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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 additional surgeries, 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 through a polyvinyl chloride
(PVC) tissue simulant. Experiment 1 involved applying vibrations to scalpels 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 2 introduced the concept of 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 scalpel insertion force and steady cut force when no vibration was applied. From
Experiment 3, the effects of ultrasonic vibration and compliant scalpel shafts were investigated.
It was found that the application of ultrasonic vibration and compliance failed to reduce the total
forces when cutting through PVC phantom. With further investigation and development of
related work, incision forces can be reduced thereby improving patient safety in invasive surgical
procedures.
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Chapter 1
Introduction

1.1 Clinical Background
Scalpel blades are small, sharp surgical tools that are used in invasive surgical procedures
to make precise incisions in the skin and underlying tissues. Scalpels are designed to cut through
the skin, muscle, and soft tissues to allow access to blood vessels and subcutaneous tissues for
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 instrument. Precision of the
initial incision is imperative to the success of the procedure, as deviations from the intended
scalpel cut path can cause harm to the patient and promote complications such as excessive
bleeding during surgery. Scalpels are used in invasive procedures including meniscectomies,
hysterectomies, mastectomies, and other excisional surgeries [1,2]. In excisional surgeries
involving the removal of malignant tumors, the precision of scalpel blade cuts is vital to the
removal of all malignant cells. It was found that 22 percent of invasive partial mastectomies
required re-excision due to positive margins, or remaining malignant tissue [3]. A method of
increasing the accuracy of scalpel incisions is needed to reduce the percentage of additional
surgeries, result in less patient trauma, and therefore lead to more cost effective surgical
experiences. Vibrations have been applied to tissue cutting tools to cauterize tissue during an
incision, but such vibrations have also been shown to reduce the force needed to puncture human
skin, therefore increasing the accuracy of intended tissue cuts. This thesis project investigates the
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effects of applying vibrations to whole and compliant scalpels, and the resulting forces in scalpel
incisions.

1.2 Existing Vibration Techniques Applied to Cutting Tools
Research into the benefits of vibration application techniques is ongoing, and there are
products on the market that apply vibration techniques to cutting tools to increase their accuracy.
These cutting tools are used in surgical applications and 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 only cut human tissue, but also cauterize 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 path [4]. The harmonic scalpel is similar
to a surgical diathermy and electrosurgery methods, which cut tissue and coagulate bleeding
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 bleeding, and are more
difficult to control [4].
Procedures performed with harmonic scalpels today have grown to include urologic,
thoracic, hepatic, laparoscopic, gynecologic, and cosmetic procedures such as thyroidectomy,
bowl resection, tonsillectomy, and plastic surgery [4]. Vibrations of 20kHz to 60kHz are applied
to the scalpel tip as it cuts, which causes intercellular friction resulting in the breakage of
hydrogen bonds and the overall denaturation of proteins in the tissue. Denaturation of such
proteins results in the coagulation of blood cells in the incision space [5].
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Such vibrations cause the cutting of tissues through one of two methods. It has been
shown that in tissues with high protein 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 incision. Some harmonic scalpels have been shown to have blade motion between 60
and 100 m at a rate of 55.5kHz [5]. 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 causes the lysing of cells within the scalpel
blade’s path [5].
Currently, the HARMONIC SYNERGY Blade from Ethicon Inc. is one of the most
commonly used harmonic scalpel devices in surgical procedures. Similar to 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 electrosurgery [6].
Electrosurgical dissection is the typical method used for free flap dissection surgeries, but
ultrasonic harmonic scalpels have demonstrated positive improvements to the procedures [4].
Through a study involving head and neck reconstructive surgeries involving forearm or fibular
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, when compared to the electrocautery dissection
[7].
The use of scalpels with 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 cataract 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 used during experimental,
imitation cataract surgeries to identify an optimal range of ultrasonic frequency and amplitude
combinations [8]. This work is ongoing and may result in the development 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 highprecision micro-machining. When smaller cutting tools are used, larger forces are required to
obtain acceptable amounts of unintended chatter and surface roughness. To improve upon
conventional methods of micro-machining, vibration cutting is under investigation, as it has
demonstrated decreased cutting forces and reduced surface roughness up to 3.5 times
conventional method results [9].
These applications of vibration techniques through ultrasonic and harmonic tools
highlight the range of possibilities for investigating the effects of vibration 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 concept under 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 needle tip [10]. This compliance in needles has also
been shown to reduce the puncture force up to 29.5% and the friction force up to 71% [10]. The
drastic reduction in needle puncture force drives portions of this thesis work through introduction
of compliance into scalpel cutting tools.
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1.3 Cutting Methods of this Research
Through this research, the effects of various vibration techniques on surgical scalpels are
presented. A series of scalpel incisions and experiments were performed into tissue simulants
and the resulting forces were measured. Specific experiments involved slide cutting with No. 10
scalpel blades through a tissue simulant.
There are three major incision methods used in surgical procedures: press cutting, slide
cutting, and scrape cutting [1]. The 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 scalpel. The depth of an incision with
this method is largely dependent on the initial length of the blade inserted, and the resistance of
the tissue simulant.
Scalpels are numbered based on their blade geometry. No. 10 Stainless Steel Surgical
Scalpel Blades from Havel’s Inc. were used throughout the duration of this research project, as it
is a traditionally shaped blade used in a variety of surgical procedures [11]. The No. 10 blade has
a curved cutting edge, and is typically used to make small incisions in skin and subcutaneous
tissue. This blade type is also commonly used in coronary bypass procedures, thoracic
operations, and hernia repairs to harvest the artery, open the bronchus, and repair the inguinal
hernia, respectively [12]. Furthermore, it was found that the No. 10 blade has the lowest average
steady state cutting force when compared to No. 11, 12, and 15 blades [13].
Throughout this research, the slide cutting method was used with No. 10 scalpels to
simulate typical and consistent incisions. By measuring and analyzing the forces that result from
scalpel incisions, recommendations can be made for future research and/or device development.
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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
scalpel usage. This research is unlike previous research as a range of vibration frequencies is
investigated, and this work includes investigation into compliant scalpels and shafts.
In this thesis, the methods and results of three specific experiments are detailed. Chapter
2 explains the experimental methods used, 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 results, and future work that will further this thesis. Through continuation of this work,
methods could be developed to reduce scalpel incision forces and improve patient safety during
surgical procedures.
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Chapter 2
Experiments and Methods

