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ABSTRACT
The goal of this research is to develop design and optimization methods for contact-aided
compliant mechanisms intended for Natural Orifice Translumenal Endoscopic Surgery (NOTES).
The design methods are used to develop prototypes for the purpose of evaluating tool
performance in benchtop and end-user testing procedures. The work described in this dissertation
is part of a collaborative effort between mechanical design engineers and material scientists.
Recent advancements in materials sciences and a need for mesoscale surgical instruments to
advance NOTES, drive the development of a novel design and manufacturing method. NOTES
has been referred to as the ‘coming revolution of surgery’ and motivates development of new
design and manufacturing methods. New instruments must be smaller in diameter to minimize the
size of incisions coupled with the flexibility to approach the surgical site through the body’s
natural orifices. Once access to the surgical site is attained, the instruments must be capable of
precise and effective manipulation to complete complex procedures.
Collaborating with clinicians at the Penn State Hershey Medical Center, a surgical
forceps is selected for design, taking into account constraints imposed by manufacturing
processes. A significant challenge is designing a surgically useful device under the severe
geometric constraints of narrow-gauge instruments. The goal is to design a forceps that can open
large enough and provide sufficient grasping force to effectively execute complex surgical
maneuvers. This research seeks to attain this goal through compliant mechanism design.
The device is a monolithic contact-aided compliant mechanism, which relies on contact
stress-relief to obtain large elastic tip deflections for effective grasping. Because of the proposed
instrument scale and required feature sizes, Penn State’s lost mold rapid infiltration forming
process is selected for part fabrication. Since quantitative surgical instrument requirements are
not well defined in the literature, they are established within this dissertation. Design constraints
are defined in terms of the current limitations imposed by the manufacturing process.
Computational methods are developed to simulate and predict tool performance using
nonlinear finite element analysis. Size and shape optimization methods are used to determine
optimal tool dimensions for ceramic and metallic parts. Once parts are fabricated they are
characterized and tested to compare experimental and theoretical tool performance. Good
agreement between experimental and theoretical tests verified that the prototypes merit
assessment in end-user surgical simulators.
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Collaborators at the Penn State Hershey Medical Center volunteered to execute a set of
standardized tasks to compare the prototype’s performance side-by-side with a standard
commercially available endoscopic forceps. The prototype was rated superior at fine grasping and
its ability to control intermediate positions between the open and closed positions of the jaws. The
standard instrument had a slightly higher average measured pull-off force; however, the
maximum pull-off force recorded for both instruments was identical at 1.46 N. The prototype was
also identified as being not suitable for biopsies, which can be accredited to the prototype’s
square cross-sectional arms.
Although various design modifications were suggested to improve prototype
performance, the most common critique was that the jaw opening of the device should be
increased. Since the prototype’s grasping force was rated satisfactory, alternative design methods
focus on increasing the total jaw opening while preserving the current grasping capabilities.
These design methods, which adhere to the current two-dimensional manufacturing constraint,
include a hybrid, two material forceps design and a multiple contact-aided compliant mechanism
design. For both alternative design concepts intermediate solutions are provided for the
consideration of future work.
The hybrid design method was developed to investigate the performance benefits of twomaterial contact-aided compliant mechanisms. A hybrid approach could eliminate the tradeoff
between flexibility and stiffness by isolating the two desired properties. Results show that larger
jaw openings and blocked forces can be achieved, compared to a homogeneous design.
Additionally, a design method was developed to examine whether multiple contact-aided
compliant mechanisms can further exploit the benefits of contact stress-relief. Theoretically,
designs with additional contact elements result in more stress-relief to maximize the redistribution of stresses and achieve larger elastic tip deflections. Results prove that the device
generates larger elastic tip deflections with each additional contact element. When comparing the
performance of a multi-contact forceps to the existing prototypes, the predicted jaw opening
improved by a factor of three; however, to obtain comparable grasping forces three-dimensional
or hybrid manufacturing capabilities are required.
The design and optimization techniques developed in this dissertation were demonstrated
through the design of a narrow-gauge forceps for NOTES. End-user tests identified design
modifications for the next generation of prototypes. Future work to improve the tool performance
should focus on incorporating flexible materials and/or 3D manufacturing into the design and
fabrication process.
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X = optimization design variables
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Chapter 1
Background and Motivation

1.1

Research Objectives
The objectives of this research are the following:
•

Develop design and optimization methods for contact-aided compliant
mechanisms intended for advanced minimally invasive surgery taking into
consideration constraints imposed by manufacturing processes and design
requirements.

•

Establish appropriate design requirements in view of intended surgical tool
application.

•

Conduct preliminary studies to identify influential design parameters on tool
performance.

•

Demonstrate design methodologies through appropriate case studies.

•

Construct working prototypes to verify and validate tool performance.

•

Develop benchtop and end-user testing procedures to assess prototypes
performance.

•

1.2

Address end-user design modifications to improve overall instrument utility.

Outline
This dissertation details a collaborative effort between mechanical design engineers,

materials scientists, and surgical clinicians to develop novel design and manufacturing methods
for mesoscale devices (millimeter size scale with micron scale resolution) intended for advanced
minimally invasive surgery. In Chapter 1, the background and motivation for this research is
discussed and an overview of the iterative design and manufacturing process is presented. In
Chapter 2, the instrument selected for design is proposed and methods used to predict tool
performance are established. In addition, specific surgical requirements and manufacturing
1

constraints are defined. In Chapter 3, preliminary studies identify influential design parameters
that affect tool performance. Preliminary results aid in the development of formal design and
optimization methods to maximize tool performance. In Chapter 4, fabricated test specimens are
characterized to establish whether processing parameters have produced parts capable of meeting
the design goals. Initial (handheld) prototypes are assembled and evaluated in benchtop tests to
verify theoretical tool performance. Working prototypes are constructed and validated using an
end-user surgical simulator testing procedure. In Chapter 5, design methods are developed for
hybrid (two-material) contact-aided compliant mechanisms and multi-contact-aided compliant
mechanisms to identify potential performance benefits of the two conceptual designs. In Chapter
6, the findings of each chapter are summarized and general conclusions are drawn. Finally, future
work is suggested based on the cumulative research findings.

1.3

Introduction
Since the beginning of technological innovation, mechanical engineering design has been

motivated by technology-push or market-pull interventions. These two interventions occur along
two unique paths that share a common endpoint. A technology-push starts with the discovery of a
new material. This discovery leads to new marketable technologies and therefore, a societal
advancement. A market-pull intervention starts with a consumer demand. This demand drives
development of a particular technology, which, again, leads to a societal advancement. Within
these interventions, innovation has been constrained by the limited selection of manufacturing
methods and material mechanical properties. As the current global work force continues to
become saturated with new competition, the drive for collaborative innovation, between design
and manufacturing technologies, has become critical to advance in the field. Because of this high
level of competition and the complexity of current engineering applications, it is essential, now
more than ever, that innovation in multi-disciplines coincide.
In this dissertation, a collaborative effort between mechanical design engineers and
materials scientists is put forth to advance a particular field of medicine. Specifically, recent
advancements in material sciences and a demand for mesoscale surgical instrumentation drive the
development of a hand-in-hand design and manufacturing method. Teaming up with clinicians at
the Penn State Hershey Medical Center, a surgical forceps is selected for design taking into
consideration constraints imposed by manufacturing processes. Since specific surgical instrument
2

requirements are not well defined in the literature, they are established within this dissertation.
Preliminary studies are developed to identify influential design parameters and to select
appropriate materials for the intended application. Incorporating preliminary results, formal
design and optimization methodologies are developed to meet specific design goals.

1.4

Advanced Minimally Invasive Surgery
Minimally invasive surgery (MIS) has evolved into a common surgical practice in the

past two decades. Contrary to traditional open surgery, MIS procedures are performed through
one or more small incisions made in the patient’s body. For example, in laparoscopy, procedures
are performed with the assistance of a video camera and long slender rigid instruments that are
inserted into the patient’s abdominal cavity through small incisions, approximately 5-15 mm in
diameter [1]. Since surgeons have acquired the necessary skills and technology to perform
procedures using video-imaging systems, the size of skin incisions needed to complete complex
surgery in the abdominal or pelvic cavities has dramatically reduced in size.
As a result, MIS provides drastic benefits when compared to its counterpart, conventional
open surgery, including less operative pain, shorter hospital stays, reduced tissue trauma and risk
of infection, and less cosmetic scaring [2,3]. These benefits have been adopted in many surgical
procedures including laparoscopic and mini-laparoscopic surgery [1,2,4], ophthalmic surgery [5],
and recently to flexible endoscopy [6,7], and advanced MIS [8-11]. The general premise of these
procedures is that smaller diameter instruments require smaller skin incisions, leading to superior
patient benefits. The underlying challenge lies in developing smaller diameter instruments that
deploy into functional tools once the surgical site is reached.
Because of the international success of MIS, new surgical techniques and technologies
are envisioned to be even less invasive. Known as “advanced MIS”, innovative procedures such
as Natural Orifice Translumenal Endoscopic Surgery (NOTES) and Single Port Access surgery
(SPA) are creating a demand for miniature devices with superior manipulating capabilities to
improve upon the benefits of traditional MIS. The remaining sections of this chapter introduce
NOTES, detail the state-of-the-art MIS instrumentation, and overview an iterative design and
manufacturing methodology, which is selected for part fabrication.
In NOTES, the functionality of laparoscopic instruments is combined with the flexible
approach of endoscopy to perform complex intra-abdominal procedures via natural orifices,
3

without external incisions. For instance, access to the abdominal cavity can be gained through the
esophagus and an incision in the gastric wall, as depicted in Figure 1.1. In Figure 1.1, a flexible
endoscope, which is equipped with a light source and optical lens, enters the body via a natural
orifice and is safely guided through internal organs to gain access to the surgical site. Since
NOTES is considered an ‘incisionless’ procedure, benefits include no cosmetic scarring and even
less operative pain and shorter hospital stays when compared to traditional MIS. As surgical
instruments are needed, they inserted into the endoscope’s instrument channel (“the working
channel”), which is located near the handle of the endoscope. Once inserted into the instrument
channel opening, the device is guided through the endoscope until it exits the endoscope’s
flexible tip (Figure 1.2). A schematic of a dual-channeled endoscope intended for NOTES, is
shown with two surgical instruments protruding the endoscope’s flexible tip with details
highlighting key endoscope features (Figure 1.3).

Figure 1.1. NOTES via the esophagus [12].

4

Figure 1.2. Key components of a typical endoscope [13].

Figure 1.3. Olympus dual channel R-scope for NOTES with highlighted functional features [14].
In the past 5 years, NOTES has sparked major interest in both the clinical and industrial
worlds. In October 2005, the Natural Orifice Surgery Consortium for Assessment and Research
(NOSCAR) group, which is a joint initiative supported by the American Society for
Gastrointestinal Endoscopy (ASGE) and the Society of American Gastrointestinal Endoscopic
Surgeons (SAGES), summarized the important concepts and obstacles anticipated during the
development of NOTES techniques and technologies [15]. Specifically, NOSCAR recognized the
importance of developing innovative surgical instruments to bridge the gap between theoretical
and successful NOTES procedures. Desired technological advancements include instrumentation
to gain access to the peritoneal cavity, gastric/intestinal closer, suturing and anastomotic (nonsuturing) devices, and multitasking platforms [15].
In 2008, NOSCAR reported improvements in several NOTES techniques but noted
further progress is still heavily dependent on device development [11]. Clinical trials of existing
instruments have helped identify current instrument limitations and future requirements. One of
the most critical advancements in the field of NOTES thus far is the re-development of the
standard endoscope, which was driven by the ideal characteristics of a designated NOTES
endoscope as specified by NOSCAR. Incorporating the guidelines listed below, new endoscopes
5

intended for NOTES, such as the ‘R’ scope (Olympus, Tokyo, Japan) shown in Figure 1.3, must
include at least two instrument channels [10,14-20]. Addressing the need for stability, equipment
like the ShapeLock Transport (USGI Medical, San Capistrano CA, USA) can lock a flexible
endoscope in any orientation to act as a rigid shaft.
NOSCAR design requirements for a NOTES endoscope [16].
Endoscopes appropriate for NOTES should have the following characteristics:
•

Size: The shaft should be between 18 and 22 mm in diameter and should contain at least
3 channels ranging in size from 3-6 mm. One channel for imaging and at least two other
channels maneuver instruments.

•

Maneuverability: The tip of the device should have the ability to maneuver in all planes:
vertical, horizontal and lateral and the shaft should have the ability for 180o retroflexion.

•

Stability: The device should allow complete flexibility for insertion and positioning with
subsequent rigidity of the shaft and continued flexibility of the tip. ShapeLock
technology currently available could solve this requirement.

•

Triangulation: It should give the surgeons the ability to manipulate tissue with traction
and counter-traction in all planes. In order to accomplish this task efficient technology
and a wide multitasking platform needs to be developed.

Typically, surgical instruments for NOTES consist of a tiny tool tip (~2-3 mm in
diameter) attached to a long (140 cm) flexible cable, which must fit through an endoscopic
working channel (Figure 1.4). Therefore, the channel diameter imposes size limitations that must
be accounted for in design. Until recently, endoscopes were used primarily for diagnostic
purposes and consisted of only one working channel ranging between 2-6 mm in diameter.
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Figure 1.4. 3.7 mm diameter flexible endoscopic biopsy forceps [21].
To successfully perform NOTES procedures, endoscopes must enable multi-instrument
capabilities to execute complex surgical maneuvers simultaneously (Figure 1.3). As NOTES
techniques continue to develop, the number of required instruments at the surgical site potentially
increases, reducing the channel diameter with each additional instrument. New instruments also
need to be coupled with small-caliber endoscopes like the SpyGlass direct visualization system,
which require instruments at the 1 mm diameter scale and smaller, defined herein as ‘narrowgauge’ instruments [14]. The severity of narrow-gauge geometric constraints pushes the limits of
traditional design and manufacturing methods, requiring the development of mesoscale devices,
which are millimeter-size in scale and micron-scale resolution, with superior manipulating
capabilities. This motivates this research to focus on the development of narrow-gauge
instrumentation.

1.5

Compliant Mechanisms
Typically MIS instruments are designed as conventional pin-jointed rigid link

mechanisms (Figure 1.5), which range between 5-15 mm in diameter. Instruments intended for
mini-laparoscopy and endoscopy range between 2-4 mm in diameter. As instruments get smaller,
conventional rigid link mechanisms require costly manufacturing, assembly, and sterilization
processes due to their tiny mechanical components. Additionally, frictional losses increase as pinjointed components reduce in scale. Considering these downfalls, compliant mechanisms (CMs)
are well suited for MIS, particularly narrow-gauge applications.
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Figure 1.5. Laparoscopic pin-jointed rigid linked instruments [22].
The benefits of CMs have inspired their application in numerous fields ranging from
surgical instruments to small-scale manipulators to aircraft morphing skin [23-30]. Usually built
from monolithic pieces of material, CMs are jointless, flexible mechanisms that rely on elastic
deformation to transmit force and/or motion [31]. Contrary to traditional rigid-link mechanisms,
the benefits of CMs include lack of wear debris, no pinch points, and no lubrication requirements
[32]. Additionally, the monolithic nature of CMs simplify manufacturing and sterilization
processes making them ideal for small-scale surgical applications [25].
A survey of commercially available mesoscale surgical devices is presented in Figure 1.6,
which has been categorized by function and, with the help of our collaborators, Dr. Randy Haluck
and Dr. Abraham Mathew, limitations were identified. Illustrated in Figure 1.6 are existing
endoscopic and laparoscopic instruments in the 1.2 mm - 4 mm diameter range. Notice that
instruments are either pin-jointed rigid-link mechanisms or compliant mechanisms. Only two
devices resemble the scale of narrow-gauge instruments, Boston Scientific’s 1.2 mm diameter
SpyBite biopsy forceps and Eisner’s 1.8 mm biopsy forceps, both of which are pin-jointed rigid
link mechanisms. These devices help establish the current design and manufacturing techniques
used in industry and set a standard for prototype performance.
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Red Border: Rigid Shaft
Black Border: Flexible Shaft

Instruments

Limitation

Function

Only good
for object
retrieval

NDC Nitinol Grasper [36]

1.2 mm Boston
Scientific SpyBite
[38]

2 mm Olympus
Biopsy Forceps
[33]

2 mm Olympus VShape [33]

1.8 mm East
Coast Endoscopy
Jaw Retrieval [35]

2.3 mm Stryker MiniLap [37]

2.2 & 1.8 mm
Boston Scientific
Radial Jaw 3 [39]

1 mm Eisner
Biopsy Forceps
[40]

Graspers

0.87 mm Boston
Scientific
Graspit [34]

Limitations
unknown,
collaborators
unfamiliar
with these
devices
Minimal
opening
force.
Designed to
cut with
grasp. Only
open and
close
grasping.

Biopsy Forceps

Olympus Rat
Tooth Alligator
2 mm [33]

Figure 1.6. 1-4 mm diameter laparoscopic and endoscopic instruments.
Common in the literature are small-scale grippers and manipulators that use CM design
to produce a grasping motion. When designing such mechanisms, a tradeoff exists between
flexibility and stiffness, where flexibility permits large jaw openings and stiffness provides large
grasping forces. Since both qualities are desired, research efforts focus on resolving this tradeoff
through design optimization. Examples of compliant grippers can be seen in [24,25,29,41-45],
where various optimization methods are used to determine the topology, shape, and/or size of a
particular CM. Typically performed on small aspect ratio (AR) design domains, topology
optimization determines the best conceptual design. Here, AR is defined as the ratio of overall
length (L) to width (w) of a device when considering symmetry. Usually, topology optimization
converges to solutions that require a number of complex internal members, as shown Figure 1.7.
Considering the size limitations of narrow-gauge devices, it would be very difficult to fabricate
such complex topologies using current manufacturing processes. Additionally, large jaw openings
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require large AR designs. For example, Figure 1.8 depicts a 5 mm diameter compliant surgical
grasper intended to grip the kidney during laparoscopic surgery [25]. Even though the instrument
diameter is approximately 5 times the size of narrow-gauge devices, a large aspect ratio design is
necessary to offer suitable jaw openings. Furthermore, the device consists of minimal topological
members, which simplifies the manufacturing requirements for prototype development.

