the incision experiments
were run within a range of &b0 Hz to 23850 Hz with a driving peak to peak amplitude of

90V. Figure10shows the peak at the resonance frequency.
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Figure 10: Resonance Frequency of Compliant Scalpel Shaft

Using the fotonic sensdhe amplitude of displacement at the scalpel tip with a compliant
shaft was determine@he measured displacement values for the compliant scalpel shaft are

shown inFigurell.
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Figure 11: Compliant Fotonic Senso Results

The final, preliminary test completed before incision experiments was obtaining a visual
representation of the compliant shaft scalpel displacement. The AmScope microscope and digital
camera were used tbtainFigure12, whichshowsthe expected lack of displacement observed
from the scalpel tip with no vibratioithe resulting displacement when ultrasonic vibration was
applied was found to be approximat@lp5 mmand can be seen Figurel2 part B as a slight
blurring of the imageThe blurring and motion of the scalpel tip is surprisinglyre visible with

the noncompliant scalpel shaft iRigure9 than wth the compliant scalpel shaftkigure12.

lq &
(B)
Figure 12: Compliant Scalpel No. 10 TipDisplacementwith (A) No Vibration (B) and Ultrasonic Vibration
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After the completion of these setup experiments, compliant andorapliant scalpel

shafts were compared under ultrasonic vibration and no vibrationu#shvith theultrasonic

actuatorand scalpel assemblyere maeperpendicular to the tissue simulant.

2.3 Design and Fabrication of Experimental Setup

2.3.1 Experiment ITool - Sonic Vibration of NorCompliant Scalpels

The cutting tool used indperimenttlwas a regul ar No. 10 scal pe
These scalpels were secured to the actuator with an adapter and were used to make incisions
perpendicular to the tissue simulant sample surféigerel13 depicts the scalpels used in

Experimentl at various sonic frequencies.

Figure 13: Non-Compliant Scalpel

2.3.2 Experiment ZTool - Sonic Vibration of Compliant Scalpels

For Experiment2, the primary cutting tool used was a series of compliant scalpels.
Compliant scalpels were tested with and without sonic vibration technignese@ular and
three compliant No. 10 scalpels were tested on a series of four total saiopleske the
scalpels compliant, slits were made in the scalpel edge opposite thevlitadesimple dremel
tool. Theresuting slits ranged in cut depth and distance from scalpel tip, as comuizdpels

onehad the smallestut distancerom the scalpelip edge, and compliasstalpels two and three
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had larger cut distances from the scalpel tip. The method of measurechemiisstrated in

Figurel4 andtheexact measurements and images of all scalpeksharen inTable2.

Distance from Tip

Figure 14: Compliant Scalpel Measurement Method

Table 2: Machined Non-Compliant and Compliant Scalpel Measurements

Image

N~

Scalpel Distance From Tip (mm) | Cut DepthFrom Width of Cut (mm)
Scalpel Edgémm)

Non-Compliant | N/A N/A N/A

Compliant 1 6.50 3.03 1.24

Compliant 2 7.64 4.50 1.24

Compliant 3 14.54 4.30 1.08

Wy

The compliant scalpels were attached to the scalpel adapter, which was screwed into the

piezoelectric actuator, in the same way that thegwmpliant scalpels were attached.

Figurel5 shows the complete setup for sonic frequency vibration experiments of compliant

scalpels. With this set of fixtures, the effect of compliance on scalpels can be determined.
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Figure 15: Sonic Vibration Compliant Scalpel Setup