2.1 Experimental Parameters
The research conducted for this thesis involved three distinct experiments.
Experiment 1tested the effects of sonic vibration frequencies applied to No. 10 scalpel blades.
Experiment 2 tested the effects of sonic vibration frequencies applied to compliant scalpel
blades. Experiment 3 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’s parameters are shown in Table 1.
Table 1: Complete Experimental Parameters

Experiment

Vibration
Frequencies
Tested

Compliance

Number
of Trials

Tissue
Simulant

Experiment
1

0, 500, 700,
900 Hz

N/A

12

Experiment
2

0, 500 Hz

3 Compliant
Scalpel
Blades

15

Experiment
3

Approx.
20,000 Hz

1 Noncompliant
Shaft and
1 Compliant
Scalpel
Shafts

12

Polyvinyl
Chloride
Phantom
Tissue
Polyvinyl
Chloride
Phantom
Tissue
Polyvinyl
Chloride
Phantom
Tissue

Target
Initial
Cut
Depth
6mm

Rate of
Incision

Measurements

2.54mm/s

Force (N)

6mm

2.54mm/s

Force (N)

20mm

2.54mm/s

Force (N)
Displacement (via
Microscope and
Fotonic Sensor)

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 resulting forces in the phantom
tissue sample were recorded by the force sensor. The same general experimental setup, shown in
Figure 1, was used for Experiments 1 and 2. The experimental setup shown in Figure 2 was used
for Experiment 3.

Piezoelectric
Actuator
Linear Motor
Scalpel

Tissue Simulant Sample

Figure 1: Sonic Vibration Scalpel Fixture Setup

Ultrasonic
Actuator

T-Slotted
Extrusion Tools

Scalpel
Shaft

Figure 2: Ultrasonic Vibration Scalpel Fixture Setup
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2.1.1 General Experimental 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 integrated bearing and
encoder [14]. A detailed, labeled diagram of the integral parts of this linear motor is shown in
Figure 3.

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 motor. The ATI Industrial Automation Gamma IP65 Force/Torque Sensor
was used due to its sensing range and high resolution, especially in the direction of incisions.
This sensor also has a high signal-to-noise ratio (SNR), and the amplified signal results in nearzero noise distortion [15]. The sensor was secured to an adjustable stage, which is only
adjustable in the direction perpendicular to the linear motor. This complete setup is shown in
Figure 4.
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Force Sensor
and Stage

Linear Motor

Mounting
Adjustable
Stage
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 tissue simulant in 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 properties reflect those of subcutaneous tissue
when heated at 300 degrees Fahrenheit, poured into a mold, and cooled [16]. Double sided tape
was used for the attachment of each sample to ensure constrained, consistent boundary
conditions.
Mechanical vibrations are applied 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 experimental set-ups and relevant products
specifications for each transducer will be discussed in later sections of this thesis.
With these components and additional fixtures, all experimental procedures were
completed. A 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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2.1.2 Experiment 1 Methods - Sonic Vibration of Non-Compliant Scalpels
Experiment 1 investigated the resultant forces from scalpel incisions by non-vibrating
scalpels, and sonic vibrating scalpels. Sonic, or acoustic, vibrations occur in the frequency range
of approximately 20Hz – 20,000Hz. To perform experiments within this range, the P-842.30
Preloaded High-Load, Closed Loop Piezo Stack Actuator from Physik Instruments (PI) was used
to apply vibrations in the axial direction of the scalpel [17]. Due to the limits and specifications
of this piezoelectric actuator, sonic vibration experiments were performed at three frequencies:
500Hz, 700Hz, 900Hz. The PXIe-6361 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 experiment, each with three or more
scalpel cuts. By adjusting the speed and position of the linear motor, incisions were made into
the tissue simulants and the force response was recorded. One cut with no vibration 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 900 Hz.

2.1.3 Experiment 2 Methods - 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 was 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 tip of displacement. Three compliant No.
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10 scalpels were tested and the compliant slits had varying cut depths and distance from the
scalpel tip. All scalpels used for this set of experiments are shown in Figure 5, where A is the
non-compliant scalpel, B is compliant scalpel 1, C is compliant scalpel 2, and D is compliant
scalpel 3. A virtually identical setup was used in the compliant scalpel experiments as was used
in the non-compliant 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 completed alongside 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 four tissue simulant samples were used in these experiments, each with four
scalpel incisions via the linear motor. The four incisions were made on each sample with varying
combinations of applied vibrations and compliance. However, each sample did have one cut
from a non-compliant 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 peak amplitude of 45 degrees.
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2.1.4 Experiment 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 simulants. To further increase displacement 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 to axial direction of the shaft. This was hypothesized to increase
displacement in the cut direction compared to the whole, non-compliant scalpel shaft.
The PDUS200 Ultrasonic Driver from Micromechatronics, Inc. was used to apply
ultrasonic frequencies to an actuator with a resonance frequency of approximately 20kHz. No. 10
scalpels were attached to an adaptor shaft, which was secured to the actuator so that both pieces
were concentric. The piezoelectric actuator was fixed to the linear motor so that the transducer,
shaft, and scalpel were perpendicular to the tissue simulant sample, secured to the force sensor
stage. Using the linear motor, transducer, and associated software as described above, ultrasonic
frequencies were reached with the piezoelectric actuator.