Figure 1.7. Compliant grippers with small aspect ratios [25,29].

Figure 1.8. 5 mm diameter kidney gripper intended for laparoscopy [25].
In the past decade Ananthasuresh et al. [46] introduced contact as a way to further exploit
the benefits of CMs. Defined as contact-aided compliant mechanisms (CCMs), flexible structures
deliberately experience self-contact during deformation to exhibit a particular behavior not
possible with rigid link mechanisms or traditional CMs. For example, CCMs can be designed to
trace a nonlinear output path [47-49]. Contact can also improve the load bearing capacity or
reduce stress concentrations in a compliant structure [26,47,48,50]. CCMs have already been
developed in several applications ranging from advanced cellular structures to bio-inspired joint
design [26,49]. In this work, the benefits of contact are used to redistribute maximum stresses in a
compliant structure, exploiting a phenomenon defined here as contact stress-relief.
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1.6

Mesoscale Fabrication
As structural applications become smaller and more precise, the limitations imposed by

conventional materials and manufacturing methods become more significant. At the proposed
mesoscale regime, conventional fabrication methods, such as CNC machining and precision wire
EDM, are no longer viable manufacturing processes. In addition, other machining techniques
capable of these feature sizes, (e.g., chemical etching, focused ion beam etching, and fast atom
beam machining) are limited to making one part at a time and are impractical for large-scale
production.
Lost mold processes, such as injection molding of polymer molds [51] and filling of
photoresist molds [52] offer the ability to create freestanding parts on the mesoscale.
Furthermore, mold fabrication via lithography is one of the least expensive microfabrication
techniques [53]. New advances in ultra thick photoresist techniques permit the fabrication of
single layer lithographic molds from 2 µm up to 1 mm thick, while maintaining good edge
resolution [54]. Finally, filling photoresist molds with a powder-based material lends itself to a
range of materials, such as metals, ceramics, and composite materials. Illustrated in Figure 1.9 is
the need for new fabrication methods, such as Lost Mold Rapid Infiltration Forming (LMRIF)
processes; to fill the technological gap needed to fabricate mesoscale devices. As shown in Figure
1.9, the LMRIF process fills the gap in feature size from sub-10 µm to ~300 µm, left by
traditional manufacturing techniques.
Our collaborators in the Penn State Materials Science and Engineering Department are
developing a novel LMRIF process, which began with the initial work of Antolino et al. [55,56].
The LMRIF process is capable of manufacturing large arrays of mesoscale parts by combining
modern lithography methods with advanced colloidal processing. Ideal for small-scale surgical
applications, it is capable of fabricating hundreds of high-strength, freestanding parts while
retaining a 2 µm resolution [55-57].
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Figure 1.9. Feature size versus part size comparing various types of fabrication approaches
(Figure courtesy of Greg Hayes) [58].
As a summary, the LMRIF process begins with the preparation of a non-aqueous
particulate colloidal suspension or slurry. Using photolithography, part molds are fabricated as
detailed in Figure 1.10. The suspension is infiltrated into the molds using a squeegee technique
adapted from screen-printing, with an ethanol bath removing excess slurry (Figure 1.10). The
photoresist molds are then removed via pyrolysis, and parts are sintered to full density (Figure
1.11).
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Figure 1.10. A) Ultra thick photoresist deposition method is shown. A known volume of
photoresist is deposited at elevated temperature and allowed to self level. B) The lithography
stack used to fabricate molds is shown. C) A cross section of a fabricated (two-dimensional) mold
is shown with nearly vertical side walls and a thickness of 0.1mm (Figure courtesy of Greg
Hayes) [57].

Figure 1.11. (A) Zirconia TZ-3Y Test Bars Plus Debris (B) Free Stranding Test Bar [55,56].
The current limitations of this technology include defects that are introduced during the
manufacturing process, such as cracking and spallation in some parts. Therefore, accurate
prediction of the material strength and proper design of surgical instruments made using this
process are quite important.
The process is illustrated as a flowchart in Figure 1.12. Initially, pre-defined surgical
requirements and manufacturing limitations, such as minimum part dimensions and material
strength, act as inputs into the design process. Once the forceps is optimally designed according
to these requirements, part dimensions are used in the LMRIF process to fabricate part molds.
Once the molds are cast and sintered, fabricated test specimens are characterized to determine
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accurate material properties and to update manufacturing limitations. At the same time, forceps
are assembled into prototypes and tested in either benchtop procedures or surgical simulators to
assess tool performance. Depending on whether the design goals have been achieved, appropriate
changes can be made to specific design constraints, colloidal suspension parameters, or both to
optimize the surgical utility of the device. The process can then be repeated by incorporating
updated material properties and desired performance outputs using this approach.
Surgical and
Manufacturing
Constraints

Design &
Testing
Process

Forceps
Design

Colloidal
Suspension

Mold
Fabrication

Gel Casting
Preparation

Casting and
Sintering
Prototype
Testing
Final Parts
Material
Characterization

LMRIF Process

Figure 1.12. Design and fabrication process flowchart.
Currently, the LMRIF process is capable of producing two-dimensional micro and
mesoscale parts made of austenitic (300 series) stainless steel (SS), fabricated from 316L SS
powder, and yttria partially-stabilized tetragonal zirconia. Since both of these materials are
biocompatible, they are potential candidates for the surgical application. Particularly, 300 series
SS has shown promise as a surgical material because of its ductility, biocompatibility, and
sterilizability via autoclaving and chemical methods. In this dissertation, design and optimization
methods are parameterized so that the designer can easily adjust for appropriate design and/or
manufacturing constraints. For example, the designer can adjust appropriate design constraints for
when designing metal or ceramic parts based on their respective failure modes, i.e., implementing
yield strength for metals and ultimate strength for ceramics [59].
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Our collaborators in Dr. Christopher Muhlstein’s research group have characterized three
generations of zirconia test specimens and one generation of SS test specimens. The average
material strength collected from three-point bend tests is shown in Table 1.1. The average
material strength determined from 5-10 test specimens is calculated to represent the anticipated
strength of fabricated parts. Also listed in Table 1.1 is the material type and average dimensions
of test specimens. An image illustrating the flexural testing apparatus with a three-point bend
specimen is shown in Figure 1.13.
The values in Table 1.2 are not experimentally determined, but instead are based on the
bulk material properties for zirconia and austenitic (300 series) SS. However, ongoing work
includes characterizing these mechanical properties and expanding the LMRIF process to include
three-dimensional capabilities.
Table 1.1. Average material strength of zirconia and austenitic (300 series) SS determined using
three point bend tests.
Material Type

Gen. #

Test Specimen Dimensions

Avg. Mat. Strength
(MPa)

Zirconia 3Y-TZP

1

340 µm x 30 µm x 20 µm [55]

671

Zirconia 3Y-TZP

2

332 µm x 26 µm x 17 µm [56]

2220

Zirconia 3Y-TZP

3

2.1 mm x 35 µm x 32 µm

590

Austenitic (300
series) SS

1

2.1 mm x 36 µm x 36 µm

600

300 µm

Figure 1.13. Three-point bending apparatus with test specimen [57] (Photo courtesy of Roi
Meirom).
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Table 1.2. Estimates of the bulk material properties for zirconia and austenitic (300 series)
stainless steel.
Material
Type

Modulus of Elasticity
(GPa)

Poisson’s Ratio

Zirconia 3Y-TZP
Austenitic (300
series) SS

200

0.31

200

0.31

Due to the LMRIF sintering process, dimensional changes from part to mold dimensions
are expected. This means that the optimal dimensions resulting from the design process must be
scaled to account for shrinkage before fabricating part molds. To quantify the amount of
shrinkage, scanning electron microscopy (SEM) is used on the ceramic parts to measure mold and
sintered part dimensions in the width, thickness, and length directions [56]. Measurements are
performed using the image analysis software ImageJ (NIST). Assuming that the green, or prior to
firing, parts fill the entire volume of the mold, shrinkage rates in the length, thickness, and width
directions are calculated. Shrinkage rates are estimated using Equation 1.1, assuming a final
density of 100%, and isotropic shrinkage, where ρgreen = the known green (prior to firing) density
and ρ = the shrinkage rate in the length, width, or thickness directions [56]. The calculated
shrinkage rates from initial mold size to final part size, which are based on generation two
zirconia test specimens, are listed in Table 1.3 [56]. Assuming the shrinkage rates for metal and
ceramic parts are roughly equivalent, values in Table 1.3 are used to scale instrument dimensions
to mold dimensions using Equation 1.2.
(1 – ρ) = (1 – αw)(1 – αt)(1 – αL)

Eq. [1.1]

Table 1.3. Measured shrinkage rates.
Dimensional
Parameter

Shrinkage
Rate, α (%)

w

14

t
L

25
17

16

w = wmold (1 - αw)
t = tmold (1 - αt)

Eq. [1.2]

L = Lmold (1 - αL)
In the following chapter, instrument specifications are defined in terms of manufacturing
constraints and surgical requirements. A contact-aided compliant forceps topology is proposed
and the principles of operation are described. Computational methods are developed to predict
tool performance and preliminary studies are conducted to verify its computational accuracy.
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Chapter 2
Contact-Aided Compliant Mechanisms

2.1

Introduction
In the previous chapter, the background and motivation described a need for mesoscale

instruments to advance innovative surgical procedures, such as NOTES. An overview of the
selected design and manufacturing method was also detailed. In this chapter, specific instrument
specifications are identified for a contact-aided compliant mechanism considering surgical and
manufacturing requirements. The instrument topology is introduced in terms of key geometric
parameters and its principles of operation are described. Methods are developed to predict tool
performance and preliminary studies are conducted to verify computational accuracy.

2.2

Instrument Specifications
The current limitations of the LMRIF process are translated into specific instrument

design constraints. Also, feedback from our collaborators at the Penn State Hershey Medical
Center, Dr. Randy Haluck and Dr. Abraham Mathew, help establish surgical requirements for a
NOTES narrow-gauge forceps. The design specifications are as follows:

•

A contact-aided compliant forceps is selected for design. The device relies on
mechanical translation of an outer sheath to actuate the forceps. This actuation
principle adheres to the flexible instrument requirements for NOTES.
Considering narrow-gauge constraints, the forceps must fit inside the inner
diameter (ID) of the outer sheath used for tool actuation.

•

Existing endoscopic graspers, ranging from 1.2 mm to 4 mm in diameter, feature
jaw openings approximately 3 to 5 times larger than the diameter of the
instrument. Here, it is assumed that a forceps jaw opening less than 2ID is
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inadequate for grasping tissue. Therefore, the forceps total jaw opening must be
greater than or equal to 2ID or δtotal > 2ID (Figure 2.1) ∗.
•

The forceps should provide adequate grasping forces to manipulate tissue.
Although a quantitative force requirement is not reported in the literature,
measurements of similarly scaled devices used for ophthalmic surgery and minlaparoscopy report grasping forces of 0.13 N and 0.6 N, respectively [5,60]*. A
recent publication, which measured the forces exerted on 3 mm diameter devices
during transgastric and transperineal NOTES procedures performed in two
female pigs, recommends that NOTES instruments be designed to easily handle
push/pull forces as high as 16 N [61].

•

To enhance fine grasping capabilities, the distal tips of the forceps jaws must
come into contact with one another first, followed by the jaw surfaces gradually
becoming parallel with additional pressure*.

•

If teeth on the surface of the jaws are used to increase friction when grasping, a
minimum of two teeth should be used on each side. Forceps with fewer than two
teeth are presumably inadequate in increasing friction*.

•

Currently, the LMRIF process is limited to two-dimensional (2D) parts.
Therefore the design must be 2D Ongoing work includes extending the LMRIF
process to three-dimensional capabilities. Three-dimensional capabilities require
stacking and laminating multiple mold layers to create 3 dimensional cavities.

•

The thickness (t) of the device is directly proportional to the thickness of the
photoresist used to fabricate part molds. To ensure proper infiltration of the
colloidal suspension into the mold, the width (w) of the device must be greater
than or equal to ½(t).

•

When fabricating ceramic parts, a correlation exists between part yield, or the
percentage of intact freestanding parts, and instrument aspect ratio (AR =
Length/Width). It is found that part yield decreases as aspect ratio increases [62].
This is disadvantageous in compliant mechanism design because large aspect
ratio results in larger elastic tip deflection. Studies have determined that the
zirconia LMRIF process is limited to aspect ratios below 40, or AR < 40 [62].

∗

Surgical requirements provided by Abraham Mathew, M.D. and Randy S. Haluck, M.D.
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•

The strength of fabricated parts is expected to vary from the bulk material values
due to processing variables that affect grain size and particle adhesion. Accurate
material properties are determined experimentally using fabricated test bars as
described in section 1.4∗∗.

2.3

Forceps Topology and Tool Operation
The forceps is a monolithic CCM that relies on elastic deformation to achieve a grasping

motion. The device is intended to grasp tissue, such as the gastric wall during NOTES
procedures. A predetermined topology is defined in terms of key geometric variables, where the
total length of the device (L) is defined as L = L1 + L2 + L3 and AR = L/w or (L1 + L2 + L3)/w. In
Figure 2.1, the forceps consists of two symmetrical halves, an upper and lower arm.

Figure 2.1. Selected forceps topology and actuation principle.
An outer sheath (shown in green) of inner diameter (ID) initially encloses the first
segment (L1) of the device. As the sheath advances toward the distal end, the two arms displace
toward one another to produce a grasping motion. The forceps is designed to fit inside the ID of
the outer sheath used for actuation. This geometric requirement is quantified using the

Experimental determination of material properties and prototype performance courtesy of Roi
Meirom and Dr. Christopher Muhlstein.
∗∗
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Pythagorean theorem in Equation 2.1, which assumes the arms have a square cross-sectional area
circumscribed in a circle of diameter ID (Figure 2.2). Assuming a square cross-section permits
multifunctional capabilities, such as a combined forceps-scissors device [60,63,64], to potentially
be included in future work. In this dissertation, the instrument design is simplified by excluding
the additional out-of-plane stress-deformation analysis that would incorporate the functionality of
a scissors and a forceps. In the previous work [60,63,64], a non-contact CM forceps-scissors
topology linked the two forceps arms in a ‘V’ shaped intersection, causing the maximum stresses
to concentrate at the base connection. Here, the two arms are separated and parallel at segment 1
(L1), which enables the two arms to contact at point A, during actuation (Figure 2.1). When
contact occurs the loading condition changes, redistributing the maximum stresses throughout the
CCM in a phenomenon defined here as contact stress-relief.
t2 +(2w+2 δhs)2 < ID2

Eq. [2.1]

Figure 2.2. The forceps must fit inside the ID of the sheath used for tool actuation. Above is a
schematic of an outer sheath of diameter ID circumscribing the forceps cross-section.
To help explain the benefits of contact stress-relief a schematic, which represents the
instrument maximum stress profile, is provided in Figure 2.3. Later in the chapter, this
phenomenon is computationally predicted to offer a baseline of performance. The schematic in
Figure 2.3 depicts the maximum stress (σ) profile that occurs when closing the forceps as a
function of outer sheath displacement. When the outer sheath starts to displace the two arms
toward one another, the maximum stresses occur at the base of the device similar to a cantilever
beam. When contact is established at point A the loading condition changes resulting in a redistribution of stress. Shifting the maximum stresses from the base of the device results in stressrelief, this permits the outer sheath to advance further before exceeding the allowable stress
(σallow) of a given material. Therefore, the CCM exploits contact to generate larger elastic tip
deflections than a non-contact CM as a result of this phenomenon.
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Figure 2.3. Schematic of contact stress-relief.

2.4

Finite Element Modeling
The finite element modeling software ANSYS 10.0 is used to evaluate large deformation

and surface contact experienced during operation. Due to symmetry, one-half of the device can be
modeled similar to a cantilever beam. Figure 2.4 shows a model of the forceps defined in terms of
key geometric parameters with the applied basis loading condition [65]. The distance between the
forceps and the line of symmetry defines variables δhop = half the total jaw opening, and δhs = half
separation of parallel segment one.

Figure 2.4. Forceps basic loading condition with defined geometric variables.
A fixed contact surface, which is located at the line of symmetry, simulates the contact
surface between the two forceps arms during operation. Because it is necessary for the distal tips
of the forceps jaws to come into contact with one another first, followed by the jaw surfaces
gradually becoming parallel with additional pressure, segment three is directed inward with
dimensions L3 and H3 set to 6%L and 3%L, respectively. A parametric study determined the
dimensions of variables L3 and H3 as a percentage of the overall length to make certain the tips of
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the forceps contact first when closing the device. Recall that the total jaw opening of the forceps
(δtotal = 2δhop) should be at least two times the ID of the outer sheath used for actuation, or δhop >
ID. The thickness (t) of the device, directed into the page in Figure 2.4, is proportional to the
thickness of the photoresist used to fabricate part molds. Assuming a square cross-section, the
width of the forceps is set equal to the thickness, or w = t.