2.3.3 Experiment 3T ool 1- Ultrasonic Vibration Without Compliance

An actuator with a resonance frequency of approximately 20kHz was uBegddriment
3 to propagate ultrasonic frequencies to an attached scalpel. diesiasd to attach the scalpel to
the bottom edge of the actuator where it would be effected by a peak or trough in the applied
ultrasonic wave. Toperate in resonanead have the maximum displacement, the length of the
entire actuator assembyust be @alf wavelength omultiple half wavelengths [18The
actuator is ten inches in length in the axial direction, thus the addguel adapter shafiust be
five inches in length to result in maximum resonance at the needle tip. The bottom of the actuator
has a smalD.173 in. diameter hole and a set screw can be used to secure a shaft inside that hole.
Therefore, a fivench adapter shaft was designed that could attach the No. 10 scalpel to the hole
in the bottom of the actuator and maintain resonancendrd@kHz.The assembly of the adapter

shaft and scalpel attachment comprises the cuttingdo&xperiment3.
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Several designs of scalpel shafts were brainstormed, designed, and manufactured. One

proposed shaft concetiown inFigurel6, includeda slit along the diameter of the shaft into
which the scalpel was placed. Screws were used to apply pressure to the scalpel and secure it in
place. This dsign, however, allowed for rotation in the plane that the scalpel blade cuts and it

did not secure the scalpel under the pressure of the tissue simulants.

Figure 16: Scalpel Shaft Concept 1

Some imprgements were made in the designslaswn inFigurel7 including changing
the shaft diameter to fit inside the actuator hole, and using one setts@egure the scalpel.
However, successful incisions can only be made in the tissue simulant if the scalpel shaft

restricts rotation of the scalpel in all directions.

Figure 17: Scalpel Shaft Concept 2

Finally, a design was seked for the scalpel shaft that involved a wider shaft of diameter
0280 and a small cyYll&adoicdiad mptrernj etcad i foint wii t ht

shaft also contained a slit along the diameter that the scalpel slides into, and a collet was
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designed and manufactured to reduce the thickness of the slit and secure scalpel along its entire

width. SolidWorks was used to create 3D models of the shaft desitg) and the SolidWorks

parts and corresponding machined parts are showakle 3.All parts, with the exception of the
scalpel, were machined by hand in the Penn State Learning Factory. In order to reduce the
weight of the shaft andollet assembly, as to minimize dampening of vibration, all parts were
machined from aluminum. The shaft was machined on the manual lathe and the slit in the bottom
was made using a bandsaw. The collet was first machined to a solid cylinder on the lathe and
hole of approximatel®.25in diameter was drilled at its center in the axial direction. On the drill
press additional holes were drilled through the width of the cylindereodrth press. On one

half of each hole was a through hole and the otvees drilled to allow for tapping of a M3

thread. The cylinder was then cut in half across its diameter, perpendicular to the drilled holes on
a bandsaw. M3 screws were inserted into the holes and allow for compression of the shaft around
the scalpel whenllahreeparts are assembled togethes shown irFigure 18. Images of each

machined part and the final assembly are showrabie 3.



Table 3: Non-Compliant Scalpel Shaft Parts

24

SolidWorks Model

Machined Part

No. 10 Scalpel

Non-Compliant Shaft

Collet (two separate halves)

Assembly

-
|
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Figure 18: Collet Securing Scalpel inAdapter Shaft

2.34 Experiment 3Tool 2- Ultrasonic Vibrationwith Compliance

The second part of¥periment3 involveda compliant scalpel shafvhich was machined
to be virtually identicato the whole scalpel shatftike the noncompliant scalpeshaft, he
compliant scalpel shafiutting toolwas designed with a cylindrical protrusion on the top to fit
into the hole in the bottom of the actuator. On the end opposite the protru8ibs,iadeep slit
was made along the diameter for the scalpbktmserted. The same collet used for the non
compliant scalpel shaft was also used for the compliant scalpel shaft, so that the scalpel could be
secured in the slit without rotation. The difference between the compliant aradmmhant
scalpel shaftssionly a thin cut through the side of the cylindrical compliant scalpel shaft. This
slit made with a dremel cuts across the cross section of the shaft and is approXirhatelin

depth and.065 in width. SolidWorks models were createdtfos compliant scalpel shaft, and
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then parts were machined by hand. The SolidWorks models and machined compliant scalpel

shatft, collet, scalpel, and completed assembly are showT aie4.