2.2 Experiment 3 Verifications
Experiment 3 involved testing with two different scalpel adapter shafts – one with
compliance and one without compliance. Before performing scalpel incisions, the resonance
frequency and displacement amplitude of the scalpel tip for each assembly must be determined.
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The resonance frequency of the transducer and scalpel assemblies were determined with the
LABVIEW Software.
The amplitude of displacement of the scalpel tips were then determined when the
assembly reached its resonance 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 experimental setup is shown
in Figure 6. The voltage measurements were converted to displacements in micrometers.

Figure 6: Fotonic Sensor Setup

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 vibrated at the assembly’s resonance
frequency. These displacement measurements were then plotted for each scalpel shaft. After the
completion of all three of these verifications tests, incision experiments could be completed for
the non-compliant and compliant scalpel shafts.

15

2.2.1 Experiment 3 Verification - Ultrasonic Vibration Without Compliance
The resonance frequency was tested and verified after every two to three scalpel
incisions. Figure 7 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 non-compliant scalpel shaft shown in Figure 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.

Figure 7: Resonance Frequency of Non-Compliant Scalpel Shaft

The amplitude of displacement of the scalpel tips were then determined at resonance
frequency. These displacement measurements for the non-compliant scalpel shaft were obtained
and plotted as shown in Figure 8, with a peak amplitude of approximately 2.8m.
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Non-Compliant Scalpel Tip Displacement (µm)
855

Displacement (m)

854
853
852
851
850
849
848
0

50

100

150

200

250

Time (ms)
Figure 8: Non-Compliant Fotonic Sensor Results

From the microscope, the displacement of the scalpel tip was observed, and Figure 9
shows example images of the scalpel tip displacement captured with no vibration and ultrasonic
vibration, respectively. When no vibration was applied, no displacement was observed. When a
frequency of 20 kHz was applied, a displacement was observed and can be seen in Figure 9 part
B as a blurring of the scalpel edges.

(A)

(B)

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

Through the completion of these verification steps, the experimental incision procedures for noncompliant scalpels were completed.
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2.2.2 – Experiment 3 Verification-Ultrasonic Vibration With Compliance
Despite the very similar geometry, the compliant scalpel shaft and assembly with the
transducer and scalpel has a slightly different resonance frequency than the non-compliant
scalpel assembly. The resonance frequency of the compliant assembly found to have a peak
magnitude at 23,750 Hz. With 23,750 Hz as the resonance frequency, the incision experiments
were run within a range of 23,650 Hz to 23,850 Hz with a driving peak to peak amplitude of
90V. Figure 10 shows the peak at the resonance frequency.

Figure 10: Resonance Frequency of Compliant Scalpel Shaft

Using the fotonic sensor the amplitude of displacement at the scalpel tip with a compliant
shaft was determined. The measured displacement values for the compliant scalpel shaft are
shown in Figure 11.
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Displacement (µm)
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Figure 11: Compliant Fotonic Sensor 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 to obtain Figure 12, which shows the expected lack of displacement observed
from the scalpel tip with no vibration. The resulting displacement when ultrasonic vibration was
applied was found to be approximately 0.05 mm and can be seen in Figure 12 part B as a slight
blurring of the image. The blurring and motion of the scalpel tip is surprisingly more visible with
the non-compliant scalpel shaft in Figure 9 than with the compliant scalpel shaft in Figure 12.

(A)

(B)

Figure 12: Compliant Scalpel No. 10 Tip Displacement with (A) No Vibration (B) and Ultrasonic Vibration
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After the completion of these setup experiments, compliant and non-compliant scalpel
shafts were compared under ultrasonic vibration and no vibration. All cuts with the ultrasonic
actuator and scalpel assembly were made perpendicular to the tissue simulant.

2.3 Design and Fabrication of Experimental Setup

2.3.1 Experiment 1 Tool - Sonic Vibration of Non-Compliant Scalpels
The cutting tool used in Experiment 1 was a regular No. 10 scalpel from Havel’s Inc.
These scalpels were secured to the actuator with an adapter and were used to make incisions
perpendicular to the tissue simulant sample surface. Figure 13 depicts the scalpels used in
Experiment 1 at various sonic frequencies.