2.5 Evaluating Tool Performance
In this dissertation, two unique loading conditions, which are based on the extreme
conditions encountered during tool operation, are used to model tool performance. These two
conditions simulate the forceps grasping an object of minimum thickness in the free deflection
condition and a rigid object of maximum thickness in the blocked force condition. First, the free
deflection condition is modeled similar to a fixed-free cantilever beam. This condition permits the
tip of the forceps to deflect freely, as if grasping an object of zero thickness (Figure 2.5). Second,
the blocked force condition is modeled similar to a fixed-fixed beam. Fixing the distal tip of the
forceps in a fully open position, i.e., δtip = 0 (Figure 2.5), simulates the device grasping a rigid
object of maximum thickness. The maximum reaction force recorded at the tip of the forceps
during actuation is defined as the blocked force (Fb).

Figure 2.5. Loading conditions for the (left) free deflection condition and (right) blocked force
condition.
A method to simulate tool actuation must be developed to evaluate the performance of
the device. Throughout this work, two different methods are used to simulate actuation. The first
method is defined as the tip deflection constraint (Δtip); because of its simplicity it is used
primarily for preliminary studies. The second, more meticulous method is defined as the outer
sheath displacement constraint (Δos). Details describing these two methods follow.
The tip deflection constraint method applies a prescribed displacement (Δtip) at the distal
tip of the forceps to model the forceps closing in the free deflection condition. Tool actuation is
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simulated by incrementing (Δtip) until the forceps is fully closed, or Δtip = δhop (Figure 2.6). Since
the displacement constraint is applied at the distal tip of the forceps, this method is incapable of
evaluating the blocked force condition.

Δtip = Δhop

Figure 2.6. Tip deflection constraint method used to simulating forceps actuation in the
undeformed and deformed configuration.
The second method, the outer sheath displacement constraint, models the outer sheath
advancing toward the distal end of the device. As the outer sheath advances forward, Δos is
calculated with respect to sheath displacement, d. When the outer sheath advances forward a
geometric constraint requires the forceps cross-section to fit inside the ID of the actuation sheath.
Therefore, for any given sheath displacement a circle of diameter ID, as illustrated in Figure 2.7,
circumscribes the cross-section of the forceps. The required distance (yd) to satisfy this geometric
constraint, measured from the line of symmetry to the top of the deformed forceps arm, is
calculated using Equation 2.2.
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Figure 2.7. Schematic illustrating the forceps cross-section circumscribed inside a circle of radius
ID/2.
(w/2)2 + yd2 = (ID/2)2

Eq. [2.2]

Next, the vertical distance measured from the line of symmetry to the top of the
undeformed forceps arm (yud) is calculated as a function of sheath displacement, d. Shown in
Figure 2.8, the difference between yud and yd defines the outer sheath displacement constraint, Δos.
Applying Δos at the respective coordinate (d, yud) deflects the forceps arm toward the line of
symmetry to simulate tool actuation in L% increments (Figure 2.9). Although the tip deflection
constraint method is not as precise as the outer sheath displacement constraint method, it is
considered acceptable due to the similarities in the two free deflection stress distributions.
However, only the outer sheath displacement constraint method can be used to evaluate the
blocked force condition.
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Figure 2.8. Schematic illustrating deformed and undeformed parameters yd and yud.

Figure 2.9. Schematic of the outer sheath displacement constraint progressively advancing toward
the distal end of the device shown in the undeformed and deformed configuration.

26

2.6

Mesh Refinement Study
A mesh refinement study is conducted to determine the appropriate mesh density for

reliable FEA predictions. Specifically, the free deflection condition is evaluated using two
different FEMs that implement the tip deflection constraint method to simulate tool actuation.
The two different element types, BEAM3 (2D elastic beam) and PLANE42 (2D structural solid)
elements, are used throughout this dissertation depending on the problem of interest, where plane
elements simplify the three dimensional domain of the theory of elasticity to two dimensions and
beam elements further reduce the problem to a single dimension as a function of a single variable,
such as arc length. When using PLANE42 elements stress singularities can occur at theoretical
sharp corners and the traditional clamped boundary condition. To avoid singularities near areas of
high stress concentration the 2 dimensional structural solid (PLANE42) FEM includes (1) a half
‘C’ connection at the original clamped boundary condition and (2) a smooth spline at point A as
highlighted in Figure 2.10.

Figure 2.10. PLANE42 finite element model with contact block.
The mesh refinement study begins with a coarse mesh followed by systematically
reducing element edge length by three levels of refinement. Table 2.1 lists the total number of
elements per unit length for all refinement levels. Note that a relatively dense starting mesh is
required to apply the outer sheath displacement constraint (Δos) in appropriate %L increments.
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Table 2.1. Levels of mesh refinement.
Level of
Mesh Refinement

Plane42 Total
# of Elements

Beam3 Total
# of Elements

0 (Starting Mesh)

1203

93

1

2043

158

2

3082

237

3

6828

526

Although the entire BEAM3 FEM is refined according to Table 2.2, the PLANE42 mesh
refinement only occurs at anticipated areas of high stress (Figure 2.11). The PLANE42 mesh
refinement occurs along the tensile surface for ceramic forceps as high stresses are expected to
initiate at the base of the device and redistribute throughout segment L1. Figures 2.11 and 2.12
show the starting mesh for the BEAM3 and PLANE42 FEM with a close-up of level 1 mesh
refinement, respectively.

Figure 2.11. PLANE42 level 0 and level 1 mesh refinement finite element model.
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Figure 2.12. BEAM3 level 0 and level 1 mesh refinement finite element model.
ANSYS is used to model large deformation and contact, where geometric nonlinearities
are activated assuming a time step size of 0.01 sec to evaluate large deflections effects with a 0.2
coefficient of friction assumed between contact pairs [66]. The assumed coefficient of friction
and time step are inputs prescribed by the designer, which can be adjusted depending on the
prescribed material or if the solution fails to converge. The forceps FEM is nondimensionalized,
where L = 1, L1 = 0.24, δhs = 0.006, δhop = 0.074, w = 0.02, and t = 0.02. The bulk material
properties for zirconia, listed in Table 1.2, are prescribed and assumed linear.
In this analysis, the tip deflection constraint method is applied in 25%δhop increments
until the free deflection condition is satisfied (Δtip = δhop). The predicted maximum 1st principal
stress history is shown in Figures 2.13 and 2.14. The legends in these figures indicate the total
number of elements for their respective element type. In Figures 2.13 and 2.14 both mesh
refinement studies result in immediate convergence with results deviating by less than 2% from
the highest level of refinement. This proves that even the coarsest mesh is suitable for FEA.
Notable in this example is the absence of contact stress-relief in the free deflection maximum
stress profile, however, the stresses do redistribute from the base of the device to the inclined arm
segment during actuation.
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Tip Deflection Constraint
Figure 2.13. PLANE42 mesh refinement results.
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Figure 2.14. BEAM3 mesh refinement results.
After establishing an adequate mesh density, the FEA stress predictions are compared to
non-linear beam theory. Using nonlinear beam theory for initially curved beams [67], the Euler
beam equation is defined in terms of the elastica to account for large deformation. Applying the
free deflection condition, appropriate boundary conditions to account for contact, and using the
outer sheath displacement constraint in 5%L increments, the 2nd order non-linear differential
equation is solved in Mathematica (adapted from code provided by Dr. Eric Mockenstrum).
Conducting the same analysis in ANSYS, the maximum 1st principal stress is recorded and
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compared to beam theory. Figure 2.15 shows that both element types adequately compare to
beam theory, verifying FEA as an accurate solution method. Again, results show the anticipated
shift in maximum stress location, but offer no sign of contact stress-relief. This geometric
sensitivity requires design optimization to exploit the benefits of CCMs.

Max. 1st Princ. Stress/E

0.2
0.18
0.16

Beam3
Plane42

0.14

Beam Theory

0.12
60

65

70

75

80

85

Sheath Displacement along L%

90

95

Figure 2.15. ANSYS stress predictions comparing finite element models with nonlinear beam
theory.
An additional study compares the elastic beam and plane elasticity stress predictions
when including and excluding geometric nonlinearities (small deflections versus large
deflections). In this study, the selected forceps geometry is modified to successfully achieve
contact stress-relief and to provide a baseline illustration of the free deflection stress history
profile. The selected forceps FEM is nondimensionalized, where L = 1, L1 = 0.2375, δhs =
0.0059, δhop = 0.0735, w = 0.022, and t = 0.022. Figure 2.16 illustrates the maximum stress
histories for both BEAM3 and PLANE42 FEMs as a function of sheath displacement. As shown
in Figure 2.16, good agreement is attained when including and excluding large deflection effects.
This is attributed to the nature of contact-aided compliant mechanisms distributing local small
deformations throughout the mechanism to obtain large global tip deflections. Although results
indicate that the linear solution sufficiently predicts the maximum stresses of the forceps, large
deflection effects increase as aspect ratio (AR = L/w) increases. Therefore, to accommodate an
extensive design domain, large deflection effects are included throughout this dissertation.
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Figure 2.16. FEA stress comparison using the elastic beam and plane elasticity analyses when
including and excluding geometric nonlinearities (small deflections versus large deflections).
In this chapter, instrument requirements have been established for a narrow-gauge CCM
intended for NOTES. Methods were developed to simulate tool actuation and to evaluate tool
performance. A mesh sensitivity study determined the appropriate mesh density for two FEMs
considering three levels of mesh refinement. FEA stress predictions in the free deflection
condition were verified using nonlinear beam theory. Although the linear solution adequately
predicted the maximum stresses induced during tool operation, large deflection effects are
included throughout this dissertation to accommodate an extensive design domain. In following
chapter, a preliminary material selection study investigates the influence of key design parameters
on tool performance. The results aid the development of several formal design and optimization
methodologies. Finally, the design methods are demonstrated by conducting appropriate case
studies.
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Chapter 3
Contact-Aided Compliant Mechanism Design

3.1

Introduction
In the previous chapter, instrument specifications were defined in terms of manufacturing

constraints and surgical requirements. The selected CCM topology and its principles of operation
were introduced. Computational methods were developed to predict tool performance and
verified using nonlinear beam theory. In this chapter, a preliminary material selection study,
which considers three different materials, zirconia, 17-4PH Stainless Steel (SS), and 316L SS, are
used to investigate the influence of key design parameters on tool performance. Using a graphical
optimization technique the forceps total jaw opening is maximized for a range of instrument
aspect ratios and material strengths. New size and shape optimization routines are then presented,
which can account for manufacturing constraints and surgical requirements.

3.2

Material Selection Study
A preliminary material selection study is conducted to examine the influence of material

strength and aspect ratio (AR) on maximizing the device’s elastic tip deflection. Recall that
maximizing the elastic tip deflection coincides with maximizing the forceps total jaw opening. In
this study, three materials are considered because of their biocompatibility and availability in
powder form. The three candidates are zirconia, 17-4 PH stainless steel (SS), and 316L SS. Since
the material strength is expected to vary from the bulk material values, three strength variations
are considered for each material: a baseline strength given by bulk material data, and an upper
and lower variation of strength deviating from the baseline. It is projected that the strength of
zirconia parts fabricated using the LMRIF process could vary by as much as a factor of two up or
down from the bulk material data, while SS parts could vary by as much as 25% up or down. The
assumed strength variation (ψ) is defined in Table 3.1. Characterization of these material
properties is part of ongoing research [55-57,68].
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Table 3.1. Predicted variation in material strength based on bulk material properties [69].

Zirconia

Bulk Material
Strength
(MPa)
1500

Predicted
Variation,
ψ (%)
50, 100, 200

17-4 PH SS

1100

75, 100, 125

316L SS

375

75, 100 125

Material

A graphical optimization technique is used to maximize the forceps total jaw opening
(δtotal) considering three variations of strength for each material type. The optimization problem
can be written as in Equation 3.1. The objective is to maximize the total jaw opening of the
device, or minimize the negative half opening (δhop = δtotal/2). An inequality constraint requires
the forceps to fit inside the ID of the outer sheath used for actuation; however, the surgical
requirement that demands a total jaw opening δtotal > 2 ID is ignored to view the entire design
space. Three lower-limit inequality constraints (l22) limit the maximum first principal stress for
zirconia parts and the maximum von Mises stress (σ) for SS parts for each material type to the
product of a scaling factor (n) and corresponding ultimate or yield strength. Incorporating a
scaling factor allows the designer to easily adjust the conservativeness of the imposed stress
constraints. The optimization problem in Equation 3.1 is executed for four different AR designs.
Assuming a square cross-section the length of the device dictates parameter AR.

Minimize[ - δhop ]
X

subject to:
(δhs + w)2 + (t/2)2 - (ID/2)2 < 0
Zirconia:

l22(x) : σ – n (ψ σult) < 0

17-4 PH Stainless Steel:

l22(x) : σ – n (ψ σy1) < 0

316L Stainless Steel:

l22(x) : σ – n (ψ σy2) < 0

Eq. [3.1]

Where:
X = design variables = AR = 25, 36, 45, 55
σult = 1500 MPa (Bulk Ultimate Strength of Zirconia)
σy1 = 1100 MPa (Bulk Yield Strength of 17-4 PH SS)
σy2 = 375 MPa (Bulk Yield Strength of 316L SS)
n = 0.9
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Due to the preliminary nature of this study, the tip deflection constraint (Δtip) defined in
section 2.4.1 is used to simulate tool actuation. Specifically, a displacement constraint applied at
the distal tip of the forceps deflects the arms from a fully open position to a fully closed position
(Δtip = δtotal/2 = δhop). The maximum jaw opening is determined by increasing the geometric half
opening (δhop) until the stress constraint is violated. Therefore, Equation 3.1 is used to determine
the largest possible jaw opening, which satisfies the free deflection condition, given a particular
material strength and AR.
In this study, it is assumed that a 100 µm photoresist is used to fabricate part molds.
Accounting for shrinkage and assuming a square cross-sectional area, a 75 µm x 75 µm crosssection is prescribed on all designs. Parameters δhs and L1 are set to 15 um and 30% L,
respectively. These dimensions are based on the initial work of J. Cronin, designing micro scale
CCMs [66]. The BEAM3 FEM is utilized in this study because a constant cross-section along the
length of the device is assumed. Results are plotted in Figures 3.1-3.3, where data points above
the red dashed line distinguish which designs satisfy the jaw opening requirement (δtotal > 2 ID)
assuming an outer sheath of ID = 1 mm.
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Figure 3.1. Optimal half openings (δhop) for zirconia.
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Figure 3.2. Optimal half openings for 17-4 PH SS.
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Figure 3.3. Optimal jaw openings for 316L SS strength variations.

36

Notice in Figures 3.1-3.3 that the relationship between AR and non-dimensional tip
deflection resembles a quadratic polynomial, where the multiplier on material strength (ψ)
dictates the quadratic coefficient. It is clear that stronger materials and larger AR designs result in
larger jaw openings. This relationship is not surprising because stronger materials withstand
higher loading capacities. Also, consistent with Euler-Bernoulli cantilever beam equations, given
a similar loading condition, such as an end loaded cantilevered beam, tip deflections have a
squared relationship with increasing length (L). This enables designs of high strength and large
AR to achieve larger elastic tip deflections. This result stresses the importance of (1) controlling
material strength during processing and (2) having the ability to manufacture parts with large
aspect ratios to generate large elastic tip deflections.
When plotting Figures 3.1-3.3 as a function of material strength variation (ψ) in Figure
3.4, an unexpected trend appears. Notice that the relationship between material strength and nondimensional tip deflection remains approximately linear until ψ and AR are at the most extreme
conditions, zirconia case ψ = 2 and AR = 55. This nonlinear relationship can be explained after
viewing the deformed stress distribution of this particular forceps design, shown in Figure 3.5.
Recall that the tip deflection constraint is used to simulate tool actuation in this preliminary study.
In all cases, except for this particular case, the CCM operates by distributing the maximum
stresses and global deformations locally with the help of contact stress-relief. However, in this
extreme case, the high strength and large aspect ratio permits the maximum stresses to
concentrate solely in segment L2. Notice in Figure 3.5 that the high flexibility of segment L2
results in the absence of contact and a unique distribution of maximum stress throughout this
segment. However, solely based on this preliminary study, it is unknown if this particular design
will generate large grasping forces, which is crucial in the forceps application.
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Figure 3.4. Optimal jaw openings.

Figure 3.5. Deformed forceps stress distribution for zirconia case ψ = 2 and AR = 55.
When reviewing figures 3.1-3.4 notice only one design satisfies the jaw opening
requirement δtotal > 2ID. This particular design assumes the strongest material, σult = 2 x 1500
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MPa, which is two times stronger than the bulk material data for zirconia. Although the forceps
performance benefits from any improvements in material strength that result from colloidal
processing, it is impractical to rely on such a high level of improvement to obtain surgically
useful forceps. Therefore, the remainder of this dissertation assumes 400 µm thick photoresists
are used for fabricating part molds. This scale increase is expected to shift the predicted tool
performance so that future parts are surgically useful.

3.3

Formal Optimization
In this section, formal design and optimization methodologies are developed, which can

account for manufacturing constraints and surgical requirements. Although the preliminary
material selection study concluded that high strength zirconia is the best material candidate, initial
mesoscale fabrication runs of austenitic (300 series) SS show superior manufacturing yield of
larger AR parts. Recall that when fabricating zirconia parts a correlation exists between part yield
and geometric aspect ratio. It was found that the zirconia process is limited to fabricating parts
with AR < 40 [62]. Therefore, both zirconia and austenitic (300 series) SS are considered in the
following design methods.