Table 4: Compliant Scalpel Shaft Parts

SolidWorks Model Machined Part

No. 10 Scalpel

Compliant Shaft

Collet (two separate halves)

Assembly

|
.
|
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The design and machining of tliempliant scalpel shaft and collet allowed for the scalpel to be

securely attached to the scalpel shaft adapter. The assembly of these parts together makes up the cutting

tool used for compliant incisions indgeriment 3.

2.4 Fixture Design

2.4.1 Experimat 1 and 2- Sonic Vibration

To completeExperiment 1comparing scalpels with sonic frequency vibration to scalpels
with no vibration, several experimental fixtures were needed. The same expafiimanes
were also used fongperiment2 so that resi of sonic frequency vibration of compliant
scalpels could be directly compared to the results of the sonic vibration applied to whole
scalpels. The experimental methods discussed in section 2.1.1 and 2.1.2 required the design and
machining of a scalpebapter, and a fixture setup attaching the actuator to the linear motor.

The adapter was designed to secure one No. 10 scalpel and connect it 84 2n@0P
piezoelectric actuator. After brainstorming a number of adapter options, a stainless steel scalpel
holder with a diameter @.25i n. was ¢ h o s e nThid holdenmseddrasvtreslscalgel | n c .
in place so that its longest length dimension continues in the axial direction of the holder. On the
holder, there is a protrusion that has a track around the perimeter by which the hole in the scalpel
can slide onto the pnasion [19. That protrusion acts as a lug and secures the scalpel in place

until it is intentionally slid back off the protrusion track.
The scalpel holder was cut to a length efril using a band saw so that it would add

minimal weight to the piezdectric actuator, while still allowing room for the attachment to the

actuator The actuator has an M5 threaded post on one end, so the holder was designed to attach
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on to that post. A 4.thm diameter hole wadrilled into the cut holder piece with a mahlahe

and that hole was tapped to crefslte threadsThese machined changes to the initial scalpel
holder allowed it to be securely attached to the actuatar are shown iRigure19. No. 10
scalpels are easily latched to the holder and the entire assembly was secure and allowed for

vibrations to propagate through the holder to the scalpel tip.

Figure 19: ScalpelAdapter/Holder Views

A fixture setip was constructed for the scalpel tests to be run on the linear iwtor.
force sensor, where the tissue simulant sample was secured with double sided tape, was placed
on a sliding mechanism at the end oflihear mota, so the salpel and actuator assembly must
satisfy some criteria to ensure that it can cut through the tissue sample. When the lingaismotor
mountingsurfaces positioned closest to the tissue sample, as shomgume20, the scalpel
must be in a position past the end of the force sensor so that it can cut through the far edge of the
tissue sample.

The height of the scalpel tip must also be adjie to ensure that the scalpel is at the
same height for each cut, despite the sample height. Alumin8fatied Framing tools and
assorted screws, nuts, and washers from McM&serwere used to create this fixture. Some

machining was required to ciiite T-slotted extrusion bars and drill holes in aluminum pieces
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that support the actuator above the tissarmple Figure20 showsthe final fixturesetup, which

allows the scalpel to move through the sample tissue at variable heights.

T-Slotted
Framing Tools

Scalpel
Adapter

Figure 20: Sonic Vibration Scalpel Setup

The experimental set up and fixtusdswn inFigure20 made consistent scalpel incisions
through a tissue sample possible at a steadpf&.54 mm/sAll cuts were made perpendicular

to the surface of the tissue simulant samples, anfbtbeswererecorded.

2.4.2 Experiment 3 Ultrasonic Vibration

Ultrasonic frequency vibrations were applied to compliant andcoompliant scalpel
shafts so that the effects of compliance at ultrasonic frequencies could be deteBwoihed.
cutting took, orassembliesf the scalpel shaft, collet, and scalmeln be inserted inthvé
bottom of the actuator and asecured irthat position by a set screw as showfigure21 for

the noncompliant shaft an&igure22 for the complianshaft.The actuator and shaft are



30
concentric with each othér both caseand vibrations propagate through the actuatat shaft

to the scalpel.