Figure 13: Non-Compliant Scalpel

2.3.2 Experiment 2 Tool - Sonic Vibration of Compliant Scalpels
For Experiment 2, the primary cutting tool used was a series of compliant scalpels.
Compliant scalpels were tested with and without sonic vibration techniques. One regular and
three compliant No. 10 scalpels were tested on a series of four total samples. To make the
scalpels compliant, slits were made in the scalpel edge opposite the blade with a simple dremel
tool. The resulting slits ranged in cut depth and distance from scalpel tip, as compliant scalpel
one had the smallest cut distance from the scalpel tip edge, and compliant scalpels two and three

20

had larger cut distances from the scalpel tip. The method of measurement is demonstrated in
Figure 14 and the exact measurements and images of all scalpels are shown in Table 2.
Width
Cut Depth
Distance from Tip
Figure 14: Compliant Scalpel Measurement Method

Table 2: Machined Non-Compliant and Compliant Scalpel Measurements

Scalpel

Distance From Tip (mm)

Cut Depth From

Width of Cut (mm)

Image

Scalpel Edge (mm)
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

The compliant scalpels were attached to the scalpel adapter, which was screwed into the
piezoelectric actuator, in the same way that the non-compliant scalpels were attached.
Figure 15 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 3 Tool 1 - Ultrasonic Vibration Without Compliance
An actuator with a resonance frequency of approximately 20kHz was used in Experiment
3 to propagate ultrasonic frequencies to an attached scalpel. It was desired 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. To operate in resonance and have the maximum displacement, the length of the
entire actuator assembly must be a half wavelength or multiple half wavelengths [18]. The
actuator is ten inches in length in the axial direction, thus the added scalpel adapter shaft must be
five inches in length to result in maximum resonance at the needle tip. The bottom of the actuator
has a small 0.173 in. diameter hole and a set screw can be used to secure a shaft inside that hole.
Therefore, a five-inch adapter shaft was designed that could attach the No. 10 scalpel to the hole
in the bottom of the actuator and maintain resonance around 20kHz. The assembly of the adapter
shaft and scalpel attachment comprises the cutting tool for Experiment 3.
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Several designs of scalpel shafts were brainstormed, designed, and manufactured. One
proposed shaft concept, shown in Figure 16, included a 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 design, 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 improvements were made in the design, as shown in Figure 17 including changing
the shaft diameter to fit inside the actuator hole, and using one set screw to secure 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 selected for the scalpel shaft that involved a wider shaft of diameter
0.28” and a small cylindrical projection with a 0.167” diameter to fit in the actuator hole. The
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 design parts, and the SolidWorks
parts and corresponding machined parts are shown in Table 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 and collet 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 a
hole of approximately 0.25 in diameter was drilled at its center in the axial direction. On the drill
press additional holes were drilled through the width of the cylinder on the drill press. On one
half of each hole was a through hole and the other was 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 when all three parts are assembled together, as shown in Figure 18. Images of each
machined part and the final assembly are shown in Table 3.
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Table 3: Non-Compliant Scalpel Shaft Parts

SolidWorks Model
No. 10 Scalpel

Non-Compliant Shaft

Collet (two separate halves)

Assembly

Machined Part
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Figure 18: Collet Securing Scalpel in Adapter Shaft

2.3.4 Experiment 3 Tool 2 - Ultrasonic Vibration with Compliance
The second part of Experiment 3 involved a compliant scalpel shaft, which was machined
to be virtually identical to the whole scalpel shaft. Like the non-compliant scalpel shaft, the
compliant scalpel shaft cutting tool was designed with a cylindrical protrusion on the top to fit
into the hole in the bottom of the actuator. On the end opposite the protrusion, a 0.55 in deep slit
was made along the diameter for the scalpel to be inserted. The same collet used for the noncompliant 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 and non-compliant
scalpel shafts is only 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 approximately 0.15 in in
depth and 0.065 in width. SolidWorks models were created for this compliant scalpel shaft, and
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then parts were machined by hand. The SolidWorks models and machined compliant scalpel
shaft, collet, scalpel, and completed assembly are shown in in Table 4.
Table 4: Compliant Scalpel Shaft Parts

SolidWorks Model
No. 10 Scalpel

Compliant Shaft

Collet (two separate halves)

Assembly

Machined Part
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The design and machining of this compliant 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 in Experiment 3.

2.4 Fixture Design

2.4.1 Experiment 1 and 2 - Sonic Vibration
To complete Experiment 1, comparing scalpels with sonic frequency vibration to scalpels
with no vibration, several experimental fixtures were needed. The same experimental fixtures
were also used for Experiment 2 so that results 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 scalpel adapter, and a fixture setup attaching the actuator to the linear motor.
The adapter was designed to secure one No. 10 scalpel and connect it to the P-842.30
piezoelectric actuator. After brainstorming a number of adapter options, a stainless steel scalpel
holder with a diameter of 0.25 in. was chosen from Havel’s Inc. This holder secures the scalpel
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 protrusion [19]. That protrusion acts as a lug and secures the scalpel in place
until it is intentionally slid back off the protrusion track.
5

The scalpel holder was cut to a length of 18 in. using a band saw so that it would add
minimal weight to the piezoelectric 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

28

on to that post. A 4.2 mm diameter hole was drilled into the cut holder piece with a manual lathe
and that hole was tapped to create M5 threads. These machined changes to the initial scalpel
holder allowed it to be securely attached to the actuator, and are shown in Figure 19. 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.

A

B

Figure 19: Scalpel Adapter/Holder Views

A fixture setup was constructed for the scalpel tests to be run on the linear motor. The
force sensor, where the tissue simulant sample was secured with double sided tape, was placed
on a sliding mechanism at the end of the linear motor, so the scalpel and actuator assembly must
satisfy some criteria to ensure that it can cut through the tissue sample. When the linear motor’s
mounting surface is positioned closest to the tissue sample, as shown in Figure 20, 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 adjustable to ensure that the scalpel is at the
same height for each cut, despite the sample height. Aluminum T-Slotted Framing tools and
assorted screws, nuts, and washers from McMaster-Carr were used to create this fixture. Some
machining was required to cut the T-slotted extrusion bars and drill holes in aluminum pieces
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that support the actuator above the tissue sample. Figure 20 shows the final fixture setup, which
allows the scalpel to move through the sample tissue at variable heights.
T-Slotted
Framing Tools

Scalpel
Adapter

Mounting Surface

Tissue Simulant
Sample

Linear Motor

Figure 20: Sonic Vibration Scalpel Setup

The experimental set up and fixtures shown in Figure 20 made consistent scalpel incisions
through a tissue sample possible at a steady rate of 2.54 mm/s. All cuts were made perpendicular
to the surface of the tissue simulant samples, and the forces were recorded.