3.3.1

Size Optimization
A size optimization problem is developed to maximize the grasping ability of both

zirconia and austenitic (300 series) SS forceps. The problem is formulated in Equation 3.2 and is
executed using ANSYS’ optimization 1st Order Method as the solution method [70,71].
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Minimize ( 1 / Fb )
X
subject to:
ID – δtip < 0
Zirconia: σ – n σult < 0
SS:

Eq. [3.2]

σ – n σy < 0
L - L upper < 0
L1 - L1 upper < 0
δ hs - δ hs upper < 0
X = design variables = L, L1, δhs

In Equation 3.2 the objective is to maximize the forceps’ blocked force (Fb). Upper limits
constrain design variables L, L1, and δhs (Figure 3.4). Assuming a square cross-section, the length
of the device dictates parameter AR. A stress constraint limits the maximum first principal stress
for zirconia parts, or the maximum von Mises stress for SS parts, to the product of a scaling factor
and material strength, where σallow = n σult for zirconia and σallow = n σy for SS. In this study, a
total jaw opening of 2ID is prescribed, or δhop = ID. An inequality constraint requires a tip
deflection greater than ID. Equation 3.2 defines a feasible design as a forceps capable of closing
(δtip > ID) while never violating the imposed stress constraint. An optimal design is defined as a
feasible design with the largest blocked force.

Figure 3.6. Forceps basic loading condition with defined geometric variables.
The flowchart in Figure 3.6 details how the size optimization algorithm operates. The
algorithm begins with an arbitrary feasible starting point, where Xi defines the set of design
variables (L, L1, δhs) for iteration i. After the starting geometry is created, the free deflection and
blocked force conditions are evaluated to predict tool performance. Figure 3.7 details the
procedure used to predict tool performance. Once the optimization constraint variables and design
variables are checked for convergence, ANSYS updates the design variables based on gradient
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information. Convergence is met when the change in objective function from the best to the
current design, or the previous design to the current design, is less than 0.001%. A very small
convergence tolerance is specified to help avoid convergence at local minima.
The procedure used to evaluate tool performance is shown in Figure 3.8. Tool actuation is
simulated using the outer sheath displacement constraint (Δos). Advancing the outer sheath toward
the distal end of the device, Δos is progressively applied in 2%L increments. For each increment
forward Δos is internally computed as detailed in section 2.4.1 (Figure 2.9), which requires the
forceps to fit inside the ID of the outer sheath as a function of sheath displacement (d). In the free
deflection condition, the outer sheath is advanced forward by progressively applying Δos until
either the forceps tip deflection (δtip) is greater than the forceps half opening or the imposed stress
constraint is violated. The blocked force condition is evaluated by fixing the forceps tip (Δtip = 0)
and progressively applying Δos until the stress constraint is violated. The maximum reaction force
recorded at the distal tip of the forceps right before the stress constraint is violated is defined as
the blocked force (Fb).
X 0 (starting pt, i = 0)

X i = X i -1 + ΔX i -1n
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y
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= i +1
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o
X* or Max.
es
Iteration
Reached

Figure 3.7. Optimization algorithm flow chart.
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Figure 3.8. Optimization algorithm used to predict tool performance.
Since the strength of brittle materials is sensitive to surface flaws, it is plausible to
assume that a ceramic specimen of larger size possesses a lower strength than that of a smaller
size. This is due to the probability of ‘discovering’ larger flaws in larger bodied specimens. When
designing ceramic forceps the Weibull approach is used to predict the strength of meso forceps
based on material characterization data collected from zirconia test specimens. The Weibull
approach is used to account for any scale differences between test specimens and meso forceps.
That way, strength data gathered from zirconia micro test specimens are scaled using the Weibull
approach to more accurately represent the strength of mesoscale forceps. The Weibull approach
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predicts the strength of brittle material specimens depending on component size and loading
configuration. According to [72], the relationship between the strength of one specimen (σult_2),
loading configuration (LF2), and effective tensile surface area (SE2) and another (σult_4, LF4, SE4) is:

σult_2
σult_4

=(

LF4 SE4
LF2 SE2

)

1/m

Eq. [3.3]

where:
m = Weibull Modulus = 6.3 [55,56]
Loading factors for common loading conditions [72]:
Geometry

Loading Factor, LF

Uniaxial tension

1

Pure Bending

1/[2(m+1)]

3-Pt. Bending

1/[2(m+1)]2
(mLi+Lo)/[2Lo(m+1)2]

4-Pt. Bending

During optimization of the ceramic forceps, the algorithm internally calculates the
Weibull material strength using Equation 3.3, depending on the current design variables (part
size) and loading conditions (loading configuration) encountered during actuation. Since the
forceps loading condition changes as a result of contact, two different loading configurations may
occur in the free deflection and the blocked force conditions. Figure 3.9 illustrates the four
possible loading conditions and their respective loading configurations. Although these loading
configurations are rough estimates of the forceps actual loading condition, based on the
similarities in stress distributions they are assumed adequate. Notice in the free deflection
condition, the loading configuration prior to contact is pure bending. Once contact occurs, the
loading configuration changes to 3 point bending (Figure 3.9). In the blocked force condition, the
loading configuration before or after contact is assumed to be 3 point bending.
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Figure 3.9. Forceps loading configurations.

3.3.2

Size Optimization Results
A 1 mm diameter case study is conducted to demonstrate the previously developed size

optimization routine. Assuming a 400 µm photoresist is used to fabricate part molds, a 300 µm x
300 µm square cross-section is prescribed after shrinkage. Since this study assumes a constant
cross-section along the length of the forceps, the BEAM3 FEM is employed. Five variations of
material strength are considered for austenitic (300 series) SS and zirconia. The five yield
strengths considered for austenitic (300 series) SS (σy_j , j = 1,…,5) cover a broad range of values
between 100 and 500 MPa (Table 3.2). It is also necessary to examine at a range of zirconia
ultimate strengths (σult_k , k = 1,…,5). This range includes three generations of zirconia material
characterization data, as well as two values that are predicted using the Weibull approach based
on generation 2 and 3 test specimens (Table 3.3). Tables 3.2 and 3.3 also list the corresponding
optimization starting points. To reduce the necessary computation time all starting points of the
optimization algorithm are feasible designs that satisfy the free deflection condition. However, a
feasible starting point was not found for stress constraint σy_1 = 100 MPa, and therefore was
initiated using an infeasible design.
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Table 3.2. Austenitic (300 series) SS optimization algorithm starting inputs.
Stress
Yield Strength
Constraint #, j
(MPa)
(σy_j)

Scaling
Factor,
n

AR
(L/w)

1

100

1

N/A

2

200

1

85

3

300

1

70

4

400

1

60

5

500

1

60

L1

δhs

30% L

10% δhop

Table 3.3. Zirconia optimization algorithm starting inputs.
Stress Constraint
Case #, k
(σult k)

Zirconia Test
Specimens

Average
Ultimate
Strength
(MPa)

Scaling
Factor,
n

AR (L/w)

1

Gen. 1

671

0.9

60

2

Gen. 2

2200

0.9

33

3

Gen. 3

590

0.9

60

4

Weibull (Gen 2)

σult_4

1

60

5

Weibull (Gen 3)

σult_5

1

47

L1

δhs

30% L

10% δhop

As an illustration of the results, the convergence history for blocked force and both length
parameters L & L1 is shown in Figures 3.10 and 3.11 for zirconia case 2, stress constraint, σult_2 =
2.2 GPa. Typically optimization converged after 15 iterations taking approximately 24 hours of
computation time.
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Figure 3.10. Force convergence history for zirconia stress constraint case 2.
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Figure 3.11. Length parameter convergence history for zirconia stress constraint case 2.
When viewing the objective function in Figure 3.10, and the variable L in Figure 3.11, it
can be seen that an improvement of approximately 67% in blocked force was achieved with a
reduction in total length of 30%. In all cases, design variable L proved to have the most
significant effect on increasing blocked force. This result is intuitive because decreasing L
increases the stiffness of the forceps. However, this was not the case for stress constraint σy_1 =
100 MPa. In this case only, the optimization algorithm was unable to find a feasible design and
improvements in blocked force were not achieved. All size optimization results are listed in Table
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3.5 in order of increasing stress constraint. Note that four additional zirconia stress constraints
(σult_k, k = 6,..,9) have been included in the results. These four stress constraints provide a more
complete profile when viewing the influence of material strength on AR and blocked force in
Figure 3.10. Highlighted in Table 3.4 are the Weibull based stress constraints. Notice the Weibull
approach predicts different strength values for the meso forceps when generation 2 and 3
characterization data is input into Equation 3.3. Considering generation 3 test specimens are
much closer in scale to the meso forceps, it may be more accurate to assume that the Weibull case
5 better represents the strength of zirconia forceps when compared to the Weibull case 4
prediction based on generation 2 test specimens.
Table 3.4. Size optimization results.
Inputs
σy_j or σult_k
(MPa)
[n]
200
[1]
300
[1]
400
[1]
448
[1]
500
[1]
590
[0.9]
671
[0.9]
765
[1]
1000
[1]
1250
[1]
1500
[1]
1750
[1]

Outputs

Stress
Constraint
Case #

Lupper
(mm)

j=2

27

j=3

25

j=4

20

k=5

18

j=5

18

k=3

18

k=1

15

k=4

13

k=6

11

k=7

10

k=8

9

k=9

8

L
(mm)
[AR]
24.5
[82]
20
[67]
16.3
[54]
16.4
[55]
15.5
[52]
14.4
[48]
13.5
[45]
11.6
[39]
9.8
[33]
8.7
[29]
8
[27]
7.5
[25]
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L1
(mm)

δhs
(mm)

Blocked
Force
(N)

7.82

0.1

0.114

6.6

0.1

0.156

5.7

0.09

0.43

4.7

0.1

0.55

5

0.09

0.525

3.46

0.09

0.66

3.23

0.08

0.84

3.15

0.1

1.5

2.8

0.1

2.3

3.7

0.17

3.75

3.4

0.14

5

2.9

0.14

6.5

Inputs

Outputs

σy_j or σult_k
(MPa)
[n]

Stress
Constraint
Case #

Lupper
(mm)

L
(mm)
[AR]

L1
(mm)

δhs
(mm)

Blocked
Force
(N)

2200
[0.9]

k=2

8

6.9
[23]

1.9

0.09

7.5

The results are non-dimensionalized and pictured in Figure 3.12. In Figure 3.12, it can be
seen that high strength materials result in smaller AR designs with larger blocked forces. This
implies that stronger materials are ideal for design, especially when designing ceramic parts,
which are limited to aspect ratios below 40. Notice the relationship between non-dimensional
blocked force and material strength is linear, as deformations remain small in the blocked force
condition. Highlighted in Figure 3.12, is design X*k = 1, which most closely represents the actual
strength of zirconia meso parts (590 MPa) as predicted by material characterization. Notice the
significant reduction in material strength and performance when compared to the optimal design
assuming zirconia micro characterization strength data (X*k

= 2).

Also highlighted is zirconia

design X*k = 4, which just satisfies the ceramic AR constraint (AR = 39) when assuming a 765
MPa ultimate strength. A picture comparing the scale of these three designs is shown in Figure
3.13. The size optimization results reveal that the current strength of zirconia meso parts require
aspect ratios greater than 40 to design forceps with total jaw openings equal to 2ID. Since this
exceeds the current manufacturing limitation on AR, shape optimization is used to investigate
whether permitting the width of the device to vary along the length results in small AR designs
that satisfy the imposed constraint.
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Figure 3.12. Influence of material strength on AR and blocked force.
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Figure 3.13. Zirconia optimal design comparison for relevant stress constraint cases k = 1, 2, 4.

3.3.2

Shape Optimization
Size optimization results reveal that the current strength of zirconia meso parts require

aspect ratios greater than 40 to be surgically useful. Because this violates the AR manufacturing
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constraint, design efforts focus on using shape optimization to minimize AR. Using the same
algorithmic procedures detailed in Figures 3.7 and 3.8, new optimization variables are considered
to perform shape optimization. However, in this study only the free deflection condition is
evaluated, employing the outer sheath displacement constraint in 2%L increments. The
optimization problem is formulated in Equation 3.4. The objective is to minimize the total length
of the device (L). Upper and lower limits are set on design variables wp, where wp represents the
width of specified segment p, (p = 1,…,6). A picture illustrating variables w1 through w6 is
provided in Figure 3.14. The constraints on maximum 1st principal stress, tip deflection, and the
upper limits on L and L1 remain consistent with the previous size optimization problem.
Minimize[ L ]
X
subject to:
ID − δtip < 0
σ − σult_k n < 0
wp_lower – wp < 0
wp – wp_upper < 0
L – Lupper < 0
L1 – L1upper < 0
X = design variables = wp, L

Eq. [3.4]

Figure 3.14. Forceps parametric model illustrating design variables wp.

3.3.4

Shape Optimization Results
In this study, only three stress constraint cases from section 3.3.2 (Size Optimization

Results) are considered. These cases, which are listed in Table 3.5, most closely represent the
current material strength of zirconia meso parts. Since the width of the forceps is free to vary
along the length of the device, the 2D structural solid PLANE42 FEM is employed. Shape
optimization starting points correspond to the respective optimal solution determined in size
optimization.
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Table 3.5. Zirconia shape optimization inputs.
Stress
Constraint
Case #, k
(σult k)

Zirconia Test
Specimens

Average
Ultimate
Strength
(MPa)

Scaling
Factor
n

AR
(L/w)

L1

δhs

1

Gen. 1

671

0.9

45

3.23

0.08

3

Gen. 3

590

0.9

48

3.46

0.09

5

Weibull
(Gen. 3)

σult_5

1

55

4.7

0.1

After executing the optimization problem of Equation 3.4, results can be seen in Table
3.6. Notice that only small reductions in AR are obtained by permitting the width to vary along
the length of the device. The greatest reduction in AR occurs in stress constraint case 1, where
AR reduces by 7%. Since shape optimization converges to solutions with AR > 40, the current
manufacturing limitations imposed by the LMRIF process prohibit the fabrication of forceps that
satisfy the necessary design requirements. Table 3.7 and Figure 3.15 show the optimal widths for
segment p. A picture comparing the scale of all optimal designs is shown in Figure 3.16.
Table 3.6. Zirconia shape optimization results.
Stress
Constraint
Case #, k

Lupper
(mm)

σult_k
(MPa)
[n]

L
(mm)
[AR]

L1
(mm)

δhs
(mm)

Blocked
Force
(N)

1

14

671
[0.9]

12.5
[42]

3.15

0.08

0.9

3

15

590
[0.9]

14
[47]

3.35

0.09

0.72

5

17

448
[1]

16
[53]

4.9

0.1

0.6
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Table 3.7. Optimal AR and widths, wp.

σult = 671 σult = 590
MPa
MPa

σult = 448
MPa

AR/ARinitial
w0 / winitial

0.93
1.02

0.98
1.08

0.96
1.06

w1/ winitial

1.00

1.04

1.04

w2/ winitial

0.97

1.04

1.01

w3/ winitial

0.95

1.06

0.99

w4/ winitial
w5/ winitial
w6/ winitial

1.02
0.97
1.00

1.02
1.01
1.07

1.02
1.02
1.07

1.1

σsult
ult = 671 MPa
σsult
ult = 590 MPa

1.075

σ
sult
ult = 448 MPa

wp / wi

1.05
1.025
1
0.975
0.95
0

1

2

3
p, wp

4

Figure 3.15. Optimal widths (wp).
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5

6

Figure 3.16. Shape optimization design comparison.
In Figures 3.15 and 3.16, notice the optimal widths do not vary significantly where
optimal designs look similar to the constant cross-section design assumed during size
optimization. Ideally, shape optimization would generate solutions with significantly smaller
AR’s by varying the forceps cross-section in desired regions. Although a significant reduction in
AR is not achieved, in regions of high stress concentration, located at the base of the device (w1-2)
and the inclined arm segment (w4-6), wp tends to be larger in cross-section (deviating above 1 in
Figure 3.15) to reduce the maximum stress. On the other hand, region w3 tends to be smaller in
cross-section to achieve higher flexibility and thus larger elastic tip deflections. The fact that
shape optimization did not result in dramatic changes in width may be accredited to the devices’
reliance on contact stress-relief, which occurs near segments w4-5, to redistribute maximum
stresses from the base of the device to the inclined arm segment. If the widths near this region
were to dramatically change, the point of contact between the two forceps arms would also
change, potentially reducing the benefits of contact stress-relief. Further, once contact occurs the
maximum stresses redistribute from the base of the device throughout the inclined arm segment,
inducing high stresses along the entire segment L1, as shown in Figure 3.17. This region (w0-w6)
is sensitive to changes in width, since size optimization produces part geometries on the verge of
violating the imposed stress constraint.
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Figure 3.17. First principal stress distribution for zirconia stress constraint case 3.