—

;

Figure 21: Scalpel Shaft Assembly Secured in Actuator

Figure 22: Compliant Scalpel Shaft and Actuator Assembly

To conduct thé&xperiment3, a fixture was needed to hold the actuator in the desired
position so that ultrasonic frequency vibrations could be applied to the scalpel as it cut through
tissue simulant samples. The linear motor was used as a basd@oe andluminum F
slotted faming tools were used to suspend the actuator over the tissue sample at the height
needed for the scalpel to intersect with the tissue sa@pléhe horizontal Blotted extrusion
bar, the actuator is attached by tlvshaped pieceseided together. Foumroles were drilled to

allow attachment of the welded piece to-aldtted framing tool. Additional holes were drilled
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on the sides of this actuator holding fixture so that screws could be inserted to apply pressure and

secure the actuator in the designgiedition. This welded fixture is shown figure23.

Figure 23: Actuator Holding Fixture

Similar to the sonic vibration experiments, whke linear motad s  ntirg wurfacevas
positioned closest to the tissue sample the scalpel needed to reach past the edge of the tissue
sample opposite the linear motor. This way, the scalpel could cut through the faf duge
tissue sample as the lememotor moved from its starting position away from the sanfjdeire
24 shows the fixture setup used for the ultrasonic vibration experiments, as this setup allowed for
effectsof ultrasonic vibrations to be determined both norcompliant and compliant scalpel

shafts.
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Ultrasonic Actuator

Actuator Holding
Fixture

Figure 24: Non-Compliant Scalpel Experimental Fixture Setup

This consistent setup allowed for direct comparison of results between forces measured in
compliant and nowompliant ncisions. The linear motor moved the actuatorsuadpel shaft
assemblieshrough thetissue simulant sampat a rate of 2.541m/s and the actuator applied
the ultrasonic resonance frequend@s$he scalpel tip The force sensor under the tissue sampl
and the LABVIEW software allowed for the resultifogcesto be recorded during each incision.

The force response frothe compliant scalpel shaft was trmmpared to the force response

from the norcompliant scalpel shaft.
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Chapter 3

Results and Discussion

3.1 Experiment 1 - Sonic Vibration of Non-Compliant Scalpels

frequencies affected forcesantting the tissue phantorfhe resultingorcesfrom all
trials at each frequency were averaged and compared to the refrlttEgfrom no vibration in
the sameissue simulant samples. Comparing only results from the same samples reduces the
bias from ranging material properties of the tissue simulant samples.

The average force responses at 500Hz, 700Hz, and 900Hz are shHagur@?5, Figure
26, andFigure27, respectively. The force response in each of thaseslemonstrateshe
expected force profile. The initial peak in each curves is the result of the insertion force, which is
the greatest force exerted on the tissue. After the scalpel makes the initial break in thattissue
that insertion forcethe curve approaches aatly cut force which is maintained until the scalpel

exits the tissuand the force drops to approximately zero.
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Figure 25: Experiment 1 Force Profile at 500Hz

Force along the cut path - 700 Hz
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Figure 26: Experiment 1 Force Profileat 700Hz
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Figure 27: Experiment 1 Force Profile at 900Hz

The average maximum insertion folmed steady cut forcegere calculatedrom each
force profile ashown inFigure28for each type of vibration. The steady cut forces for each
vibration caseverefound by computing the average force over the steady cut region of the force
profile, or the region after theitral peak to just before the final sudden decrease in féroen

thisFigure28, it is clear that vibrations at a frequency of 500Hz resulted itoWest maximum
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insertion force into the tissue samples. It can also be determined that applying vibrations at a

frequency of 700Hz resulted in the lowest average steady cut force through the samples.