2.4.2 Experiment 3 - Ultrasonic Vibration
Ultrasonic frequency vibrations were applied to compliant and non-compliant scalpel
shafts so that the effects of compliance at ultrasonic frequencies could be determined. Both
cutting tools, or assemblies of the scalpel shaft, collet, and scalpel, can be inserted into the
bottom of the actuator and are secured in that position by a set screw as shown in Figure 21 for
the non-compliant shaft and Figure 22 for the compliant shaft. The actuator and shaft are
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concentric with each other in both cases and vibrations propagate through the actuator and shaft
to the scalpel.

Figure 21: Scalpel Shaft Assembly Secured in Actuator

Figure 22: Compliant Scalpel Shaft and Actuator Assembly

To conduct the Experiment 3, 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 base and a brace and aluminum Tslotted framing tools were used to suspend the actuator over the tissue sample at the height
needed for the scalpel to intersect with the tissue sample. On the horizontal T-slotted extrusion
bar, the actuator is attached by two L shaped pieces welded together. Four holes were drilled to
allow attachment of the welded piece to a T-slotted 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 designated position. This welded fixture is shown in Figure 23.

Figure 23: Actuator Holding Fixture

Similar to the sonic vibration experiments, when the linear motor’s mounting surface was
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 far edge of the
tissue sample as the linear motor moved from its starting position away from the sample. Figure
24 shows the fixture setup used for the ultrasonic vibration experiments, as this setup allowed for
effects of ultrasonic vibrations to be determined on both non-compliant and compliant scalpel
shafts.
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Ultrasonic Actuator
Actuator Holding
Fixture

Scalpel Shaft
Assembly

Mounting
Surface
Figure 24: Non-Compliant Scalpel Experimental Fixture Setup

This consistent setup allowed for direct comparison of results between forces measured in
compliant and non-compliant incisions. The linear motor moved the actuator and scalpel shaft
assemblies through the tissue simulant samples at a rate of 2.54 mm/s and the actuator applied
the ultrasonic resonance frequencies to the scalpel tips. The force sensor under the tissue sample
and the LABVIEW software allowed for the resulting forces to be recorded during each incision.
The force response from the compliant scalpel shaft was then compared to the force response
from the non-compliant scalpel shaft.
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Chapter 3
Results and Discussion

3.1 Experiment 1 - Sonic Vibration of Non-Compliant Scalpels
frequencies affected forces in cutting the tissue phantom. The resulting forces from all
trials at each frequency were averaged and compared to the resulting forces from no vibration in
the same tissue 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 shown in Figure 25, Figure
26, and Figure 27, respectively. The force response in each of these cases demonstrates the
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 the tissue with
that insertion force, the curve approaches a steady cut force which is maintained until the scalpel
exits the tissue and the force drops to approximately zero.
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Figure 25: Experiment 1 Force Profile at 500Hz

Figure 26: Experiment 1 Force Profile at 700Hz

Figure 27: Experiment 1 Force Profile at 900Hz

The average maximum insertion force and steady cut forces were calculated from each
force profile as shown in Figure 28 for each type of vibration. The steady cut forces for each
vibration case were found by computing the average force over the steady cut region of the force
profile, or the region after the initial peak to just before the final sudden decrease in force. From
this Figure 28, it is clear that vibrations at a frequency of 500Hz resulted in the lowest 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.

Figure 28: Experiment 1 Average Incision Forces

The final analysis for Experiment 1 involved computing the force reduction due to each
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 vibration. The force reduction due to
vibrations at each frequency are shown in Figure 29. The largest force reduction of any kind
occurred when vibrations of 500 Hz were applied to scalpels. Vibrations at this frequency
reduced the insertion force by an average value of 0.834 N and also reduced the average steady
cut force by 0.280 N. Vibrations at 700 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 was no decrease in the insertion force, and there was actually an increase of 0.188
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 900 Hz vibrations, but that reduction was the smallest
of the three vibration cases.
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Figure 29: Experiment 1 Average Force Reduction

From Experiment 1, it is concluded that vibrations at a frequency of 500 Hz are optimal
for reducing max insertion force of scalpels into tissue phantom while 700 Hz 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 maximum cutting
force.
It is possible that applying vibrations at 500 Hz had the greatest insertion force reduction
due to the smaller initial insertion depth relative to other vibration cases. Images of stained cut
profiles for no vibration, 500 Hz, 700 Hz, and 900 Hz incisions are shown in Appendix A. From
these cut profiles, some drastic differences can be identified. Despite the intended cut depth of 6
mm for all trials, some variation occurred and the trials with 500Hz had an average initial
insertion depth of approximately 5 mm. The cut profile from vibrations of 700 Hz showed a
larger average initial insertion depth of approximately 5.9 mm.
The intended 6 mm depth was not achieved in every trial due to variation in the height of
samples and variation in the sample stability during the initial insertion. 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 middle region of
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 stability of the 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 sample and lasted until the sample could no longer resist the force exerted by the
scalpel and then the cut was initiated. The sample height variation and deformation of the scalpel
during this small, initial period resulted in significant variations of initial insertion depth. Thus,
the determination that 500 Hz vibrations resulted in the lowest maximum insertion force may
have been due to the smaller initial insertion depth rather than reduction in the cut force.