3.4

Summary and Conclusions
In this chapter, size and shape optimization methods were developed, which allow the

designer to adjust for appropriate manufacturing constraints and surgical requirements. Modeling
large deformation and contact, design methods predict the performance of a monolithic CCM. To
illustrate proof of concept, size and shape optimization methods were used to execute a 1 mm
diameter case study. Maximizing the blocked force, size optimization determined the optimal tool
dimensions for a range of material strengths for zirconia and austenitic (300 series) SS. Results
show that stronger materials are ideal for design because they generate larger jaw openings and
blocked forces. It was evident that the tradeoff between flexibility and stiffness prevails, as large
AR designs permit improvements in jaw opening and smaller AR designs generate higher
blocked forces. Results also reveal that the relationship between non-dimensional blocked force
and material strength is linear, as deformations remain small when evaluating the blocked force
condition. When implementing the Weibull approach a significant loss in material strength
between micro and meso test specimens was predicted. Characterization data confirmed that
approximately 1/4 of the micro part strength is lost when fabricating meso ceramic parts. This
loss in part strength required ceramic meso forceps to have aspect ratios greater than 40 to
produce surgically useful forceps, or forceps with jaw openings equal to 2ID. Because this
violates the AR manufacturing constraint, design efforts focused on using shape optimization to
minimize AR. When minimizing the required AR of ceramic forceps, results show only small
reductions in AR are obtained by permitting the width to vary along the length of the device. The
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fact that shape optimization did not result in significantly smaller AR designs is accredited to the
forceps reliance on contact stress-relief and strength based design producing part geometries on
the verge of violating the imposed stress constraints.
In the following chapter, optimal dimensions determined during size optimization are
used in the fabrication of austenitic (300 series) SS forceps. Fabricated specimens are
experimentally tested to determine accurate material properties and to identify any limitations
associated with the metallic manufacturing process. Additionally, forceps are fabricated and
initial prototypes are assembled to compare computational and experimental tool performance.
Finally, full working prototypes are developed and validated in an end-user surgical simulator
assessment procedure.
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Chapter 4
Prototype Development, Verification, and Validation

4.1

Introduction
In the previous chapter, size and shape optimization methods were developed to

maximize the performance of a contact-aided compliant mechanism (CCM). Assuming a 1 mm
diameter forceps case study the design methods were used to determine the optimal tool
dimensions. Optimization results revealed that the current strength of zirconia meso parts prohibit
the fabrication of surgically useful forceps because the ceramic manufacturing process results in
very low yield of AR greater than 40 parts [62]. In this chapter austenitic (300 series) SS forceps
and test specimens are fabricated and experimentally tested to determine accurate material
properties and to identify any limitations associated with metal meso fabrication process. Initial
(handheld) prototypes are assembled and tested to compare experimental versus theoretical tool
performance. After evaluating handheld prototypes in benchtop testing procedures, full working
prototypes are constructed and validated using a pre-clinical ex-vivo tool assessment procedure.
Feedback provided by 12 participants at the Penn State Hershey Medical Center help identify
necessary design improvements to increase prototype utility.

4.2 Determination of Mechanical Properties and Prototype Verification
The mechanical properties of the austenitic (300 series) SS forceps must be established to
characterize the material made using the LMRIF process and to establish the relationship between
properties and its design goals. Therefore, our collaborators, Roi Meirom and Dr. Chris
Muhlstein, tested mesoscale beam bending test bars and forceps. The test procedure and results
are summarized here.
Prior to testing forceps, 4 bar-shaped specimens (2.1 mm x 36 µm x 36 µm avg.
dimensions) were tested in 3-point bending (Figure 4.1). The specimens’ yield strength ranged
from 603 to 677 MPa, and the ultimate bending strength ranged from 1.23 to 1.49 GPa, indicating

a significant amount of plastic deformation prior to failure. Contrary to zirconia parts, the ductile
properties of SS resisted cracking during processing and thus resulted in higher manufacturing
yield of parts with AR equal to 40. The results of the size optimization with austenitic (300 series)
SS (yield strength 600 MPa) optimal forceps require aspect ratios slightly above 45 to prevent
plastic deformation during tool operation. However, because forceps with AR greater than 40
were not fabricated, all prototypes have AR equal to 40.
300
µm

Figure 4.1. Three-point bending apparatus with test specimen [57] ∗∗.
To verify prototype performance, an initial (handheld) prototype was developed by spot
welding the butt of the CCM end-effector to a 5” metal guidewire (0.9 mm diameter) as is
illustrated in Figure 4.2. The outer sheath used for actuation is a 3” 316L SS hypodermic round
tube (17 gauge, 0.058” OD x 0.042” ID x 0.008” wall) the yield strength of the sheath is assumed
to be 290 MPa and a Young’s modulus of 200 GPa [69]. The assembled prototype was
mechanically tested to determine the forces and displacements associated with tool actuation and
gripping a latex tube (1/8’’ ID, 1/32’’ wall thickness).

Figure 4.2. Illustration of austenitic (300 series) SS forceps spot-welded to the metal guidewire
with forceps angel, θ.
Experimental determination of material properties and prototype performance courtesy of Roi
Meirom and Dr. Christopher Muhlstein.
∗∗
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Instron 4858 mechanical testing system was used, which consists of 3 major components.
The electromechanical load frame has a high-resolution digital encoder with 20 nm resolution and
interchangeable adapters capable of loading samples in tension, compression or bending. An
attached load cell with a force capacity of 10N and a resolution of ±0.1% of full scale is used to
measure the forces applied to the specimens. A digital camera (Pixelink, Inc.) in conjunction with
a firewire image acquisition card acquires images in real-time during the testing. The entire
system is situated on top of a mechanical damping system to minimize ambient vibrations.
First, an incremental step test was conducted to measure tip deflections and the amount of
plastic deformation when operated in the free deflection condition. With one set of pneumatic
grips gripping the guidewire attached to the forceps and the second gripping the sheath, the latter
was linearly actuated to some predetermined fraction (for example 10%) of the maximum
position, an image was taken at this position, and then the grip was linearly actuated back to the
unloaded starting position. This was repeated multiple times, with the forward fractional position
of the sheath being incremented until the final sheath position correlated with the tip of the
forceps closing. Using digital image correlation, both the tip deflection history and residual
changes in forceps geometry due to plastic deformation were measured at the actuation positions.
Because the aspect ratio of prototypes was less than the theoretically required AR (AR = 45),
plastic deformation was anticipated during testing. Results are shown in Figures 4.3-4.5, where
all dependent variables are normalized with respect to the initial untested forceps geometry.
Normalized variables measure the difference between the initial, prior to testing geometry and the
current configuration, where 0 indicates no plastic deformation has occurred.
In Figure 4.3, the residual changes in the total jaw opening and forceps angle (θ in Figure
4.2) are presented as a function of outer sheath position. As expected, the geometry of the forceps
permanently deforms as the induced stresses exceed the yield strength of the material. Shown
below, both parameters deformed between 50% and 60% when compared to the initial geometry.
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Figure 4.3. Normalized Residual Change in Forceps Geometry∗∗.
A simulation of the incremental step test was conducted in ANSYS and compared to
experimental results. Figure 4.4 depicts the experimental (EXP) and computational (FEA) tip
deflection history when assuming elastic behavior. Notice the required sheath displacement for
forceps closure differs by more than δ = 14%L when neglecting geometric changes due to plastic
deformation. The FEM was then geometrically adjusted according to the residual changes in
geometry as shown Figure 4.5. In this analysis θ is manually adjusted corresponding to sheath
position (L%) in Figure 4.3 to account for the plastic deformation. When including the effects of
plastic deformation, better agreement is found between the experimental and theoretical results.

Experimental determination of material properties and prototype performance courtesy of Roi
Meirom and Dr. Christopher Muhlstein.
∗∗
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Figure 4.4. Normalized tip deflection history∗∗.

Figure 4.5. Normalized tip deflection including residual changes in geometry∗∗.
The maximum input force applied on the outer sheath by the pneumatic grippers during
the incremental step test was recorded. Considering sheath dimensions and material properties an
FEA simulation predicts the maximum force exerted on the sheath (by the forceps) should not

Experimental determination of material properties and prototype performance courtesy of Roi
Meirom and Dr. Christopher Muhlstein.
∗∗
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exceed 18 N to prevent the sheath from yielding. Since the recorded input force remained below 5
N, it is unlikely the outer sheath would plastically deform nor was any plastic deformation
observed upon completing all experimental tests. Furthermore, it is expected that input forces as
high as 18 N would cause the forceps to yield before the outer sheath.
In the second portion of the test, the pneumatic grips were repositioned such that the
stationary set held the forceps guidewire in place and the second set gripped the latex tube (Figure
4.6a), enabling a pull-off force measurement test. Pull-off force is the force needed to remove an
object from the grasp of the forceps jaws. This test provides an additional measurement of
grasping ability. With the forceps gripping onto the latex tube, the outer sheath was manually
advanced as much as possible, resulting in a 4.5 mm final sheath displacement, and then released.
The latex tube was then pulled away from the forceps (Figure 4.6b), reaching a maximum force
of approximately 1.2 N (Figure 4.6c) before overcoming friction and slipping from the forceps
jaws (Figure 4.6d). Figure 4.7 depicts the forces and latex tube displacements recorded during the
maximum pull-off force test. A simplified finite element model, which does not account for any
material nonlinearity in the latex, is used to compare experimental and theoretical maximum pulloff force. Assuming the latex tube becomes rigid once it reduces in thickness by 25% and
specifying a 0.7 coefficient of friction between latex and steel [73], the maximum pull-off force is
predicted to be 1.1 N. The FEM prediction shows good agreement with the measured pull-off
force differing by only 8%.

Figure 4.6. A series of images from the pull-off force measurement test in which the forceps (a)
were made to grip a latex tube, (b) the tube was pulled away from the forceps reaching (c) a
maximum force of 1.2 N and eventually (d) the latex overcomes friction and slips out of the
forceps jaws [57] ∗∗.

Experimental determination of material properties and prototype performance courtesy of Roi
Meirom and Dr. Christopher Muhlstein.
∗∗
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Figure 4.7. The latex tube was then pulled away from the forceps (Figure 4.5b), reaching a
maximum force of about 1.2 N (Figure 4.5c) before overcoming friction and slipping from the
forceps jaws (Figure 4.5d) ∗∗.

4.3

Prototype Development
After establishing good agreement between theoretical and experimental tests, efforts

focus on validating prototypes in a NOTES pre-clinical, ex-vivo tool assessment procedure.
Twelve fully working prototypes were developed from austenitic (300 series) SS forceps with AR
= 40. Shown in Figure 4.8, working prototypes consist of a forceps tool tip integrated into an
ECHO-1-22 (22 gauge) single-use aspiration needle system manufactured by Wilson-Cook.

Experimental determination of material properties and prototype performance courtesy of Roi
Meirom and Dr. Christopher Muhlstein.
∗∗
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Figure 4.8. Assembled 1 mm diameter narrow-gauge forceps prototype for NOTES.
The Wilson Cook aspiration needle is a long flexible device that is used through an
endoscope. The entire aspiration needle system consists of four major components, a stylet inside
a 22-gauge hollow needle (0.7176 mm OD, 0.413 mm ID), exterior protective plastic, and an
instrument piston handle. The device is operated by puncturing the tip of the needle, shown in
Figure 4.9, into bodily tissue for core extraction via manually actuating the piston handle. Once
the tissue sample is extracted into the hollow needle, the entire system is removed from the body.
A stylet, which protrudes 2-3 mm out of the ID of the hollow needle, ejects the core sample for
testing.

Figure 4.9. 22-Gauge Hollow Needle.
Prototype development began by removing the sharp distal tip of the hollow Wilson
Cook aspiration needle with a dremel (Figure 4.10(A)). Fully advancing the stylet, the dremel
was then used to trim back the stylet to protrude only 5 mm from the hollow needle (Figure
4.10(B)). Because the ID of the hollow needle is smaller than the required 1 mm ID actuation
sheath, an 8 mm long 316L SS hypodermic tube (17 gauge, 0.058” OD x 0.042” ID x 0.008”
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wall) is used to actuate the forceps. First, sliding the hypodermic tube over the hollow needle, the
butt of the SS forceps was spot-welded to the distal end of the stylet (Figure 4.10(C)). The
hypodermic tube, depicted in green in Figure 4.10(C & D), was then carefully repositioned to
contact the forceps arms without causing any deformation, where it was then bonded to the
hollow needle via metal-on-metal adhesive (Loctite Epoxy). Although the adhesive used was not
biocompatible, for the purpose of ex-vivo testing a strong bond between the two components was
critical. Future prototypes require a biocompatible bonding method for in-vivo testing or, to
bypass this requirement, simply integrate an aspiration needle with a proper ID hollow needle.
The forceps is actuated using the Echo piston handle, which is modified to advance the
outer sheath forward while the stylet (and forceps) is held in a fixed position. To accomplish this,
an external case was incorporated into the instrument piston handle to permit the hollow needle,
and thus the 1 mm ID hypodermic actuation sheath, to translate forward and backward while the
forceps remained in a fixed position (Figure 4.11). The external case was fabricated using FDM
rapid prototype machining.

Figure 4.10. Prototype development procedural steps; (A) cut distal tip of hollow needle (B) cut
stylet to protrude only 5 mm from the hollow needle (C) spot weld forceps tool tip to stylet (D)
re-position outer sheath and bond to external surface of hollow needle.
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Figure 4.11. Prototype external handle casing.

4.4

NOTES Surgical Simulator
This section summarizes the work done in collaboration with Matthew Addis‡ on the

development of a NOTES pre-clinical ex-vivo tool assessment procedure used to evaluate
prototype performance in a surgical simulator [74]. Clinicians at the Penn State Hershey Medical
Center volunteered to assess the prototype performance. Executing a set of standardized tasks,
prototypes were compared side-by-side with an existing commercially available endoscopic
forceps (Boston Scientific’s single-use 1.2 mm diameter SpyBite biopsy forceps). This instrument
was selected for comparison because it is nearly equivalent in scale and it is currently being used
at Penn State Hershey to conduct NOTES experimental procedures. Images of the two instrument
tool tips are displayed in Figure 4.12. Participant feedback was collected to identify any necessary
design modifications required to improve prototype performance.

Figure 4.12. Instrument tool tips: (Left) SpyBite 1 mm outer diameter biopsy forceps; (Right) 1
mm inner diameter SS prototype [38].
As the field of NOTES continues to evolve there is a need for standardized procedures
that assess the surgical utility of new devices. Since NOTES is still in the developmental stage, it
is important to review training and testing methods currently used in similar surgical procedures.
For example, the training and testing of surgical residents in laparoscopic surgery is of particular
importance as it forms a basis for the tests developed here. Residents training to become
laparoscopic surgeons must undergo technical testing that measures their ability to complete

‡

Instrument assessment survey and task props constructed by Matthew Addis.
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specific surgical maneuvers in a laparoscopic simulator, also known as a laparoscopic box trainer
[75-77].
Several existing training procedures have been reviewed for possibly adopting testing
methods and tasks into the tool assessment procedure. The ‘Rosser station tests’, which was
developed and published in 1997 [77], is a standard procedure used for technical skills training
and testing instruments for laparoscopic surgeons. Also discussed in Rosser’s paper, along with
several other publications, is the importance of using box trainers during surgical simulator
testing and training [75,76,78,79]. Box trainers, such as the laparoscopic box trainer shown in
Figure 4.13, replicate the confined working conditions and visual representation of laparoscopic
surgery. In the literature, new instruments are commonly evaluated by comparing the
performance to an existing commercially available instrument [80-84]. This concept is
incorporated into the NOTES tool assessment procedure. As an adaptation for NOTES, the
assessment procedure was performed through an endoscope, which is introduced through an
endoscopic box trainer. Traditionally side-by-side instrument comparisons are performed
simultaneously, however, due to the unavailability of a multi-channel endoscope a conventional
single channeled endoscopic was used during testing. Therefore, the assessment procedure had to
be repeated to evaluate each instrument separately.

Figure 4.13. Dr. Randy Haluck uses a laparoscopic box trainer and video monitor.

4.4.1 NOTES Tool Assessment Procedure
Six tasks were defined to evaluate the NOTES instrument. These tasks, in the order they
are performed, are the Material Pull (A), Ring Around (B), Fuzzy Ball (C), Cup Drop (D),

66

Simulated Biopsy (E) and Force Gauge (F) tasks, as listed in Table 4.1. The tasks are described in
more detail below.
Table 4.1. NOTES Tasks and Corresponding Figure Numbers.
Task Name
Material Pull
Ring Around
Fuzzy Ball
Cup Drop
Simulated Biopsy
Force Gauge

Figure Number
4.13 (A)
4.13 (B)
4.13 (C)
4.13 (D)
4.13 (E)
4.13 (F)

Three tasks adopted from literature were modified to test a single narrow-gauge forceps
at a time. The first of these adopted tasks is the Fuzzy Ball task (Figure 4.14(C)), which originates
from laparoscopic testing [77]. This task features a 1.5 cm diameter plush “fuzzy” ball that is
repeatedly picked up by as few ‘hairs’ as possible and moved with each instrument for
comparison. The Fuzzy Ball task evaluates an instrument’s dexterity and ability to grasp fine
objects. The second task is the Cup Drop drill, also adopted from laparoscopic testing [85,86], the
objective is to grasp, maneuver, and drop an object into a small hole that is located at the lid of a
cup. However, instead of grasping dried beans, which are too large for endoscopic instruments,
0.5 cm diameter fuzzy balls were used. These balls are similar to those used in the Fuzzy Ball
task, except they are significantly smaller in diameter (Figure 4.14(D)). Other Rosser station tasks
could not be incorporated into the task list for NOTES due to the inability to test multiple
instruments simultaneously through an endoscope. The last adopted task orginiates from
laparoscopic and endoscopic testing techniques referred to as the ‘Sea-Spike’ task or the
Chamberlain spike model [84,87]. This task involves manipulating multiple rings onto
asymmetric spikes and then removing them with each instrument. For narrow-gauge testing, an
apparatus was constructed that features a medium gauge sewing needle, which acts as a spike,
inserted into a block of wood at approximately a ten degree angle to the horizontal (Figure
4.14(B)). To complete this task, 0.75 cm diameter brass rings are picked up and placed around the
needle. This modified version of the Sea-Spike task is referred to as the Ring Around task. Both
the Cup Drop and the Ring Around tasks are designed to test an instrument’s ability to grasp and
maneuver objects to a desired location.
In addition to these tasks, three new tasks were created to evaluate additional features of
the instruments. First is the Material Pull, designed to simulate a forceps’ ability to grasp and
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manipulate tissue, where several pins are forcefully removed from a piece of foam. At the blunt
end of each pin a piece of 0.1 cm thick suede leather was attached in a cone like shape (Figure
4.14(A)). The piece of suede roughly simulates tissue, while the motion involved in removing the
pins simulates manipulating or tearing tissue. The second new task is called the Simulated Biopsy
task, which is designed to simulate tissue removal during biopsy. This task involves a brick of
OASIS dry floral foam with multiple dots drawn on it, each 0.2 cm in diameter. The objective is
to completely remove only the material colored with the dot (Figure 4.14(E)). The number of
attempts required to completely remove the dot from the foam was recorded. The average number
of attempts was then used as a quantitative comparison between instruments. The final task is
called the Force Gauge task (Figure 4.14(F)). This task is designed to measure the maximum pulloff force of the forceps through an endoscope. During this task, the forceps firmly grasps a piece
of latex surgical tubing (0.25” OD and 0.0625” wall) that is connected to a force gauge. Grasping
onto the latex, the forceps is pulled away from the force gauge until the latex tubing overcomes
friction and slips out of the forceps jaws. The maximum measured (peak) force defines the
maximum pull-off force. Every participant completed this task with both instruments and the
resulting maximum forces for each instrument were compared.