Average Cut Forces with Sonic Vibration
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Figure 28: Experiment 1 Average Incision Forces

The finalanalysis for Eperiment 1 involve@omputingthe force reductiodue toeach
vibration type The insertion force and steady cut force for each of the three vibration cases were
subtracted from the corresponding force resulting from no vibrakioa force reduction due to
vibrations at each frequency are showkigure29. The largest force reduction of any kind
occurred when vibrations of 5z were applied to scalpels. Vibrations at this frequency
reduced the insertion force by an averadaevaf 0.834N and also reduced the average steady
cut force by0.280N. Vibrations at 70@Hz also caused significant reduction in the insertion
force, but resulted in the maximum reduction of average steady cut force through the samples. At
900Hz, there w&s no decrease in the insertion force, and there was actually an increé488 of
N when compared to scalpels with no vibration in the same samples. A small force reduction
occurred in the steady cut force due to the 9@Wibrations, but that reductiomas the smallest

of the three vibration cases.
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Average Force Reduction with Sonic Vibration

0.834
0.8 1
0.6 1 0.469
€ 04 0.280 0.248 . .
54 ’ B Avg Max Insertion Force Reduction
S
é 027 . 0.070 Avg Steady Cut Force Reduction
0 H
-0.2 1
-0.188
0.4
500Hz 700Hz 900Hz

Figure 29: Experiment 1 Average Force Reduction

FromExperimentl, it is concluded that vibrations at a frequency of b20are optimal
for reducingmaxinsertion force of scalpels into tissplkantom while 7084z was optimal for
reducing steady cut force through tissue. It is unclear currently whether surgical procedures
would benefit more from reducing steady cut force or more from reducing maximung cutt
force.

It is possiblethatapplying vibrations at 5081z had the greatestsertionforce reduction
due to thesmaller initial nsertiondepth relative to other vibration caskeages of stained cut
profiles for no vibration, 5081z, 700Hz, and 90(Hz incisions are shown in Appendix Atom
these cut profiles, some drastic differences can be identiiespite the intended cdepth of 6
mm for all trials, some variation occurred ahd trials with 500Hz had an average initial
insertiondepth of appximately 5 mmThecut profile from vibrations of GOHz showed a
largeraverage initialnsertiondepthof approximately 5.9 mm.

The intended 6 mm depth was aghieved in evertrial due to variation in the height of

samples and variation in the sdmptability during the initial isertion The height of the scalpel
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and actuator assembly was adjusted for each sample such that the scalpel tip was approximately

6 mm below the top edge of the sample. Due to the elasticity of the samples, the middlefregi

the samples had a lower height relative to the edge regions of the samples. Therefore, some
variation in cut depth occurred due to cuts in both the edge and middle regions of the phantom
tissue samples. Additional variation existed in the stabifith® sample edge during the initial
insertion The elasticity of the samples and force applied by the scalpel resulted in movement and
elastic deformation of the sample edge. This deformation occurred when the scalpel made initial
contact with the sampknd lasted until the sample could no longer resist the force exerted by the
scalpel and then theut was initiatedThe sample height variation and deformation of the scalpel
during this small, initial period resulted in sificant variations of initialnsertiondepth.Thus,

the determination that 500 Hz vibrations resulted in the lomagimum insertioriorce may

have been due to the smaller initiade@ntiondepth rathethan reduction in the cut force.

3.2 Experiment 2 - Sonic Vibration of Compliant Scalpels

Experiment investigated the effects of compliance on scapefies with and without
applied sonic vibration frequencié create a compliant hinge in the scalpel blades, slits were
made in the scalpel from the edge opposite the blddee ompliant scalpels with different
distances between the slit and scalpel tip were used in this expeaindetétails of each
scal pel 6s aresshosvuimmablePeTine csit forces were recorded in several trials for
whole scalpels and no applied vibration, compliant scalpels without vibration, and compliant

scalpels with vibration frequencies of 58@ applied.
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Theforce responseasobtained from this experiment for compliant scalpels 1, 2 and 3,

and thecorrespondin@verageesponsdrom whole scalpel cuts on tlsamples relevant to each

compliant scalpehre shown irFigure30, Figure31, andFigure32.

Figure 30: Compliant Scalpel 1 Force Profile

Figure 31: Compliant Scalpel 2 Force Profile








































