3.2 Experiment 2 - Sonic Vibration of Compliant Scalpels
Experiment 2 investigated the effects of compliance on scalpel blades with and without
applied sonic vibration frequencies. To create a compliant hinge in the scalpel blades, slits were
made in the scalpel from the edge opposite the blade. Three compliant scalpels with different
distances between the slit and scalpel tip were used in this experiment and details of each
scalpel’s measurements are shown in Table 2. The cut forces were recorded in several trials for
whole scalpels and no applied vibration, compliant scalpels without vibration, and compliant
scalpels with vibration frequencies of 500 Hz applied.
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The force response was obtained from this experiment for compliant scalpels 1, 2 and 3,
and the corresponding average response from whole scalpel cuts on the samples relevant to each
compliant scalpel are shown in Figure 30, Figure 31, and Figure 32.

Figure 30: Compliant Scalpel 1 Force Profile

Figure 31: Compliant Scalpel 2 Force Profile
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Figure 32: Compliant Scalpel 3 Force Profile

The maximum insertion force resulting from each type of scalpel and each applied
vibration frequency is of interest. The maximum insertion forces for each trial were found and
averaged to obtain the summarized comparative results shown in Figure 33. This figure shows
the average maximum insertion force from all tissue simulant samples from non-compliant
scalpel incisions with no vibration. It also shows the average maximum insertion force for
compliant scalpels 1, 2, and 3 both with and without applied 500 Hz vibrations. The figure shows
that compliant scalpels 2 and 3, without vibration, had the lowest insertion forces. Compliant
scalpel 1 had the highest average insertion force from all trials.
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Figure 33: Experiment 2 Maximum Insertion Force Results

The average of all force reduction values from each compliant scalpel case was
calculated and are shown in Figure 34. These maximum insertion force values were calculated
by subtracting the maximum insertion force of each compliant trial by the maximum insertion
force of a non-compliant trial without vibration on the same tissue simulant sample. This process
removed any bias from individual phantom tissue samples. From Figure 34, it is clear that
compliant scalpel 2 had the greatest insertion force reduction. Furthermore, the compliant scalpel
with no applied vibration resulted in the largest force reduction, compared to non-compliant
scalpel trials. Compliant scalpel 2 had a distance of 7.64 mm from the scalpel tip and this
experiment demonstrates a significant reduction in insertion cut force due to a compliant slit at
that distance.
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Figure 34: Experiment 2 Maximum Insertion Force Reduction

Experiment 2 also investigated the effect of compliance and vibration on the steady cut
force. The information was analyzed to obtain Figure 35, which shows the average steady cut
forces resulting from non-compliant scalpels without vibration, and compliant scalpels with and
without vibration of 500Hz. This analysis highlights the significantly lower steady cut force that
resulted from the compliant 2 scalpel. The lowest average steady cut force was measured from
the compliant scalpel 2 without applied vibration. The highest average steady cut force occurred
was measured in the compliant 1 scalpel without applied vibration.
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Figure 35: Experiment 2 Steady Cut Force Results

The values of force reduction by each type of compliant scalpel were calculated for each
individual trial, by subtracting the compliant steady cut force from the non-compliant steady cut
force on the same sample, to remove bias. The steady cut forces for each case were averaged and
the results are shown in Figure 36. This figure further highlights the benefits seen from
compliant scalpel 2. The highest average steady cut force reduction was measured with
compliant scalpel 2 and no applied vibrations. The second highest average steady cut force was
measured, again, with compliant scalpel 2 and 500 Hz applied vibration.
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Figure 36: Experiment 2 Steady Cut Force Reduction

Experiment 2 found that compliant scalpel 2, with a slit distance of 7.64 mm from the
scalpel tip, leads to the greatest overall incision force reduction. Compliant scalpel 2 without
applied vibration had the greatest force reduction for both insertion force and steady cut force.
Additionally, compliant scalpel 2 resulted in significantly lower insertion and steady cut forces
when compared to non-compliant scalpels.
It is likely that compliant scalpel 2 led to reduced insertion forces and steady cut forces
both with and without applied ultrasonic vibration due to the positioning of the compliant slit in
the middle of the scalpel blade region. Vibration has been shown to reduce cutting forces and
compliance was added to scalpels to create transverse motion in the incision direction, which
could be amplified by the application of vibration. The compliant slit in compliant scalpel 1 was
closest to the scalpel tip and may have been too close to the scalpel tip to allow for transverse
motion of a large portion of the scalpel. Therefore, only a small portion of the scalpel blade was
moving in the cut direction and the resultant forces were not decreased due to this limited

44

motion. The compliant slit in compliant scalpel 3 was furthest from the scalpel tip, thus the
majority of the scalpel blade region was moving in the cut direction due to the slit and resulting
hinge effect. It is possible that because the moving region was large relative to the other
compliant scalpels, the inertia of that scalpel region resisted transverse motion from the
compliant slit and did not reduce the incision forces.
The variability in the non-compliant vs. compliant scalpel forces could be due to the
miniscule changes in the compliant slit geometries. The width of the slits increased slightly
during experimental trials, likely due to the forces exerted from the tissue sample onto the scalpel
blades. Therefore, the slits after each successive incision was slightly larger than they were
previously. These changing geometries were similar between compliant scalpel types; however,
this unpredictability in slit width may explain some of the variability in the non-compliant vs.
compliant scalpel force responses.