Figure 4.14. Standardized NOTES tasks performed in an endoscopic box trainer: (A) Material
Pull; (B) Ring Around; (C) Fuzzy Ball; (D) Cup Drop; (E) Simulated Biopsy; (F) Force Gauge.
Twelve participants volunteered to complete the NOTES tool assessment procedure. All
participants were practicing surgeons, Gastroenterologists, or residents in training. Before

68

beginning the procedure, each participant viewed an instructional video, read a research
description sheet, and gave consent to be recorded on video. During testing, information was
gathered by three video recording devices. The first device was a standard high definition digital
video recorder, which was positioned outside of the box trainer to record the motion and activity
of the volunteer as well as any comments made by the participant. The second video recorder was
positioned inside the endoscopic box trainer to record the motion of the endoscope and device
from a fixed location. The third video device was the endoscope video feed. This video feed,
which was recorded onto an external hard drive, was the only video feed provided to the
participants for completing the tasks. Providing this single video feed simulates the working
conditions encountered during a single access NOTES procedure. Figure 4.15 shows example
images of the video feeds collected through the endoscope and the stationary camera in the box
trainer. Both images were taken at the same time from the two different video sources.

Figure 4.15. Example image taken from video recorded (Left) through the endoscope (Right) by
the stationary camera in the box trainer.
The video images were analyzed to correlate testing results with the instrument approach
taken by the participant. This information could then be used to identify if any reported difficulty
with a particular task stemmed from the instruments themselves or the participant’s instrument
approach. The data pertaining to the number of attempts to remove the dot in the Simulated
Biopsy task and the maximum pull off force in the Force Gauge task were recorded manually. In
addition to recording data, the researcher served as the assistant to the participant, advancing and
opening/closing the instrument upon command.
The participants completed the testing one at a time. Each participant was asked to
perform the assessment procedure using an OLYMPUS Evis Exera GIF/CE/RCF Type 160 Series
endoscope (Figure 4.16(Left)). The participant inserted the endoscope into the endoscopic box
trainer and viewed the endoscope video feed through a video monitor on top of the endoscopic
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tower (Figure 4.16(Right)). All tasks were performed using the SpyBite biopsy forceps and then
repeated using the prototype instrument. Once the tasks were performed with both instruments,
participants were asked to complete a survey (Provided in Appendix A). On a scale from one to
three, participants rated the relative strengths and weaknesses of specific instrument features to
complete each task, three being superior and one being poor performance. The survey also
solicited open-ended feedback and suggestions from the participants about both the prototype
design and the tool assessment procedure. This quantitative and qualitative data was then
analyzed to determine if any design modifications could improve prototype performance.
Additionally, the survey and collected video helped assess the testing procedure and the selected
tasks.

Figure 4.16. (Left) Endoscope and Endoscopic Box Trainer (Right) Endoscopic Tower and Video
Monitor.

4.4.2

Tool Assessment Results
Survey results can be seen in Tables 4.2-4.9. The number of attempts to complete the

Simulated Biopsy task and the peak pull-off force measured in the Force Gauge task are given in
Table 4.2. Although there is a small difference in the average pull-off force, the maximum pulloff force recorded for each instrument was identical at 1.46 N. In Table 4.3, the participants were
asked to rate the instruments overall ease of use from 1-3 to complete each task. Table 4.4 shows
the number of participants that preferred to use a specific instrument to complete each task. As a
result, the prototype was rated slightly easier to use and was preferred over the standard
instrument when completing tasks that require fine manipulation. In Table 4.5, participants were
asked to rate the instrument’s overall adequacy at performing each task. As shown in Table 4.5,
the prototype was rated slightly better in terms of pull-off force and ability to control the
70

open/closed positions of the jaws. On the other hand, the SpyBite forceps was rated superior in
terms of the amount of material removed in the Simulated Biopsy task. In Tables 4.6-4.8,
participants were asked to rate specific instrument features that either made the tasks easier or
more difficult to complete. The number of times each feature was identified as making the tasks
easy and difficult is reported in Tables 4.6 and 4.7, respectively. The results show that the larger
jaw opening of the standard instrument made the tasks easier to complete. While the prototype’s
jaw length and ability to grasp firm made the tasks easier to complete. Consistent with Table 4.7,
the prototype’s smaller jaw opening made the tasks more difficult to complete. The average
importance of each feature is reported in Table 4.8, where the instruments’ ability to grasp firmly
was ranked as the most important feature. A summary of the written comments made on the
survey can be found in Table 4.9. This table lists the comments made in order of descending
prevalence as well as the number of participants that made the same or similar comment. Note
that the verbal comments recorded during testing were very similar to the written comments made
on the surveys. In Table 4.9, the most common remarks state that the prototype’s jaw opening
was too small and the jaw length was too short. Three volunteers remarked that the ability to
control intermediate positions of the jaws is essential and that the prototype had better control of
this feature.
Table 4.2. Number of attempts to complete the simulated biopsy task and the recorded maximum
pull-off force in the Force Gauge task.
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Table 4.3. Relative ease of use for each instrument: instruments were rated on a scale from 1 to 3,
3 being easy to use and 1 being difficult to use.

Table 4.4. Participant instrument preference when completing each task.
Task Name
Material Pull
Ring Around
Fuzzy Ball
Cup Drop
Simulated Biopsy
Force Gauge

Standard
Preferred
4
1
2
3
3
6

Prototype
Preferred
5
6
4
6
4
4

Equally Preferred
3
5
6
3
5
2

Table 4.5. Average adequacy of specific instrument features: instrument features were rated on a
scale from 1 to 3, 3 being completely adequate and 1 being completely inadequate.

Table 4.6. Number of times each feature was identified as making tasks easy.

Table 4.7. Number of times each feature was identified as making tasks difficult.

72

Table 4.8. Average importance of each feature: each instrument feature was rated on a scale from
1 to 3, 3 being most important and 1 being least important.

Table 4.9. Comments made on surveys regarding prototype instrument.

4.4.3

Tool Assessment Discussion
Consistent throughout the survey, the prototype was preferred by the majority of

participants when completing tasks that require fine grasping and its ability to control
intermediate positions between the open and closed positions of the jaws. Interestingly, the
prototype was viewed superior in its ability to perform the Force Gauge task; however, 6 out of
11 participants preferred to use the standard instrument to complete this task because of its larger
jaw opening. Also, the commercially available instrument had a slightly higher average measured
pull-off force. Ultimately, the maximum (peak) pull-off force recorded was identical for both
instruments at 1.46 N. The prototype was also rated not suitable for biopsies, which can be
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accredited to the prototypes’ square cross-sectional arms. This result is not surprising because the
SpyBite forceps is designed specifically for this task, as it possesses cup-shaped jaws for cutting
and retaining tissue.
Although various suggestions to improve prototype performance have been identified,
one particular design modification is viewed as the most important for further development; the
prototype’s jaw opening was observed as too small. A surgical forceps needs an opening large
enough to manipulate objects at the surgical site to be surgically useful. Therefore, research
efforts described in the next chapter focus on increasing the overall jaw opening of the CCM
device. Although the prototype initially satisfied the jaw opening design requirement (δtotal > 2
ID), plastic deformation during testing did reduce the total jaw opening. Even so, results indicate
the jaw opening design requirement should be redefined. The participants’ general satisfaction
with the SpyBite’s total jaw opening can serve as a baseline for improvement. Other
improvements include increasing the length of the jaw contact surface (L3), developing a rotatable
instrument tool tip (about its axis), and increasing the visibility of the tool tip are all additional
features that should be addressed.
Participant feedback indicated that the testing procedure and the task list succeeded in
evaluating the important features and overall performance of the instruments, and that the testing
was challenging and forced the participants to concentrate on the tasks at hand. However, after
reviewing video some improvements should be made to the testing procedure. While most of the
selected tasks worked well and effectively evaluated the features they were designed to, the Force
Gauge task should be modified. This task resulted in significant scatter of data with little
repeatability due to the inconsistency in instrument approach used by each participant. During
testing, the instruments’ grasping position differed as a result of the endoscopes approach to the
force gauge.

The recorded pull-off force differed depending on the forceps position when

grasping and leverage of the endoscope. Therefore, the force gauge should be repositioned to
minimize the variability in the instrument approach to the force gauge. For instance, the force
gauge can be realigned adjacent to the box trainer entry point, rather than parallel to the bottom of
the box trainer. The force gauge should also be placed such that the length of the endoscope
within the box trainer is minimized. Although these ideal circumstances would not occur during
actual surgery, it would effectively minimize the scatter of data.
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4.5

Summary and Conclusions
In this chapter, austenitic (300 series) SS forceps and test specimens were experimentally

tested to characterize the material made using the LMRIF process and to establish the relationship
between properties and design goals. Contrary to the constraint on AR impose by the zirconia
process, the ductile properties of SS resisted cracking during processing and thus resulted in
much higher manufacturing yield of AR parts equal to 40. Using AR = 40 tool tips, initial
(handheld) prototypes were assembled and tested to compare experimental versus theoretical tool
performance. After verifying prototype performance, fully functional prototypes were developed
and validated in a pre-clinical ex-vivo tool assessment procedure.
Feedback provided by 12 clinicians at the Penn State Hershey Medical Center helped
evaluate the performance of the prototype and identify necessary design improvements to
increase surgical utility. Overall the majority of participants preferred to use the prototype over
the standard instrument, and was rated slightly easier to use to complete the assessment
procedure. This result is accredited to the prototype’s superior fine grasping capabilities and its
ability to control intermediate positions between the open and closed positions of the jaws.
However, the prototype’s jaw opening was observed as too small. In the following chapter,
various designs methods are explored to increase the total jaw opening of the device with
emphasis on preserving grasping capability.
Other improvements include increasing the length of the jaw contact surface (L3),
developing a rotatable instrument tool tip (about its axis), and increasing the visibility of the tool
tip. Occasionally during testing, the endoscope and prototype had to be realigned so that the video
feed captured the forceps opening and closing, or grasping path, during actuation. When viewing
the endoscope’s video feed, certain positions of the forceps’ jaws were blocked by the outer
sheath causing ‘blind spots’ that hindered the clinician from clearly seeing the grasping path. A
rotatable instrument tool tip would allow the clinician to reposition the forceps for effective
grasping and visual feedback without having to realign the endoscope.
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Chapter 5
Hybrid and Multiple Contact-Aided Compliant Mechanisms

5.1

Introduction
In the previous Chapter, preliminary mesoscale austenitic (300 series) SS prototypes were

assembled and experimentally tested to verify tool performance. After good agreement between
experimental and theoretical tests, full working prototypes were developed and validated in an
end-user pre-clinical assessment procedure. Feedback provided by 12 clinicians at the Penn State
Hershey Medical Center identified that the current grasping ability of the forceps is satisfactory,
particularly for fine manipulation; however, the total jaw opening of the forceps must be
increased to enhance its surgical utility. The participants’ general satisfaction with the standard
instrument’s jaw opening can serve as a baseline for improvement. Thus, the jaw opening design
requirement is doubled from δtotal > 2ID to δtotal > 4ID. Although it is critical to increase the total
jaw opening of the device, it is also necessary to retain as much grasping force as possible. If this
were not the case, a simple design solution would be to weigh the tradeoff between flexibility and
stiffness. For instance, the instrument aspect ratio can be increased to generate larger elastic tip
deflections and thus, larger jaw openings. However, this solution would reduce the overall
stiffness of the device and some grasping utility would be forfeited. As traditional CM design
methods consider this tradeoff, alternative design concepts are explored to increase the total jaw
opening of the device with emphasis on preserving the current grasping performance. First, a case
study investigates the benefits of hybrid (two-material) CCMs. A hybrid CCM design could
potentially eliminate the tradeoff between flexibility and stiffness by isolating the two desired
properties incorporating two different materials. Second, a study examines whether the benefits of
contact stress-relief can be exploited by adding additional contact elements to achieve larger
elastic tip deflections. In this chapter, intermediate solutions are provided for both alterative
design concepts (hybrid and multiple contact designs) for the consideration of future work.
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5.2

Hybrid Contact-Aided Compliant Mechanisms
In this section, an optimization method is developed to evaluate the performance benefits

of hybrid, two-material, CCMs. Since narrow-gauge size limitations leave geometry optimization
ineffective, as determined using shape optimization in section 3.3.4, the hybrid CCM approach
offers new design possibilities through material variation. The objective is to determine whether a
hybrid device can be flexible enough to achieve larger tip deflections while retaining the
necessary stiffness to generate adequate grasping forces. Using ANSYS to model large
deformation and contact, an optimization problem is formulated to maximize tool performance
and to determine optimal segregation of hybrid materials. Considering a range of modulus ratios
(E12), results are compared to the existing (homogeneous) CCM prototype performance. These
two-material devices are designed specifically for Penn State’s lost mold rapid infiltration
forming (LMRIF) process, where research within the Material Sciences and Engineering
Department is currently assessing the manufacturability of these hybrid devices. Although the
hybrid fabrication process is still in the initial stages, several molding approaches under
consideration use multi-layering and interface reinforcement techniques [88,89].

5.2.1

Hybrid CCM Geometry
The topology selected for this study remains consistent with the homogeneous CCM

topology detailed in the previous chapters. However, as a hybrid design, two distinct regions of
desired flexibility and stiffness are segregated as illustrated in Figure 5.1. It is proposed that these
distinct regions can be properly isolated to improve tool performance. For instance, a hybrid
forceps can be designed with greater flexibility in some regions (a/L) to obtain larger tip
deflections while maintaining higher stiffness in other regions (1 – a/L) to generate large grasping
forces.
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Figure 5.1. Hybrid contact-aided compliant forceps topology.
The FEM software ANSYS is used to evaluate large deformation and surface contact
experienced during tool operation. To account for two materials the PLANE42 FEM detailed in
Chapter 2 is divided into two areas that share a common boundary condition at the line of
intersection (a/L). The two discrete areas are prescribed separate Young’s moduli, E1 for material
one and E2 for material two. Material properties are assumed to be linear.

5.2.2 Hybrid CCM Design Optimization
The optimization problem is formulated in Equation 5.1 to maximize the tool
performance of hybrid CCMs. The multi-objective problem is executed using ANSYS’
optimization First Order Method [70,71]. Note that this optimization routine is executed almost
identical to the size optimization method presented in section 3.3.1; however, optimization
variables have been redefined to consider hybrid CCMs.
Minimize
X

δtotal
Fb
+
δtotal_hm
Fb_hm

subject to:
δhop – δtip < 0

Eq. [5.1]

σ1 – n σy < 0
σ2 – n σy < 0
2 ID – δhop < 0
δhs > 0
δhs – δhs_upper < 0
X = design variables = δhop, E12, a
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The objective is to maximize the total jaw opening and blocked force. Dividing by the
performance of a dimensionally equivalent homogeneous CCM forceps normalizes the objective
function. Using the algorithmic procedure defined in Figures 3.5 and 3.6 (section 3.3.1), the free
deflection and blocked force conditions are evaluated using the outer sheath displacement
constraint. In Equation 5.1, an inequality constraint requires a tip deflection (δtip) greater than half
the jaw opening (δhop). Two stress constraints limit the maximum stress in materials one and two
to the product of a scaling factor and yield strength, where σallow = n σy. An equality constraint
enforces the new total jaw opening requirement δtotal > 4 ID or δhop > 2 ID. The upper limit on
design variable δhs is derived using Equation 2.1, which requires the forceps to fit inside the ID of
the outer sheath used for actuation.
Once the finite element analysis evaluates the objective function and constraint values for
a given set of design variables, the constraint values and design variables are checked for
convergence. Design variables (δhop and δhs) are then updated within ANSYS based on gradient
information. Convergence is met when the change in objective function from the best to the
current design, or the previous design to the current design, is less than 0.001%. A very small
tolerance is prescribed to avoid convergence at local minima. In summary, Equation 5.1 defines a
feasible design as a forceps capable of closing without violating the imposed stress constraints.
An optimal design is defined as a feasible design with the largest blocked force and total jaw
opening.

5.2.3 Hybrid CCM Case Study
A case study is developed to compare the performance benefits of a hybrid CCM versus
the existing homogeneous 1 mm diameter CCM prototypes. The selected baseline performance
corresponds to the austenitic (300 series) SS prototypes fabricated in chapter 4, assuming
experimentally determined material properties (σy = 600 MPa) and estimated properties listed in
Table 1.2 (E = 200 GPa and υ = 0.31). Due to the manufacturing success of SS parts, both
material one and two are assumed to have the properties of austenitic (300 series) SS with σy =
600 MPa, a scaling factor of n = 1 and υ = 0.31. The elastic modulus of the stiff region, or
material two, of the hybrid CCM is set equal to austenitic (300 series) SS, where E2 = 200 GPa.
Holding E2 fixed, various hybrid modulus ratios (E12 = E1/E2) are considered by controlling the
elastic modulus of material one, E1. The dimensional parameters (L, L1, δhs, and δhop), which
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correspond to the homogeneous SS prototypes, define the geometry of all hybrid optimizationstarting points. In addition to investigating the effects of modulus ratio, four unique hybrid
designs are considered. Shown in Figure 5.2 are four hybrid designs that represent unique values
of a/L. Designs vary from a primarily stiff forceps (a/L = 1/8) to a fully flexible forceps (a/L = 1).
Note that a/L = 0 represents the existing austenitic (300 series) SS homogeneous forceps.

Figure 5.2. Four unique a/L hybrid designs.
Before conducting optimization, a preliminary stress analysis is conducted on all hybrid
optimization-starting points. Evaluating the free deflection and blocked force conditions using the
algorithmic procedure in Figure 3.6 (section 3.3.1), the stress histories for each a/L and E12 are
examined. Understanding the influence of modulus ratio and a/L on the maximum von Mises
stress profiles, also referred as the operational stress profiles, provides insight for possible
performance improvements. As a sample of results the free deflection and blocked force stress
histories for hybrid cases a/L = 1/8 and 1/2 are shown in Figures 5.3-5.10. Only designs that are
capable of fully closing without violating the imposed stress constraints are illustrated in these
figures. When viewing Figures 5.3-5.10, it can be seen that lower modulus ratios consistently
provide extra flexibility that lower the operational stress profiles. When viewing the free
deflection stress profiles in Figures 5.3 and 5.5, results show that material 1 properties limit the
amount of achievable elastic tip deflection. When comparing the stress profiles of material 1 and
2 it is evident that the maximum stresses initially concentrate in material 1 and then redistribute
into material 2 as contact occurs in both the free deflection and blocked force cases. Since
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material 2 is assumed to be stiffer than material 1, this redistribution may limit the amount of
achievable tip deflection as a/L approaches zero and the flexible properties diminish its benefits.
To generate larger elastic tip deflections the maximum free deflection operational stresses should
concentrate in the flexible material one region.
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Figure 5.3. Material 1 free deflection stress history for hybrid case a/L = 1/8.
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Figure 5.4. Material 2 free deflection stress history for hybrid case a/L = 1/8.
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Figure 5.5. Material 1 free deflection stress history for hybrid case a/L = 1/2.
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Figure 5.6. Material 2 free deflection stress history for hybrid case a/L = 1/8.
In the blocked force condition, shown in Figures 5.8 and 5.10, it is evident that properties
of material 2 limit the achievable blocked force. This is ideal because the stiffness properties of
material 2 are associated with larger grasping forces. However, improvements in blocked force
may still be achieved when the CCM is primarily a flexible device in hybrid case a/L > 1/2
because the flexibility allows the outer sheath to advance further along the distal end of the
forceps before violating the imposed stress constraint (Figure 5.10).
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a/L = 1/8 (Material 1)
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Figure 5.7. Material 1 blocked force stress history for case a/L = 1/8.
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Figure 5.8. Material 2 blocked force stress history for case a/L = 1/8.
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Figure 5.9. Material 1 blocked force stress history for case a/L = 1/2.
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Figure 5.10. Material 2 blocked force stress history for case a/L = 1/2.
The optimization problem formulated in Equation 5.1 is executed using ANSYS’ first
order method. Results can be seen in Figures 5.11-5.13. As a sample of results, the objective
function for case a/L = E12 = 1/4 is shown in Figure 5.11. Typically optimization converged after
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15 iterations with a total computation time of approximately 24 hours. In Figure 5.12, it can be
seen that larger jaw openings are generated by hybrid designs with a/L > 1/4 and designs with
lower modulus ratios. As expected, these designs exploit the flexible properties of material one in
the free deflection condition to obtain larger elastic tip deflections. This result can be seen in all
a/L cases except a/L = 1/8, where the modulus ratio had little effect on increasing the total jaw
opening because it is primarily a stiff hybrid design. Since results are normalized based on the
existing homogeneous CCM performance, which originally required δtotal > 2 ID, all designs
above the red dashed line satisfy the new total jaw opening requirement (δtotal > 4 ID).
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Figure 5.11. Objective function convergence history for case a/L = E12 = 1/4.
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Figure 5.12. Normalized total jaw opening results.
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Improvements in blocked force are obtained using the hybrid approach as seen in Figure
5.13. For example, hybrid design E12 = a/L = 1/4 results in a jaw opening and blocked force that
is approximately three times greater than the existing homogeneous forceps. Notice the largest
improvement in blocked force is produced by the most flexible hybrid design (a/L = 1, E12 = 1/8).
Although the flexible properties of this hybrid design allow the outer sheath to advance further
than any other design in the blocked force condition, a threshold may exist for reliable grasping.
In Figure 5.14 notice that the deformed configuration of this CCM in the blocked force condition
experiences very large deformations due to its high flexibility. This excessive deformation may
negatively affect grasping performance. Recalling that the blocked force is measured solely by
the vertical component of the reaction force at the fixed forceps tips, further observations of the
horizontal component of blocked force are examined. It was found that in all designs, except the
most flexible hybrid (case a/L = 1 and E12 = 1/8 illustrated in Figure 5.14), the horizontal reaction
force is directed in the negative x direction. In this exception, the horizontal component of
blocked force was directed in the positive x direction as if being forced away from the object
being grasped. Since this result could negatively affect grasping performance, it is recommended
that benchtop and/or end-user prototype testing procedures be conducted.
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Figure 5.13. Normalized blocked force results.
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Figure 5.14. Undeformed and deformed blocked force von Mises stress distribution for hybrid
case a/L = 1 and E12 = 1/8.

5.2.4 Summary and Conclusions
In conclusion the hybrid approach resulted in larger total jaw openings and blocked
forces when compared to the existing homogeneous CCM. Lower modulus ratios and larger a/L
hybrid designs permit these improvements. Although the largest improvement in blocked force is
generated from the most flexible design, where a/L = 1 and E12 = 1/8, a threshold may exist for
reliable grasping. As a result, it is recommended that end-user studies and/or benchtop tests
evaluate the grasping functionality of fully flexible CCM designs. Nonetheless, hybrid designs
improve tool performance when a/L > 1/4 and E12 > 3/8. Therefore, the feasibility of
incorporating flexible materials, such as superelastic alloys or spring steels, into the LMRIF
manufacturing process should be further investigated. When fabricating hybrid devices, the
method used to bond the two materials together is critical because hybrid CCMs must withstand
large deformations. It is also recommended that the integrity of the reinforced bond be examined.

5.3 Multiple Contact-Aided Compliant Mechanisms
In the preceding chapters, various design methods were developed to maximize the
performance of contact-aided compliant mechanisms. The CCM was a monolithic device, which
included a single contact element to achieve larger tip deflections via contact stress-relief. In this
section, a method is developed to investigate whether the benefits of contact stress-relief can be
further exploited by including multiple contact elements into the CCM design. Here, a new
topology, which can easily integrate multiple contact elements, is analyzed to compare the
performance of four CCM designs, which incorporate zero to three contact elements.
Theoretically, designs with additional contact elements should result in a multiple stage contact
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stress-relief profile that would maximize the distribution of stresses throughout the mechanism. If
properly exploited, this would generate larger elastic tip deflections before exceeding a material’s
yield strength. Using ANSYS to model large deformation and contact, an optimization problem is
formulated to maximize the elastic tip deflection for four unique multiple CCM designs. Results
are compared to determine the effect of multiple contact elements on stress-relief and achievable
elastic tip deflection.

5.3.1 Multiple CCM Topology
The basic topology and actuation principle is illustrated in Figure 5.15. The forceps is a
monolithic CM that can easily integrate additional contact elements. For example, Figure 5.15
illustrates how fabricating discrete points extruding out of the forceps arms can convert a noncontact CM to a double contact CCM. Notice at segment L1 the two arms are curved and diverge
away from the line of symmetry with radius of curvature (Ri). By integrating contact elements
along L1, different forceps with varying numbers of contact elements (cj) are considered: a no
contact design (c0), a single (c1), a double (c2) and a triple (c3) CCM design. To maintain
flexibility in the left-hand region (L1), contact elements are assumed to be discrete points
separated by distance xj. Additional stiffness for grasping can be added to the right-hand region
(L – L1) by manipulating the jaws area moment of inertia. This is loosely illustrated by the black
rectangles in Figure 5.15, which represent the jaws of the forceps being stiffer than segment L1.
Recall that the device’s achievable elastic tip deflection (δtip) is directly proportional to the total
jaw opening of the device (δtotal).
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Contact Pts
c1 & c2

Figure 5.15. Non-contact (c0) and double contact forceps designs (c2)
It is proposed that CCM designs with multiple contact elements generate larger elastic tip
deflections as a result of a multiple stage contact stress-relief profile. A schematic of this contact
stress-relief profile in the free deflection condition can be seen in Figure 5.16. During actuation,
the outer sheath is advanced forward, displacing the tips of the forceps toward one another. As the
arms deflect, the maximum von Mises stresses (σ) concentrate at the base of the device, similar to
a cantilever beam. Right before the maximum operational stresses exceed the materials allowable
strength (σallow); contact occurs between the two forceps arms at contact element cj. As a result,
the maximum stresses re-distribute throughout the mechanism, which permits the outer sheath to
be advanced further and thus, generate larger elastic tip deflections. The objective of this section
is to identify whether contact stress-relief can be exploited, as depicted in Figure 5.16, with
optimal positioning of contact elements cj.
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Pt. c1

Pt. c2

Figure 5.16. Schematic of contact stress-relief.
The FEM software ANSYS is used to evaluate large deformation and surface contact
experienced during tool operation. Due to symmetry, one-half of the device is modeled similar to
a curved cantilever beam undergoing large deformation. To simplify the FEM, only the compliant
segment (L1) of the forceps arm is considered. In addition, contact elements are modeled
separately from the curved cantilever beam, fixed at the line of symmetry. This modeling strategy
neglects any influence on the bending stiffness of segment L1 that results from fabricating the
CCM as a monolithic device with contact elements extruding from the forceps arm. Contact
elements are modeled as semicircular areas of radii, rj. For example, a double contact-aided
forceps design (c2), shown in Figure 5.17, includes two semicircular contact elements fixed at the
line of symmetry. Parameters xj and rj define the horizontal location and radius of contact point cj,
respectively.
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Figure 5.17. (Above) Schematic model c2 with applied boundary and loading conditions; (Below)
Zoom-in of contact elements cj and cj+1 fixed at the line of symmetry.
The tip displacement constraint (Δtip), detailed in section 2.4, is used to simulate forceps
actuation. Applied at the tip of the curved cantilever beam, Δtip is increased incrementally by
1%L1 increments. The meshed FEM consists of approximately 650 PLANE42 elements.
Consistent with chapter 3, a time step size of 0.01 is used to evaluate large deformation with a 0.2
coefficient of friction between contact pairs.

5.3.2 Multiple CCM Design Optimization
In this section, an optimization problem is formulated in Equation 5.2. The problem is
solved for 4 optimal designs, cj (j = 0,…,3) considering 3 unique radii of curvature, R. The
objective is to maximize the elastic tip deflection of the device by controlling design variable xj.
As Δtip is increased the maximum von Mises stresses are recorded and limited to the product of a
scaling factor (n = 1) and material strength (σy). Design variable xj is constrained to prevent
physical ‘overlapping’ of contact elements cj.
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Max [ Δtip ]
X
subject to

Eq. [5.2]

σ/σy – n < 0
xj < 0 ; j = 1,…,3
xj – 1 < 0 ; j = 1,…,3
x j + 1 – x j – rj – rj+1 > 0 ; j = 1,…,3
x j_max = the horizontal location of element cj right before contact is no longer
established between the deformed cantilever beam and contact
element ci.
X = design variables = xj
The graphical optimization problem is preformed using the flowchart procedure shown in
Figure 5.18 and repeated for cases Rj, j = 1,…,3. Initially, the procedure evaluates the maximum
elastic tip deflection of a non-contact CM design by increasing Δtip until the maximum stresses
violate the imposed stress constraint. Once Δtip_0* is determined, contact element cj (j = 1) is
added to the FEM to evaluate the benefits of including a single contact element. During
optimization, contact element cj is initially positioned at xj_max or the horizontal location of
element cj right before contact is no longer established between the deformed cantilever beam of
design (cj-1) and contact element cj. Figure 5.19 depicts the positioning of contact element cj at
xj_max with respect to the deformed configuration of design cj-1. After evaluating Δtip at xj_max,
element cj is incrementally advanced toward the origin (0,0) in 1.3%L1 increments until Δtip_j* is
determined. Once the optimal location of contact element cj is determined, design variable xj*
remains fixed while an additional contact element cj+1 is introduced at xj+1_max. The procedure is
repeated to determine variables x1*, x2*, x3*, Δtip_0*, Δtip_1*, Δtip_2*, and Δtip_3*.
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Boundary Condition
Position cj at xj_max
Apply δtip

Evaluate and Record Max. von Mises stress (σ)

No
δtip = δtip + increment
xj = xj - increment

δtip > δhs?
σ > σallow?

Yes
Record δtip_j* and
xj* for case cj
Fix xj* location
c j = c j+1

cj = c3
Optimization Complete
x1*, x2*, x3*, δtip_1*, δtip_2*, δtip_3*
Figure 5.18. Optimization flowchart.

94

Figure 5.19. Schematic of the undeformed and deformed curved cantilever beam illustrating
x1_max or the horizontal location of contact element c1 right before contact is no longer established
between the deformed cantilever beam (cj-1) and contact element cj.

5.3.3 Multiple CCM Case Study
In the non-dimensional space, due to practical limitations of length and radius of the
forceps application, the following intermediate values in Table 5.1 are prescribed to variables rj
and Rj. All designs assume a unit length (L1 = 1). A square cross-sectional area along the length
of the curved cantilever beam is prescribed, where w = th = 2%L1. Austenitic (300 series)
stainless steel material properties are assumed, i.e., the Young’s modulus is set to 200 GPa with a
yield strength of 600 MPa. Solving Equation 5.2 using the flowchart in Figure 5.2 for each Rj (j =
1,…,3) case, optimal results for designs cj are shown in Figure 5.20. As an illustration of results,
the objective function history for case R3, c3 is shown in Figure 5.21. Typically the optimization
procedure, detailed in Figure 5.18, completed after 25 iterations with a total computation time of
approximately 50 minutes.
Table 5.1. Prescribed variables rj and Ri.
j
1
2
3

rj
1.3% L1
2% L1
2.7% L1
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Ri
133% L1
166% L1
200% L1

Figure 5.20. Optimal results for multiple contact-aided designs cj.

Figure 5.21. Objective function and design variable x1 convergence history for case R3.
The results in Figure 5.20 illustrate the achievable elastic deformation for each CCM
design cj. Notice that designs with additional contact elements produce larger tip deflections.
Although improvements do correlate with the number of contact elements, it can be seen that the
most significant improvement between designs occurs when only a single contact element (c1) is
added, where consistently a 25% increase in elastic tip deflection is obtained when compared to a
non-contact design. On the other hand, when comparing CCM designs (cj, where j > 1) for cases
R2 and R3 only slight improvements are achieved at approximately 5%. No improvements were
obtained between CCM designs (cj , j > 1) for the smallest radius of curvature case R1. To help
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explain this result, optimal locations (xj*) are given in Table 5.2. It can be seen that larger radii of
curvature designs permit contact elements to be distributed further apart from one another along
the x-axis. This results in a more distributed stress field throughout the length (L1) of the
mechanism. Figure 5.22 illustrates this distribution of stress as tip deflection increases for CCM
design c3 case R3.
Table 5.2. Optimal design variables xj*.
Rj
R1
R2
R3

x 1*
27% L1
33% L1
43% L1

x 2*
32% L1
41% L1
52% L1

x 3*
36% L1
48% L1
61% L1

Figure 5.22. Von Mises stress distribution for c3 case R3.
Figure 5.22 shows when δtip starts to increase the maximum stresses originate at the base
of L1. As Δtip continues, the compliant mechanism progressively comes into contact with each
element, which re-distributes the limiting stresses throughout L1 until the maximum von Mises
stress is located near contact element c3. This progressive re-distribution of stress permits larger
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elastic tip deflections before violating the imposed stress constraint. The stress history for Figure
5.22 (c3 case R3) can be plotted as a function of Δtip, as shown in Figure 5.23. In Figure 5.23, the
imposed stress constraint is violated when σ/σallow > 1. For each design cj the maximum stresses
coincide until contact is progressively established with each contact element. Once contact
occurs, stress-relief is obtained, reducing the maximum von Mises stress to permit larger elastic
tip deflections before violating the imposed stress constraint.

Figure 5.23. Stress history for design c3 case R3.
To compare the theoretical performance of multiple CCM designs to the existing
prototype performance, geometric parameters for case c3 case R3 are re-dimensionalized based on
the total length of the AR = 40 prototypes. Setting L1 = 62.5%L, where L = 12 mm, a c3 multiple
contact-aided forceps design (FEM) would like Figure 5.24. In Figure 5.24, a total jaw opening of
6ID is achieved. Assuming w = th = 2%L1, the FEM shown below assumes a constant square
cross-section equal to 15 µm, which is half the width and thickness of the existing AR = 40
prototypes. When evaluating the multiple CCM in the free deflection condition, assuming
austenitic (300 series) material properties, the forceps is capable of fully closing without violating
the materials yield strength σy = 600 MPa (Figure 5.25). Although further design is required to
stiffen the forceps jaws (L – L1), when assuming a constant cross-section along the total length of
the device, a blocked force of 0.54 N is predicted (Figure 5.26).
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Figure 5.24. FEM of 1 mm diameter multiple contact-aided compliant forceps.

Figure 5.25. Evaluated free deflection stress distribution with zoom-in of maximum von Mises
stress.