3.3 Experiment 3 - Ultrasonic Vibration of Non-Compliant vs. Compliant
It was hypothesized that applying ultrasonic frequency vibrations to scalpels would
decrease the force exerted on the tissue during scalpel incisions. To test this hypothesis, the
experiments described in Chapter 2 of this thesis were performed and the average cut forces
resulting from scalpels with no vibration and scalpels with ultrasonic vibration were determined.
The average maximum insertion force and average steady cut force responses were specifically
measured.
It was also hypothesized that the compliant scalpel shaft would lower the forces resulting
from a scalpel incision when ultrasonic frequency vibrations were applied, compared to the non-
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compliant scalpel shaft. Twelve trials were completed for this set of experiments, and the force
responses from several samples are shown in Figure 37, Figure 38, and Figure 39. The initial
peaks in the force profiles, closest to the zero position, reflect the insertion force of the scalpel
blade moving into the tissue sample. The region after the initial peak until just before the steep
drop off at the end reflects the steady cut force of the cutting tool moving through the tissue.

Figure 37: Ultrasonic Vibration Force Profile Sample 1

Figure 38: Ultrasonic Vibration Force Profile Sample 2
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Figure 39: Ultrasonic Vibration Force Profile Sample 3

Experiment 3 found that the compliant scalpel shaft with ultrasonic vibrations resulted in
the lowest average steady cut force, but did not demonstrate a reduction in the maximum
insertion force. Figure 40 shows the summarized results of Experiment 3 and depicts the average
maximum insertion force and average steady cut force for non-compliant scalpel shafts with and
without ultrasonic vibration, and compliant scalpel shafts with applied ultrasonic vibration. The
lowest average insertion force was seen in the non-compliant scalpel shaft when no vibration was
applied, and the lowest average steady cut force occurred when the compliant scalpel shaft was
used with ultrasonic vibration; however, this force was only 0.036 N lower than the average
steady cut force for non-compliant scalpel shafts without vibration.
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Figure 40: Ultrasonic Vibration Force Results

Further analysis found that, with the experimental setup from Experiment 3, neither
compliance nor ultrasonic vibration reduced the incision forces when compared to the noncompliant scalpel shaft with no vibration. The force reduction values, shown in Figure 41, were
obtained by subtracting the force results of each individual trial from the force resulting of no
compliance or vibrations trials on the same sample. This removes any bias from the individual
tissue simulant samples. The reduction in forces, or lack thereof, demonstrates that for the
unbiased force reduction values, the average insertion and steady cut forces were higher with
ultrasonic vibration than the forces from the non-compliant scalpel shafts with no vibration
because all force reduction values are negative.
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Figure 41: Ultrasonic Vibration Force Reduction

The results from Experiment 3 found that applying ultrasonic vibration to the machined
scalpel shafts did not reduce the insertion force or steady cut force when compared a noncompliant shaft with no vibration. Additionally, this work found that ultrasonic vibration
frequencies applied to the compliant scalpel shaft used did not result in reduced incision forces
when compared to a non-compliant scalpel shaft with ultrasonic vibration frequencies.
During experimental trials, the compliant scalpel shaft with ultrasonic vibration visibly
vibrated with a transverse motion in the direction of the cut path, and there are several
possibilities as to why that motion did not reduce the incision forces. It is possible that due to the
inertia and large mass of the shaft relative to the scalpel blade, higher forces were encountered
during the incision process with a compliant scalpel shaft vibrating above 20 kHz.
The force required to fracture and cut the tissue simulant samples is comprised of the
tissue stiffness force and the friction force [13]. The tissue stiffness force was consistent
throughout each trial, so the resultant incision forces with the ultrasonic frequency vibrations
were likely influenced heavily by the friction force. Introducing compliance to the scalpel shaft

49

and increasing motion in the cut direction may not have reduced this friction force component
enough to significantly reduce the maximum insertion or steady cut forces.
Limitations of machining both the compliant and non-compliant scalpel shafts by hand
may also have negatively impacted the results of this experiment. The intended diameter and
specifications of both scalpel shafts were the same; however, some deviations occurred due to
use of the manual lathe. Significant chatter, or waves on the surfaces, exists along the
circumference of both scalpel shafts due to unwanted vibrations of the stock material in the lathe
during the machining process. The compliant scalpel shaft has more visible chatter than the noncompliant scalpel, and also has some variation in the diameter along the length of the shaft.
These errors in machining may have reduced the impact of the compliant slit, and increased the
resultant forces during the incision.
It is hypothesized that the difference in cut path profile is another likely reason for the
higher forces when ultrasonic vibration was applied. The cut profile resulting from the noncompliant scalpel shaft and no vibration, shown in Figure 42, has a large initial insertion depth
and a significantly smaller incision depth through steady cut region of the sample. The cut profile
is different for incisions when ultrasonic vibration frequencies were applied, as the cut depth at
initial insertion was maintained throughout the duration of the cut, resulting in a deeper steady
cut depth. This deeper cut profile was observed when ultrasonic vibrations were applied to the
non-compliant scalpel shaft, shown in Figure 43, and more significantly when ultrasonic
vibration was applied to the compliant scalpel shaft, as shown in Figure 44. Additional cut
profiles from all three tissue simulant samples used in Experiment 3 are shown in Appendix B.
The smaller incision depth from the non-compliant, no vibration case demonstrates that
the scalpel was cutting less material during both the initial incision and the steady cut region than
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in cases when ultrasonic vibration was applied. Less material along the scalpel’s incision path
likely resulted in lower maximum insertion and steady cut forces for the non-compliant scalpel
shaft with no vibration, therefore the force per material cut may in fact be lower for the
compliant vibrating scalpel.