Figure 5.26. Evaluated blocked force stress distribution with zoom-in of maximum von Mises
stress.
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5.3.4 Summary and Conclusions
In section 5.3, a graphical optimization method was developed to investigate whether the
benefits of contact stress-relief can be exploited by including multiple contact elements into the
CCM topology. Results show that multiple CCMs do generate larger elastic tip deflections with
additional contact elements. When viewing the maximum stress profiles in the free deflection
condition, it was observed that contact stress-relief was not fully exploited. Ideally, contact stressrelief would consistently occur when σ/σallow is approximately 1, i.e., when the stress constraint is
on the verge of being violated. This ideal stress profile would mostly be achieved if a more
precise design process were implemented. For example, reducing the incremental step of variable
Δtip would provide a more complete stress profile to further exploit the benefits of contact stressrelief. Additionally, the radius of contact element cj (rj) could be included as an optimization
design variable. As an alternative, contact elements could be modeled as a surface rather than
discrete areas. Although the results in section 5.3.3 could be generalized as a single contact
surface, the fabrication of a continuous contact surface would greatly influence the flexibility and
bending stiffness of segment L1 and thus, contact elements could no longer be modeled separately
in the FEA.
When comparing the performance of a multiple CCM forceps to the existing AR = 40
prototypes it was determined that the total jaw opening could be improved by a factor of three,
resulting in a total jaw opening of 6ID. However, when considering a constant square crosssection along the length of the forceps a blocked force of only 0.54 N was predicted. Depending
on 3D manufacturing capabilities, the bending stiffness of the forceps jaws (L – L1) can be
increased to generate larger grasping forces presumably comparable to the 40 AR prototypes (1.3
N). In conclusion, 3D manufacturing capabilities are required to produce multiple CCM forceps
with comparable grasping capabilities to that of the existing prototypes. In the succeeding
chapter, final conclusions are drawn with details suggesting future work.

100

Chapter 6
Conclusions and Future Work

6.1

Summary
The work described in this dissertation is part of a collaborative effort between

mechanical design engineers and material scientists to advance a particular field of medicine. The
recent advancements in materials sciences and a need for mesoscale surgical instruments to
advance innovative surgical procedures, such as NOTES, drove the development of a novel handin-hand design and manufacturing method. Collaborating with clinicians at the Penn State
Hershey Medical Center, a surgical forceps was selected for design taking into consideration
constraints imposed by manufacturing processes and design requirements. Because of the
proposed instrument scale and required feature sizes, Penn State’s lost mold rapid infiltration
forming (LMRIF) process was selected for part fabrication. Since explicit surgical requirements
were not well defined in the literature, they were established in Chapter 2 of this dissertation.
Design constraints were defined in terms of the current manufacturing limitations and methods
were developed to simulate and predict tool performance using nonlinear finite element analysis.
In Chapter 3, a preliminary material selection study was used to investigate the influence
of material strength and instrument aspect ratio on maximizing the total jaw opening of the
device. Formal size and shape optimization methods were developed to determine the optimal
tool dimensions considering surgical and manufacturing requirements. In Chapter 4, parts were
fabricated and characterized to establish the relationship between processing and design
requirements. Initial (handheld) prototypes were assembled and evaluated in benchtop tests to
compare experimental and theoretical tool performance. Working prototypes were constructed
and validated in end-user surgical simulator testing. Feedback provided by clinicians at the Penn
State Hershey Medical Center helped identify necessary design improvements to increase
prototype utility. In Chapter 5, alternative design methods were developed to examine the
performance benefits of hybrid (two-material) contact-aided compliant mechanisms and multicontact-aided compliant mechanisms.
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6.2

Conclusions
This dissertation details the development and utilization of a novel design and

manufacturing method used to create advanced minimally invasive surgery (MIS) instrument tool
tips. Because of the severe geometric constraints imposed on advanced MIS, contact-aided
compliant mechanism (CCM) design and Penn State’s Lost Mold Rapid Infiltration Forming
(LMRIF) process were selected for the purpose of prototype development. The selected forceps
topology effectively generated larger elastic tip deflections compared to a non-contact CM as a
result of contact stress-relief. The self-contact feature helped alleviate the tradeoff between
flexibility and stiffness through load shedding, distributing local deflections and resulting stress
concentrations throughout the mechanism to generate large global elastic tip deflections. In doing
so, the mechanism resulted in larger jaw openings while preserving the necessary stiffness to
generate adequate grasping forces, both crucial features in the design of surgical graspers, which
permit effective grasping and manipulation of large objects.
To validate the design and fabrication method a 1 mm diameter forceps case study was
implemented, which has established the benefits and drawbacks for this particular scale and
application. One of the preeminent benefits is the LMRIF capability of fabricating feature sizes
from sub-10 µm to ~300 µm. The process is also capable of fabricating hundreds of highstrength, freestanding parts while retaining a 2 µm resolution. Overall, the LMRIF technique
shows promise as an inexpensive fabrication method for developing biocompatible ceramic and
metal components. One major drawback that has limited the instrument design is the twodimensional restriction on fabricated parts. Although shape optimization in section 3.3.4
demonstrated the topology’s reliance on contact prohibited flexibility improvements by
manipulating the second moment of area, three-dimensional capabilities could effectively
segregate regions of high stiffness for the purpose of generating larger grasping forces.
When fabricating ceramic meso forceps made of zirconia, it was discovered that
imperfections in ceramic parts led to catastrophic failure as a result of high drying stresses when
aspect ratios (AR) are equal to or above 40 [62]. At this scale, the material strength of zirconia
requires aspect ratios above 40 to be surgically useful. This violates the LMRIF aspect ratio
constraint, which requires improvements in part strength to fabricate surgically useful ceramic
forceps.
In Chapter 4, the LMRIF process demonstrated its capability to fabricate austenitic (300
series) SS forceps with AR = 40. Contrary to the zirconia manufacturing limitation on AR, the
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ductile properties of SS resisted cracking during drying and thus resulted in higher manufacturing
yield of larger AR parts. This facilitated the construction of prototypes for the purpose of
verifying and validating tool performance. As predicted, plastic deformation occurred during tool
actuation. However, good agreement between experimental and theoretical tests verified that the
prototypes merit assessment in an end-user surgical simulator. Collaborators at the Penn State
Hershey Medical Center volunteered to execute a set of standardized tasks to compare the
prototype’s performance side-by-side with an existing commercially available endoscopic forceps
(Boston Scientific’s single-use 1 mm diameter SpyBite biopsy forceps).
Overall, the prototype was rated easier to use and more often preferred because of its
superior fine grasping and control of intermediate positions between the open and closed
positions of the jaws. The grasping utility was also measured and rated comparable to the
standard instrument, with a maximum pull-off force of 1.46 N for both instruments. The end-user
testing results demonstrate that compliant mechanisms uphold valuable relevance for the
application of NOTES because of its precise manipulation compared to traditional rigid-link
mechanisms. Although various design modifications were suggested to improve prototype
performance, one particular modification was essential for further development. Consistently, the
prototype’s jaw opening was considered too small. Since the prototype’s grasping utility was
rated satisfactory, alternative design methods in Chapter 5 focused on increasing the total jaw
opening with emphasis on preserving the current grasping utility.
Because it was critical to increase the total jaw opening of the device while retaining as
much grasping force as possible, the simple design solution of weighing the tradeoff between
flexibility and stiffness was rendered useless. In sections 5.2 and 5.3, intermediate solutions were
provided for two alternative design concepts for the consideration of future work. First, a hybrid
two-material CCM design method demonstrated that material variation can improve the current
jaw opening and blocked force. However, prototype development relies heavily on the
mechanical connection bonding the two materials together. Nonetheless, the hybrid’s ability to
isolate desired regions of flexibility and stiffness by manipulating the device’s modulus of
elasticity proved a promising design solution. Highly flexible homogeneous designs also achieved
performance improvements, however, experimental testing should evaluate grasping utility.
In section 5.3, multiple contact-aided compliant mechanisms generated larger elastic tip
deflections by exploiting contact to further redistribute stresses throughout the mechanism. When
comparing the performance to the existing prototypes, the total jaw opening was predicted to
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increase by a factor of three. However, the grasping force will be compromised without the
capabilities of three-dimensional manufacturing.
To achieve the desired improvements for the next generation of prototypes future work is
necessary. In the following section, future work expands upon the possibility of improving
prototype performance by manipulating the mechanism’s bending stiffness through control of
modulus of elasticity and/or the second moment of area. Assuming three-dimensional capabilities
are within reach, the later is preferred because of its cubic relationship to the device’s geometric
width.

6.3

Future Work
The results of the pre-clinical ex-vivo tool assessment procedure were used to identify the

future design requirements for the next generation of prototypes. These requirements demand
forceps with jaw openings greater than or equal to 4ID. Also, the grasping utility should exceed
or at minimum be equivalent to the existing prototypes. The future work suggested in this section
could result in next generation of prototypes with enhanced performance. The research falls into
the following categories: (1) improvements to the current design and manufacturing process, (2)
integrating highly flexible materials into the LMRIF process for hybrid or flexible CCMs, and (3)
3D manufacturing and design.

6.3.1

Design and Fabrication Improvements
Several extensions and improvements to the current design and fabrication process can

directly impact the performance of future prototypes. For example, minimal design effort would
be required to achieve the desired forceps performance if the strength of meso parts were
enhanced through colloidal processing parameters. Future design efforts could quantify the
required improvement in strength necessary to meet the next generation design goals.
Implementing the size optimization routine developed in Chapter 3 and modifying the necessary
design constraints on total jaw opening and grasping utility, a study considering a range of
material strengths could provide our LMRIF collaborators with a specific material strength
objective.
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6.3.2

Integration of Flexible Materials
Research conducted in Chapter 5 identified that hybrid (two-material) devices achieve

performance improvements using two different materials. Through proper design, a CCM similar
to Figure 6.1 can exploit the flexibility of a low elastic modulus material to obtain larger jaw
openings while exploiting a stiff, high elastic modulus material to generate larger grasping forces.
This hybrid approach offers an alternative design solution to enhance the next generation of
prototypes. Results in section 5.2.3 also predicted performance improvements in fully flexible
devices, which consist of only material one in Figure 6.1. To enhance the performance of future
prototypes research could determine the feasibility of incorporating highly flexible materials,
such as superelastic nitinol, into the LMRIF process for developing fully flexible and/or hybrid
CCMs. If the hybrid approach is considered, the method used to bond two materials together is
critical because parts must withstand high stresses induced by large deformation.
For example, a multi-objective optimization problem could determine the optimal
bonding location (a/L) taking into consideration (1) maximizing the performance of the device
and (2) minimizing the stress concentration at the bonding location. Minimizing the anticipated
load by properly connecting the two materials decreases the probability of failure. Since these
devices are intended to be compliant mechanisms, they must be adequately reinforced at the
bonding location. Topology and shape optimization could be used to design a mechanical linkage
to reinforce the bond between the two materials. The objective is to develop an effective
mechanical connection that can withstand the stresses induced during tool operation. Figure 6.2
illustrates an example of such a mechanical connection. Finally, the robustness of the reinforced
mechanical connection should be experimentally determined.

Figure 6.1. Hybrid contact-aided compliant forceps topology.
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Material 1

Material 2

Flexible

Stiff

Material 1

Material 2

Figure 6.2. Hybrid CCM with highlighted mechanical connection to reinforce the bond between
two materials.
Alternative manufacturing methods, such as wire forming, could be investigated to
develop fully flexible forceps. Wire forming techniques have previously been used to develop
narrow-gauge devices for ophthalmic surgery [90]. Using die manufacturing a straight wire can
be formed into a desired shape using a press. Considering the vast assortment of wire materials
and diameters as small as 100 µm that are commercially available, forming techniques could be
an attractive alternative. An illustration of how a straight wire could be formed into the shape of a
forceps is shown in Figures 6.3-6.5. First, Figure 6.3 shows an end load forming the jaw segments
of the forceps. In Figure 6.4, the wire is inverted and a press is used to shape the curved
compliant segments L1. Finally, Figure 6.5 shows another press completing the forceps shape.
Assuming that wire forming techniques achieve the feature sizes required at this scale, benchtop
testing could assess the grasping utility of fully flexible CCM forceps.

Figure 6.3. A schematic illustrating how wire forming can shape the jaw segments of the forceps
out of a straight wire.
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Figure 6.4. A press with an applied pressure, P, shaping the complaint segments L1 of the forceps.

Figure 6.5. A press completing the forceps shape out of a straight wire.

6.3.3

Three-Dimensional Manufacturing and Design
Future work to extend the LMRIF process to three-dimensional (3D) capabilities would

permit the design of more complex geometries, and open a new level of design possibilities. The
proposed technique involves fabricating 3D molds using a layer by layer stacking sequence [58].
To illustrate a 3D design, consider the side-view and cross-sectional views shown in Figure 6.6.
The first cross-sectional view, shown on the far left, depicts the current 2D single layer forceps,
which assumes a square cross-sectional area. Extending the LMRIF process to three layers would
permit a forceps cross-section similar to X-section 2. Using this stair-step fabrication approach,
theoretically an infinite number of layers would result in a smooth cross-section similar to Xsection 3.
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Figure 6.6. Forceps side and cross-sectional views illustrating 3D layering sequence.
The benefits of 3D manufacturing lie in the example used to describe the layer by layer
stacking sequence. Notice in Figure 6.6 that 3D manufacturing allows the designer to manipulate
the area moment of inertia of the forceps’ arms, which directly influences the stiffness of the
device. A beam of higher moment of inertia increases the resistance to bending and deflection
when compared to a beam of lower moment of inertia.
A preliminary study was conducted to investigate the effects of 3D layering on blocked
force. Using the BEAM3 FEM described in Chapter 2, the area moment of inertia was calculated
for various 3D designs. It is important to note that the area moment of inertia was assumed
constant throughout the length of the device. This assumption directly impacts the achievable
amount of elastic tip deflection, but for the purpose of this study the free deflection condition was
neglected. Therefore, only the blocked force condition is evaluated to investigate the effects of
3D layering on blocked force.
This study implements the method in section 3.3.1 (size optimization) to evaluate the
blocked force condition, which uses the outer sheath displacement constraint to simulate tool
actuation. Prescribed material properties and dimensions correspond to the optimal results
determined for stress constraint case k =1 (σult_1 = 671 MPa x 0.9). Increasing the number of
layers, various cross-sections shown in Figure 6.7 are considered. Results show that the predicted
blocked force increases with the number of mold layers, illustrating the benefits of 3D
manufacturing. Notice drastic improvements are obtained by using just three layers. Optimization
could be used to determine the tradeoff between surgical performance and fabrication time.
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Nondimensionalized Fb

Number of Layers
Figure 6.7. Blocked force improvements using 3D mold layering technique.
Based on the same principles that inspired the hybrid approach in Chapter 5, 3D
manufacturing can manipulate the area moment of inertia in specific regions of desired flexibility
and stiffness. This concept was briefly introduced in section 5.3, where additional stiffness was
represented by large black rectangles located at the right-hand region (L – L1) of a multiple CCM
(Figure 6.8). 3D manufacturing would permit the cross-section of the device to vary as a function
of length. Therefore, a 3D forceps design could look like Figure 6.9, where varying the forceps
area moment of inertia along the length of the device would isolate desired regions of flexibility
and stiffness.

Figure 6.8. Schematic of a CCM with additional stiffness at the jaw segments represented by
black rectangles.
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3D Jaws

L1

Figure 6.9. Three-Dimensional forceps design with teeth added on upper jaw.
In Figure 6.9, the compliant segment L1 offers flexibility to obtain large jaw openings
while the 3D jaws include additional stiffness for grasping. Also, the forceps shown above has a
longer and wider jaw segment, which increases the jaw surface area to enhance grasping utility.
This particular 3D design consists of a ‘C’ shaped jaw that could possibly be formed out of a 2D
part. Assuming that metal forming techniques are practical at this scale, a 2D part shown in
Figure 6.10 could be shaped similar to the 3D design in Figure 6.9. In this case, an additional step
would be included to the process illustrated in Figures 6.3-6.5. Here, the first step would require
forming the ‘C’ shape jaw segments using a press. The 2D part in Figure 6.10 includes perforate
lines that represent the areas of the jaws that would be pressed. After this step, the process would
be completed similar to Figure 6.3-6.5. Considering the 2D part is formed into a 3D design, the
current 2D LMRIF process could be used for part fabrication.

Figure 6.10. The initial forming step to shape 2D part into a 3D design. Teeth are included on
only the left forceps jaw.
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6.4

Research Contributions
The contributions of this research are summarized below:
•

Developed design and optimization methods for contact-aided compliant
mechanisms (CCMs), hybrid two-material CCMs and multiple CCMs taking into
consideration manufacturing constraints and design requirements.

•

Defined appropriate surgical requirements for a mesoscale forceps intended for
NOTES∗.

•

Designed a narrow-gauge compliant forceps considering the constraints imposed
by a novel LMRIF manufacturing process.

•

Developed a NOTES pre-clinical ex-vivo tool assessment procedure for
mesoscale surgical graspers‡.

•

Designed and developed prototypes for the purpose of benchtop and end-user
testing.

∗

‡

Surgical requirements provided by Abraham Mathew, M.D. and Randy S. Haluck, M.D.
Instrument assessment survey and task props constructed by Matthew Addis.
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Appendix
End-User Testing Survey and Results

Figure A-1. Instrument Evaluation Survey Page 1.

Figure A-2. Instrument Evaluation Survey Page 2.

113

Figure A-3. Instrument Evaluation Survey Page 3.
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Figure A-4. Instrument Evaluation Survey Page 4.
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Figure A-5. Instrument Evaluation Survey Page 5.
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Figure A-6. Instrument Evaluation Survey Page 6.
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Table A-1. Comments Made On Surveys by Testing Participants: Individual Responses.
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