Figure 42: Sample 3, No Compliance or Vibration

Figure 43: Sample 3, No Compliance with 20kHz Vibration

Figure 44: Sample 3, Compliant with 20kHz Vibration
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Chapter 4
Conclusion

4.1 Summary and Conclusions from this Work
Scalpels are used in a variety of surgical procedures, and the accuracy of scalpel cuts is
vital to maintaining patient health and limiting complications. Scalpel cuts can be made more
accurate by reducing the forces necessary to make an incision. Three experiments were
completed through this thesis work that investigated potential methods of reducing forces from
scalpel incisions.
Experiment 1 involved a comparative study of applying several sonic frequency
vibrations to scalpels during the incision process. Vibration frequencies of 0, 500, 700, and
900 Hz were applied to scalpels as they cut through tissue simulant samples. The results of this
experiment demonstrate that vibrations of 500 Hz result in the lowest insertion force, and such
vibrations reduced the insertion force by an average value of 0.834 N, compared to scalpel
incisions with no vibration. Applying vibrations of 700 Hz had the largest effect on average
steady cut forces, as the average steady cut force was reduced by 0.469 N compared to incisions
with no vibration. It is possible that varying cut depths impacted these average force values, and
more studies must be completed to verify the effects of these cutting frequencies.
It was hypothesized that adding compliance to scalpels would decrease the forces of an
incision. In Experiment 2, three compliant scalpels were tested, each with different slit distances
from the scalpel tip. The highest incision force reduction was measured when compliant

52

scalpel 2, with a distance of 7.64 mm between the slit and scalpel tip, was used with no vibration.
Incision forces for initial insertion and steady cuts were also reduced with compliant scalpel 2
when 500 Hz vibrations were applied. Compliant scalpel 2 led to the greatest force reduction due
to the slit location and geometry. Applied vibrations in this experiment may have been too low
significantly reduce incision forces when compared to compliant scalpels without vibrations.
Experiment 3 investigated the effects of applying ultrasonic vibration to non-compliant
and compliant scalpel shafts. To complete this experiment, scalpel adapter shafts, a collet, and
the setup fixture were machined. One scalpel adapter shaft was made compliant by adding a slit
in the scalpel to create a hinge effect and add transverse motion in the cut direction. The results
of this experiment did not show force reductions by the compliant scalpel shaft or ultrasonic
vibrations in either the insertion or steady cut forces. These results are likely due to errors in
machining, varying cut path profiles, and/or an inability of the compliant scalpel shaft to reduce
the friction component of the total force response.

4.2 Directions of Future Work
Future goals of this work involve expanding the performed experiments to identify
optimal tissue cutting frequencies and methods. In Experiment 1, it was determined that
vibrations at 500 Hz resulted in the highest reduction of insertion force and vibrations at 700 Hz
resulted in the highest reduction of steady cut force. Future work will be done to identify if there
is an optimal force between 500 and 700 Hz that has significant force reduction in both the
insertion and steady cut forces. Vibration frequencies lower than 500 Hz may also be tested so
that the ideal cutting frequency of 500 Hz for scalpel insertion can be verified. The experimental
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methods will be adapted to ensure that the cut depths are consistent between trials to reduce
variability in obtained force responses. Additionally, ideal cutting frequencies may differ
depending on the initial cut depth, so adapted experiential methods will be repeated at varying
cut depths to better understand the relationship between frequency and cut depth.
Some variability may have affected the results of Experiment 2 due to the slight
difference in compliant slit width before and after incisions. This variance may be further
investigated by measuring the geometry and corresponding measurements of compliant slits in
all three compliant scalpels before and after each incision. With improved machinability,
compliant slits will also be added to scalpels such that their widths and depths are consistent.
This improvement will allow the ideal slit distance from the scalpel tip to be determined.
To further demonstrate the significance of these experimental results in surgical
procedures, the experiments may be performed on bovine tissues or alternative human tissue
simulants. The findings from this thesis work, in conjunction with future work, can be used to
create surgical equipment that requires less force to be exerted. Through such efforts, patient
safety and comfort can be improved, and surgical complications can be reduced.
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Appendix A
Experiment 1 Cut Profiles

Figure 45: Typical Cut Profile with No Vibration

Figure 46: Typical Cut Profile with 500Hz Vibration

55

Figure 47: Typical Cut Profile with 700Hz

Figure 48: Typical Cut Profile with 900Hz
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Appendix B
Experiment 3 Cut Profiles

Figure 49: Sample 1, No Compliance or Vibration

Figure 50: Sample 1, Compliance with No Vibration
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Figure 51: Sample 1, Compliant with 20kHz Vibration

Figure 52: Sample 2, No Compliance or Vibration

Figure 53: Sample 2, No Compliance with 20kHz
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Figure 54: Sample 2, Compliant with 20kHz Vibration

Figure 55: Sample 2, Compliant with 20kHz Vibration Trial 2
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Figure 56: Sample 3, No Compliance or Vibration

Figure 57: Sample 3, No Compliance with 20kHz Vibration

Figure 58: Sample 3, Compliant with 20kHz Vibration

60

Figure 59: Sample 3, Compliant with 20kHz Vibration Trial 2
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